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Trier is the oldest city in Germany with many relics of the Roman Empire. One of them is the burial chamber at
Reichertsberg. Since its discovery in 1967 it has been excavated and secured with protecting outer walls. Located
largely intact in a mountain slope at the back of a school yard it had been neglected until a detailed study 30
years later. In an effort to draw attention to its deteriorating state of preservation, the interior decorations were
investigated in September 2025 along with NMR depth profiling of the plaster layers applied on three different
occasions in the 3™ to 4™ century AD. The NMR measurements are reported here along with an estimation of the
moisture flux inside the plaster cover of a naturally wet inner wall.

1. Introduction
1.1. The burial chamber

Trier was founded as Augusta Treverorum in 18/17 BC and is
considered the oldest city in Germany [1]. In late antiquity, Trier
became one of the most important cities in the Roman West as an im-
perial residence and administrative center. During this time many
important buildings were erected, the spectacular ruins of which are still
visible today. A lesser-known site is the burial chamber in the mountain
slope at Reichertsberg dating from the 3rd to 4th century AD (Fig. 1a)
[2]. It was discovered during construction of the Reichertsberg
elementary school in 1967 and since then is only accessible on demand.

In antiquity, a staircase led down to the underground entrance of the
chamber, which is now at ground level. The chamber probably had a
temple-like superstructure that is no longer preserved. The interior of
the chamber is almost square in shape (3.6 m)?, with a barrel vault
ceiling reaching a maximum height of 2.84 m. Following its excavation
and subsequent implementation of protective measures, the burial
chamber has been in a state of negligence until the state of the burial
chamber including its wall paintings and wall plasters were analyzed in
detail in 1998 [3]. Four different building phases have been identified.
These are in chronological order:

Phase 1 refers to the initial construction with a narrow corridor
leading inside (Fig. 1b-A). Lower inside walls (Fig. 1b-B) formed three
compartments (Fig. 1b, C-E), which were arranged like couches in a

This article is part of a special issue entitled: Reimer Special Issue published in Solid State Nuclear Magnetic Resonance.

* Corresponding author.

E-mail addresses: carlo.golini2@unibo.it (C. Golini), qing.yang@iis.uni-stuttgart.de (Q. Yang), maximiliane.waldecker@iis.uni-stuttgart.de (M. Waldecker),
roland.lenz@abk-stuttgart.de (R. Lenz), leonardo.brizi2@unibo.it (L. Brizi), Sabina.Haber-Pohlmeier@mpa.uni-stuttgart.de (S. Haber-Pohlmeier), a.pohlmeier@fz-
juelich.de (A. Pohlmeier), paolo.tomassini@uclouvain.be (P. Tomassini), juergen.frick@mpa.uni-stuttgart.de (J. Frick), jens.anders@iis.uni-stuttgart.de
(J. Anders), bluemich@itmec.rwth-aachen.de (B. Bliimich), heimerl@uni-trier.de (F. Heimerl).

https://doi.org/10.1016/j.ssnmr.2026.102074

Received 3 January 2026; Received in revised form 9 March 2026; Accepted 9 March 2026

Available online 19 March 2026

0926-2040/© 2026 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-1152-4438
https://orcid.org/0000-0002-1152-4438
mailto:carlo.golini2@unibo.it
mailto:qing.yang@iis.uni-stuttgart.de
mailto:maximiliane.waldecker@iis.uni-stuttgart.de
mailto:roland.lenz@abk-stuttgart.de
mailto:leonardo.brizi2@unibo.it
mailto:Sabina.Haber-Pohlmeier@mpa.uni-stuttgart.de
mailto:a.pohlmeier@fz-juelich.de
mailto:a.pohlmeier@fz-juelich.de
mailto:paolo.tomassini@uclouvain.be
mailto:juergen.frick@mpa.uni-stuttgart.de
mailto:jens.anders@iis.uni-stuttgart.de
mailto:bluemich@itmc.rwth-aachen.de
mailto:heimerl@uni-trier.de
www.sciencedirect.com/science/journal/09262040
https://www.elsevier.com/locate/ssnmr
https://doi.org/10.1016/j.ssnmr.2026.102074
https://doi.org/10.1016/j.ssnmr.2026.102074
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ssnmr.2026.102074&domain=pdf
http://creativecommons.org/licenses/by/4.0/

C. Golini et al.

Roman dining room and served as a burial site for six individuals. Each
compartment had a niche in the outer wall which may have served to
light the chamber with oil lamps (Fig. 1b, niches I-III). The small brick
walls (Fig. 1b-B) have a brownish base plaster, ca. 10 mm thick, with
addition of stone aggregate, brick chips, and sand. The outer plaster
layer on top of it is 10 — 15 mm thick, and it contains additions of sand,
silt and a larger amount of brick chips and brick powder. The latter were
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probably added for moisture protection. In contrast to the lower interior
walls, the vault and wall surfaces exhibit only a single layer of plaster
containing gravel, sand, silt, brick chips and brick dust with a thickness
of 10 — 15 mm. These were then covered with white lime wash and
decorated with paintings. Circular medallions with a Medusa head can
still be seen on the ceiling. The rear wall was painted with multi-colored
fields, lines, plant motifs, birds and a seated figure in niche II. Surface

7 Entrance ¢
East

0 Phase 1 (with niches I-lll)
i1 Phase 3 (addition of niche V) 0

b)  — NMR Spots

1m

Fig. 1. The Reichertsberg burial chamber. a) View inside from the entrance. b) Floor plan of the chamber. The different building phases and the measurement spots
are identified. The phase-1 plasters on the chamber walls and the lower walls dividing the burial sites differ in composition along with the plaster from phase 3.
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evaporation of water rising from the soil and pressing from the mountain
slope at the foot of the Reichertsberg led to the formation of a 0.2-0.3
mm thick, glaze-transparent sinter crust on top of the paint layer. Over
the years the moisture flux caused parts of the ceiling plaster to collapse.

In phase 2, the partially fallen plaster of the vault had to be renewed.
The up to 15 mm thick single-layer renovation plaster was only applied
to damaged sections of the vault and showed almost no brick chips. On a
white coating, a new circular medallion with Medusa's head and a
wreath of leaves and flowers were painted. The west wall remained
intact and was not painted over. If the east wall was also renovated was
not specified in 1998 [3].

In phase 3, an additional niche (Fig. 1b, niche IV) was built into the
north-east corner of the chamber, and a small internal wall (Fig. 1b-F)
was erected to create another burial compartment (Fig. 1b-G). This
brick wall had a 10 — 15 mm thick brownish plaster base coat. An outer
10 -15 mm thick plaster coat was applied on top of it. The niche was also
covered with two layers of plaster, which differ from the interior wall in
terms of the composition of the aggregates, even though both originate
from the same phase.

In phase 4, two sandstone sarcophagi for two individuals were placed
on top of the interior walls. The sarcophagi were removed in 1998 and
are now on display in the lobby of the school.

In post-Roman times, the chamber gradually filled with mud from
the Reichertsberg mountain. During the excavation in 1967, the clay
crust was not completely removed from the walls to protect the paint-
ings, which makes it difficult to assess the paintings today. Since the
plaster layers from the first phase were partially covered by the ancient
renovation and the post-Roman clay crust, the thickness of the plaster
layers could only partly be estimated in the non-invasive investigation in
1998 [3]. Therefore, the aim of the NMR depth profiling study was to
differentiate the plaster layers from the side walls and the section walls
with reference to the building phases 1 to 3 (Fig. 1b).

1.2. NMR depth profiling

NMR depth profiling is a modality of nuclear magnetic resonance
(NMR) [4], whereby the relaxation of nuclear magnetization is
measured in a sensitive volume located outside the instrument in the
inhomogeneous stray-fields of a magnet and a radio frequency (RF) coil
by which the magnetization is generated. The sensitive volume has the
shape of a thin flat slice, which is aligned parallel to the wall. The
magnet with the RF coil is mounted on a precision displacement stage by
means of which the sensitive slice can be translated in discrete steps
along the depth direction inside the wall to acquire NMR signal at each
position. This signal contains essentially the same information as a pixel
in a magnetic resonance image (MRI) acquired for the purpose of
medical diagnostics with MRI machines in a clinical setting. The basic
information is the signal amplitude corresponding to the concentration
of NMR-active nuclei, usually hydrogen nuclei in the sensitive slice and
the decay time or relaxation time T of the nuclear impulse response to
an RF pulse. Either parameter or a combination of them serves as
amplitude in a depth profile or one-dimensional image constructed from
the manifold of NMR measurements at the different positions of the
sensitive slice.

Size and shape of the sensitive slice are defined by the curvatures of
the stray fields of the magnet and the RF coil. Both, the magnet and the
coil, constitute the stray-field NMR sensor. Different stray-field sensor
geometries have been investigated [5-7], but the one most suitable for
depth profiling is known as NMR-MOUSE, short for NMR Mobile Uni-
versal Surface Explorer [8,9]. The sensor finds various applications in
nondestructive materials testing [7,10,11] including the state assess-
ment and conservation treatment of cultural heritage objects [12-16]
such as porous stone, paper, easel paintings, mummies, violins, and wall
paintings. In the context of the work at stake, investigations of stone
conservation treatments [17,18] and stratigraphic analyses of painted
walls are of interest, especially depth profiling of Roman frescoes and
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fresco fragments in Herculaneum [19] and Ostia Antica [20-22] as well
as studies of moisture damage of frescoes in Vasari's house in Florence
[23] and painted walls in Padua in search for an older, covered wall
painting [24].

Such depth profiles reveal the stratigraphy of the plaster layers to
which pigments and paint were applied in ancient times. The stratig-
raphy differs depending on the time of making, the plasters used, and the
workshop's craftsmanship [19], and these differences shed light on the
status of the building's owner, the use of the room, and the outreach of
the plasterer's workshop, and they can assist in sorting and assigning
fragments.

To obtain an NMR signal, the plaster layers must contain mobile
molecules with hydrogen nuclei. This can be wax from a prior conser-
vation intervention but typically is water. Usually, the wall section to be
analyzed is sprayed multiple times with a mist of deionized water prior
to depth profiling unless the wall is naturally wet. In the first case the
moisture content usually decreases from the surface to the interior of the
wall. In the second case, the moisture-concentration gradient may be
reversed, and the wall is dryer on the surface than on the inside [25].
From the NMR signal amplitude, the volumetric moisture content 6(r)
can be quantified as a function of depth r inside the wall once the signal
amplitude has been referenced to that of pure water. Given the water
density p, 6(r) can be converted to water concentration, p 6(r) = c(r).
Here we approximate the water density at the measurement temperature
by 1 g/cm®.

For purpose of conservation, knowledge of just water concentration
is insufficient. The damage to wall paintings arises from the moisture
flux, which drags dissolved salts along that solidify on the wall surface
upon evaporation of the water. Given the strong gradient G of the
magnetic stray field emanating from the NMR-MOUSE magnet into the
wall, the moisture flux J(r) inside the wall can be estimated from Fick's
first law,

J(r) = -D dc(r)/dr. (@)

Here D is the apparent self-diffusion coefficient of the water in the
partially saturated porous plaster medium. With knowledge of the
magnetic field gradient G it can be determined with the NMR-MOUSE
[26], so that it should be possible to estimate the moisture flux nonde-
structively by means of NMR depth profiling. This nondestructive
approach with mobile equipment has not been reported so far with
experimental data although moisture flux has been estimated in labo-
ratory studies on samples by NMR [27] and other methods [28]. In the
following, the moisture flux in one of the naturally wet, lower dividing
walls is reported.

2. Instrumentation and measurement parameters

Depth profiles were measured with a PM25 NMR-MOUSE from
Magritek, employing a 15 mm, a 10 mm or no spacer and with a new
NMR-MOUSE type sensor developed at the University of Stuttgart [29].
The spacers for the PM25 NMR-MOUSE serve to shorten the distance
between the RF coil and the sensitive slice for the benefit of higher
sensitivity and at the expense of a reduced depth of access. Without
spacers the depth of access corresponding to the maximum length of a
depth profile is 25 mm for the PM25 and 12 mm for the new Stuttgart
sensor. The dimensions of the sensitive slice are 40 x 40 x 0.12 mm? for
the PM25 NMR-MOUSE and & x 202 x 0.12 mm? for the Stuttgart sensor,
whereby the thickness of the sensitive slice depends on the acquisition
parameters of the measurement (Table 1) [29]. Both sensors were
mounted on the same translation stage with the sensors and the trans-
lation stage being controlled by a KEA2 console (Magritek, Germany).
The console was driven by Magritek's Prospa software installed on a
laptop computer with a Windows operating system (Fig. 2). To shield the
sensor and the console from external electromagnetic noise, both com-
ponents were covered with silver-plated parachute silk that was
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Table 1
Acquisition parameters for depth profiles.
Spot 1 2 3 4 5 6 7
NMR- PM25 PM25 PM25 PM25 PM25 PM25 Stuttgart
MOUSE
spacer [mm] 15 0 0 10 10 10 -
0
step size 100 200 200 100 200 200 200
[pm] 200 200
number of 92 131 101 162 81 81 26
steps 132 26

thickness of 200 120 120 120 120 120 120
sensitive

slice [pm]

number of 128 256 256 128 128 128 256
scans 256 256

number of 32 10 10 32 32 32 32
echoes 10

echo time 82 124 124 82 82 82 100
[ps] 124

90° pulse 9 30 30 16 16 16 16.5
length 30
[ps]

recycle 200 200 200 300 300 300 300
delay [ms]

connected to a common electric ground (Fig. 3, top left).

Depth profiles from the walls were acquired at seven different po-
sitions in the burial chamber (Fig. 1b) using CPMG echo sequences with
different parameter settings (Table 1) [4]. The spots were selected in
consideration of archeological significance, ease of access, and flatness
of the wall. The profile value at each depth corresponds to the average
amplitude of echoes 2 to 8 in the acquired multi-echo train recorded for
each position of the sensitive slice. Averaging the initial echoes increases
the signal-to-noise ratio and introduces a relaxation weight. As the
relaxation weight did not appreciably change, the signal linearly scales
with the moisture content in the depth profiles presented here. To
further improve the signal-to-noise ratio, the depth profiles were
smoothed with a moving five-point average filter. The profiles at spots 5
and 7 were measured in two runs each covering different depth ranges.
Atspots 1, 4, 5, and 6, trains of 32 echoes were acquired, long enough for
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the multi-echo train to decay close to zero so that the relaxation curves
can be inverted to distributions of relaxation times to compare the
physical properties of the plasters from the different building phases.

The walls were moisturized with multiple sprays of a fine mist of
deionized water prior to measurement at all spots but spot 5 which was
already known to be naturally wet. Depending on the amount of water
sprayed onto the wall, the permeability of the plaster, and the time of
measurement the water concentration of these walls varies with depth.
At spot 5 the moisture flux inside the naturally wet wall was estimated
from the experimental moisture gradient. Each depth-profile measure-
ment took between 40 and 90 min to acquire. At spots 3 and 5 ultrasonic
alignment sensors were tested for the first time to assist in the alignment
of the sensitive slice parallel to the wall in places where sensor align-
ment by eye is difficult [25].

3. Results and discussion
3.1. Depth profiles

All profiles but that at spot 7 have been acquired with the PM25
NMR-MOUSE, whereas the spot-7 profile was measured with the newly
developed, lighter and more compact Stuttgart sensor with half the
depth of access of the PM25 (Fig. 3) [29]. The acquisition parameters are
summarized in Table 1. The profiles from spots 4 and spots 7 were
measured in two steps to extend the depth range of measurement. In
both cases the two profile sections were combined into one after mea-
surement. The two sections for spot 4 were acquired with different
parameter settings and combined by matching the hump at 14 mm depth
after amplitude scaling. The two sections for spot 7 were measured with
the same parameter settings and combined by matching the profile
amplitudes. By comparison of the depth profiles, the following features
were observed (Fig. 3):

Spot 1: The profile was acquired at a spot where the wall was flat and
partially covered with a clay crust on top of the white lime covering the
wall plaster. The front (left) of the depth profile exhibits a ca. 1 mm wide
peak marking the whitewash. This peak does rise sharply but starts with
a lower step attributed to the clay crust. Underneath the whitewash, the
depth profile is largely flat, indicating constant water concentration. At

Fig. 2. NMR setup for measuring depth profiles. The NMR-MOUSE is mounted on a precision translation stage, which rests on an adjustable scaffold. The sensor and
the translation stage are connected to the console, which is operated by the computer.
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Fig. 3. Details of the measurement spots (left) and the measured depth profiles (right). The locations of the spots are marked in the map of Fig. 1b, and the
measurement parameters are summarized in Table 1.
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about 4 to 5 mm depth an elevated plateau rises above the noise level,
which could not be observed in the other phase-1 depth profiles at spots
2 and 3, so that it is attributed to inhomogeneities from stone aggregate.
The profile has been acquired with many scans and a 15 mm spacer for
maximum sensitivity along with full echo train decays at each step to
allow characterization of the plaster properties by means of depth
resolved distributions of relaxation times in comparison with the plas-
ters at spots 4, 5, and 6.

Spots 2 and 3: To assess the thickness of the phase-1 plaster layers, the
spacer was removed from the NMR-MOUSE, giving access to the
maximum depth range of 25 mm at the expense of measurement sensi-
tivity. Accordingly, the depth profiles are noisy. But despite the mea-
surement noise and the water concentration decreasing with depth, the
plaster thickness can be estimated to about 13 mm at both spots.

Spot 4 is located at the east wall of the burial chamber (Fig. 1b),
where it is uncertain in how far the plaster has been renewed in phase 2
during renovation. Therefore, to characterize the plaster composition by
means of distributions of relaxation times the measurements were con-
ducted with higher signal-to-noise ratio employing a 10 mm spacer,
which limits the depth of access to 15 mm. The measurement spot was
chosen to be largely free of clay crust. A lime-layer peak is visible in the
depth profile at the surface followed by a smooth profile section lacking
the aggregate inhomogeneity found at spot 1. Because the profile
amplitude appeared to rise at the very end near 14 mm depth it was
decided to measure deeper down into the wall the next day after
removing the spacer to access the full depth range of the sensor. The
profiles from both measurements were subsequently composed into one,
whereby the height of the second profile was scaled to match the shape
and height of the small elevation at the end of the first profile. Inter-
estingly, another, larger peak reminiscent of but broader than the lime-
wash peak at the surface is noted at 18 mm depth followed by a decrease
of the profile amplitude at 20 mm to a lower value different from zero.
This suggests the existence of a second plaster layer underneath the first
one. Comparing the profile from spot 4 to the profiles from spots 1 to 3, it
is noted, that all four profiles show the lime-wash peak at the surface,
but that the top plaster layer at spot 4 is thicker and more homogeneous
than the phase-1 plaster layers from spots 2 and 3.

Spot 5 is at a lower inside wall built during phase 1. It had not been
moisturized prior to measurement, because it was naturally wet. The
depth profile was measured with a 10 mm spacer and 32 echoes to
optimize sensitivity and observe the complete echo-train decays. The
profile does not peak at the surface of the wall reporting the lack of a
surface layer such as lime wash. With increasing depth, the moisture
concentration increases pretty much linearly, indicating rising damp
from the ground which is dissipated into the atmosphere through the
wall surface. To quantify the moisture flux in the wall, the NMR signal
amplitude was normalized to the NMR signal from water in a rubber
balloon with the sensitive slice completely inside the water volume. So
long as the densities of the pore water and the water in the balloon are
identical the normalized signal provides the volumetric water content,
which scales from zero for a dry material to the porosity of a fully water
saturated porous medium. It is shown on the abscissa of the depth profile
for spot 5 in Fig. 3. Approximating the temperature-dependent water
density by 1 g/cm? the water concentration and its gradient are obtained
from the depth profile. Along with the apparent diffusion coefficient, the
moisture flux inside the wall towards its surface can be estimated from
Fick's first law (vide infra).

Spot 6 is at a wall from the third building phase. The profile ampli-
tude varied considerably but smoothly across depth. While depth pro-
files of frescoes from Herculaneum or Ostia Antica drawn on a base of
multiple plaster layers show sharp transitions between different plaster
layers [19,20,22], the smooth variation in moisture concentration
observed here suggests, that the moisture profile may result from the
combined effect of being naturally wet with moisture moving from the
interior to the outside in competition with water moving from the
outside to the interior as a result of spraying the wall with a moisture
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mist prior to measurement. The hypothesis that the wall is naturally wet
is corroborated by the depth profile at spot 7 from the other side of the
same wall. The signal drop at about 16 mm depth may be the result of
partial detachment of the plaster from the wall.

Spot 7: The depth profile has been measured from the outer side of
the same phase-3 wall as spot 6 but with the new NMR sensor developed
at the University of Stuttgart [29] and not with the PM25 NMR-MOUSE.
Due to shorter depth of access, the profile was acquired in two steps with
the same acquisition parameters but different positions of the translation
stage. The two profiles were subsequently combined by matching the
absolute amplitudes of both profile sections. Although the wall had also
been sprayed with water prior to measurement, the water concentration
rises steeply towards larger depth, indicating that the wall is naturally
wet. Interestingly, the moisture gradient appears to be higher than that
at spot 5 of the phase-1 wall on the other side of the entrance way. The
difference could be explained with a porosity gradient in the plaster
layer resulting from higher pressure being applied to the wet plaster
when finishing the wall. Due to limited measuring time, the abscissa of
the profile had not been calibrated to quantitative volumetric moisture
content, and the apparent diffusion coefficient had not been determined.

3.2. Distributions of relaxation times

Distributions of relaxation times were measured for the plasters at
spots 1,4,5 and 6 attributed to building phases 1, 1 or 2, and 3 to look for
clues on differences in the physical properties of plaster layers relating to
wetting behavior and pore size (Fig. 4). While the profile at spot 1 has
been acquired with 0.1 mm step size, the step size of the other three
profiles was 0.2 mm (Fig. 4, middle). The profiles at spots 1 and 4 are
from the inside front and back walls, the other profiles from spots 5 and
6 are from the inner dividing walls. Apart from the high-intensity peaks
of the lime layer at the walls the relaxation-time distributions from spots
1 and 4 vary little with depth. Both sets of spatially resolved relaxation-
time distributions look similar. The profile from spot 6 also shows a
high-intensity peak at the wall surface, but it is broader than the peaks in
the profiles from spots 1 and 4 and likely to result from surface degra-
dation due to salt accumulation (salt analyses are reported in Supple-
ment S1). On the other hand, the distributions at spots 5 and 6 vary more
strongly with depth and exhibit several regions with high moisture
content. The depth-resolved relaxation-time distributions confirm that
the plaster composition of the lower dividing walls is different from that
of the plaster on the outer walls, whereby the composition of the plaster
at spot 6 (phase 3) is more heterogeneous than that at spot 5 (phase 1).

The difference between plasters from spots 5 and 6 is also evidenced
in the distributions of relaxation times averaged over the depth range
from 3 to 10 mm (Fig. 4, right and left). The exact position of the main
peak is different in all four average distributions. But this can be an
effect of either plaster composition or moisture concentration [4].
Assuming comparative moisture concentration, then the plaster at spot 1
is also different from the plasters at spots 4 and 6. This is also evidenced
by the logarithmic mean relaxation times in the average distributions
(red lines in Fig. 4, right and left). Moreover, the small peak at short
relaxation time in the average distribution from spot 1 is missing in the
average distribution from spot 4, suggesting that both plaster composi-
tions are different, so that the inner front wall may indeed have been
repaired in building phase 2.

3.3. Estimation of moisture flux

Spot 5 at one of the inner dividing walls from building phase 1 was
known to be naturally moist, and therefore not sprayed with water
before measurement of the depth profile (Fig. 3, spot 5). The depth
profile shows moisture content increasing with depth, that is, the wall is
wetter on the inside than on the outside. The recorded abscissa of the
profile reports the average amplitude of echoes 2 to 8 from the measured
echo train. Given that the echo trains decayed into the noise after 32
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echoes, the relaxation weight of the average echo amplitude is estimated
to 0.7. Scaling the average echo amplitude with this value and
normalizing it to the echo amplitude of pure water measured with the
same parameters as the depth profile yields the water content 0 on the
profile ordinate (Fig. 3, spot 5) with an average gradient of d6(r)/dr =
(0.05 m*/m%)/(0.0118 m) = 4.237 m'.

Inserting this value into Fick's first law (1) along with the water
density p = 1 g/cm®, the moisture flux J(r) can be estimated, given the
apparent diffusion coefficient D which has been determined from the
diffusive NMR signal decay measured with the stimulated echo sequence
[26] using the parameters listed in Table 2 as D = (7 £ 2) 107° m?/s
(Fig. 5). Accounting for the negative sign of the gradient, the moisture
flux towards the wall surface is J(r) ~ 30 10~ ° L/(m? s) = 2.6 L/(m? d).
This value inside the plaster layer is in the same range as values obtained
at the surface of a cement block in an exploratory study of moisture flux
through the surface determined gravimetrically and in parallel by NMR.

Table 2

Parameters for measuring the apparent diffusion coefficient

with the stimulated echo sequence at spot 5.

Quantity Value
NMR-MOUSE PM25
spacer [mm] 10
gradient 6.576 T/m
8 range [ms] 0.0055 -0.3
A [ms] 1

number of & points 5

number of scans 1024
number of echoes 48

echo time [ps] 82

recycle delay [ms] 500

90° pulse length [ps] 16

Details are reported in Supplement S2. Note, that the value of D
measured in the burial chamber is larger than the self-diffusion coeffi-
cient D,, = 2.3 10~° m?/s of pure water at 25 °C due to the rapid

liquid-vapor exchange of water molecules inside partially filled pores as
described by the two-site Karger exchange model [30]. According to this
the diffusivities of liquid water and water vapor collapse into one



C. Golini et al.

o
=

In{s/s(0)}
s o
P

o

N

0.02 0.04 0.06 0.08
(A-2/38) y*G?86?10% s/m?

o
@

Fig. 5. Diffusive attenuation of the NMR signal s (green) and linear fit (red) in a
stimulated echo measurement [26]. The slope provides the apparent diffusion
coefficient D = (7 + 2) 10~° m?/s. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

population-averaged diffusivity in the fast exchange limit, whereby the
diffusivity of water vapor is four orders of magnitude higher than that of
liquid water. Given the measured apparent diffusion coefficient, the
diffusive length scale is about double the maximum pore diameter re-
ported in the literature for historic Roman cement mortars [31], so that
it is reasonable to assume that the experimental parameters (Table 2)
probe diffusion close to the tortuosity limit [32].

An equivalent way to express moisture transport is to convert the
superficial flux J into the actual average pore-water velocity. Since J
represents a Darcy velocity, the mean velocity of water within the liquid-
filled pore space is higher by a factor of 1/(¢ S), where ¢ is the porosity
and S the degree of saturation. This relationship between Darcy velocity
and the actual seepage velocity within the fluid-filled pore space is well
established in porous-media theory [33,34]. Using ¢ = 0.30, the average
open pore porosity of the mortars from Constantine's Basilica in Trier
[35], and a representative saturation S = 0.5 calculated from the
moisture concentration (Fig. 3) and the porosity, the pore-scale velocity
becomes Vpore = J/(¢p S) =~ 2 1077 m/s, which corresponds to about 1.7
1072 m/d. This implies that, under these moisture conditions, water
would advance through the connected pore network at a rate of almost 2
cm per day.

The wall in question (Fig. 6) has a surface area of 1.36 m?. To esti-
mate the order of magnitude of moisture volume advancing towards the
surface of this wall per day, it is assumed that the moisture gradient is
the same near all surfaces of the wall. With the calculated flux, this
means that each day 3.5 L of water are transported per day towards the
surface of this wall. Clearly this is a crude estimate, considering that
some regions of the wall are dryer and that the apparent diffusion co-
efficient depends on the water saturation. Also, the signal decay by
relaxation has been neglected in the evaluation of the apparent diffusion
coefficient so that the coefficient may be overestimated. Moreover, this
is the flux inside the wall and not necessarily the flux through the wall

|

2155

630 190,

Fig. 6. Dimensions of the wet wall (dark) in millimeters and not drawn to scale.
Its surface area is 1.36 m?.
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surface. To determine the latter, the moisture gradient at the surface
needs to be known, but the apparent, measured gradient is also impacted
by the unevenness of the surface and alignment imperfection of the
sensitive slice with the wall (cf. Supplement 2), which can be improved
for flat surfaces with the assistance of alignment sensors. The total
amount of moisture emanating from the walls inside the burial chamber
on the measurement day is likely to be higher than the number esti-
mated from the moisture flux and surface area of this one wall, given
that the NMR depth profiles from spots 6 and 7 showed that at least also
the opposing inner wall was wet.

3.4. Test of alignment sensors

At spots 3 and 5 the parallel alignment of the NMR sensor with the
wall was tested for the first time with ultrasonic distance sensors [25].
While at spot 5 the parallel sensor alignment with the wall could be
checked by eye, this was more challenging at spot 3 (Fig. 1), given the
uneven wall surface and the 214 x 242 mm? surface area of the
NMR-MOUSE magnet with the 20 x 20 mm? coil in the center. Aligning
the sensor parallel to the wall is the most critical step in setting up the
instrument for measurement of a depth profile, because to maximize the
depth range inside the wall, the starting position of the NMR-MOUSE
should be as close to the wall as possible (=1 mm).

To align the NMR-MOUSE with the object plane, four ultrasonic
sensors (UM12-1172271, SICK AG, Waldkirch, Germany) were mounted
at the corners of the NMR-MOUSE (Fig. 3, spot 5). Each could measure
the distance to a wall 100 mm away with a precision of 1 mm. With a
minimum distance of 120 mm between the ultrasonic sensors, the
smallest misalignment angle from parallel alignment of the sensor and a
planar wall that can be measured is 0.27°. This enables depth resolution
down to 70 pm with a 40 mm diameter sensitive slice. In view of the
uneven surfaces of the burial-chamber walls, the sensors were only
crudely calibrated for parallel alignment by visual inspection in the
favorable setting of a hotel lobby. To this end, a calibration sample
consisting of a 2 mm thick silicone rubber layer between two parallel
glass plates (Fig. 7a) was taped onto a flat wall, and depth profiles were
measured before and after critical adjustment of the NMR-MOUSE sur-
face parallel to the wall (Fig. 7b). Despite the high noise level attributed
to a short measurement-time window, the final profile (Fig. 7b, after)
shows a somewhat improved definition of the silicone-rubber contour
compared to the initial profile measured before. The sensor readings of
this NMR-MOUSE setup were then employed in controlling the sensor
alignment during setup of the equipment at spots 3 and 5 in the burial
chamber. Whereas to align the NMR-MOUSE with an even surface, three
ultrasonic sensors suffice, four sensors proved to be helpful to decide on
a compromise for an uneven surface.

4. Summary

The Reichertsberg burial chamber in Trier dates from the 3 to 4™
century of the late Roman Empire. Four building phases were identified

0.8 before
06 after

0.4
0.2
0.0
-0.2

signal [arb. u.]

a)

o
~

depth [mm]

Fig. 7. Calibration of the distance sensors. a) The calibration sample is a 2 mm
thick layer of silicone rubber sandwiched between two glass plates. b) Depth
profiles before and after visual alignment of the NMR-MOUSE parallel to the
glass plates of the calibration sample.
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in 1998, during which the inside walls were plastered in phases 1 to 3.
Lower, dividing walls encased three burial sites in phase 1, and a fourth
burial site was added in phase 3. In phase 2, plaster and paintings on the
outer walls were repaired. NMR depth-profiles were measured at seven
spots from building phases 1 and 3, whereby it was unknown how many
plaster layers were present at spot 4.

The plasters at spots 1 to 4 on the outer chamber walls show a peak at
the surface which is attributed to a thin layer of lime wash. The phase-1
plasters at spots 2 and 3 are about 13 mm thick, whereas the plaster at
spot 4 is 18 mm thick with a second plaster layer underneath. Depth-
resolved relaxation-time distributions of the moisture in the plaster
pores confirm that the plaster on the outer chamber walls differs from
the plaster on the lower, inner walls (spots 5 and 6) dividing the burial
compartments. The physical composition of the plaster on the dividing
walls is more heterogeneous than that of the plaster in the chamber
walls. Moreover, relaxation time distributions averaged over 7 mm in-
side the plaster layers also suggest that the plaster at spot 4 is different
from the phase-1 plaster at spot 1, supporting the assumption that the
wall with spot 4 has been repaired during the renovation phase 2.

Contrary to the chamber walls and the ceiling, the lower dividing
walls turned out to be naturally moist. This was obvious for spot 5 with
phase-1 plaster, but not for spots 6 and 7 with phase-3 plaster, where the
wall moisture was detected only once the depth profiles had been
measured. Therefore, spots 6 and 7 had also been sprayed with a mist of
deionized water the same way as spots 1 to 4 prior to measurement to
enhance the NMR signal from water in the plaster pores giving rise to the
initial peaks in the profiles. Spot 5 of the naturally wet wall provided a
unique possibility to explore if moisture flux can be measured nonde-
structively inside moist walls. Following calibration of the volumetric
moisture concentration for the spot-5 profile and measurement of the
apparent diffusion coefficient, the moisture flux emanating from the
wall was estimated from the concentration gradient of the profile and
the apparent diffusion coefficient to 2.6 L/(m? d). The order of magni-
tude of this flux has been corroborated in a first laboratory study
measuring moisture flux from a model brick under wicking conditions
by gravimetry and NMR (cf. Supplement 2). This approach of estimating
moisture flux and the limits of the method need to be further substan-
tiated and validated in laboratory studies.

On occasion of the burial-chamber study, also new instrumentation
has been tested. One instrument is a stray-field NMR sensor more
compact than the PM25 NMR-MOUSE. This new sensor has proven its
suitability for depth profiling with the measurement of the spot-7 pro-
file. For field use, it needs to be encased in a robust housing and mounted
on a dedicated translation stage. The other instrument comprises a set of
ultrasonic distance sensors. These turned out to be helpful in aligning
the NMR-MOUSE with the wall in spots where visual sensor positioning
is difficult. They will be a crucial asset in future measurements of
moisture flux emanating from planar surfaces. While the theoretical
alignment precision can exceed 100 pm, the uneven walls of the burial
chamber imposed a much larger limit. Nevertheless, the individual
readings from the distance sensors helped to optimize the quality of
alignment.
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