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Abstract

Hundreds of cuneiform clay tablets unearthed in South-western Asia remain
sealed within clay envelopes, leaving their texts inaccessible to Assyriologists.



Computed tomography (CT) enables to look inside the clay envelopes non-
destructively. An interdisciplinary team developed a transportable high-definition
CT scanner named by ENCI, designed for on-site use in museums and archives.
ENCI allows researchers to visualise the cuneiform text written on hidden tablets,
study clay inclusions, and analyse manufacturing techniques without opening the
tablets. First deployed at the Louvre Museum in Paris in 2024, it was later used
at the Museum of Anatolian Civilisations in Ankara to scan around fifty encased
tablets, many of them letters. Combined with advanced 3D surface extraction and
visualisation software, ENCI enables virtual unwrapping and detailed exploration
of small objects. This technology opens new possibilities for studying cultural
heritage artefacts on site, while also revealing mineral and organic inclusions and
evidence of envelope formation methods.

Introduction

Between half a million and a million of cuneiform artefacts have been uncovered in
South-Western Asia, especially in Iraq, Syria, Iran, and Tiirkiye. These texts, written
in a dozen different languages, d ocument t he first two-thirds of the re corded human
history, from 3400 BCE to 200 CE. Among the many different types of t exts found,
those written for utilitarian purposes from the second half of the third millennium
onwards were sometimes enclosed in a clay envelope bearing only a few lines of text
and several seal impressions on the outside [1, 2].

This is the case for legal and administrative texts as well as for letters. The sealed
envelope of legal tablets certified the validity of the document as long as the envelope
remained intact. The text or a summary of it was copied onto the envelope in order
to understand what was at stake. Once the contract was completed, the envelope was
broken and the text no longer had any legal value. The same applied occasionally for
administrative tablets.

Letters, especially during the first h alfo ft he s econd m illennium B CE, were
enclosed in a clay envelope on which only the names of the sender and addressee were
written, and the sender’s cylinder seal was rolled. A legendary text explains the main
reason for the invention of the envelope. King Ur-Zababa of Kish, who would have
reigned around 2340 BCE, wanted to send to death the messenger carrying the let-
ter containing instructions to kill him without the latter knowing it: In those days,
although writing words on tablets existed, putting tablets into envelopes did not yet
exist. King Ur-Zababa dispatched Sargon, the creature of the gods, to Lugal-zagesi in
Uruk with a message written on clay, which was about murdering Sargon |3, lines
53-56]. The envelope was thus invented to protect the confidentiality of the text. Let-
ter envelopes also protected the clay tablet during transport, and authenticated the
sender who rolled his cylinder seal on the surface of the clay.

Making envelopes required a certain amount of skill to obtain a thin layer of clay
and fitit around t he t ablet without it stickingtoit. Clay shrinksasit dries,so an
envelope that fit too snugly would break after a few hours, while on an envelope that
was too loose it would be impossible to write or roll one’s seal. As the clay envelope



dries, it follows the contours of the tablet to such an extent that the cuneiform signs
printed in negative on the tablet are reproduced in positive on the inside of the
envelope [2]. The layer of air separating the surface of the tablet from that of the
envelope is extremely thin, and sometimes non-existent.

The recipient had to break the envelope to read the letter, thus envelopes should be
exceptional. However, many fragments of envelopes have been found, either because
envelopes were opened in ancient times and fragments were not removed from the
archives, or, more likely, because envelopes were broken when buildings collapsed.
The discovery of intact envelopes with their tablet inside can only be explained if the
letter never reached its addressee: either it was never sent or never delivered for other
reasons.

Several hundreds of contract and letter envelopes were found still intact in the
houses of Assyrian merchants who settled at Kiiltepe, ancient Kanesh, in central
Anatolia, during the 19*" and 18" centuries BCE. A thousand kilometres away from
their home city Assur in Northern Iraq, they received many letters from their family
members and colleagues that they archived together with other documents. Most of
these cuneiform artefacts are now preserved in the Museum of Anatolian Civilisations
in Ankara, Tirkiye.

In the last century, a small selection of sealed envelopes was opened to allow Assyri-
ologists to access the tablet’s hidden text. This irreparably damaged the miniature
scenes of the seal impressions, preventing any study. For several decades now, the clay
envelopes are no longer opened, and new techniques have to be implemented to enable
the hidden text to be read.

Computed tomography allows the visualisation of the internal structure of objects,
giving access to the surface of the encased tablet. However, museums are only rarely
equipped with such large and expensive instruments, the British Museum being an
exception [4]. As part of an interdisciplinary research project, we have designed and
built a transportable high-definition s canner f or X -ray ¢ omputed t omography —
ENCI, for Extracting Non-destructively Cuneiform Inscriptions. When combined with
surface extraction and rendering, tomograms reveal the cuneiform texts written on
encased tablets, as well as inclusions in the clay of the tablets and envelopes, and
the techniques used to produce them [5]. ENCI was first t ested on contracts at the
Louvre Museum in Paris in February 2024, before being taken to the Museum of Ana-
tolian Civilisations in Ankara in September and October 2024 to investigate around
fifty e ncased 1 etters a nd c ontracts. T he m ain r esults o f t his p roject, i ncluding the
tomographic data acquisition and processing, their visualisation in 3D, as well as the
deciphering of the cuneiform writings and their interpretation, are presented here.

Methods

ENCI, a high-resolution and transportable CT scanner

Tools to analyse and visualise cuneiform tablets have been developed for more than two
decades, primarily based on geometric data such as triangulated representation of its
surface [6-9], which were typically acquired by surface scanning techniques. These 3D
scanning methods are limited to digitising the exterior of artefacts. X-ray computed



tomography (CT) has been shown to be well suited to the study of cuneiform clay
tablets and reveal their inner structure in 3D. For example, Old Assyrian contracts
from the Bohl collection at the Netherlands Institute for the Near East (NINO) in
Leiden were scanned in a micro-CT scanner at the Faculty of Civil Engineering and
Geosciences (CEG) at TU Delft in the Netherlands, revealing the hidden text on
the enclosed cuneiform tablets [10, 11].} While some museums, such as the British
Museum in London, have modern micro-CT systems well-suited for detailed studies
of cuneiform clay tablets [4], most museums lack the means to record CT images of
their artefacts on site. For those museums that have 2D X-ray imaging capabilities
on site, Bossema et al. [13] have shown a way to upgrade their 2D imaging systems
to 3D CT at a low investment cost. However, this approach requires a radiation safe
environment and fairly sophisticated data analysis. In most cases, museums do not
have access to X-ray analytics on site.

In addition, museums do not usually make their artefacts available for study out-
side of their premises. In this case, cuneiform tablets can only be read in or very
close to the museum’s archives. At the Museum of Anatolian Civilisations in Ankara,
for example, the artefacts can only be studied at a few workbenches in the corri-
dor outside the archive, accessible only by a narrow staircase. As a result, the X-ray
tomography scanner has to be brought into the museum and carried up the stairs. It
has to be operable as a full protection device in public space without any additional
safety requirements. Commercial micro-CT scanners are typically quite heavy? and
transportable only with considerable effort. None of these systems could be practically
used in the field and in the large important collections.

We therefore decided to design and build a portable micro-CT scanner with full
radiation protection, optimised for the study of cuneiform clay tablets. The main
objective was to image clay tablets up to a size of 100 mm x 50 mm x 200 mm with a
spatial resolution better than 50 pm in order to clearly resolve the writing, see enough
detail to distinguish between the handwriting of different scribes, and resolve the very
small air gap between the tablet and the envelope. As archive opening hours are usually
very limited, the data acquisition needs to be as fast as possible to enable a significant
number of tablets to be scanned in a working day. Computing and controls should
be powerful enough to allow for continuous data acquisition and parallel tomographic
reconstruction for fast feedback during the experimental campaign. The system is
designed to be self-contained and not dependent on an internet connection. It should
not require more power than is available from a 230V wall socket.

Penetrating clay objects of the given dimensions requires high-energy X-rays well
above 100keV. As a result, we chose an X-ray tube with acceleration voltage up to
180kV. For the scanner to provide full protection, the radiation dose rate in its vicinity
must never exceed 0.51Svh~! to stay below the effective dose limit of 1 mSv to which
the general public is typically exposed over the course of a year from all other external
sources. These requirements entail the technical design described below.

1X-rays are also well suited to obtain chemical or structural information from the clay using fluorescence
analysis [12] and diffraction.

2The Phoenix Nanotom M from Baker Hughes [14] used in the study at the CEG at TU Delft [10] has a
mass of almost two tonnes, while other systems, such as the TESCAN UniTom XL also used at the institute,

reach up to 6.5t [15].



Many museums and archives do not provide a fast and reliable internet connection.
Therefore, the system is required to be able to store the data from a full experimental
campaign and to run the full data processing pipeline offline and in parallel with data
acquisition in order to support near-real-time exploration of cuneiform tablets on site.

Technical Design

Fulfilling the scientific requirements described in the previous section implies strict and
in some ways contradicting technical requirements. To achieve the radiation protection
at the given X-ray energies, considerable shielding is required, which adds significantly
to the weight of the instrument. To keep it portable, we applied the following design
rules: 1) keep the surface area of the shielded volume as small as possible, 2) optimise
the shielding thickness for the local radiation levels, and 3) make the system modular
so that individual components can be carried separately.

These three design rules have an impact on the overall design: Rule 1 implies that
the optical path must be rather short. This makes the imaging geometry highly coni-
cal. Rule 2 requires detailed modelling of the radiation to maintain a constant safety
margin for all shielding components while keeping them as light as possible. Rule 3
requires a modular design with tight fits for all components to prevent radiation leak-
age. In addition, the safety interlock must be designed to ensure that all components
are correctly assembled before the X-rays can be switched on.

Based on these design rules, the scanner was designed and built in about four years
at the DESY research centre in Hamburg, Germany. In Fig. 1a the modular design
is shown. The scanner can be disassembled into 8 components that can be handled
separately during transport. Most of these components have a mass of about 50kg
and can be handled by two people. The server rack (component 8 in Fig. 1a), which
contains all the control and supply units and the storage and computing units, weighs
about 100 kg and is typically handled by four people. The total assembly weighs about
420kg. The system can be assembled on site and taken into operation in about two
hours, including calibration of the imaging geometry and all safety checks.

Figs. 1b and 1c show the instrument at the Museum of Anatolian Civilisations in
Ankara, Tiirkiye. Table 1 summarises the most important parameters of the scanner.

Radiation protection, controlling and data storage

ENCI has CE certification and radiation protection approval within t he scope of the
German Radiation Protection Act. After notification to the local radiation protection
authority, it can be operated anywhere in Germany as a portable device. Radiation
approval in other countries must be applied for separately in each country. For Tiirkiye,
ENCI has full radiation protection approval for mobile operations for the next five
years.

Computing and controls are implemented in the server rack (component 8 in
Fig. 1a). The system uses the Tango device server / Sardana controls client concept
commonly used for experimental control at synchrotron radiation sources. The data
structure is fully compatible with dCache [16] used for scientific data storage at DESY.



Table 1 Specifications and parameters of the tomographic scanner

ENCIL.
source: Finetec FOMM 180.01S TT
acceleration voltage up to 180kV
maximal power 80W
source size
smallest 5 pm
at SOW 25 pm
target material tungsten (W)
spectral filter 2mm of Cu
detector: Varex 2315N CMOS Flat Panel X-ray Detector
pixel size 74.8 pm
field of view
pixel 3072 x 1944
area 229.8 mm X 145.4mm
max. frame rate (unbinned) 26 fps
dynamic range 14 bit
imaging geometry
source-detector distance D 308 mm
source-sample distance R 55 mm to 155 mm
magnification m 5.6 to 2.0
data acquisition
projections N 1440
exposure time 0.5s to 1.0s
max. volume (voxels) 3072 x 3072 x 1944
voxel size (cubic) 13.4pm to 37.6 pm
sample size (cylinder H/W) 200mm /100 mm
compute ressources
disk storage 12 x 1.92TB SSD Raid
linux compute server DELL PowerEdge R7525
CPU AMD EPYC 7282 2.80 GHz
GPU NVIDIA A100 40 GB
RAM 512GB

After each campaign, the data is transferred to DESY’s dCache for longterm stor-
age of the raw data. Reconstructions are published in the Research Data Repository
(RDR) of the University of Hamburg [17].

Experimental procedures

The stringent requirements on the weight restricted the X-ray optical design, leading
to a very compact and highly conical imaging geometry. The source to detector dis-
tance is 308 mm as compared to an active area of the detector of 229.8 mm x 145.4 mm.
This imaging geometry is very sensitive to the geometric details of the setup, requir-
ing careful calibration after assembly. Besides the typical acquisition parameters such
as the number of projections, angular range, and exposure time, the tomographic
reconstruction requires the precise knowledge of a set of reconstruction parameters
accurately defining t he s pecific im aging ge ometry. Th e la tter is de picted schemati-
cally in Fig. 2, showing the seven free parameters that need to be determined to fully
represent it in the tomographic model.



Following the calibration procedure described in [18], we make two rotation scans
of a calibration sample made of a small metallic sphere (see Fig. 2 for a schematic). In
between the two scans, we move the object a defined distance along the €, direction.
In the two separate scans, the sphere traces out two ellipses on the detector that
are automatically fitted. From t hese ellipses, t he geometry parameters are calculated
analytically [18]. The most sensitive parameters are the rotation n that needs to be
determined to better than 0.01 mrad and the horizontal positions uy and 4 of the
detector surface normal pointing towards the source and the perpendicular projection
of the origin O onto the detector that both need to be determined to within less than
one pixel. The coordinates vy and v are less sensitive.

After calibration, the system is ready for tomographic data acquisition. ENCI can
be operated in a wide range of experimental parameters, allowing tomographic imaging
of a large variety of objects that fit into the scanner and are not too absorbing. In the
following, we will restrict the discussion to the imaging of cuneiform tablets, i. e., clay
objects that typically fit into the palm of a hand and are maximally 100 mm by 50 mm
by 200 mm in size. Fig. 3 shows the linear attenuation coefficient for several ty pes of
clay. While the details of the attenuation below 70keV are given by photo absorption
and depend on the composition of the clay and in particular on the presence of heavier
elements (such as iron in the case of the Illite [19]), the attenuation coefficient above
this energy is dominated by Compton scattering and is thus nearly independent of the
material composition and only weakly dependent on X-ray energy. To avoid strong
beam hardening effects, it is thus advantageous to remove most of the spectrum below
70keV, in particular since this lower part of the spectrum is strongly attenuated by
a typical clay tablet. This can be achieved by introducing a copper filter o f 2 mm
thickness at the X-ray source.

Its effect isillustratedin F ig. 4 . Fig. 4 a's hows t he u nfiltered mo del spectrum
(W target, 180keV) together with the spectrum that is transmitted through a 4 cm
thick piece of clay. The lower part of the transmission spectrum (< 70keV) is almost
completely absorbed by the clay and contributes very little to the transmission image.
The transmission spectrum is strongly shifted towards high-energy X-rays, with its
centre of mass above 100keV. Fig. 4b shows a tomographic slice through a replica
of a cuneiform tablet without spectral filtering, e xhibiting a strong distortion of the
reconstructed effective attenuation coefficient. Fig. 4c depicts the relative attenuation
values on the horizontal section through the slice shown in Fig. 4b. Compared to that
at the outer rim of the object, the attenuation in its central part is underestimated by
almost a factor two. Fig. 4d shows the smaller spectral shift of the filtered spectrum.
In this case, the main part of the spectrum lies well above 70keV, where the energy
dependence of the attenuation coefficient of clay is small (see Fig. 3). As a result,
the beam hardening is rather weak, as shown in Fig. 4e, with a maximal variation in
reconstructed attenuation of about 10 %. The reconstructed values for the effective
attenuation coefficient lie in th e range of 0.3 cm ~! which coincides with th e almost
constant attenuation coefficient above 100 ke Vin Fig. 3. As a result of this choice of
parameters, the reconstructed effective attenuation is quantitative within 10 %.



The rather homogeneous reconstruction of the attenuation of the clay makes the
further image processing steps much easier and more reliable, allowing a system-
atic rendering of the surfaces (see Sec. Visualisation of high-resolution computed
tomography data).

For most of the tablets, the tomographic data acquisition is therefore done with an
acceleration voltage of 170kV to 180kV, an X-ray tube current of 100 pA to 200 pA,
leading to an exposure time between 1.0s and 0.5s to fully utilise the dynamic range
of the detector, respectively.

After centring the tablet on the rotary stage and ensuring it is within the field
of view at the given magnification f rom a ll p erspectives, N p rojection i mages are
acquired over a full rotation (360°). Rotation at constant angular velocity avoids the
time overhead of step scanning, resulting in complete acquisition in typically less than
13min (170kV, 200 pA).

Tomographic parameters and reconstruction

In practice, N = 1440 have been proven to be a good number of projections, as a
further increase of N does not result in an improvement of the 3D image quality.
Before and after the scan, a series of flat-field im ages ar e taken (without the object
in the beam). Similarly, dark-field i mages (with X -rays turned o fI') ar e re corded to
account for the noise background of the detector. All data are stored in HDF5 files
using the NeXus standard for tomography [22].

After dark- and flat-field correction, the negative logarithm of the projections is fed
into a Feldkamp algorithm [23] with generalised cone beam projections implemented
in the ASTRA Toolbox [24]. The tomographic reconstruction of the full volume takes
less than 15min on the on-board Linux server. After reconstruction, the effective
attenuation is sampled on a Cartesian 3D grid of cubic voxels. The voxel size is set to
daet/m, where dget is the detector pixel size and m is the magnification defined by the
ratio of source to detector and source to rotation axis distances m = D/R (see Fig. 2).
The full volume comprises 3072 x 3072 x 1944 voxels, equivalent to approximately
73 GB of single-precision floating-point data.

For the tomographic reconstructions presented here, a spatial resolution of approx-
imately 65um + 10pm (half pitch) was achieved, as determined by Fourier-ring
correlation analysis [25]. Here, the resolution is primarily limited by photon noise
due to the rapid tomographic scanning. In theory, ENCI can deliver tomographic
reconstruction results with spatial resolutions of approximately 15 pm to 40 pm (half
pitch), depending on the specific imaging geometry and m agnification. As described
in Sec. Experimental procedures, beam-hardening effects w ere s ignificantly reduced
by spectral filtering, w hich r educed d ensity v ariations t o b elow 10 % . T herefore, no
additional numerical corrections were required to compensate for beam hardening in
this case. Some example slices through the 3D tomographic data volume of differ-
ent tablets are shown in Figs. 5a, 7b, and 9a,c,d. However, reading the text on the
enclosed tablets requires further analysis and visualisation.



Visualisation of high-resolution computed tomography data

The next step is to extract the surfaces of different p arts o f an e ncased cuneiform
tablet from the tomographic 3D volume data in order to be able to visualise these
surfaces in 3D. Specialised tools for cuneiform inscriptions like GigaMesh [7] lack
this geometric extraction of the surfaces, and generic data processing tools like Avizo
[26] or VTK [27] do not support automatic extraction, segmentation, and interactive
visualisation of separated artefact parts, inscriptions, and other features of interest.
Existing processing tools require time-consuming manual processing of the volume
data [11] and are not very responsive for the large data volumes at hand.

To address these shortcomings and to provide the desired features, we developed
and implemented software tools to automate the extraction of geometric data from
the reconstructed volume data. This includes separating the tablet and the envelope,
detecting features, and providing interactive visualisation. Figs. 5a,b show a single
slice through the CT volume data and the final 3 D v isualisation, r espectively. This
is achieved by batch-oriented processing to convert the CT volume data into feature-
enriched geometry data representing clay surfaces. The extracted surfaces can then
be interactively visualised for the Assyriologist to analyse the resulting tablets, their
envelopes, and possible inclusions, e. g., of organic material.

Figs. 5c,d illustrate the intermediate steps of the data processing pipeline, which
consists of three main components: 1. preprocessing of volume data, 2. extraction,
and 3. postprocessing of surface data. For fast and efficient pr ocessing we utilise
multi-threading (OpenMP |[28]) and vectorisation (SIMD [29]), to exploit multi-level
parallelism provided by modern workstations, and to enable near-real-time processing
on site, where in general no access to cloud or high-performance computing services
exists.

In the following, the main steps of our 3D data visualisation pipeline will be
outlined (see Fig. 5).

The preprocessing stage uses a series of filters to process the volume data (Fig. 5c¢),
modifying it on the regular 3D grid to reduce noise and enhance the desired charac-
teristics. We use a low-pass filter combined with 2:1 sampling, followed by iterative
bilateral filtering [30], which reduces the noise, while preserving the sharp transitions
between clay and air [Fig. 5c(ii)].

To reconstruct the surfaces at the boundary of clay to air, we implemented an
advanced isosurface algorithm. It delivers a triangular representation of a surface
in 3D that approximates points in a volume that have the same given threshold
(isovalue). Here, a suitable isovalue lies between the effective a ttenuation v alues of
clay and air [gray area in Fig. 5c(iii)]. To facilitate the selection of an appropriate
isovalue, we developed and implemented an automatic isovalue detection algorithm
that analyses the probability distribution of the attenuation values and calculates
the optimal isovalue. For the subsequent isosurface extraction, we implemented an
advanced table-based 2-manifold dual marching cubes algorithm [31-33], which creates
triangles at the location of the thresholded voxels [Fig. 5c(iv)].

In the postprocessing stage, extracted surfaces which are represented as a trian-
gular mesh are smoothed to reduce small irregularities while preserving significant



features, such as high curvatures at the wedges of cuneiform symbols, taking advan-
tage of iterative median or bilateral filtering o f f ace n ormals, a nd a dapting vertex
positions [Fig. 5¢(v)].

This leaves the components of the mesh corresponding to the tablet, envelope, and
inclusions unidentified. Inclusions are conventionally identified as small, closed objects
without connectivity with either the envelope or the tablet, thereby permitting to
assign them to a distinct category. The shape and orientation can be analysed using
eigenvalue decomposition of the covariance tensor of their mesh, enabling anisotropy-
based classification and P CA-based size and alignment estimation [34, 35]. Figs. 9a,b
illustrate this characterisation for what appears to be an enclosed seed.

Conversely, the tablet and the envelope may touch in certain areas, causing them
to form a single, connected mesh. These areas are typically characterised by high
negative curvature (concavity) around their borders. In order to delaminate the tablet
and envelope at these junctions, we developed a segmentation approach based on
local mesh curvature. Fig. 5d illustrates the separation process at locations where the
curvature surpasses a predefined t hreshold. T his r esultsin t he t ablet a nd envelope
being segmented and later identified as separate partitions.

To enhance the visual effects, shape features based on the two principal curvatures
at each vertex of the mesh are extracted. These features accentuate cuneiform symbols
by darkening and lightening areas of concave and convex shape, respectively. A further
per-vertex attribute representing ambient light occlusion is precalculated, resulting in
a more realistic symbol shading [Fig. 5b, Figs. 5c(vi-viii)].

The interactive visualisation application supports 3D presentation and interaction
technologies, including (auto-)stereoscopic displays, as well as hand-tracking for ges-
ture control. Previously extracted curvature and ambient occlusion attributes enhance
the recognition of inscriptions, while colouring and the optional disabling of sepa-
rate partitions aid visual exploration and scientific investigation of cuneiform tablets.
The application also allows users to export open file formats, such as PLY and STL,
for use with external graphics software or 3D printing. A detailed description of the
processing and image analysis software can also be found in Olbrich et al. [36].

Results
ENCI on mission to Ankara

ENCI was deployed to the Museum of Anatolian Civilisations in Ankara for a period
of three weeks, beginning in mid-September 2024. During this mission, 64 tomograms
of 48 tablets and other objects were recorded, analysed and visualised. We present
selected tablets from this mission that are sealed in their envelopes and preserved at
the Museum of Anatolian Civilisations in Ankara.

Seeing through the envelope: A wife’s hidden letter revealed

The envelope with its tablet inside, Kt 94 /k 1150, was excavated in the house of Salim-
As3ur in the lower town of Kanesh. It dates back to the first half of the 1 9" century
BCE. The envelope contains three lines of text on its obverse, and eight impressions of



the seal of Anna-anna, the wife of Ennum-AsSur, one of the two sons of Salim-Asgur,
on all sides [37, no. 298].

The text on the envelope reads as follows: “To Ennum-Asgur, son of Salim-AsSur.
Seal of Anna-anna’. The woman Anna-anna has rolled her cylinder seal several times
on the surface of the envelope, twice on the obverse and on the reverse, as well as on
every edge (see Fig. 6a). The whole content of the letter addressed by Anna-anna to
her husband is hidden. The text on the tablet was revealed after scanning the artefact
with ENCI. Fig. 6b shows all the sides of the hidden tablet. The hidden letter can
now be read and translated.?

1294y to Ennum-Assur: thus (says) Anna-anna.

3'4According to the instructions you sent me, 5'Gregarding Lagepum, I have been repeat-
edly going to him, and “he (always answered) as follows: "I paid the silver to Kudatum.”
9101 checked and went to him (saying) as follows: 17134 will certainly get witnesses (to
testify) against you in case you did not pay (it) to Kudatum.” 13-1491¢ (answered) as fol-
lows: 15T will not give the silver to you. 16-18\y/hen Ennum-AsSur arrives, it will be to him
that I will pay (it)!”

Byou are my master. 19'20\7\7hy do you keep turning your head towards the lapis lazuli?

21-26Here, your instructions concerning silver, 10 or 20 minas that are either in Burushat-
tum, or in Wah8uSana, or here, you left your instructions 26-27and you keep turning your
head towards it. 28If within 10 days you have not arrived, 2-3%as for your departure, stand
up and come. 321 hear bad words all the time!

This letter sent by a woman to her husband belongs to the archive excavated
during the 1994 mission at Kiiltepe. Ennum-AsSur was a merchant travelling through
different towns in Central Anatolia for his trading activities and asked his wife to get
back some silver that he had lent to a colleague. The colleague refused to give back the
silver to Anna-anna, explaining that he would only return the money to her husband
on his return. It is an invaluable information about the status of women in this society
of merchants involved in long-distance trade. Often alone and at the head of their
households, these women also intervened in their husbands’ business affairs [38].

A letter containing two pages

One of the letter envelopes, also excavated during the 1994 mission at Kiiltepe, has a
protrusion on its obverse, suggesting the addition of a second small tablet inside (see
Fig. 7a).

The tomographic reconstruction of the contents of this envelope confirmed this
hypothesis as is visible in the tomographic slice (see Fig 7b) and the 3D rendering of
the hidden inner two tablets (see Fig. 7c). If a letter writer filled the entire surface
of the obverse, the lower edge, the reverse, the upper edge and finally the left edge of

3Translit§ration of the letter : Tablet Kt 94/k 1150b, Ya-na En-um-A-3ur 2qi-bi-ma um-mg A-na-
a-na-/ma °a-ma-ld té-er-ti-ka “3a ta-ds-pu-ra-ni °a-Su-mi Ld-qé-pi-im °a-ta-na-ld-ak-su-ma “um-ma

Su-ut-ma ki-*babbar® 8a-na Ku-da-tim ds-qul °ds-ni-ma a-li-ik-su-ma ©um-ma a-na-ku-ma 1 5-biy :
140

18

x x° Su-ut-ma rev. ®ki-

a-Sa-qdl be-li a-ta 9 ma-

ld-ds-ku-na-ku-um lo.e.*?a-Sar a-na Ku-da-tim *3ld ta-ds-qu-lu um-ma °ku®
babbar ku-a-t7 ld a-da-na-ki-/im %i-na a-li-ak 7 En-um-A-$ur Su-a-ti-ma
nam ur-ki' (SA) hu-sd-ri-im 2° qd-qd-ad-ka ta-ta-na-i ' a-na-kam té-er-ta-ka *?ku-babbar 10 ma-na o 20
ma-na 2*lu i-na Bu-ru-us-ha-tim **lu i-na Wa-ah-$u-$a-na ?°lu a-na-kam té-er-ta-°ka° u.e.?6 té-zi-ib qa-
qd-ad/-ka 2" ta-ta-na-i l.e.*®5u-ma a-ds 10 ug-me ld ta-/li-kam 2° a—§z’—kd7 té-eb-a-/ma 3°a-tal-kam : 3
« a-ta-kam »>2a-wa-tim ld-am-na-tim d3-ta-na-/me-e



the clay tablet, but had not finished delivering their message, they could still shape a
second, smaller, flat, oval tablet on which they could add up to a dozen lines on the
obverse [39]. This phenomenon is attested only in the Assyrian archives unearthed at
Kanesh.

Several of these small oval tablets have been found, but there is generally nothing
to link them to the main tablet once the envelope has been opened in antiquity.
The additional tablet, designated as such in Old Assyrian (sibat tuppim), bears the
cuneiform signs of the main tablet in negative on its reverse, which has made virtual
separation of the two tablets particularly difficult. By visualising the two hidden
tablets, it was possible to determine that the second tablet was placed on the obverse
of the first and following the same orientation (see Fig. 7c). The envelope was shaped
over the two tablets and the text written on it perpendicular to the text on the tablets,
the obverse of the envelope covers the reverse of the main tablet.

The translation of the main and supplementary tablet reads:*

1"LS;auy to the creditor and Elali; say to the creditor: thus (says) Inba-As3ur.

5105 minus 1 /4 kutanum-textiles of good quality, 10 textiles either from Akkad or from
Harahur, 2 black donkeys, I am bringing you all this. 1177131 gave 10 textiles extra for
the transport costs until Hahhum. 14-15Gend me the silver of the consignment by the
next caravan. °"16Send me (also) small goods worth 5 shekels of silver. 17"19Before being
in Hahhum, the day Ennum-Asgur came down, 19'Qomy goods came out of the palace.
20_21During two days my donkeys suffered, so 227231 will drive them to Timilkiya. You are
my brother, 2)et, your report come to me.

Supplementary tablet: 1-3Take a decision concerning the excellent quality textiles, take a
decision concerning your textiles.

The writer announces the arrival of a consignment of textiles from southern
Mesopotamia and Assur on two donkeys, and asks his correspondents to sell the mer-
chandise and return the proceeds in the form of silver. He stopped in Hahhum, a town
located at the crossing of the Euphrates, halfway between Assur and Kanesh. The
text on the additional tablet is not clearly linked to that on the main tablet.

Cancellation of a contract

Another encased letter, Kt 93 /k 144, was discovered in the house of Ali-ahum and his
son Assur-taklaku during the 1993 excavation campaign in Kiiltepe.

The text revealed on the tablet describes the procedure to be followed with the
encased contract in the time of loan repayment. The text written on the envelope is
perpendicular to the one on the tablet, and the obverse of the envelope covers the

4Transliteration of the letter: Tablet Kt 94/k 602b, 'a-na dam-gar™ '™ o 2E-14-li : qi-bi-ma 2a-na

dam-gar™tm qi—léi—ma *um-ma In-gba-A—s'ﬂr-ma 55 ld 11(/47 tag ku-ta-ni si%5l 610 tug lu 3a A-ki-d%’—ze “lu
Sa Ha-ra-hu-ur °2 anSe sa-ld-mu “mi-ma a-nim lo.e.”” a-ra-di-a-kum rev. " 10 tag wa-at-ru-ma ~~a-na
ta-Si-a-ti-im 2a-di Ha-hi-im : a-di-in *ki-babbar $a §é-bu-lim : a-na °pd-ni-a : $é-bis-lam sa-he-er-
18 Yur-da-ni :
23,

J/tam '%3a 5 gin ki-babbar §é-bis-lam 7 %ld®-ma : i-na Ha-hi-im ®i-na Yutu® En-um-A-sor

d-nu-t7 i-na 20&-gal't™
sd-ri-dam : a-hi a-ta le.e.?*té-er-ta-ka : a-pd-ni-a 2°li-li-kam, supplementary tablet: ltag

2ma-lik : tﬁghi—tz‘—kd 3mi-lik. Line 7, the toponym Harahur is also attested in KTS 2, 30:4.

s d-sa-am : 2 ug-me-/e 2l eoma-ru-a @ i-nu-hu-ma u.e.??a-na Ti—m%l—_ils—ki—a
l_tu sigs diri



reverse of the tablet. The hidden letter can now be read and translated as follows (see
Fig. 8):°

-5 Thus (say) Ali-ahum and AsSur-taklaku: say to Iddin-abum, Ennanum, Puzur-Assur
and Ikuppiya.

5'GThere, I have seen the tablets, and ihe enveloped tablet concerning 5 minas of silver
that AsSur-tab gave as investment loan to Ikuppiya and 2¢hat the creditor had written
down, 13'14gi\16 him the tablet so that he cancels it (kills it). 14'17Here, I wrote the tablet
of his joint stock company with his investors.

When the creditor grants a loan, the contract is written on a tablet. This tablet
is then wrapped in a clay envelope, and the text of the contract is repeated or sum-
marised on the envelope, to which the witnesses and the debtor have rolled their seals.
When the debt is repaid, the creditor gives the document to the debtor, who cancels
it by breaking the envelope. Ali-ahum is literate since he explains at the end of his
letter that he wrote another partnership contract.

This written artefact is not only interesting for its textual content, but also for the
inclusions in the clay discovered by X-ray tomography as will be shown in the next
section.

Inclusions in the clay

Depending on how carefully the clay was prepared, it could contain various inclusions.
To obtain a fine, pure clay, decantation or levigation was used to separate the coarse
elements from the fine ones by grinding and dispersing them in water [40]. The letters
written by the Assyrian merchants used a coarse clay, full of mineral and bio-organic
inclusions. The tomographic section of this encased tablet, Kt 93/k 144, shows an
object trapped in a layer of the envelope, which appears to be a seed (see Figs. 9a,b).

This seed has been identified by Andrew Fairbairn, the archaeobotanist working
at the excavation site in Kiiltepe. According to him “This is a barley seed, clearly
visible in the overall shape with the chisel like ends, dorsiventrally flattened shape and
shallow ventral furrow. It is probably hulled barley.” Barley was widely cultivated in
the whole South Western Asia.

In most cases, the tablet and its envelope were made from the same clay, with a
similar density of inclusions. However, in rare instances, such as Kt 91 /k 287, exca-
vated in 1991 in the house of Elamma, the clay is completely different (see Fig. 9c).
This suggests that the tablet was first made, and much later on, and presumably at
another location, it was wrapped in a clay envelope. The text on the envelope indi-
cates that the tablet contains a sworn testimony by Lagepum about a confrontation
between Pilah-AsSur and Elamma [41, no. 104]. The text ends at the left-hand edge,
indicating that Lagepum gave this tablet at the Gate of the God. Perhaps the tablet
was encased there a few days after it was written.

STransliteration of the letter: Tablet Kt 93/k 144, 'um-ma A-ld-hu-um-ma ?u A-3ur-tdk-ld-ku ®a-
na I-di-a-bi-im En-na-/nim 4 Puzury-A-3ur o I-ku-/pi-a 5qi-bi-ma : a-ma-kam Stup-pé-e : am-ra-ma

7tup-pd-qm ha-ar-ma-/am 8%a 5 ma-na ki-babbar %sa a-na I—ku-lm’aa lo,e. %a-na_e-bu-t rev.'t A-gur-
duyg i-di-nu-ma 12dar-gar ils-pu-tu 13tup-pd-am di-na-su-ma 14li-du-uk : a-na-kam 15tup-pu-um 3sa

na-ru-qi-/$u 16,547 um-mi-a-ni-su 17al—pu—ut.



Shaping envelopes

In general, the envelope was made when the tablet was at least partially dry, so that
the clay of the envelope would not stick to the clay on the tablet. If a caravan was
about to leave Assur while the tablet was being written, it would then be protected by
a thin textile before the envelope was made, as can be seen from the textile impressions
on the surface of some tablets.

A preliminary study based on the analysis of the inner surfaces of clay enve-
lope fragments discovered at Kiiltepe in 1993 proposed a reconstruction of how the
envelopes were manufactured. To make the envelope, the clay has to be rolled or
stretched out as though it were pastry for a pie. The entire surface of the tablet is
then covered and the envelope is closed by superimposing two layers of clay over one
side of the tablet. Experiments carried out at the time showed that achieving a very
thin layer of clay was relatively difficult, suggesting that the envelope was made with
a single layer of clay [2].

However, tomographic sections of the encased tablets show that envelopes are
systematically multilayered: An envelope is made by folding the clay over several times
(see the tomographic section shown in Fig. 9d). It is highly likely that multiplying
the layers of clay to form an envelope made it more solid, particularly for transport.
Additionally, the air trapped between the layers of clay may help the envelope to dry
without cracking. Further experimentation is required to confirm these observations
and reconsider the method of making clay envelopes.

Discussion

The use of the ENCI transportable tomographic scanner on dozens of cuneiform
tablets in their clay envelopes has produced results far beyond what it was originally
designed for. We can now access the hidden text of the cuneiform tablets, determine
how carefully the clay in the tablets and envelopes was prepared, and analyse the
techniques used to make the tablets and their clay envelopes. ENCI has also been
tested on other cultural heritage artefacts such as a Georgian codex from the ninth
century CE, whose cover is made up of several layers of ancient manuscripts glued
together, Egyptian statuettes and Mesopotamian cylinder seals. The very high reso-
lution and portability of the instrument means that all kinds of ancient artefacts can
now be analysed without damage.

Data availability

Photos, tomographic volume data, and 3D geometry files of the different investigated
cuneiform tablets can be found at:

Kt 91/k 287: https://doi.org/10.25592 /uhhfdm.17632
Kt 93/k 144: https://doi.org/10.25592 /uhhfdm.17634
Kt 93/k 550: https://doi.org/10.25592 /uhhfdm.17636
Kt 94/k 602: https://doi.org/10.25592 /uhhfdm.17638
Kt 94/k 1150: https://doi.org/10.25592 /uhhfdm.17640



The unprocessed tomographic raw data can be obtained from the authors upon
reasonable request.

Code availability

Our data processing code is based on Python and utilises the ASTRA Toolbox for the
tomographic reconstruction in cone-beam geometry [24]. It is available upon request.
Our visualisation software EXAVIS42 is publicly available [42].
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Fig. 1 a Schematic drawing of the modular design. The eight components are 1) tomographic
scanner base, 2) sample chamber, 3) slider for the X-ray tube, 4) X-ray tube including high-voltage
generator, 5) and 6) are shielding for the X-ray tube, and 7) is the detector including the backside of
the sample chamber, 8) the server rack. b Tomographic scanner ENCI at the Museum of Anatolian
Civilisations in Ankara, Tirkiye. ¢ Front view of the scanner with the sample chamber open and a
cuneiform tablet mounted.

Fig. 2 Generalised cone beam geometry. For the definition oft he seven free p arameters, we follow
the definitions in [18].

Fig. 3 Linear attenuation coefficient calculated for two exemplary clay minerals, i. e., Kaolinite and
Illite as described in [19]. Coming from a natural source, the Illite composition here is considered to
give a realistic estimate of potential contaminations of natural clays. The density was assumed to

be 2.65gcm ™3 and 2.75gcm ™3, respectively. Attenuation coefficients were calculated using “xraylib”
[20].

Fig. 4 a-c Beam hardening for the unfiltered spectrum of a tungsten X-ray tube operated at 180 kV.
a Modelled spectrum (blue) of the X-ray tube and the attenuated spectrum (green) behind 40 mm of
Kaolinite (rescaled by 10x). b Tomographic reconstruction of an enclosed cuneiform tablet (replica)
recorded in ENCI without filter at 180k V. ¢ E ffective at tenuation co efficient on t he blue section in
Fig. b. Beam hardening leads to a strong distortion of the effective attenuation coefficient. d Modelled
spectrum (light blue) of the X-ray tube behind a 2mm copper filter a nd t he a ttenuated spectrum
(green) behind 40 mm of Kaolinite (rescaled by 10x). e Tomographic reconstruction of the enclosed
cuneiform tablet (replica) recorded in ENCI with 2 mm copper filter at 180 kV. f Effective attenuation
coefficient on the blue section in Fig. e. Its value corresponds well with the almost constant attenuation
coefficient above 100 ke Vin Fig. 3. Thespectrain a and d were modelled using “s pekPy” [21].

Fig. 5 a Grayscale visualisation of density data measured by CT, sliced orthogonally to z-axis (dark
grey: clay, light grey: plastic holder, white: air). b Visualisation of surfaces of the extracted envelope
(cut, brown), tablet (ochre), and inclusions (semitransparent, light grey) of tablet Kt 94/k 1150a.
c Steps of data processing and visualisation pipeline. Voxel and tablet surface representations, and its
3D renderings are based on a cutout in Fig. b. ¢(i) Original voxel data slice from CT, c(ii) denoised
voxel data slice, c(iii) thresholded voxel data slice, c(iv) triangulated surface with wire frame and
thresholded voxel data, ¢(v) smoothed surface with wire frame and thresholded voxel data, c(vi)
flat shading of surface, based on directed light, ¢ (vii) smooth shading (Phong) of surface, and ¢(viii)
combined with shape and ambient-occlusion-based darkening and highlighting. d 2D illustration of
the process of separating the envelope from the tablet. d(i) Horizontal 2D slice of CT data. d(ii)
Extraction of isosurfaces (dark grey line) and detection of high curvature points. d(iii) Disconnected
surfaces at high curvature points result in separated tablet (ochre) and envelope (brown).

Fig. 6 a Envelope of the letter (Kt 94/k 1150a). Museum of Anatolian Civlisations, Ankara. Size
of the envelope: 5.3cm X 4.9cm X 2.6 cm. Photos: Samaneh Ehteram. b Visualisation of the hidden
tablet (Kt 94/k 1150a). White surface coloring emphasises estimated patches where the envelope
touches the tablet. Bounding box: 46.5 mm X 50.3 mm X 17.3 mm.

Fig. 7 aPhoto of the upper edge of the envelope of Kt 94/k 602a. Museum of Anatolian Civilisations,
Ankara. Photo: Cécile Michel. This unopened envelope has the following dimensions: 5.5 cm X 5.2 cm X
3.1 cm. The tomographic section b shows the two tablets inside the envelope; the bright objects inside
the clay are tiny stones. ¢ 3D visualisation of the two hidden tablets, Kt 94/k 602b (main tablet)
and Kt 94/k 602c (small extra tablet), shows how the additional small tablet was placed on the main
tablet. Left side: both the main tablet and its small extension tablet as they are assembled within
the envelope, middle: observe sides, and right: reverse sides of both tablets, respectively.

Fig. 8 a Photo of the envelope Kt 93/k 144a (obverse). Museum of Anatolian Civilisations, Ankara.
Photo: Cécile Michel. b, ¢ 3D visualisations of the envelope and the encased tablet, respectively. The
tablet (obverse) is rotated by 90° as compared to the envelope for better readability of the cuneiform
text. Different colors in b indicate different se gmented areas. Size of the envelope: 5.3 cm X 4.8 cm X
2.9cm.



Fig. 9 a Tomographic section through the tablet Kt 93/k 144, showing the large inclusion as a
void in the clay. b Visualisation of inclusions (semitransparent, one emphasised in yellow) within the
envelope (brown, semitransparent, cut) of Kt 93/k 144 (tablet coloured in ochre). The large object
seems to be a seed. Annotated size is derived from the PCA-aligned bounding box of the surface
mesh vertices. ¢ The tomographic section of Kt 91 /k 287 shows that the clay of the tablet, which has
many inclusions, is completely different from t he clay of t he envelope. d T he t omographic section of
Kt 93/k 550 shows that the envelope is multilayered.
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