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Wood is a hygroscopic, multi-scale and anisotropic natural material composed of pores 

with different size and differently oriented. In particular, archaeologically excavated 

wood generally is waterlogged wood with very high moisture content (400%–800%) 

that need to have a rapid investigation at the microstructural level to obtain the best 

treatment with preservative agents. Time-dependent diffusion coefficient D(t) quantified 

by Pulse Field Gradient (PFG) Nuclear Magnetic Resonance (NMR) techniques 

provides useful information about complex porous media, such as the tortuosity (τ) 

describing pore connectivity and fluid transport through media, the average-pore size, 

the anisotropic degree (an). However, diffusion NMR is intrinsically limited since it is 

an indirect measure of medium microstructure and relies on inferences from models and 

estimation of relevant diffusion parameters. Therefore, it is necessary to validate the 

information obtained from NMR diffusion parameters through complementary 

investigations. In this work, the structures of five waterlogged wood species were 

studied by PFG of absorbed water. D(t) and τ of water diffusing along and 

perpendicular to vessels/tracheids main axes together with relaxation times and an were 

quantified. From these parameters, the pore sizes distribution and the wood 

microstructure characterization were obtained. Results among wood species were 

compared, validated and integrated by micro-imaging NMR (µ-MRI), environmental-

scanning electron-microscope (ESEM) images, wood dry density and imbibition times 

measurement of all woods. The work suggests that an vs  rather than the estimated pore 

size diversifies and characterize the different wood species. As a consequence diffusion-

anisotropy vs tortuosity could be an alternative method to characterize and differentiate 

wood species of waterlogged wood when high resolution images (µ-MRI and ESEM) 
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are not available. Moreover, the combined use of D(t) and micro-MRI expands the scale 

of dimensions observable by NMR covering all the interesting length scales of wood.  
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   1. Introduction 

Wood is a natural, multi-scale, complex and anisotropic porous material describable as 

a solid polymeric matrix with pore sizes between 0-400 microns [1]. Specifically, each 

wooden species has structures (vessels, tracheids, fibers, pits, perforations) [2, 3] with 

peculiar dimensions (Fig. 1 [4]). These structures vary according to softwood 

(characterized by tracheids) or hardwood (characterized by vessels) classification and to 

the anatomical direction observed [5]. Differently from the simple anatomy of 

softwoods, hardwoods have more complex anatomical features and greater structural 

variation. By sectioning wood in the same direction of the grain (i.e. parallel to 

tracheids/vessels), radial parenchyma and pits with a spherical geometry and a diameter 

from 0 to 20 µm [2, 3] can be recognized. Pits are particularly important because allow 

fluids movement in the direction perpendicular to the wood grain connecting adjacent 

vessels or tracheids (Fig. 1) [6,7]. In the longitudinal section the macroscopic length of 

vessels, tracheids and fibers is also observable. In the transversal section, hardwood 

shows the cross section of fibres, vessels and perforation plates, all with a quite 

spherical geometry. Fibres have a diameter ranging from 0 to about 100 µm. Vessels are 

characterized by variable diameters from few microns to about 400 µm. Since vessels 

look like little pipelines that come from the superimposition of several cells, in some 

cases the cellular membrane between two adjacent cells could not be completely 

reabsorbed and the result is a perforation plate (Fig. 1, simple, scalariform or 

foraminate) that could hinder fluid movement along longitudinal direction [2]. In the 

same transversal view, softwood has similar structures but instead of vessels there are 

tracheids with a square-like cross section of size from few microns to about 60 microns 

[3], not including the few larger and spherical resin canals. Sometimes, both for 
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softwood and hardwood the presence of different substances (gums, extractives, resins, 

silica bodies) could determine the partial or total obstruction of pores and therefore, the 

reduction of fluid flow through them [8].  

Despite the fact that wood is an extremely important natural resource and it is a porous 

hygroscopic material that can be further filled with different liquids (archaeologically 

excavated wood generally is waterlogged wood with very high moisture content), there 

are only a few papers in the literature about NMR applications to study structural 

features of wood species. However, in some contexts such as archaeologically 

excavated waterlogged wood, a rapid investigation at the microstructural level to obtain 

the best treatment with preservative agents is highly desirable. 

On the other hand, there are numerous NMR applications for investigating porous 

materials, such as rocks, mortars, cements filled with liquids (usually water) [9-15]. 

Among NMR techniques, translational self-diffusion measurement of a fluid absorbed 

in a solid matrix is a powerful tool widely used in porous materials characterization [16-

19]. The importance of NMR self-diffusion techniques lies in the fact that biological 

water in live materials is an endogenous molecular probe and its diffusion reflects tissue 

configuration at a microscopic level. In particular, diffusion NMR can measure water 

proton displacements by probing molecules motion on micrometer length scale which 

represents the intrinsic resolution of NMR diffusion investigations. 

Through pulse field gradient (PFG) acquisition sequences [20] it is possible to quantify 

diffusion parameters such as the diffusion coefficient (D) and the tortuosity (τ) of water 

diffusing in media, that allow extrapolating information about the micro and meso-

structure of the investigated samples. Indeed, water diffusing in a heterogeneous porous 

system can be obstructed, hindered, restricted in pores and these diffusion modalities 
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affect the PFG signal behavior. Using appropriate diffusion theory and models [16, 17, 

19] describing the diffusion weighted NMR signal, it is possible to extract useful 

diffusion parameters to deduce geometric complexity, organization, orientation and size 

of porous system microstructure. However, diffusion NMR is intrinsically limited since 

it is an indirect measure of tissue microstructure and relies on inferences from models 

and estimation of relevant parameters. Therefore, it is necessary to validate the 

information obtained from NMR diffusion parameters estimated by biophysical models 

through complementary techniques and histology [21]. 

In this regard, previous works [22-25] showed the potential of diffusion measurements 

to determine the full pore/cells size distribution of softwood species comparing NMR 

results with scanning electron microscopy (SEM), optical imaging or using optical 

microscopy images already reported in the literature [2, 3].  

Due to the growing interest in wood and its microscopic features, the aim of this work 

was to investigate macro- and microscopic characteristics of different wood samples by 

diffusion NMR techniques validated with complementary investigations. Toward this 

goal, the wood structures of four hardwoods and one softwood species are studied by 

using pulse gradient stimulated echo (PGSTE) acquisitions in fully water imbibed 

samples. The diffusion coefficients D, the anisotropy (an) and the tortuosity (τ) of water 

diffusing in two orthogonal directions of wood (along and perpendicular to the wood 

grain) together with the ranges of the pores size and their abundance were quantified for 

each wood sample. Results were compared and validated by micro-imaging NMR (µ-

MRI), environmental scanning electron microscope (ESEM) images, density 

measurement (in kg/m
3
), longitudinal relaxation times and imbibition times of all the 

wood samples. In this paper we used ESEM to in deep observe pores dimension and 
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pores wall structure and µ-MRI to characterize the whole sample spatial distribution of 

macro- and microstructures accessible with imaging with an in-plane resolution of 20 x 

20 µm
2
. 

2. Materials and methods 

2.1 Wood samples 

According to the NMR spectrometer probe bore size, small sticks from five blocks of 

different wooden species were shaped obtaining five cylinders-like samples of about 1.5 

cm in height and 0.6 cm in diameter. The cut was made so that the height of the cylinder 

was parallel to the wood grain. The botanical species was known as silver fir (Abies 

Alba) that is a softwood, african walnut (Lovoa Trichilioides), sapele mahogany 

(Entandrophragma Cylindricum), white poplar (Populus Alba), tanganyika walnut 

(Aningeria Altissima) that are hardwoods. The scientific denomination of each wood is 

based on the literature [26-28]. In order to measure wood density and imbibition times, 

from each wood a parallelepiped of volume of about 400 mm
3
 was cut. 

To perform NMR experiments, each sample was boiled in distilled water until the 

saturation was reached. This method was adopted in order to reduce to a few minutes 

the total imbibition time, i.e. the total time that each wood sample required to reach the 

water saturation. Each sample was wrapped in parafilm and inserted without water into 

a 10 mm NMR tube to carry out relaxation times and diffusion experiments, whereas 

samples were inserted in NMR tubes and water to perform µ-MRI measurements. Once 

the wood samples were inserted into the magnetic field, their longitudinal direction (i.e. 

that one parallel to the grain) was parallel to the direction of the static magnetic field, 

conventionally the z direction (Fig. 1). 
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In order to acquire ESEM (environmental SEM) images [29], small fragments from the 

same five wooden blocks were cut. Unlike the traditional SEM, in which the samples 

need to be dehydrated and coated with a conductive layer (gold), no further preparation 

was required and the samples were imaged in their natural state.  

2.2. Theoretical background 

When an ensemble of non-interacting molecules in a fluid is followed in time in an 

isotropic homogeneous medium, the root mean square distance travelled, lD (or 

diffusion length) increases with time as long as no boundaries are encountered, 

according to the Einstein relation: lD=(2nDt)
1/2

 where n=1,2,3 is the space dimension 

and D is the bulk diffusion coefficient that can be defined as a constant and measured 

by a pulse field gradient (PFG) sequence [16]. Therefore, lD represents the intrinsic 

resolution or the length scale with which investigating samples that contain diffusing 

water molecules [30]. By varying the magnetic-field gradient strength g, at a fixed 

diffusion time t= (where  is the delay time between the two gradient pulses, i.e. the 

time window within the diffusion occurs) and fixed pulse gradient duration  such that 

<<, the NMR-signal amplitude S(g) is given by [18, 31]: 

 

S(g)= S(0) exp(-γ
2
 g

2
 δ

2
 D (Δ – δ/3))                   (1) 

 

where γ is the gyromagnetic ratio of protons, b=γ
2
g

2
δ

2
(Δ – δ/3) is the so called b-value, 

D is the diffusion coefficient obtained at a specific diffusion time  and S(0) is the 

signal at magnetic field gradient strength  g=0. 

Geometrical restrictions of the medium such as barriers and traps lead to a D(t=) that 

decreases with time . By studying the behavior of D() in a heterogeneous porous 
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system, it is possible to derive useful information about pores size, pores 

interconnection and membrane permeability [20]. In the short  limit, D depends 

linearly on 
1/2

 and the slope of this dependence is determined by the surface-to-volume 

ratio (S/V) of the water-containing compartments, irrespective of whether these 

compartments are connected or disconnected [20] according to the equation: 

 

𝐷()

𝐷0
= 1 −

𝑆

𝑉

4

9√𝜋
√𝐷0𝛥                                  (2) 

 

On the other hand, in the limit of long  (i.e. >>L
2
/D0, where L

2
 is the characteristic 

distance within the volume element of the porous space) and impermeable wall, the 

water diffusion coefficient varies according to: 

 

D()=L
2
/2                      (3) 

 

Equation (3) indicates that L, the maximum value of lD to be travelled in the pore 

confinement (i.e. the mean pore diameter), can be obtained from the slope of D vs 
-1

. 

However, deviation from dependence of Eq. (3) can occur for semi-permeable walls 

[32, 33]. For materials with interconnected pores, at very long times D() approaches 

an asymptotic value D∞ that is independent of the measurement time , and directly 

related to the tortuosity  of the porous material:   

 

 =
𝐷0

𝐷∞
                       (4) 
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Tortuosity is an intrinsic property of a porous material usually defined as the ratio of 

actual flow path length to the straight distance between the ends of the flow path and  

of the porous system reflects the connectivity degree of the porous network [34-36]. 

2.3 Methods 

2.3.1 Wood density and imbibition time measurement 

Average dried weight values by gravimetric method were obtained for each wood 

species. Samples were dried inside the Universal Memmert Oven stove at the 

temperature of T = (103.5 ± 0.5) °C for 24 hours. Masses of each wood sample were 

measured with an analytical balance BP211D Sartorius and volume were calculated. 

Then density of each sample was obtained in kg/m
3
. Furthermore, each parallelepiped 

of wood was also used to evaluate the imbibition time in water at T=80 ± 10 °C.  

2.3.2 ESEM imaging  

Electron microscopy images were collected using a Zeiss EVO LS10 Environmental 

Scanning Electron Microscope (ESEM) with EDS. To obtain cross-sectional images of 

wood the operation mode chosen was low vacuum. The vapor pressure within the 

chamber was of 40 Pa. The working distance (WD) ranged from 4.5 to 5.0 mm. The 

electron high tension was equal to 20.00 kV. The magnifications used were 300x and 

1000x.  

2.3.3 Micro-imaging, longitudinal relaxation times and diffusion measurements  

All µ-MRI, relaxation times and diffusion experiments were performed using a Bruker 

Avance-400 spectrometer operating at 9.4 T with a 10 mm micro-imaging probe 

equipped with high performance and high strength magnetic field gradient unit 

characterized by a maximum gradient strength of 1200 mT/m and a rise time of 100 μs. 

XWINNMR® and ParaVision® 3.2 software were employed for data acquisition.  
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In a first step, T1 of each sample was measured at room temperature in no-imaging 

modality by using Inversion Recovery (IR) sequence. The IR delays were exponentially 

increased from 1 ms to 6 s in 38 steps, the repetition time TR=6s and the number of 

averaged signals (NSA) was 4.  

In a second step, knowing the longitudinal relaxation times of each species, transversal-

view T2-weighted images characterized by approximately 20x20 µm
2
 in-plane 

resolution were acquired using the Multi Slice Multi Echo (MSME) sequence with 

acquisition parameters optimized for each wood species to highlight vessels and 

tracheids cross-section, as reported in Table 1. However, comparing acquisition 

parameters in Table 1 with T1 measurement reported in Table2, MSME images are not 

pure T2-weighted images due to the presence of an additional T1 weighted.  

A Pulse Gradient Stimulated Echo sequence (PGSTE) was used to investigate water 

diffusion in each water-saturated wood sample. The PGSTE signal for each diffusion 

time (Δ) was obtained using TR=5 s, TE=1.9 ms, diffusion gradient pulse (δ)=3 ms, 32 

values of b obtained with magnetic field gradient strength (g) linearly increased in 32 

steps from 2% to 95% of the maximum gradient strength corresponding to 1200 mT/m 

and NSA=32. The b-value spanned from a minimum of 16 s/mm
2
 to a maximum of 9.4 

x 10
5
 s/mm

2
. The Δ values were 40-80-120-160-200-300-400-500-600-800-1000 ms, 

but the maximum value of Δ used to investigate the different species of wood was 

selected considering their measured T1, so that Δ< T1 [14]. The diffusion gradient g was 

used both in z and x direction, i.e. along and perpendicular to the wood grain, 

respectively. The sample temperature in each acquisition was fixed to T= 294 K (using 

EDTE Bruker software). 

2.4 Data Processing 
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2.4.1 Relaxation times 

To calculate T1 relaxation times, signal intensities (S) as a function of t=IR delays were 

used for fitting data to the following equation: 

 

S(t) = M (1-exp (-t/T1))                               (5) 

 

where T1 is the longitudinal relaxation time and M is the associated equilibrium 

magnetization.  

The 𝑅2 ̅̅ ̅̅  (i.e. R
2 

corrected for the number of the regressors) of the one-T1-component fit 

(Eq. 5) compared with the 𝑅2 ̅̅ ̅̅  of the two-T1-components fit indicated the one-

component function as best choice to fit data.  

2.4.2 Diffusion coefficients  

To derive D coefficients and the associated magnetizations (M), mono-, bi- and three-

exponential functions were fitted to signal intensities as function of b-value S(b): 

 

S(b) = M1 exp(-bD1)                               (6) 

 

S(b) = M1 exp(-bD1) + M2 exp(-bD2)                              (7) 

 

S(b) = M1 exp(-bD1) + M2 exp(-bD2) + M3 exp(-bD3)                           (8) 

 

Where D1, D2 and D3 are the different water diffusion coefficients, M1, M2 and M3 are 

proportional to the number of spins which diffuse with D1, D2, D3. Last squared 

algorithm was used to fit eqs. 6-8 to data, using MatLab version R2020b.  
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From the preliminary µ-MRI analysis of each wooden species and considering the 𝑅2 ̅̅ ̅̅   

of each data fit, the number of different water diffusion compartments with their 

diffusion coefficients was identified. When the magnetization associated with a specific 

diffusion coefficient was less than 2% the corresponding diffusive compartment was not 

considered. Moreover, in order to compare pore diameters abundance within which the 

water spins diffuse and ESEM pores diameter frequency, a correction based on the 

pores volume was applied to NMR magnetization values M1, M2 and M3 . In the case of 

Eq. (7) with two different diffusion compartments D1 and D2 associated with two 

magnetizations M1 and M2, the correction follows the relation: 

 

𝑀1

𝑀2
 = 

𝑉1

𝑉2

𝑘1

𝑘2
                                                                    (9) 

 

Where V1 and V2 are the pores volumes with two different sizes and k1 and k2 are the 

pores abundance. Approximating the pores length with the sample length, the pores 

volumes are only a function of the pores diameter squared. 

Furthermore, the anisotropy factor was defined as follows:  

 

an = (Dz-Dx)/(Dx+Dz)                           (10) 

 

where Dx and Dz were the diffusion coefficients along x and z axis obtained at Δ = 

200ms.  

2.4.3 Pores size and tortuosity calculation from diffusion 
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By considering the linear part of D() curve (from =80 ms to =400 ms), the linear fit 

of Eq.(3) to data was used to evaluate the pores diameters (i.e. the mean size of 

tracheids, vessels, fibres and parenchyma cells cross sections) in both softwood and 

hardwoods. In order to estimate , D values obtained at different  were normalized as 

D/D0 (where D0 is the free water diffusion coefficient equal to 2.3x10
-9

 m
2
/s) and 

plotted as a function of Δ. By extrapolating the plot trend at Δ=∞, the τ values were 

obtained both along x and z axes using Eq. (4). In order to evaluate the correlation 

between imbibition times and τ, an averaged  over the entire volume of each sample 

was calculated. 

2.4.4 Pores size from ESEM 

ESEM images were analyzed with Gwyddion, an open access software of image 

analysis [37]. Briefly, a mask was applied to the ESEM images in order to detect the 

cavities present (representing the vessel lumen) and then they were treated as particles 

and analysed with the proper tool present in the software to obtain their diameter. 

3. Results 

T1 values are reported in Table 2 for each wood sample with the associated standard 

errors (SE). White poplar has the highest while silver fir the lowest value of T1. 

3.1 µ-MRI and ESEM images 

In Figure 2, transversal T2-weigthed images with different in-plane resolution, from 

15x15 m
2
 to 31x31 m

2
, of the five different wood samples analyzed are displayed. 

According to Kekkonen et al. [22, 23] results the softwood reported in Fig. 2a (silver 

fir) is characterized by higher and lower signal intensity zones representing earlywood 

(yellow circle) and latewood (green circle) areas, respectively. Image contrast is due to 

lower T2 values associated to smaller pores (tracheids) in latewood and higher T2 values 
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associated to larger pores in earlywood. Resin channels (Fig. 2a grey arrow) that appear 

as large and dark circles are also visible. Early- and late-wood are not clearly 

distinguishable in hardwood samples with a semi-porous or diffuse-porous ring 

displayed in Figs. 2b, 2c, 2d, 2e where signal intensity is higher in larger vessels than in 

smaller ones while hypointense areas indicate more restricted water characterized by 

smaller T2 values. Among the hardwoods, white poplar (Fig. 2d) shows a different and 

more homogeneous structure with small vessels and fibres. Moreover, Fig. 2c shows 

that sapele mahogany is characterized by the largest vessels and it presents three main 

different structural sizes. This leads to hypothesize the existence of at least three 

different diffusive compartments of water characterized by different diffusion 

coefficients. In some vessels of sapele mahogany there are inclusions of gums and 

extractives (Fig. 2c orange arrow). In some woods the annual ring limit is perfectly 

visible, such as in silver fir and white poplar (Fig. 2a, 2d). In all the hardwoods 

medullary rays are observable (Fig. 2 blue arrows).  

ESEM images displayed in Fig.3 and Fig.4 show pores geometry in transversal section 

and anatomical details on the thick wall, such as pits that are not visible in µ-MRI. 

Moreover, by using ESEM microscopy in some vessels extroflexions of adjacent 

parenchyma cells (called tille) [3, 8] are better recognizable (see red arrows on Fig. 3). 

In Fig. 3a the square geometry of silver fir tracheids is observable. This softwood has a 

homogeneous structure, rich in tracheids with a gradual passage from latewood to 

earlywood as also observed in the MR image (Fig. 2a). In Fig. 3a is also visible a resin 

channel with the largest diameter, about 100 µm. Figs. 3b, 3c, 3d, 3e, referred to the 

hardwoods structure, confirm the existence of pores with different size. Sapele 

mahogany (Fig. 3c), has the largest cross-section size of vessels, above 100 µm and 
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often full of gum (i.e. tyloses, red arrow). Sometimes, african walnut and tanganyika 

walnut (Fig. 3b, 3e) present tille (red arrows) in their vessels cavity. ESEM images in 

Fig. 4 show anatomical details at few micrometers. In particular, the red circles in Fig. 4 

indicate the presence of pits, i.e. pores along vessels/tracheids wall. Not only the 

dimension of pits but also their density seems to vary among the species as suggested 

from qualitative observations on the ESEM images. This hypothesis seems to agree with 

the literature [6, 7, 27, 28] where we also found that softwoods tracheids pits were 

larger (around 20 µm [3]) and less abundant than hardwoods vessels pits. Specifically, 

according to  InsideWood 2004 database [27, 28] we found that african walnut and 

sapele mahogany have minute (≤ 4 µm) and small (4-7 µm) pits, white poplar has 

medium (7-10 µm) and large (≥ 10 µm) pits and tanganyika walnut small and medium 

pits.  

 

3.2 Diffusion and cross sectional vessels/tracheids size evaluation 

PGSTE data were of good quality showing a signal to noise ratio SNR> 10 for the 

experimental points obtained at the highest b-values. The parameter  𝑅2 ̅̅ ̅̅  was closed to 1 

for all the fits.  

The D(Δ) behavior and the associated magnetization obtained along x and z gradient 

directions (Fig. 1) for the different diffusion compartments in all wood samples are 

shown in Figs. 5a, 5b, 5c and Figs. 6a, 6b, 6c. For each diffusion compartment (x1, x2, 

x3, z1, z2, z3) D(Δ) curves are differently colored for each wood sample.  

According to preliminary µ-MRI and ESEM evaluation, along x gradient direction (Fig. 

5) sapele mahogany and tanganyika walnut are characterized by three different diffusion 

compartments with diffusion values quantified by Eq. (8), while silver fir, african 
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walnut and white poplar show only two different diffusion with diffusion values 

obtained by Eq. (7). Along z direction (Fig. 6), sapele mahogany is characterized by 

three diffusion compartments, tanganyika walnut and african walnut by two diffusion 

compartments and only one diffusion compartment was highlighted for silver fir and 

white poplar the diffusion coefficients of which were quantified by Eq. (6).   

In Table 3 for each wood samples the diffusion coefficient values quantified at Δ = 200 

ms both along x and z direction (Fig. 1) and the anisotropy factor (a) obtained by 

Eq.(10) are shown. Silver fir is characterized by the highest anisotropy. 

In Fig.7 an example of Eq. (3) fitted to diffusion data as a function of 
-1

 is displayed 

and in Table 4 pores diameter evaluated by using the linear fit of Eq.(3) and the pores 

abundances by using Eq.(9) are displayed.  

ESEM pores frequency in transversal direction (i.e. the transversal sections of vessels) 

calculated for four ranges of size are resumed in Table 5. 

3.3 Tortuosity and parameters correlations 

Figure 8 displays Dx1/D0 against Δ to show how τ was calculated with the red line 

indicating the asymptotic value of D/D0 at Δ=∞, while the mean τ values calculated 

along x and z direction are reported in Table 6.  

Fig. 9 shows the correlation plots of average τ as a function of the imbibition times (Fig. 

9a), the imbibition times against densities (Fig. 9b) and T1 against the imbibition times 

(Fig. 9c). A significant linear correlation (with p<0.0063 and r=0.97) was found 

between imbibition times and average τ and between imbibition times and T1 (with 

p<0.0222 and r=0.93). Conversely, no significant correlation was found between 

imbibition times and wood density. Finally, in Fig. 10 the graph of an vs mean τ along x 

gradient direction is displayed.  
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4. Discussions  

According to the hierarchical structure of wood, D(t) is dependent on diffusion time t= 

 in all investigated water-soaked samples (Figs. 5 and 6). The greater the decrease of 

the D() curve, the greater the deviation of the water dynamics from the Gaussian 

diffusion [38]. As the D() decrease indicates the presence of barriers and traps to water 

diffusion (which cause non-Gaussian dynamics of water in wooden samples), the more 

the curve decreases rapidly, the more complex the porous system is. This behavior can 

be quantified by water τ, a measure of wood complexity whereas the diffusion 

anisotropy (an) (Tab. 3)  provides differences of the wood structure when studied in 

different directions. This paper shows that τ and an extracted from the diffusion 

measurements, characterize different wood species better than their dry density (Tables 

3 and 6 and Figs. 9 and 10) or their mean pore sizes (Tables 4 and 5). Therefore, an vs  

could be used as an alternative method to high resolution images (µ-MRI and ESEM or 

optical) for differentiate waterlogged wood. 

As expected, due to τ dependence on hydraulic conductivity [39], averaged τ values 

over sample volume, are significantly correlated to imbibition times of wood samples 

(Fig. 9). Therefore, τ and an may result useful parameters to describe the water flux in 

the direction perpendicular and parallel to the wood grain and to characterize the wood 

samples features. A significant correlation was also found between T1 and the 

imbibition times indicating that also T1 can be used to describe the wood structure. 

However, this occur in sample of modern wood soaked with pure water. T1 values are in 

general influenced by the presence of paramagnetic impurities. Usually, in 

archaeological submerged woods different kinds of paramagnetic impurities such as 
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resins and extractives or depositions of salts and iron are found. Therefore, τ 

measurement instead of T1 is more reliable for obtaining topological and structural 

information from waterlogged wood.  

Regarding diffusion quantification along x direction, fast component diffusion 

(diffusion of about 10
-9

 m
2
/s) derived from vessels/tracheids while the second slow 

diffusion component derived from a greater number of walls and barriers which contain 

more trapped water in wood parenchyma (diffusion of about 10
-10

 m
2
/s). As it is 

possible to capture from Fig.5 in two of the five wood samples a third diffusion 

component was found (diffusion of about 10
-11

 m
2
/s)  that we attributed to water more 

trapped (compared to that of the second diffusion compartment) in microscopic wood 

structures. 

In the following we will discuss compare and explain NMR diffusion results for each 

investigated wood species. To this end, we will highlight the agreement of the NMR 

results with the results obtained with complementary techniques. 

4.1 Silver fir and white poplar  

Silver fir is characterized by the shortest T1 and the lowest dry density. This result is in 

agreement with silver fir structure composed by more pores and voids than cell walls 

(made of high density polymers [40]). Conversely, white poplar shows the longest T1 

but a quite low dry density (Fig.9). White poplar is composed by a smaller number of 

pores and voids than silver fir and a greater number of walls and barriers which contain 

more trapped water with a slow dynamic. We also found two main diffusion 

compartments in silver fir and white poplar when the diffusion gradient is perpendicular 

to the wood grain (Dx compartments), whereas when the diffusion gradient follows the 

wood grain (Dz compartments), silver fir and white poplar are characterized by only 
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one diffusion compartment. This is in agreement with the MR images (Fig. 2a and 2d) 

showing a quite homogeneous structure both for silver fir and white poplar. In fact, 

silver fir is a softwood [41] (Figs 2a, 3a and 4a) with a relatively simple structure: 90-

95% of its cells are tracheids or fibre-tracheids. On the other hand, white poplar, despite 

being a hardwood, differs from the other hardwood samples investigated in this work 

because it is composed by only one main size of vessels that occupies around the 40% 

of its structure. Since the water diffuses more easily along the main axis of vessels and 

tracheids (z axis, see Fig. 1) than perpendicular to vessels and tracheids (x axis), this 

means that the water diffusion is weakly hindered along z, while along x is more 

confined and the two diffusion compartments (for which Dx1 and Dx2 are quantified) 

are representative of different pores sizes. For silver fir, the two mean Dx values are 

likely related to different earlywood and latewood tracheids size, while in white poplar 

are related to different vessels and fibres size. According to the less pits density in 

softwood compared to hardwoods an (Table 3) is much higher for silver fir than white 

poplar (34% and 22%, respectively). The ranges of the pores diameter extracted using 

the linear fit of Eq.(3) are in large agreement with µ-MRI and ESEM results. For silver 

fir, two clusters of pores with mean diameter around 16.29 ± 0.35 m and 7.94 ± 1.16 

m can be attributed to earlywood tracheids and latewood tracheids, respectively. The 

pores abundance associated to the diffusion components (k parameters in Table 4) 

indicates that silver fir structure is composed by about 70% of earlywood tracheids and 

30% of latewood tracheids, which agrees with the information provided by MR image 

in Fig. 2a where the earlywood occupies a greater volume than the latewood and with 

the ESEM frequencies (Table 5). White poplar shows vessels with a mean diameter of 

21.45 ± 3.38 m that occupy the 42% of its structure, and fibres of 10.73 ± 0.29 m that 
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occupy the remaining 58%. According to the diffusion results, the tortuosity 

perpendicular to vessels and tracheids (x) is higher than the tortuosity along vessels 

and tracheids (z, Table 6). Silver fir and the white poplar have the same z but different 

x value which in the white poplar is the highest revealing its more complex structure 

probably caused both by a greater extension of parenchyma compared to vessels and 

fibers and to a greater dispersion of pits size [6,7]. Regarding different  related to 

different diffusion compartments, in silver fir the low tortuosity x1 may be due to 

higher permeability of earlywood tracheids cell walls compared to that of latewood 

tracheids cell walls (high tortuosity x2) related to their tracheids walls thickness that is 

higher in latewood compared to earlywood tracheids.  In white poplar, the fibres walls 

(high tortuosity x2) show a higher impermeability than the vessels walls (low tortuosity 

x1) [39, 42] which agrees with the inconspicuous pits of hardwoods fibres described by 

Wiedenhoeft 2012 [43]. This result also agrees with the correlation plot showed in Figs. 

9a and 9c where the long imbibition time of white poplar correlates with its high 

tortuosity and long T1.  

Diffusion and  (Fig.5 and Tab. 6) results can also explain some peculiar features of 

white poplar reported in the literature. Some authors [44] highlight that the water 

imbibition in poplar is not a penetration basically due to capillary effects associated 

with the size of the main voids, but it is strongly affected by the adsorption of confined 

bound water in cell walls. In particular, bound water appears to progress far beyond the 

front of free water in vessels, and the free water penetration along the main sample axis 

apparently coincides with the development of a region saturated with bound water. This 

can explain why water imbibition is about three orders of magnitude slower than 

expected from standard Washburn imbibition process [44, 45]. In agreement with these 
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observations, in this paper we found that imbibition time and the mean tortuosity of 

white poplar are longer than those of the other wood samples (Fig. 9). In particular, τx2 

obtained from D() of the slower diffusion compartment is one order of magnitude 

greater than that of the other woods. The higher the value of the tortuosity, the more the 

water makes complicated routes with deviations and local entrapment in the porous 

system. This is in agreement with the dynamics of imbibition in white poplar wood that 

appears to be mainly governed by bound water movement in the sample [44].  

4.2 African walnut, tanganyika walnut and sapele mahogany 

Despite the dry density is close for all the three samples, the measured T1 value is 

similar for african walnut and tanganyika walnut (see Table 2) but higher for sapele 

mahogany.  

In african walnut, diffusion along both x and z direction (Fig. 5 and 6) is described by 

two compartments. On the other hand, sapele mahogany and tanganyika walnut show 

three main compartments when diffusion gradient is along x while three and two 

compartments, respectively, when diffusion gradient is along z. The presence of several 

diffusion components indicates a heterogenous structure with three main different pores 

size for sapele mahogany and tanganyika walnut and two main sizes for african walnut 

(Table 4). The mean size d1, d2 and d3 (Tab. 4) obtained by diffusion NMR are in good 

agreement with sizes quantified by ESEM (Tab. 5). On the other hand, the pores of 

vessels large more than 40 m are not measurable using water PGSTE with the 

parameters selected in this work. Indeed, the limiting length from water diffusion arises 

from the water T1 (Table 2) and the free diffusion coefficient D0 of about 2x10-9 m2/s 

giving a maximum diffusion length of (DoΔ)1/2 with Δ<T1, i.e. less than 45 m. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

Considering the limiting diffusion length from water diffusion around 45 m [46], this 

work suggests the great utility of the µ-MRI for the evaluation of larger pores 

dimension. Unlike the ESEM exam, which allows the investigation of small portions of 

the wood samples, µ-MRI provides information of the whole wooden sample giving a 

global knowledge about microstructures distribution. By looking at the MR images and 

ESEM images we can notice that above 45 m sapele mahogany has larger vessels than 

tanganyika and african walnut. The abundance of pores larger than 45 µm is the same 

for sapele mahogany and tanganyika walnut but much lower for african walnut (Table 

5). Diffusion results show that sapele mahogany is composed of about 9% by pores with 

a mean size of 22.36 ± 1.14 µm likely associated with vessels, for the 27% by pores of 

11.31 ± 0.24 µm associated with fibres and for the remaining 64% by pores of 4.13 ± 

0.07 µm associated with parenchyma cells. Tanganyika walnut has the 57% of pores 

with a mean diameter of 20.72 ± 2.31 µm attributed to vessels, the 31% with a diameter 

of 9.82 ± 0.98 µm attributed to fibres and the 11% with diameter of 4.18 ± 0.32 likely 

associated with parenchyma cells. African walnut shows two clusters of pores around 

18.01 ± 1.34 µm and 4.94 ± 0.65 µm, associated with vessels and parenchyma cells 

respectively, the former one occupies the 40% and the latter the 60% of the structure. 

The anisotropic diffusion behavior is observed in all the three samples (Table 3) where 

tanganyika walnut and african walnut are characterized by a similar mean anisotropy 

while sapele mahogany shows a lower an. This is explained by the presence of 

perforation plate, tille and tyloses in sapele mahogany (Fig. 3c) that cause hindered 

diffusion also along z direction reducing diffusion coefficient Dz (Table 3). 

In the three samples, average tortuosity along x is higher than the tortuosity along z 

confirming the presence of more hindered water along the x axis (i.e. perpendicular to 
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vessels). The average tortuosity is higher for sapele mahogany compared to tanganyika 

walnut and african walnut, indicating a more complex structure for the former one.  

Tanganyika walnut, despite having T1, imbibition time and an similar to african walnut, 

shows a slightly greater tortuosity in agreement with a description of tanganyka walnut 

characterized by three main diffusion compartments compared to the two compartments 

of african walnut.  

5. Conclusions 

The physical and mechanical properties of wood are mainly determined by their 

structure. In this paper we have investigated wood structural properties in water imbibed 

wood samples by diffusion NMR and complementary techniques to validate diffusion 

results. This work suggests that NMR non-destructive time dependent diffusion D(t) 

investigations can be useful to explore wood structure topology and morphology.  

Among parameters evaluated by water D(t) measurement, the tortuosity correlated to 

diffusion anisotropy rather than the estimated mean pore sizes can identifies and 

characterize the different species of softwood and hardwood here investigated.  

Importantly, the combined use of PGSTE NMR and micro-MRI expands the scale of 

the dimensions observable by water NMR in wood samples covering all the interesting 

length scales of wood structure, from large cross-section of vessels, tracheids and resin 

canals well visible by transversal-view MRI to fibres, parenchyma and small pits of 

tracheids and vessels whose dimensions are only indirectly quantifiable through NMR 

diffusion measurements. The proposed study could represents a powerful protocol 

applicable for non-destructive diagnostics and investigation of the conservation state 

waterlogged archaeological wood which is naturally full of water and that usually need 

to have a rapid investigation at the microstructural level to obtain the best treatment 
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with preservative agents [47]. Since the method shown and validated here is based on 

the acquisition of the diffusion weighted signal in non-imaging modality, it can be 

implemented and used on portable NMR spectrometers for in situ monitoring of 

waterlogged archaeological wood [48]. 
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Figure 1. Sketch of the 3D wood structure in tangential, radial and longitudinal view to 

highlight the main porous elements of both softwood and hardwood where water 

molecules diffuse (adapted from Encyclopædia Britannica, 2020 [4]). In figure the x 

and z axis are also indicated. 

Figure 2. Transversal view T2-weighted images of a) silver fir with in plane resolution 

R = 15 x 15 µm
2
 and where green circle indicates the late wood and yellow circle the 

early wood; b) african walnut with R = 31 x 31 µm
2
; c) sapele mahogany with R = 27 x 

27 µm
2
; d) white poplar with R = 18 x 18 µm

2
; e) tanganyika walnut with R = 25 x 25 

µm
2
. Red arrows indicate the annual ring limit; white arrow the resin canal; blue arrows 

the rays; orange arrow the presence of tyloses in vessels. The acquisition parameters are 

reported in Table 1. 

Figure 3. Transversal view ESEM images of a) silver fir; b) african walnut; c) sapele 

mahogany; d) white poplar; e) tanganyika walnut. Images were acquired with a 300 X 

magnification. The scale bar is 100 µm. Red arrows indicate the presence of tille or 

tyloses in vessels; black arrow shows the resin canal of the softwood. 

Figure 4. 1000 X magnification ESEM images displayed to highlight anatomical details 

such as pits and pores walls (see red circles) of a) silver fir; b) african walnut; c) sapele 

mahogany; d) white poplar; e) tanganyika walnut. The scale bar is 10 µm. 

Figure 5. Behavior of the three components of diffusion coefficient (a, b, c) and the 

associated magnetizations (d, e, f) as a function of t=Δ obtained using gradient strength 

g along x direction (i.e. perpendicular to the wood grain). Points show experimental 

data. The connecting lines are for illustration purpose only. The D() behavior suggest 

non-Gaussian diffusion behaviour of water in waterlogged wood in each of the three 

diffusion compartments 1,2 and 3. Note that the average diffusion value in the three 
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compartments differs by an order of magnitude (is about 10
-9

 m
2
 / s in the first 

compartment attributed to the bulk water in the vessels and tracheids, is about 10
-10

 m
2
/s 

in the second compartment defined by the cells and membranes of the parenchyma and 

is about 10
-11

 m
2
/s in the third diffusive compartment that we find only in the 

parenchyma of the tanganyika walnut and in the sapele mahogany. 

Figure 6. Behavior of the three components of diffusion coefficient (a, b, c) and the 

associated magnetizations (d, e, f) as a function of Δ obtained using gradient strength g 

along z direction (i.e. parallel to the wood grain). Points show experimental data. The 

connecting lines are for illustration purpose only. 

Figure 7. a) An example of Dx1 behavior as a function of Δ with the red zone indicating 

data used to perform the fit with Eq. (3). b) the result obtained by fitting Eq. (3) to Dx1 

vs. 2Δ
-1

 data. The more the decay differs from the linearity and the more the cell walls 

are permeable. Plots refer to sapele mahogany sample. 

Figure 8. Plot of Dx1/D0 against Δ to show the different behavior of D(t) among 

different wood species and how tortuosity was calculated. The red line indicates the 

asymptotic value of D/D0 at Δ=∞.  

Figure 9. Correlation plots of a) average tortuosity vs. imbibition time; b) imbibition 

time vs. dry density; c) T1 vs. imbibition time. The linear correlation r and the 

correlation significance p are also displayed for each graph. 

Figure 10. Anisotropy (an) vs mean tortuosity along x-direction (τx) graph. Using this 

graph it is possible to distinguish well the different wood species. Evaluation of an and  

could be an alternative method to differentiate wood species of waterlogged wood when 

high resolution images (µ-MRI and ESEM) are not available. 
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Table 1. Acquisition parameters for T2-weighted µ-MRI. 

Species 

 

Seque

nce 

 

TE/TR 

(ms) 

 

NS

A* 

 

Num

ber  

of 

Slice

s 

 

Slice 

Thickness 

(μm) 

 

FOV* 

(cm
2
) 

 

 

MTX

* 

(pixe

ls) 

 

In-plane 

resolution 

(μm
2
) 

Silver Fir 

African 

Walnut 

MSM

E 6.2/800 128 8 250 

0.75x0.

75 

512x

512 15x15 

MSM

E 4.4/900 256 10 200 

0.80x0.

80 

256x

256 31x31 

Sapele 

Mahogany 

MSM

E 

3.0/160

0 256 8 250 

0.70x0.

70 

256x

256 27x27 

White 

Poplar 

MSM

E 

6.0/200

0 128 8 300 

0.90x0.

90 

512x

512 18x18 

Tanganyika 

Walnut 

MSM

E 3.8/900 256 10 200 

0.65x0.

65 

256x

256 25x25 

*NSA=number of signal averages; FOV=Field of view; MTX=matrix dimension.   

 

Table 2. T1  values obtained using a mono-component T1 model with the standard errors 

(SE) 

 Species T₁ ± SE (ms) 

Silver Fir 413 ± 14 

African Walnut 512 ± 28 

Sapele Mahogany 1231 ± 14 

White Poplar 1756 ± 11 

Tanganyika Walnut 502 ± 21 

 

Table 3. Diffusion coefficients values in m
2
/s measured along x and z direction 

considering both the first and the second diffusion compartments found in all wood 

samples and the diffusion anisotropy (an) in percentage calculated at Δ= 200ms 

considering the first diffusion compartment (Dx1 and Dz1).  
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 Dz1 (x10
-9

 

m
2
/s) 

Dx1 (x10
-9

 

m
2
/s) 

an Dz2 (x10
-10 

m
2
/s) 

Dx2 (x10
-10

 

m
2
/s) 

Silver Fir 1.58 ± 0.03 0.75 ± 0.04 36

% 

- 2.19 ± 0.17 

African Walnut 1.70 ± 0.02 1.21 ± 0.03 17

% 

1.40 ± 0.08 0.97 ± 0.09 

Sapele Mahogany 1.51 ± 0.02 1.26 ± 0.03 9% 1.94 ± 0.16 1.26 ± 0.09 

White Poplar 1.70 ± 0.02 1.08 ± 0.04 22

% 

- 1.02 ± 0.06 

Tanganyika 

Walnut 

1.76 ± 0.02 1.23 ± 0.02 18

% 

1.50 ± 0.09 1.27 ± 0.04 

 

Table 4. Pores diameter and standard errors obtained by the linear fit of Eq.(3) together 

with pores abundances obtained by Eq.(9) from the diffusion measurements.  

Species d1 (μm) d2 (μm) d3 (μm) 

k1 

(%) 

k2 

(%) 

k3 

(%) 

Silver Fir 16.29 ± 0.35 7.94 ± 1.16 - 70 30 - 

African Walnut 18.01 ± 1.34 4.94 ± 0.65 - 40 60 - 

Sapele Mahogany 22.36 ± 1.14 11.31 ± 0.24 4.13 ± 0.07 43 32 25 

White Poplar 21.45 ± 3.38 10.73 ± 0.29 - 42 58 - 

Tanganyika Walnut 20.72 ± 2.31 9.82 ± 0.98 4.18 ± 0.32 57 31 11 

 

Table 5. ESEM pores frequency divided in four size ranges: 0-4 µm, 5-12 µm, 13-45 

µm and > 45 µm.  

 f0 (%) f1(%) f2 (%) f3 (%) 

Species > 45 µm 13 - 45 µm 5 - 12 µm 0 - 4 µm 

Silver Fir 2 87 11 0 

African Walnut 1 29 59 11 

Sapele Mahogany 3 31 62 5 

White Poplar 5 42 51 2 
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Tanganyika Walnut 3 20 61 17 

 

Table 6. Wood tortuosity (τ) along x and z obtained by Eq.(4) from the first two diffusion 

compartments and their weighted average over each sample volume 

 Species τx1 τx2 τz1 

τz2 average τx average 

τz 

Silver Fir 

African Walnut 

3.49 ± 0.14 

2.48 ± 0.09 

10.80 ± 1.39 

36.41 ± 0.99 

1.70 ± 0.04 

1.45 ± 0.01 

- 

23.20 ± 

0.80 

2.70 ± 0.23 

2.88 ± 0.09 

1.70 ± 

0.04 

1.92 ± 

0.05 

Sapele Mahogany 

White Poplar 

3.07 ± 0.21 

7.87 ± 0.53 

30.83 ± 0.54 

102.44 ± 6.05 

1.89 ± 0.08 

1.70 ± 0.04 

15.52 ± 

0.06 

- 

5.05 ± 0.14 

13.86 ± 

0.84 

2.03 ± 

0.04 

1.70 ± 

0.04 

Tanganyika Walnut 2.52 ± 0.18 30.26 ± 0.34 1.39 ± 0.02 

23.80 ± 

0.79 

4.00 ± 0.72 2.60 ± 

0.08 
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