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ABSTRACT

Waterlogged archaeological wood can provide information on past human activities and technology but
its structure may be modified due to microbial deterioration. Knowing its conservation state is funda-
mental for its restoration. Aim of this work was to test the use of non-destructive portable NMR for the
microstructural characterization and preservation state of three archaeological wood samples (Roman age,
5th century AD). 1D T; and T, relaxation time distributions, as well as 2D T;-T, and D-T, distributions
were measured by single-sided NMR and interpreted with the help of high resolution magnetic resonance
imaging (MRI) and optical microscopy. Due to the complexity of the ancient wood samples, in this first
study a multi-analytical approach was required. It allowed the characterization of both waterlogged soft-
wood (spruce) and hardwood (chestnut and maple) by quantifying relaxation times and diffusion water
components affected by the presence of degradation products such as fungi, paramagnetic agents, and mi-
crostructural changes. Optical microscopy was needed to investigate the sub-microscopic wood elements
not resolved by MRI and validate indirect single-sided NMR investigations. Observations and results of
this study will allow the improvement of single-sided NMR protocols for the analyses of archaeological

wood in situ with portable NMR.

© 2021 The Authors. Published by Elsevier Masson SAS.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Man has always used wood due to its extreme versatility and
abundance [1]. To know the raw materials used in the past [2] and
to record the human activity and the technology developed over
the centuries [3], it is important to characterize the remains of
wood saturated with water. Furthermore, it is equally important
to monitor the state of preservation of waterlogged wood to study
the causes of degradation and to implement new methods and ma-
terials for the consolidation and safeguarding of wooden archaeo-
logical heritage. According to the recommendation of specific Eu-
ropean Technical Standards, in the frame of an appropriate con-
servation and restoration project wood characterization represents
a crucial point for the knowledge of the artefact [4]. Currently,
an increasing trend in choosing micro-invasive and non-invasive
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techniques among the different analytical methods that can be ap-
plied is observed [5-7]. However, it has to be taken into account
the need of comparing different diagnostic processes, and a multi-
analytical approach should be preferred to reach a more correct
interpretation of the involved alteration phenomena [8,9].

In waterlogged conditions, wood suffers from both chemical-
physical and biological degradation and the decay level is related
to properties of wood species as well as environmental factors of
the deposition site [10,11]. As regards microbial processes, tun-
nelling and erosion bacteria are generally the most common de-
graders, affecting wood in presence of oxygen and in anoxic con-
dition, respectively [12-14]. In more oxygenated aquatic environ-
ments, wood can also be attacked by soft-rot fungi [10,15]. Erosion
bacteria lead to the destruction of cell walls and pit membranes,
depolymerization of hemicellulose and cellulose, while lignin is the
most resistant polymer and remains better preserved even until
advanced stages of decay. In heavily degraded wood, lumen and
cell wall areas appear filled with decay products from the S2 and
S3 cell wall layers (i.e. a mixture of bacterial slime and residual
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lignin), while the middle lamella and S1 layer can still remain
unaffected due to their higher lignin content [7,10,12]. Together
with the decay products, salts and metals may be deposited within
wood depending on their concentration in water and the composi-
tion of the soil in which the object is buried [16-18].

Water affects all properties relevant to the wood performance.
Therefore, experimental techniques for the characterization of wa-
ter inside wood are an essential part of almost all scientific re-
search on wood materials [19]. In the last decade, the application
of Nuclear Magnetic Resonance (NMR) [20] to Cultural Heritage
and specifically to wood, has increased. Capitani et al. [5] sug-
gested that a breakthrough has certainly been the development of
portable single-sided (or unilateral) NMR sensors through which
liquid-imbibed porous-materials of any size can be monitored in
a non-destructive and non-invasive modality [21-24] thanks to the
measurement of the longitudinal relaxation time (T;), the transver-
sal relaxation time (T,) and the apparent diffusion coefficient of
water (D).

Several works of 1D relaxation times distribution and diffusion
measurements in wood by using both high and low field NMR can
be found in the literature. Some authors [25-38] highlight a multi-
modal behaviour of NMR parameters such as relaxation times and
water diffusion coefficients in both softwood and hardwood which
reflects different physical and chemical environments.

The challenge of NMR parametric studies in wood is to un-
derstand how these parameters relate to the various forms of
water compartmentalization in different wood parenchyma cells,
vessels/tracheids and fibres to extract microstructural information
from wood. Moreover, relaxation time parameters may be affected
by degradation, paramagnetic agents and decay products. The limit
of 1D relaxation and diffusion measurements is the difficulty corre-
lating different environments of 1D distributions of relaxation rates
and D values. On the other hand, the correlation of two NMR pa-
rameters in two-dimensional (2D) experiments is a useful tool for
increasing the spectral resolution, i.e. increasing the number of wa-
ter components observable.

In this regard, some papers [39-41] investigated both softwood
and hardwood structure by low-field 2D T; and T, experiments at
different moisture content but never at the saturation and pointed
out the potential of 2D NMR to improve the peaks assignments
made by 1D experiments. According to Cox et al. 2010 [39], it is
possible to resolve multiple components of a softwood, spruce,
during the increment of moisture content from 0% to 100% us-
ing 2D relaxation correlation spectra. The authors found out three
main hydrogen reservoirs: lumen water, cell wall water and wood
polymer. The cell wall reservoir is divided into two components
with similar T, but different T;. One component has relaxation
consistent with mobile water in small voids and the other one
with water bound to polymers. Bonnet et al. [40] showed the ad-
sorption mechanisms of another softwood, Douglas fir, by 2D re-
laxometry at relative humidity equal to 2%, 65% and 97%. The num-
ber of 2D peaks increases when humidity increases. At 2%, there is
only the peak associated with hydrogens in molecules composing
wood. At 65 and 97%, there are five peaks: two free water peaks
whose intensity is higher at 97%; two similar bound water compo-
nents associated with earlywood and latewood of cell wall S2-layer
that decrease by increasing moisture content, because the water
gains mobility, and a peak with long T; and short T, belonging to
wood molecules. Finally, Rostom et al. [41] is the only work that
concerns the study of a hardwood sample. They analysed the T;-T,
behaviour of modern and ancient oak at 65% of relative humid-
ity and measured four main 2D peaks: liquid water in lumen, two
reservoirs of bound water in cell wall and H atoms of wood poly-
mers. Furthermore, Hiltunen et al. [42] showed that T;-T, experi-
ments provide detailed information about the changes in the mi-
crostructure of wood due to fungal decomposition. On the other
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hand, due to the high potential of NMR diffusion in the porous
media studies [43,44], it would be very useful to associate the re-
spective relaxation times to different diffusive compartments.

2. Research aim

This paper aims to test the feasibility of low-field unilateral
NMR to investigate archaeological waterlogged wood samples by
both 2D T;-T, and D-T, correlation spectroscopy and by 1D re-
laxometry. To the best of our knowledge, this is the first single-
sided NMR study of waterlogged wood and the first D-T, NMR
study of wood. Here, the combined approach of 1D and 2D NMR
is exploited to provide a non-destructive characterization of wa-
ter compartments and highlight the presence of decay processes
in three different Roman age archaeological wood samples of soft-
wood and hardwood. Importantly, for this preliminary approach,
high-field NMR images (MRI) and optical microscope images were
acquired to validate single-sided indirect NMR investigations. In-
deed, in a first phase, the indirect structural information provided
by NMR must be validated by complementary different techniques
already accredited for the study of wood structures, such as optical
microscopy.

3. Experimental procedures
3.1. Materials

Three archaeological waterlogged wood samples with a diam-
eter of 8 mm and height of 15 mm were studied in their orig-
inal state and size during low-field and high-field NMR experi-
ments, while they were cut for optical microscopy investigation.
The species of wood have been identified in a restoration study
by Istituto Centrale per il Restauro [45] as common spruce (Picea
abies Karst.), sweet chestnut (Castanea sativa Mill.) and maple (Acer
L.) [46-48]. Each sample was detached from three different poles
of a wooden pier dated to the Roman age (specifically 5™ cen-
tury AD) and recovered in 2018 in the archaeological excavation
area of the ancient harbor of Neapolis (Naples, Italy) [49,50]. The
wood samples were waterlogged until their discovery in 2018 and
then stored in distilled water at 4°C. Moreover, an imbibed modern
wood sample of maple (Acer L.) was used for the optical imaging
comparison with the archaeological maple.

3.2. Methods

3.2.1. 2D correlation spectroscopy

The pulse sequences for the T;-T, and D-T, correlation exper-
iments used in this work are shown in Fig. 1. Typically, for low-
field acquisitions the T;-T, correlation spectroscopy is performed
using a Saturation-Recovery sequence followed by a Carr-Purcell-
Meiboom-Gill (SR-CPMG) sequence [39]. In the case of D-T, ex-
periments, diffusion is encoded with a Static-Gradient Stimulated-
Echo (SGSTE) sequence because the magnetic field gradient of the
single-sided instrument cannot be varied [51-53]. By varying the
delay 6 time, the sensitivity to diffusion can be varied systemat-
ically [51]. The diffusion encoding is followed by the CPMG se-
quence which both encodes T, relaxation and acquires the signal.

To extract T;-T, and D-T, distributions, a 2D Inverse Laplace
Transform (ILT) algorithm [51,54-63] is used. This algorithm is fast
and efficient and provides 2D correlation spectra of the system but
also has a few limitations [63]. The ILT method is affected by the
presence of noise that can produce artefacts [52,63]. There exist
infinite number solutions consistent with the data and therefore
regulators are necessary [52,63]. Furthermore, the method can split
up a broad signal into set of narrow peaks [63].
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Fig. 1. (a) SR-CPMG sequence diagram used for T;-T, experiment and (b) SGSTE-CPMG sequence diagram used for D-T, experiment.

3.2.2. Low-field single-sided acquisitions

For the low-field acquisitions, the water soaked woods were
placed on the bottom of an empty glass beaker sealed with
Parafilm in order to prevent dehydration. The beaker was used in
order to cover all the sensitive area of the radiofrequency coil. The
sample was positioned in the center of the sensitive area and its
volume was scanned by lift the positioning. Specifically, measure-
ments were taken at 5 mm from the sample surface. Each sample
was placed with its longitudinal direction (i.e. the direction par-
allel to the main axis of wood cells, that is parallel to the long
axis of the sample) parallel to the static magnetic field By direc-
tion and perpendicular to the field gradient direction. Therefore,
diffusion was measured along the transverse (radial or tangential)
direction of wood samples. Low-field single-sided Magritek PM25
profile NMR-MOUSE with the 'H resonance frequency of 13 MHz,
maximum depth of 25 mm, resolution of the 1D profile of the sam-
ple equal to 100 um and constant magnetic field gradient of 8 T
m~! was used to perform longitudinal (T;) and transversal (T,) re-
laxation experiments, as well as T;-T,, and D-T, correlation spectra
acquisitions using Prospa V3.39 software.

For obtaining T; relaxation times, a Saturation-Recovery (SR)
sequence was used with repetition time (TR) of 4000 ms, num-
ber of scans (NS) = 128, minimum/maximum variable delay time
=1/2000 ms, and 32 exponentially increasing recovery time values.
The experiment time was 4.5 h.

A Carr-Purcell-Meiboom-Gill (CPMG) sequence with echo time
(TE, the time between 180° pulses) of 150 ws, TR=3500 ms, 1000
echoes, and NS=128 was used to evaluate T, relaxation times. The
experiment time was 7.5 min.

To acquire T;-T, 2D correlation spectra, a SR-CPMG pulse se-
quence was used. The two-dimensional acquisition modality was
obtained using TR=4000 ms, NS=128, 32 exponentially increas-
ing variable delay time, minimum/maximum variable delay time
of 1/2000 ms, 600 echoes, and TE=150 ws. The experiment time
was 4.5 h.

To obtain D-T, 2D correlation spectra, a Static-Gradient
Stimulated-Echo sequence (SGSTE) followed by a CPMG sequence
was used with TR=3500 ms, NS=128, 32 gradient length in-
crements with minimum/maximum gradient length 6=0.2/1 ms,
TE=150 us, 600 echoes, constant gradient strength (g) equal to 8 T
m~!, and diffusion time A=1 ms. Due to the T; decay that would
occur during A in a PGSTE experiment or the T, decay that would
occur during A in a PGSE experiment, for these first acquisitions
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we used a small A to be definitely in the condition A < Ty, T,.
The total experiment time was 3.7 h.

In both T;-T, and D-T5, the experiment time is around 4 h and
the CPMG sequence can lead to heating of the sample. Therefore,
in order to mitigate the effect of heating the sample was kept in
a sealed glass beaker that worked as a humidity chamber for the
duration of measurements.

All data were processed by using Inverse Laplace Transform
(ILT) [64] in MATLAB (MATLAB R2019a) to achieve T; and T, fits
and to obtain T;-T, and D-T, maps.

3.2.3. High field MRI

To perform high field NMR imaging experiments, the wood
specimens were inserted in a 10 mm NMR glass tube with distilled
water. The tube was sealed with Parafilm in order to prevent water
evaporation. The longitudinal direction of the sample was parallel
to the direction of the static magnetic field By. A Bruker Avance III
300 MHz spectrometer equipped with a Micro 2.5 imaging probe,
10 mm radio frequency insert and a maximum gradient strength
of 0.95 T m~! was used. ParaVision® 5.1 software was employed
for data acquisition and image processing. Transversal-view images
i.e. perpendicular to the main axis of cells were selected. For each
wood specimen, a Multi-Slice Multi-Echo (MSME) sequence with
TE=15.6 ms, number of echoes = 1, TR=0.5 s and 8 s, NS=16, field
of view (FOV)=12x12 mm?2, matrix (MTX)=512x512, slice thick-
ness (STK)=0.5 mm, in plane resolution (R)=23x23 pum? was run.
The experiment time for each image was 1 h when TR = 0.5 s and
18 h when TR = 8 s. The NMR and MRI data used in this work is
publicly available [65].

3.2.4. Optical microscopy

To carry out optical microscopy investigations thin xylem sec-
tions (10-20 pm thick) on the transversal anatomical planes (i.e.
perpendicular to the longitudinal axis of the grain) for each sample
and on the longitudinal plane only for spruce wood were obtained
by cutting frozen small cubes (about 5 mm side) either by hand
with a razor blade or by cryo-microtome (Cryostat CM 1900, Le-
ica). Sections were mounted on slides with a drop of glycerol. No
embedding medium was applied. Images were obtained by using
an Axio Imager.M2, Zeiss optical microscope equipped with digital
camera both in normal and polarized light and processed by Zen
2.3 Pro software in a range of magnification between 50 and 200
times.
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Fig. 2. Optical microscopy images of (a) spruce wood characterized by resin ducts (red arrow) bordered by thick-walled epithelial cells and uniseriate parenchyma rays (pink
arrow); (b) chestnut wood with large earlywood vessels (red arrow) and small latewood vessels (yellow arrow) arranged in dendritic pattern, presence of inclusions (green
arrows) filling cell lumina of vessels, axial parenchyma cells and fibres, inclusions in cell cavities (white arrow), and uniseriate parenchyma rays, which are rarely biseriate
(pink arrow); (c) maple wood with numerous small to medium vessels (red arrows), solitary or in radial multiples of 2-4 elements, growth ring boundaries distinct by
radially flatted fibres (light blue arrow), and multiseriate rays (pink arrow). Bar scale: 100 pm in (a) and (b), and 200 pm in (c).

4. Results
4.1. Optical microscope images: wood anatomy

In Fig. 2a spruce wood shows a gradual transition from early-
wood to latewood. It has resin ducts, indicated by a red arrow, bor-
dered by thick-walled epithelial cells and uniseriate rays, indicated
by a pink arrow.

Fig. 2b shows the chestnut microstructure with vessels larger
than 200 pm in the earlywood, indicated by a red arrow and
smaller vessels in the latewood indicated by a yellow arrow. Late-
wood vessels are arranged in dendritic pattern. The white arrow
highlights cell lumen inclusions. In addition, this wood has unise-
riate, rarely biseriate, parenchyma rays which is indicated by a pink
arrow. The green arrows indicate obstructed vessels.

In Fig. 2c maple microstructure is displayed. This sample has
numerous (20-40 up to 100 vessels per square millimeter) small
to medium vessels (50-100 pm, red arrows) solitary or in radial
multiples of 2-4 elements. The growth ring boundaries are distinct
by radially flattened fibres indicated by the light blue arrow and
the rays are multiseriate, indicated by the pink arrow.

4.1.1. Evaluation of decay

As already observable in Fig. 2a, an incipient microbial decay of
spruce wood, referred both to cellulolytic bacteria and fungi is bet-
ter visible in Fig. 3a-c. A layer of dark-coloured substance, with a
grainy appearance, formed by erosion residual wood products ad-
hered with bacterial extracellular mucilage can be observed fac-
ing the cell lumen mainly in the secondary wall of latewood tra-
cheids (Fig. 3a, red arrow). Polarized light microscopy highlights
the well preserved structure of compound middle lamellae and
secondary cell walls, appearing bright due to the birefringent na-
ture of the cellulose. Conversely, the inner part of secondary walls
is converted into an amorphous substance, which extinguishes the
polarized light and appears darker (Fig. 3b). A fungal incipient at-
tack is testified by the presence of hyphae passing through the
cells (Fig. 3a and c, white arrows) and typical soft rot erosion tun-
nels, visible in longitudinal section (Fig. 3c, pink arrows). As the
samples were kept in water without preservatives after the archae-
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ological excavation, these results may attest resumption of a post-
excavation fungal colonization.

In Figs. 2b and 3d inclusions are indicated by green arrows
and are observed in both earlywood and latewood vessels and in
some cases small vessels are completely obstructed. We may sup-
pose these black-coloured inclusions are iron-tannin precipitates.
For tannin-rich species, such as chestnut and oak, the presence of
iron-tannin complexes in waterlogged archaeological finds is well
known. It is linked to the chelating capability of polyphenols of
forming stable complexes with iron, not only coming from metallic
parts of the artefact but also simply presents in the burying sed-
iments [16,18]. A rather advanced state of degradation, ascribable
mainly to erosion bacteria, can be observed with a generalized de-
tachment and loss of fibres secondary walls (Fig. 3d), although the
lignin-cellulose structure of compound middle lamella is still well
preserved as shown through polarized microscopy (Fig. 3e).

Differently by the previous woods, in maple images (Fig. 3f and
g) no complete cell wall detachment can be clearly distinguished.
Nevertheless, the weak and spongy consistence of wood accounts
for a significant decay. Thinning of fibres cell wall can be observed
at normal (Fig. 3f) and polarized light (Fig. 3g). A certain amount of
cellulose birefringence went definitely lost, as it can be clearly ob-
served at polarized microscopy by comparison with a recent wood
reference (Fig. 3h). Also in this case the presence of spores and
residues of fungal hyphae in the cellular lumens should be noted
(Fig. 3f, white arrow).

4.2. MR images

Transversal-view T; and T,-weighted images with TR=0.5 s are
shown in the upper row of Fig. 4 while those acquired with TR=8
s are displayed in the lower row. Images of spruce are displayed
in Fig. 4a and d, chestnut in 4b and e, and maple in 4c and f.
Due to the relatively long echo time in the MRI (15.6 ms), only
free water is visible in the images. TR changes the image contrast:
distilled water with long T; around the samples is highlighted in
the long TR images, while the water signal from the wood sam-
ples is highlighted in the short TR images. The cross-sections of
tracheids and vessels are visible in the MR images. MR images
in Fig. 4 allow observing homoxylous structure (Fig. 4a and d)
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fungal hyphae and spores
residual erosion wood products
iron-tannin precipitates

soft-rot tunnels

modern maple

Fig. 3. Optical microscopy images showing biological decay details. Spruce wood transversal section at normal light (a) and polarized light (b) with only better preserved
layers of secondary walls and middle lamellae appearing bright. In (c) spruce radial section at normal light. Chestnut transversal section at normal light in (d) with detach-
ment and loss of fibres secondary walls and at polarized light in (e) with only middle lamellae well preserved. Ancient maple transversal section at normal light (f) showing
a general thinning of cell walls and at polarized light in (g) cellulose birefringence reduction compared to the modern sample in (h). Bar scale: 100 um in (a) and (b); 20

pm in (c); 50 pm in (d-h).

[66] with resin ducts (indicated by yellow arrow), uniseriate rays
(red arrow) and well distinguishable annual rings (pink arrow) in
the softwood spruce. Each annual ring shows two areas with differ-
ent image contrast in agreement with the literature [29,30,37,67].
The brighter area is representative of earlywood (green arrow)
characterized by pores (lumens of tracheids) with a bigger cav-
ity and thinner walls compared to those of latewood zone. The
darker and less extensive area is the latewood (blue arrow) char-
acterized by smaller pores and thicker walls [68]. In Fig. 4a and
d, several black spots and artefacts are visible. There is a diffuse
presence of black spots (artefacts) on a grey background (repre-
sentative of earlywood) with darker grey zones (representative of
latewood) and few brighter areas corresponding to more hydrated
structures characterized by a longer T,. In comparison with the op-
tical images (Figs. 2a and 3a, c) we can suppose that black spots
and artefacts are due to a dramatic drop in signal caused by field
inhomogeneities generated by the presence of paramagnetic sub-
stances which are strong relaxants for the spin system. Another
interpretation for black spots is that they may be due to lack of
signal produced by solid residues. We may associate these black
spots to erosion residual wood products and the presence of fungi.

Images in Fig. 4b and e show the heteroxylous structure in
the hardwood chestnut [69]. Chestnut structure is seen in the

99

MR images with a very dark background in latewood as indi-
cated by the blue arrow and large cross sections of vessels as
white voxels (orange arrow) in the earlywood zone (green ar-
row). As in Fig. 4e the image is T,-weighted, the black voxels in-
dicate low T, values, less than 15.6 ms. This may be due to a
degradation process that produced an accumulation of paramag-
netic agents in the parenchyma, fibres, latewood vessels and par-
tially in earlywood vessels. These paramagnetic agents may corre-
spond to iron-tannin precipitates whose presence was previously
hypothesized by the optical investigation (Figs. 2b and 3d, e). On
the other hand, the white voxels indicate higher T, values, due to
bulk-like water in large vessels cross-sections. Therefore, the pres-
ence of a ring-porous composed by huge vessels in the earlywood
area and few smaller vessels in latewood is easily visible also by
MRL

A different microstructure can be observed in Fig. 4c and f.
The hardwood maple appears with vessels, indicated by an orange
arrow, in diffuse-porous configuration. The vessels cross-section
have roughly the same size. The surrounding wood is composed by
fibres indicated by light blue arrow. In addition, rather large rays,
indicated by the red arrow, and annual ring limit, indicated by the
pink arrow, are well discernible. The greater overall signal intensity
may imply that maple contain less paramagnetic impurities.
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Fig. 4. Transversal view T; and T,-weighted images acquired at TR=500 ms and TR=8000 ms for common spruce (a, d), sweet chestnut (b, e) and maple (c, f). Several
diagnostic characters are highlighted by arrows. The black spots and artefacts are due to paramagnetic impurities and fungi. For each image, the slice thickness = 0.5 mm

and in plane resolution = 23x23 pum?.

4.3. 1D relaxometry and 2D T1-12 and D-T2 experiments

1D T; and T, relaxation time distributions of the wood sam-
ples are shown in Fig. 5a and b, respectively. Because of the
less heterogeneous structure of softwood compared to hard-
wood, the spruce sample shows only one T; component and
two T, components. On the other hand, chestnut is charac-
terized by three components in both T; and T, distributions
and maple shows two components in both distributions.

2D T4-T, and D-T, correlation maps are displayed in Figs. 6 and
7, respectively. In the maps the colour bar from bottom to
top represents the increasing intensity or abundance of the
correlated spins population. In Fig. 6 the dashed red line in-
dicates T{=T,. In Fig. 7 the red dashed line indicates the free
water diffusion coefficient D=2.2x10"2 m? s~1,

The T-T, correlation spectra of spruce wood in Fig. 6a includes
four peaks labelled A, B, C and D, instead of two peaks found from
the T, distribution or one found from the T; distribution. A T;/T,
ratio of about 6 is the same for peaks A, B and C but it is bit higher,
about 10, for D. Overall, the T;/T, ratios are higher than those ob-
served for the same wood species at the low-field of 20 MHz by
Cox et al. 2010 [39] that are around 2 for bulk water. This is pos-
sibly due to the shortened observed T, values in the single-sided
NMR experiments caused by the strong, constant gradient (see Dis-
cussion). For chestnut sample (Fig. 6b), the four main T;-T, cor-
relation peaks or peak groups, labelled by A, B, C and D have a
wider spread of relaxation time values and highlight a more com-
plex water compartmentalization. The T;/T, ratio of peaks group A
is very high, around 20, due to the high relative shortening effect
of the gradient on long T, values. Peaks B, C and D are charac-
terized by Ty/T, ratios from 1 to 2. Maple shows three different
T,-T, correlation peaks (Fig. 6¢), instead of two peaks visible in
the T; and T, distribution. The T,/T, ratio of about 6 is quite sim-
ilar to spruce wood. For all the samples, the number of T; and T,
components observed in the 2D experiments is increased if com-
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pared to the 1D experiments. It might be that the resolution in the
2D T;-T, is higher than in the 1D T; and T, experiments; on the
other hand, some splitting may also be a consequence of so-called
pearling artefact typical for Laplace inversion [63].

In Fig. 7, D-T, maps are displayed for each wood sample. Spruce
map shows two clearly distinguished peaks or peak groups, A and
B. Chestnut is characterized by four peaks or peak groups A, B, C
and D. Finally, maple shows two D-T, peaks, peak A with the dif-
fusion coefficient close to that of the free water and peak B with a
lower D value. There are additional small amplitude peaks visible,
which are artefacts arising from the experimental noise.

5. Discussion

Single-sided NMR is mobile and suitable for the in-situ non-
destructive characterization of cultural heritage [3,5,70]. However,
unilateral NMR is intrinsically limited since it provides an indi-
rect measure of medium microstructure and relies on inferences
from models and estimation of Ty, T, and D parameters. Therefore,
it is necessary to validate the information obtained by portable
NMR through complementary investigations. To test the potential
of single-sided NMR for the study of the preservation state of ar-
chaeological wood, results obtained by low-field portable NMR,
high-field high resolution MRI and optical microscope images were
compared for each of the three waterlogged samples investigated.
Optical microscopy can provide images with a resolution of few
micrometers or less, but it requires a destructive mechanical sec-
tioning. On the other hand, MRI can be non-destructive and pro-
vides volumetric information [67] but its current resolution (lin-
ear resolution of tens of micrometers) is still insufficient to detect
all microscopic features of woods. However, MRI can highlight the
presence of decay and can help in the low-field results interpre-
tation but it is important to underline that optical microscopy can
identify fungi and bacteria, which result in non-specific structural
alterations in MR images.
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Fig. 5. 1D T; (a) and T, (b) distributions for the three wood samples studied.

When interpreting the low-field T, results, it is important to
note that the observed apparent T, values are heavily affected by
the molecular diffusion in the presence of the strong (8 T m™1),
constant magnetic field gradient of the single-sided instrument
[71,72]. The echo amplitude in the CPMG experiment is [73,74]:

20242
E(t) = Eoexp [—(le+yg3TD>t] (1)

where E; is the initial echo amplitude, y is the nuclear gyromag-
netic ratio, g is the strength of a constant magnetic field gradi-
ent and t is the delay time between the first 90° and 180° pulses.
Therefore, the observed apparent T, value, Ty, is much shorter
than true T5:

2522
1 1 vy g3t D 2)

T2app h T2

In the experiments described in this paper, T was 75 us (echo
time 150 us) and g was 8 T m~1. If D = 2.2x10~° m? s~!, the
maximum observable value of Ty, is 53 ms (assuming that T, !
~ 0). If the true T, is equal to 1, 10, 50 or 100 ms, the observed
Toapp is 0.98, 8.4, 26 or 35 ms, respectively. On the other hand, D
observed in the transverse direction of wood is typically 1x10~?
m?2 s~! or less [75,76] due to the restricted diffusion, correspond-
ing to the maximum Ty,pp Of 116 ms. If D = 1x1079 m2 s~! and if
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Fig. 6. 2D T,-T, maps of (a) common spruce, (b) sweet chestnut and (c) maple. On
the right the colour bar represents from bottom to top the increasing intensity of
the peaks. The red dashed line indicates T;=T5.
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Fig. 7. 2D D-T, maps of (a) common spruce, (b) sweet chestnut and (c) maple. On
the right the colour bar represents from bottom to top the increasing intensity of
the peaks. The red dashed line indicates the bulk water D=2.2x10" m? s,

the true T, is 1, 10, 50 or 100 ms, the observed Ty, is 0.99, 9.2,
35 or 54 ms, respectively. The shortening effect is relatively more
significant for longer T, values.

The component of bound water, which is typically around
T, = 1 ms [34,38] is absent in the T, distribution due to the degra-
dation of the cell walls discussed in section 4.1.2. This may be a
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consequence of both the decreased amount of bound water and
the accelerated exchange between bound and free water due to the
cell wall degradation [42]. Furthermore, in the D-T, experiment,
the diffusion delay A was only 1 ms. The effects of restricted dif-
fusion could be enhanced by using longer A, potentially providing
additional contrasts on the structural details [75,76].

5.1. Common spruce

In the MR images (Fig. 4a and d) the many dark spots represent
places where signal is not detected, either due to a lack of signal
or a very short T,. A short T, or a lack of signal can be associated
with the presence of paramagnetic impurities or solid residues that
may correspond to erosion products and fungi (see Fig. 3a-c).

Typically, water in softwood tracheids has T, between 9-400 ms
and a Ty that is one order of magnitude higher than T, [31,35]. In
this sample, while the peak in Fig. 5a with T{=180 + 70 ms is
similar to that measured with a standard spectrometer [34] and
can be interpreted as bulk water in structures with a diameter
around 20-40 pum [67], the observed apparent T, values were sig-
nificantly shortened due to the gradient. We hypothesize that the
longer T, component (T,=36 + 3 ms) comes from earlywood tra-
cheids, where the lumens are much larger than in latewood (see
the optical microscopy images in Fig. 2a). This is in agreement
with previous studies in which T, values between 30-400 ms have
been associated with larger lumens in earlywood or resin canals
[31,35,70] and with the MR images, where the signal is predomi-
nantly originating from bulk water in earlywood tracheid lumens
(green arrows in Fig. 4a and d). Conversely, the darker contrast in
the MR images corresponds to areas with shorter T, [77]. Some au-
thors [31,35,70] interpreted components of T, between 9-80 ms as
smaller lumens in latewood and ray cells (see Fig. 2a). In this work
we detected a T, of 10.0 + 0.3 ms that can be associated with wa-
ter in rays (pink arrow in Fig. 2a and red arrows in Fig. 4a and d)
and latewood area (blue arrows in Fig. 4a and d), with the pres-
ence of decay impurities as observed in both MR images (Fig. 4a
and d) and optical images (Fig. 3a, red arrow). The peak area asso-
ciated to earlywood in Fig. 5b is higher than that of the latewood
reflecting the smaller lumens volume of latewood as compared to
earlywood (see MR images in Fig. 4a and d and optical microscopy
image in Fig. 2a).

The 2D T;-T, correlation map (Fig. 6a) implies the existence of
four distinct populations of spins A, B, C and D, although some
peak splitting might also be a consequence of the pearling artefact.
Thanks to the higher resolution of 2D experiments compared to 1D
counterparts, it is possible to discriminate similar values of T; that
in 1D measurements appeared as a single peak. The most intense
peaks A-C with longer T; and T, represent free water in earlywood
(green arrows in Figs. 4a and 4d) specifically with water in bigger
lumens (see Fig. 2a) which is in agreement with previous works
[29-31, 35]. Peak D is characterized by shorter T; and T, and it can
be associated with water in latewood tracheids and rays (Fig. 2a,
pink arrow) [31, 35]. Again, the greater intensity of peaks A-C as
compared to peak D reflects the larger earlywood area and lumen
volume as compared to latewood in agreement with MR images
(see Fig. 4a and d), optical microscopy (Fig. 2a) and 1D T, relax-
ation (Fig. 5b).

The D-T, map (Fig. 7a) includes peak group A with D = (1.9-
2.3)x107° m? s~! and T, = 33-40 ms. The diffusion coefficient is
close to that of the free water (red dashed line in Fig. 7a) and to-
gether with the quite similar T, value can be associated with two
water compartments in the earlywood area, in agreement with the
results of T;-T, map (see Fig. 6a). The second peak B is character-
ized by a lower D = 0.4x10~2 m? s~! and T, = 13 ms that can be
associated with the restricted water diffusion in rays (pink arrow
in Fig. 2a) and in latewood tracheids (blue arrows in Fig. 4a and d)
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that are obstructed by residual erosion wood products and fungal
hyphae (see red and white arrows in Fig. 3a and c). Peak group A
is more intense than peak B, which confirms the greater area and
lumen volume of earlywood compared to latewood in agreement
with T;-T, map and T, distribution.

5.2. Sweet chestnut

This wood shows much shorter T; values (Fig. 5a) than that
expected of the free water environments shown in MR images
(Fig. 4b and e) and optical microscopy image (Fig. 2b). Both in MR
and optical images, the whole sample has a dark contrast due to
very low NMR signal and low light transmission, respectively. This
specific contrast is supposed to be due to the presence of iron-
tannin precipitates observed by light microscopy of Fig. 3d and e
and typical of tannin-rich species as chestnut. Nevertheless, there
are also water molecules in the huge vessels, which are larger than
200 pm (orange arrows in Fig. 4b and e, red arrow in Fig. 2b), that
should have relaxation times comparable to free water. The low T;
values shown in Fig. 5a (red curve) seems to confirm the high con-
centration of paramagnetic impurities (i.e. iron-tannin complexes)
and erosion products (green arrows in Figs. 2b and 3d). The inten-
sities of intermediate T; =12 & 5 ms and T, =11 £ 1 ms peaks are
the highest. Since the T; values are affected by the impurities, we
can assign only the T, components to the anatomical structures of
this wood. The rightmost peak in Fig. 5b is around 50 + 2 ms and
can be related to bulk water in vessels [26,28,36]. The shorter T,
values around 11 £+ 1 and 3.4 + 0.1 ms could belong to bulk water
in latewood vessels and in rays (pink arrow Fig. 2b), parenchyma
and degraded cell walls (white arrow Figs. 2b and 3d and e), re-
spectively [26,28,36].

The T;-T, map shows four peaks or peak groups, A, B, C and D
(Fig. 6b). Peaks A have the longest T; and the highest T;/T, ratio
due to the shortening effect of the gradient. Peaks A most likely
arise from free water on the surface of the sample due to its long
T, relaxation time (about 1 s). Peaks B and C belong to water in
earlywood and latewood vessels, respectively (see Fig. 4b and e,
orange arrows, and Fig. 2b, red and yellow arrows). Their T;/T,
ratio is ~ 1.5. Peak D is linked to bound water in parenchyma or
rays (pink arrow Fig. 2b) and in degraded cell walls (white arrow
Fig. 2b), respectively, with very low mobility. Peaks group C has the
most intense signal suggesting a large amount of bulk water in the
large vessels of chestnut. The intensity of peak B, which is also as-
sociated with vessels, may be underestimated because of the pres-
ence of impurities stored in the vessels lumen (see Figs. 2b and
3d) caused by the deterioration process.

The D-T, map of the chestnut shows three main populations
(Fig. 7b). Peaks group A indicates a population of spins with
D = (2.0-2.4)x10~° m? s~ ! and T, = 35-49 ms. These values are as-
sociated to bulk water in the large vessels of earlywood, in agree-
ment with the T;-T, results. Peaks group B has D = (1.7-2.0)x10~°
m? s~! and T, = 7-12 ms that can be interpreted as a more
restricted water in the latewood vessels. Peaks C and D have D
around (0.6-1.9)x10~° m? s~! and T, of 3-5 ms. This T, is simi-
lar to that of peak D measured in T;-T, map and can be attributed
to water molecules in parenchyma, rays and degraded cell walls.
The intensity of the peaks suggests a higher amount of water in
vessels and a lower amount in rays and parenchyma, which agrees
with the MRI and T;-T, experiments.

5.3. Maple

As shown in the MR images (Fig. 4c and f) and optical mi-
croscopy image (Fig. 2c) this wood has a quite homogeneous
diffuse-porous ring structure made of vessels and fibres that have
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a T; of 220 &+ 90 ms (Fig. 5a). Moreover, in Fig. 5b the two differ-
ent T, values of 43 &+ 2 ms and 25 £ 1 ms reflect the bulk water in
maple vessels with the size of 50-100 pm, and in fibres (light blue
arrow in Fig. 4c and f), respectively. The minor T; peak around 3
ms might be associated with degraded cell walls, but it might also
be an artefact, as corresponding peak was not observed in the T;-
T, experiment. The peaks in Fig. 5b have similar intensities to each
other because there is a similar amount of water in vessels and
fibres in this wood.

The T;-T, map shows three different populations A, B and C
(Fig. 6¢). Peaks A and B are associated with water inside two clus-
ters of vessels with very similar T; and T, and are also the most
intense according to 1D results (Fig. 5b). Peak C represents the fi-
bres that, conversely to the other analysed woods, here have water
content comparable to vessels, as shown by the similar contrast in
Fig. 4c and f. This is corroborated by the light microscopy results
in which the fibres cell walls are thinned (Figs. 3f and 3g).

Two peaks, called A and B, were observed in the D-T, map
(Fig. 7c) of the maple wood. The diffusion coefficient of peak A
is 2.0x107° m2 s~! and its T, around 35 ms. These values indicate
water in vessels. Peak B has lower D value of 0.63x10~2 m? s!
and T, of about 35 ms, and it can be likely associated to water in
fibres.

5.4. Inferred wood microstructures by single-sided NMR parameters
Ty, Ty, D

Regarding the wood microstructures, single-sided investigation
suggests that spruce has two main clusters of pores, earlywood
and latewood tracheids with the former one more abundant the
latter. Earlywood pores are characterized by higher values of T,
and D that means they are larger than latewood pores. More-
over, well preserved structure of middle lamellae and secondary
cell walls was observed while the inner part of secondary walls
is converted into amorphous substance. This wood shows artefacts
which might be associated to erosion residual wood products to-
gether with fungal hyphae and soft rot fungi. The decay distribu-
tion appears mostly along the rays, in latewood tracheids and on
the edge of the sample. Sweet chestnut has the largest vessels in
which water diffusion is free, but some of them are obstructed by
impurities which might be iron-tannin precipitates. This yields to
a strong dependence of the longitudinal relaxation time (T;) from
the paramagnetic iron impurities and produces an overestimation
of the water abundance in the cell walls. Despite the large degree
of decay operated by erosion bacteria, the lignin-cellulose structure
of compound middle lamella is still well preserved. So, chestnut is
mainly composed of two clusters of vessels (i.e. in the earlywood
and latewood), parenchyma and rays. Maple seems to be the only
wood with no visible cell wall detachment but spores and residues
of fungal hyphae are observed in the cellular lumens. Maple wood
shows two types of structures, vessels and fibres, with a similar
water behaviour and content due to the fibres cell walls thinning.

6. Conclusion

This work suggests a preliminary protocol to test the feasibil-
ity of single-sided low-field NMR in a first characterization of ar-
chaeological waterlogged wood. A portable instrument allows to
perform in situ analysis and to study samples of any size. Due to
the complexity and decay of wooden remains, complementary in-
formation provided by high field MRI and optical microscopy im-
ages, which require a destructive sampling, was used for the in-
terpretation and validation of 1D relaxometry, 2D T;-T, and D-T,
results obtained by single-sided NMR. We suggest that the com-
bination of 1D and 2D acquisitions is useful to reveal water com-
partmentalization from which possible microstructural configura-



V. Stagno, S. Mailhiot, S. Capuani et al.

tions of wood can be extrapolated. In this work, as a consequence
of the decay process, the archaeological wood samples are devoid
of bound water characterized by T, around 1 ms which instead is
found in studies carried out on contemporary wood [34,38]. This
suggests the ability of single-sided NMR of detecting cell wall de-
cay. Conversely, due to the current limited resolution of MRI (about
10x104m? in plane resolution), is not possible to directly observe
cell wall decay. Moreover, single-sided NMR can be useful to detect
paramagnetic impurities in wood, such as heavy metals complexes,
iron, and salts. This feature of single-sided NMR is also supported
by MRI, which shows black spots in images. This information is
complementary to that provided by light microscopy investigation.
Overall, this work suggests that single-sided NMR may be a use-
ful in situ investigation tool to a preliminary and complementary
investigation of archaeological wood totally soaked in water.
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