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The Dutch Apollo 11 Goodwill display

contains genuine Moon rocks

M| Check for updates
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Inthe 1970s, US President Richard Nixon offered moon samples returned by the Apollo 11 and Apollo
17 missions to the leaders of the nations of the World. In this study, we used a combination of
advanced X-ray analysis methods, including microtomography, tomosynthesis and hyperspectral
chemical mapping to carry out a non-destructive forensic investigation of the Dutch Apollo 11
Goodwill sample, normally on display at the Boerhaave museum in the Netherlands. These powerful
methods were uniquely able to non-destructively interrogate the samples encased in plastic without
contact, providing 3D images of sample textures and compositional analysis, to assess whether the
results agree with archive data on Apollo 11 coarse-grained soil sample number 10085, and to provide
new insights on their origins. Our forensic investigation asked the question: were the rocks in the Dutch

display actually picked up on the surface of the moon by Neil Armstrong and Buzz Aldrin?

The Moon Sample Return Missions and the Goodwill Lunar
Sample Displays
On the 21* of July 1969 at 02:56 UTC, Apollo 11 Commander Neil A.
Armstrong set foot on the moon for the first time in the history of
humankind. He was quickly followed by Eagle Module pilot Edwin E.
“Buzz” Aldrin, and together they spent a few hours on the lunar surface.
Their main scientific objective was to scoop surface soil and to collect rock
samples. A few weeks after returning to Earth on the 29" of September 1969,
they embarked on a 38-day journey with Columbia Module pilot Michael
Collins to visit 29 cities in 24 countries'. As part of this showcase of the
American Space Program, 135 Apollo 11 Goodwill Lunar Sample Displays
(GLSDs) were gifted to the nations of the World on behalf of US President
Richard Nixon. These displays, such as the one pictured in Fig. 1, were based
on a uniform design, with a 4 x 6 inch flag (taken to the moon on the same
voyage) of the recipient country mounted on a wooden plinth and covered
by a plastic slab. At the top of the display, just above the flag, a resin
hemisphere encapsulates several small “moon rocks” 2-5 mm in diameter.
In the 1970’s, tracking of museum items was suboptimal, and with time
several of these GLSDs, which were presented to individuals rather than
institutions, as well as other samples from the moon loaned to international
partners, went missing. As of the writing of this article, dozens of Apollo 11
GLSDs are still missing, including those of Cuba, Cyprus, Peru, Vietnam
and the United Nations”. Investigations led by museums, space artefact
hunters, and lawyers managed to recover a number of displays and items,
including all of those gifted to the 50 United States of America’. In 2009, a

moon rock given to the former Dutch Prime Minister Willem Drees in 1969
by the US ambassador to the Netherlands, which headlined a national
Rijksmuseum exhibit of its ‘oldest artefacts’, was found to be a piece of
petrified wood most likely from Arizona®. The item, which had been insured
for up to $500,000, is one of many fake moon rocks or displays in circulation.
Identification of this sample as a fake was trivial as the item was not
embedded in plastic and was relatively large (>5cm in diameter), and
because testing only required optical and electron microscopy™™*. It is cur-
rently kept as a curiosity at the Rijksmuseum under object no. NG-1991-4-
25. The same thing cannot be said of the many displays from the Apollo 11
and Apollo 17 missions that went missing, and it is not impossible that the
rocks could have been swapped for a replica. To date, none of the
approximately 400 displays (including samples distributed to the nations of
the world and US states after the Apollo 17 mission) have ever been analysed
and no-one has ever managed to prove that the encapsulated rocks are in
fact from the moon.

In this paper, we present an original forensic investigation into the
Dutch Apollo 11 Goodwill Lunar Sample Display, making use of a com-
bination of non-destructive X-ray imaging techniques. This object, now
located in Rijksmuseum Boerhaave in Leiden (the Netherlands), had been
reported missing for a number of years before it was officially registered
under object number V09113 in 1996”. The curators at the Astromaterials
Acquisition & Curation Office, part of the Astromaterials Research and
Exploration Science (ARES) Division at the Johnson Space Centre (JSC),
U.S. National Aeronautics and Space Administration (NASA) have kept a
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Fig. 1 | Dutch Apollo 11 Goodwill plinth with [
encapsulated moon rocks, flag and presentation
sign. Photographies with views from the front (a)
and from the side (b).
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Fig. 2 | Average cation abundances (in wt%) n of moon dust batch no. 100085,11 as a function of K-edge energies: adapted and plotted with data from Beaty et al. **, with all
the elements on the right, and a magnification focused on low-keV elements on the left. Note that the scale changes from log to normal.

catalogue of samples brought back from the moon and through private
communication have indicated that the four fragments inside this display
should be part of Apollo 11 sample n°10085,1104".

Mineralogy and composition of Apollo 11 sample no. 10085,1104
The Apollo 11 landing site is situated in Mare Tranquillitatis, a major basalt-
filled basin near the lunar equator. Basaltic rocks at the landing site likely
originated from West Crater, and consist of layers of low- and high-
potassium basalts''. A total of ~21.6 kg of samples was collected, consisting
of larger basaltic rock samples exposed on the lunar surface, several samples
of lunar regolith (the ‘soil’ on the Moon formed by continuous small and
large impacts of material onto the surface), and two tube cores sampling the
shallow subsurface [12]. Nine scoops taken from the top ~5cm of the
regolith, equalling approximately 10 kg of fine-grained material were added
to the larger rock samples in rock box ALSRC no. 1003, apparently in order
to prevent excessive bouncing around of the larger samples’. Bagged regolith
sample 10002, with a composition very similar to the loose material, resided
in the same rock box. Back on Earth, part of this regolith material was sieved.
The fraction of material smaller than 1 mm in diameter ( ~ 3.8 kg in total)
was numbered sample 10084. The larger particles over 1 mm in diameter
constituted sample n°10085 “coarse-fines”; although particles < 1 mm likely

remain in this sample. Subsample no. 10085,11 contains 1227 grains, among
which are mafic holocrystalline rock fragments, microbreccia, glass splatter
(and agglomerates), irregularly shaped glass, and anorthosite (a plagioclase-
rich rock forming the primitive lunar crust and exposed mostly in the lunar
highland terrane)". Soil breccia (52%) and basalt (37%) were the two most
abundant rock types in the sieved samples". Sample no. 10085,1104 is part
of this subsample.

The average elemental composition for basalts of sample no. 10085 has
been determined by Instrumental Neutron Activation Analysis (INAA) and
electron microscopy'*. Figure 2 presents the elemental reference weight as a
function of K-edge energy. The sample contains elevated abundances of iron
and titanium compared with most Earth basalts, as well as enrichments in
lanthanide and actinide trace elements.

In order to assess whether X-ray-based non-destructive techniques
could be used to study the encased fragments, the casing material was
determined with Raman spectrometry using a Bruker Bravo handheld
spectrometer. This showed that the casing consists of Unsaturated Polyester
resin (UP) mounted on a poly(methyl methacrylate) (PMMA) plate”®. Both
UP and PMMA have a high tolerance to X-ray radiation, with a minimal risk
of laboratory X-ray sources causing yellowing at radiation doses orders of
magnitude below 30 kGy'°.
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Application of X-rays in paleoradiology and geology

The non-destructive aspect of X-ray analysis makes it an exceptional tool for
forensics of ancient artefacts as well as (extra)terrestrial materials, especially
in cases where the radiation dose is not a detrimental factor. X-ray micro-
tomography (XRM) creates a 3D ‘black and white’ image of the sample
based on attenuation of the X-ray beam, which depends for instance on the
beam wavelength, relative atomic number, and density of the material. It
provides high-resolution 3D images of samples and a virtual replica of the
sample that can be explored virtually.

Tomography has previously helped visualise the 3D texture of per-
alkaline rhyolite volcanic pumice'’, with an image quality sufficient to infer
that these fail by brittle fracture. The fragments in the Apollo 11 Dutch
display, if authentic, will have originated from a volcanic basin, “Mare
Tranquillitatis”, which has been the result of a lava flow ejecta from West
Crater, containing layers of low- and high-potassium basalts''. Classic
petrographic analysis that require the destructive preparation of polished
sample thin sections demonstrated that basalt fragments in no. 10085,
including 796, 803, 820 and 915, exhibited an antiophitic texture’, i.e.
containing large plagioclase crystals surrounding ilmenite and pyroxene ina
poikilitic manner. A previous non-destructive tomography investigation'’
of Apollo 11 sample no. 10057, a high potassium ilmenite basalt, provided
three-dimensional visual observations of characteristic ilmenite (iron-tita-
nium oxide) needles with no preferred orientation inside the sample, as well

Fig. 3 | Close-up photograph of the four moon rocks: the four rocks are numbered by
distance from the bottom of the dome, 1 being the closest. The diameter of the plastic
dome is approximately 2.5 cm.

as large tabular bundles, and a vesicular texture characteristic of volcanic
rocks. This group of high-potassium Apollo 11 basalts with fine-grains and
with a high vesicle abundance was termed “type A basalts™" with an anti-
ophitic texture'’. The random orientation of ilmenite crystals has more
recently been confirmed by three-dimensional X-ray ultramicroscopy
(XuM), an SEM-based X-ray transmission technique. It showed that
ilmenite crystals ((Fe,Mg)TiOs) could not only form as the usual plates, but
takes varied shapes such as needles”’, which can help identify which lava
flow the particle originates from. In another recent application of X-ray
based techniques, X-ray Computed Tomography (XCT) analysis of Apollo
11, 12, 15, and 17 basaltic samples provided for the first time 3D images of
these fragments and found that they were from low-viscosity lavas formed
by effusive flows™.

Prospects of X-ray characterisation in geology

Although XRM/XCT can offer reliable 3D internal views of many speci-
mens, it typically relies on having projections captured over a 180° (parallel
beam) or 360° (cone beam) range, which implies either a rotating source-
detector assembly (medical imaging) or a rotating sample (industrial ima-
ging). This can prove challenging with unconventional specimens, includ-
ing with the present case involving a complex object geometry with a small
region of interest. Planar Digital Tomosynthesis (PDT) is a new method
which allows tomography with no moving parts and no special sample
mounting requirements. Radiographs are acquired with an array of multiple
in-plane sources to reconstruct limited depth tomography slices using image
remapping algorithms™. PDT provides virtual cross section slices within just
a few minutes. Although originally designed for mammography”, it is
increasingly used in Non-Destructive Imaging (NDT) of electronics® and
aerospace components”, but has not before been used in forensics or
geology.

X-ray Hyperspectral Imaging (XHI) is a technique making use of
recently developed hybrid pixel photon counting detectors (PCD) able to
resolve part of the energy spectrum of the incoming beam. XHI can be used
for elemental composition analysis by identifying energy absorption
K-edges. The latter represent a rapid photoelectric absorption when the
X-ray energy is just above the binding energy of the K-shell electrons giving a
characteristic material-specific signal. These detectors make use of the
electron-hole cloud generated (photoelectric) by photon hits on specific
semiconductor sensor materials to create a signal (direct conversion). This is
then transmitted to an ASIC (application-specific integrated circuit) by
bump-bonding of the pixels to the sensor, to be processed by each pixel

Fig. 4 | Reconstructed digital tomosynthesis slices
(saturated) from the dome. Views of plinth laying
down (a), and on its left side (b), showing virtual

sections from bottom (i) to top (iii) of the dome. The
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Fig. 5 | Radiography projections of the hemi-
sphere. Views with the four fragments (a) numbered
from 1 to 4, and high-resolution projections of the
fragment no. 1 (b) in transmission (left) and
absorption (right).

(a) 4]

(b)

=1
2000 pm

circuitry. The Timepix 3 (TPX3) ASIC**” is a direct pixel-readout detector
based on simultaneous Time of Arrival (ToA) and Time over Threshold
(ToT). When a photon hits the sensor and initiates a charge at the bump
bond interface, a 4-bit counter records the ToA and a 14-bit overflow
counter counts as long as the charge is over the minimum threshold pro-
viding the ToT. The Medipix/Timepix family of chips, developed by CERN,
have been used to determine the material composition of paintings™ as well
as in drill cores used in mining inspection’”. In this experiment, both
ASICs were bump-bonded to a 1 mm thick Cadmium-Telluride (CdTe)
sensor providing very good energy sensitivity in the 5-500 keV range and
acceptable energy resolution (HEXITEC 1 keV at 60 keV, TPX3 3-5keV at
60 keV). These detectors can provide absorption radiographs for each
spectral band or bin instead of an integral image, and because a specific
element can absorb more at a known energy value, it is possible to infer the
elemental composition of the material studied.

First observations
Visual observation of the moon rocks in the GLSD indicated that they were
unlikely to be glass or micro-breccia, due to the lack of amorphous texture
and their dark colour. A macro view of the samples in the plastic hemisphere
is presented in Fig. 3, within the wooden plinth visible underneath. Each
rock is identified with a single digit number from the top of the plinth.
Figure 4 presents selected reconstructed slices from three different
scans corresponding to the three sample orientations in the tomosynthesis
scanner. They give an idea of the relative positions of the rocks in the plastic,
their shapes and their three-dimensional spacing. In particular, it was noted

that a few specific angular views allowed for unique observation where the
stones do not overlap when viewed from a single perspective, either because
they are not at the same height or because there is sufficient space between
two other rocks. Note that these images have been saturated to better
observe the edges of the stones.

The four fragments have different shapes, but all dimensions are below
3 mm in length. The DT virtual slices provided positional information in
less than 50 s and have been essential in determining the best course of
action for subsequent analyses, including relative positions and rock
dimensions have allowed. Multiple sample positioning, which would not
have otherwise been possible with XCT, showed that the encapsulation
hemi-sphere was even and had a dual-layer encasement.

Results

Phase morphology of the rock fragments by 3D micro-
tomography and segmentation

The macro-resolution projection of the Unsaturated Polyester resin (UP)
hemisphere with the four rock fragments presented in Fig. 5a provides initial
information on the microstructural features that are observable in the
material. In particular, highly attenuating particles are visible in fragments 2
and 4 (at these projection angles), and less attenuating regions in fragments
1, 2, and 4 are indications for the presence of porosity. Figure 5b, which
shows the high-resolution projections of fragment 1, presents similar
attenuation differences, but also shows the presence of needle-like features.
These needles appear to present a thickness range of about 13-19 yum and do
not seem to share any common orientation or length.
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Fig. 6 | Tomography 3D volume visualisation and
rendering. Macro-resolution virtual segmentation
(a) and reconstructed slice (b), and high-resolution
reconstructed slice of fragment 1 (c) with horizontal
(i) andvertical slice (ii).
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Fig. 7 | Three-dimensional segmentation view of fragment 1: high-resolution
tomography (with cut-out volume to inspect internal features), and its location in the
macro-resolution tomography, showing a transparent matrix highlighting the
internal pores and higher density ilmenite.

Reconstructed tomograms are presented in Fig. 6, as segmented
visualisations (a), virtual sections (b) for the macro-tomography, and slices
(c) for the high-resolution tomography. Images (a) and (b) provide evidence
of connected porosity and large dense regions, especially in particle 4 where
alarge high density region can be observed in its centre. By zooming into the
high-resolution tomography of Fig. 6¢c, needle-shaped features can be

observed. Once segmented, as presented in Fig. 7, it can be seen that these
needles are actually plates and concatenations of plates. They have see-
mingly random orientations and varying shapes, and some seem to have
been fractured into smaller plates. The edges are sharp, testifying a legacy of
catastrophic fracture and a lack of erosion.

Label analysis of the segmented volumes provides a quantification of
the phases identified in the datasets. As presented in Table 1, three phases
have been identified, of which the matrix is the main constituent. Pores
make up only ~2% of the total volume on average, with an important
difference for the 4" fragment at 4.9%. The latter also contains 9.7% of highly
attenuating phases, which is more than the average of 3.6%, and is mostly
explained by the large mass in its centre.

The high-resolution X-ray CT scans offer complementary informa-
tion, by being able to identify needle-like features, which have been labelled
as the same dense material. The matrix occupies almost 80% of the total
volume, while pores and plates are 1.8% and 18.4% of the 3D segmented
dataset respectively. This tends to show, when comparing the macro-scan
for fragment n°1 and its high-resolution equivalent, that more than half the
pores were smaller than the 22.27 um/pixel of the macro-scan. Similarly, it
appears that about 81% of the dense material is spaced platelets.

Material composition characterisation with hyperspectral X-ray
imaging

The GLSD was mounted on its side so that the line of sight allowed the
transmission of X-rays through just one rock fragment at a time (pre-
venting overlapping of signals). X-ray Hyperspectral Imaging (XHI)
imaging results are shown in the graph of Fig. 8. With flat-field correction,
denoising and dark pixel removal, the spectral dataset provided a spec-
trum at each pixel position with an energy accuracy of about 2 keV. The
rock fragments are on the top-right side of the frame, and the figure shows
an integral image (summing the spectrum), a coloured image (through
allocating RGB channels to parts of the spectrum), and the locations
where spectrum profiles were extracted with a 3-pixel radius. Whilst the
background is mostly flat, the two positions inside the samples presented
in Fig. 8 indicate the presence of elements in the lanthanide series, and in
particular barium and samarium. Flat field correction and background
normalization helped highlight these heavy elements, however statistics
are poorer in the 4 to 5 keV range due to fewer counts and further analysis
was required.
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Principal Component Analysis (PCA) which has been previously
applied to hyperspectral data from photon counting detectors” and is
particularly well-adapted to noisy spectral data was used to identify different
phases. Using the eigen values decomposition method we have calculated
the coefficients of the first four principal components, and from them their
corresponding ‘eigen’-images. Figure 9a essentially shows that the first
component is the mean signal which is saturated by noise as expected, but
more interestingly shows the three other components as potentially corre-
sponding to the identification of specific (sets of) elements in the samples.
PC2 most likely shows the combined effect of the presence of high K-edge
energy elements to which the detector is sensitive but where the X-ray flux is
lowest, and PC3 and PC4 provide evidence of high concentrations of iron
and titanium. In each case the eigen-images indicate that the effect observed
comes directly from the sample. In order to improve confidence in the
results, a slightly different variant of this method has also been tested,
Maximum noise fraction transform (MNF), which is particularly efficient in
more noisy datasets’’. This can provide non-adjusted principal components
arranged in order of image quality, allowing to clearly identify the signal
underneath the noise as seen in Fig. 9b. Similarly, both titanium and iron are
identified.

Discussion: The Origins of the Rocks in the Goodwill
Display

The size of the Apollo GLSD, the inability to dissemble it and the embedding
of the moon rock samples, meant that special non-destructive methods had
to be employed. Microtomography has provided evidence of needle-like
features and tabular bundles as observed before'’, and three-dimensional

Table 1 | Label analysis for the macro-scan, units are in vol%

visualisation through segmentation demonstrated that many of these fea-
tures are plates. This corroborates previous observations™, and the vesicular
texture is consistent with rocks formed due to volcanic activity, as observed
on a closely related batch of samples™. This is because these features are the
characteristic signature of ilmenite (FeTiOs) sheets, and it has been shown in
other lunar samples that high modal abundances (9-19%) are most often
found in moon samples™. The dimensions of the grains also match those
found in other Apollo sample batches™.

Hyperspectral material composition identification has hinted at the
presence of high concentrations of both titanium and iron, which are major
constituents of ilmenite crystals found in lunar basalts, and which are known
to be present in high abundances in Apollo sample 10085 ( ~ 10 wt% TiO,
and ~20 wt% FeO in basalt fragments, e.g. Beaty et al. '*). Further, lantha-
nides such as lanthanum and samarium, which are enriched in many near-
side lunar basalt samples compared to average terrestrial basalts”” have also
been detected in at least two of these fragments using XHI. Overall, the
textural, mineralogical, and chemical evidence is all consistent with these
samples being derived from Apollo sample 10085, and therefore of lunar
origin.

Conclusions

Non-destructive analysis of the Dutch Apollo 11 Goodwill Lunar Sample
Display was performed using digital tomosynthesis, high-resolution X-ray
computed tomography, advanced image reconstruction methods, and
hyperspectral X-ray imaging, providing quantitative data regarding specific
compositional features of the specimens, with elemental sensitivity similar
to EDX in EM. The presence of elements from the lanthanide family as well
as the noticeable detection of high titanium and iron contents support an
Apollo 11 landing site origin of the rocks. Current methodology drawbacks
include imaging time, pixel size, magnification and sensitivity to large
energy range. The imaged textures in the rock fragments confirm their
volcanic origin and the ilmenite-bearing mineralogy are fully consistent
with the chemical information. Together with their embedding in the
Goodwill sample plaque make it extremely likely this these are genuine
moon rock samples—and certainly exclude the theory that it may be pet-
rified wood. This correlative multi-modality technique and characterisation
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workflow showcases advanced non-destructive capabilities for the study and
forensic investigation of both highly valuable samples and specimens with
potential biohazard which can remain contained during scanning.

Methods

X-ray tomography and tomosynthesis

The wide-field tomosynthesis was acquired on an Adaptix® XYP scanner
with a 50 keV W-target X-ray source with a current of 200 uA over a 500 ms
exposure per projection and 49 projections; details on this modality are
available in Supplementary Fig. 1. The low- and high-resolution tomograms
were collected on a Zeiss Xradia 620 X-ray microscope with a macro (x0.4)
scintillator and microscopic lens (x4) respectively, a pixel size of 22.7 pm
and 2.37 um (final, after binning). Both used an acceleration voltage of
112 kV and binning 2. Experimental setup pictures and a summary table are
available in details on this modality are available in Supplementary Fig. 2
and Supplementary Table 1, respectively.

Hyperspectral imaging

The X-ray cone beam was provided by a Nikon W-source set at 80 kV and
70 pA. The Timepix3 detector mounted with a 1 mm CdTe sensor was
positioned 70 mm away from the plastic hemisphere (see Supplementary

Fig. 3). The energy was calibrated with a 370 MBq Am™*' X-ray source fitted
with Mo, Tb and Ba fluorescence plates. The Timepix3 was set to acquire in
Time-over-Threshold with a full-spectrum capability, and pixel clustering.
A low energy cut-off was set to 4 keV and the data was binned into images
with a step size of 0.25 keV and an energy spread of 2.5 keV.

Data availability

Raw data has been published online and can be freely accessed online™, no
access code is required (DOI: 10.48420/27653688). This repository contains
the tomography projections for X-ray CT, from which the volumes can be
reconstructed, the pixel-hit files from the spectroscopic acquisition, and a
Matlab database containing processed spectroscopic data.

Code availability

The code used in this project can be accessed: 1. Through the CCPI-CIL
Imaging Library for the tomography reconstruction. 2. By request to the
corresponding author for the hyperspectral analysis. CT segmentation was
performed in Avizo 2020.3.
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