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Abstract

The Altar Stone at Stonehenge in Wiltshire, UK, is enigmatic in that it differs markedly from the other bluestones. It is a grey–green, mica-
ceous sandstone and has been considered to be derived from the Old Red Sandstone sequences of South Wales. Previous studies, however,
have been based on presumed derived fragments (debitage) that have been identified visually as coming from the Altar Stone. Portable X-
ray fluorescence (pXRF) analyses were conducted on these fragments (ex situ) as well as on the Altar Stone (in situ). Light elements (Z<37)
in the Altar Stone analyses, performed after a night of heavy rain, were affected by surface and pore water that attenuate low energy X-rays,
however the dry analyses of debitage fragments produced data for a full suite of elements. High Z elements, including Zr, Nb, Sr, Pb, Th and
U, all occupy the same compositional space in the Altar Stone and debitage fragments, and are statistically indistinguishable, indicating the
fragments are derived from the Altar Stone. Barium compares very closely between the debitage and Altar Stone, with differences being
related to variable baryte distribution in the Altar Stone, limited accessibility of its surface for analysis, and probably to surface weathering.

A notable feature of the Altar Stone sandstone is the presence of baryte (up to 0.8 modal%), manifest as relatively high Ba in both the
debitage and the Altar Stone. These high Ba contents are in marked contrast with those in a small set of Old Red Sandstone field samples,
analysed alongside the Altar Stone and debitage fragments, raising the possibility that the Altar Stone may not have been sourced from the
Old Red Sandstone sequences of Wales. This high Ba ‘fingerprint’, related to the presence of baryte, may provide a rapid test using pXRF in
the search for the source of the Stonehenge Altar Stone.
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Introduction

Stonehenge is one of the most iconic ancient historic monuments
in Europe, first constructed in late Neolithic times, around
3000 B.C., though added to and reconfigured over the following
1500 years (Darvill et al., 2012). Understanding the provenance
of the megaliths used in the construction of the monument
informs our understanding of early Neolithic populations, their
distribution, and their interactions. Stonehenge is particularly
important in this context in view of the long-distance transport
of some of its stones, known as the ‘bluestones’. These form the
Bluestone Circle and the Bluestone Horseshoe and are considered

to have been the first stones erected at Stonehenge, originally
forming a single circle of 80 stones in the so-called Aubrey
Holes around 3000 BC (see Parker Pearson et al., 2020). They
contrast with the much larger sarsen stones that form the Outer
Sarsen Circle and the Inner Sarsen Trilithon Horseshoe.

The first major investigation of the provenance of the blue-
stones was undertaken almost 100 years ago by the eminent
British geologist H.H. Thomas who was a surveyor and then pet-
rographer with the (then) Geological Survey of Great Britain.
Although there had been earlier studies, such as those by
Maskelyne (1878), Teall (1894) and Judd (1902), Thomas’s inves-
tigation was more detailed than the earlier works. In a seminal
paper (Thomas, 1923) he concluded that the bluestones com-
prised dolerites, rhyolites and tuffs of Lower Palaeozoic age and
that the majority could be sourced to a small area in the
Mynydd Preseli, in north Pembrokeshire, west Wales, ∼225 km
to the west of Stonehenge (see Fig. 1).

One bluestone appeared anomalous, however. This stone,
stone 80 (see Nash et al., 2020, Fig. 1), also known as the Altar
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Stone, is a grey–green, micaceous sandstone of a type not found in
the Mynydd Preseli area and Thomas (1923) considered that it
might be from either the Cosheston Group (now called the
Cosheston Subgroup) or the Senni Beds (now called the Senni
Formation), both part of the Old Red Sandstone Supergroup (of
late Silurian to Devonian age), exposed elsewhere in South
Wales. The Altar Stone is the largest of the bluestones, measuring
4.9 m long by 1 m wide by 0.5 m thick as seen in the archive
photographs in Fig. 2c,e dating from 1958, although it is currently
less well exposed (see Fig. 2a–b, f). It is estimated to weigh six tonnes.
It is partly covered by two fallen sarsen (trilithon) stones, one of
which (stone 55b) appears to have broken the Altar Stone (Fig. 2c).
In view of the current exposure, we have labelled the three currently
exposed areas of the Altar Stone as areas A, B and C (Fig. 2a,b and f).

Realising that standard transmitted and reflected light micros-
copy had essentially reached the limits of their application to
advance our understanding of the character and provenance of
the bluestones we have, over the last 10 years, employed a range
of advanced analytical techniques in our investigations. Thorpe
et al. (1991) and Bevins et al. (2012, 2014) used whole-rock stand-
ard X-ray fluorescence spectrometry to some effect in provenan-
cing some of the bluestone dolerites and one type of rhyolite.

More recently we have used U–Pb zircon age determination,
inductively coupled plasma-mass spectrometry, and automated
scanning electron microscopy with energy dispersive spectros-
copy (SEM-EDS) in our investigations of the bluestones, for
example as in Bevins et al. (2020) for the Altar Stone, and
Bevins et al. (2021) for further refinement of the provenance of
the Group 2 dolerites of Bevins et al. (2014).

To date, all investigations of the Altar Stone have been based
entirely on presumed derived fragments (‘debitage’) linked solely
on macroscopic (hand specimen) and more lately microscopic
similarities. There is no evidence for direct sampling of the
Altar Stone in historic times. In this context, it is imperative to
ascertain if the presumed Altar Stone fragments are indeed
derived from the Altar Stone so that analytical data from investi-
gations on the fragments can be used with confidence in our
search for the original source of the Altar Stone.

Recent studies

The first detailed investigation of the Altar Stone was the petro-
graphic study by Ixer and Turner (2006) of historic thin section
Wiltshire 61 277 (from the South-Western Group of Museums

Fig. 1. Map showing the location of the Mynydd Preseli as well as the distribution of the Old Red Sandstone in southern Wales, the Welsh Borderland and southwest
England, based on British Geological Survey Geology 625kDiGMapGB-625, together with sampling sites for the seven Old Red Sandstone samples analysed.
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and Art Galleries Implement Petrology Collection held at the
Somerset Heritage Centre, Taunton, UK). Based on the assump-
tion that this sample was derived from the Altar Stone they con-
cluded that the Altar Stone was not derived from the Cosheston
Subgroup, but that it is petrographically very similar to sandstones
from the Senni Formation.

Ixer et al. (2019) reviewed all known presumed Altar Stone
fragments held in museum collections and noted the general uni-
formity of their petrography. They dismissed two thin sections
claimed to be ‘Altar Stone’ held by the Hunterian Museum as
not being derived from the Altar Stone, as one is a volcanic tuff
and the other a sandstone with little carbonate. They proposed

Fig. 2. Locations of areas of the Altar Stone (stone 80) at Stonehenge analysed by portable XRF. (a) Area A at the eastern end of the Altar Stone to the left of the
fallen upright of the Great Trilithon (stone 55b); (b) Area B, the central part of the Altar Stone between stone 55b and the lintel of the Great Trilithon (stone 156); (c)
historic photograph of Areas A and B lying beneath stone 55b and apparently broken by it; (d) map showing disposition of the analysed areas on the Altar Stone
(brown) and other near-by stones including bluestones (bluestones 64–69) and parts of the Great Trilithon and its lintel (grey, stones 55a, 55b and 156); (e) historic
photograph of Altar Stone Area C lying beneath stone 156; (f) the western edge of the Altar Stone (Area C), under the lintel of the Great Trilithon (stone 156). Note
standing water on the surfaces of the stones. For scale the metal part of the leg of the tripod is 41 cm long. Fig 2c,e reproduced with permission of Historic England.
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that sample SH08 Context 1 FN196 (from the 2008 excavation at
Stonehenge by Darvill and Wainwright and hereafter referred to
as FN196) would be a better ‘type specimen’, noting that
Wiltshire 61 277 may well be atypical. Ixer et al. (2020) presented
new preliminary mineralogical evidence that showed the pre-
sumed Altar Stone fragments were not sourced from the
Cosheston Subgroup sequences exposed in the vicinity of
Milford Haven, in west Wales (Fig. 1), instead proposing a
more likely source in eastern Wales or the Welsh Borderland.

Bevins et al. (2020) elaborated on Ixer et al. (2020), presenting
detailed analytical data of six presumed Altar Stone fragments
using automated SEM-EDS to show that the fragments all have
very similar modal mineralogy and that there is a strong likeli-
hood that they were all derived from a single block of sandstone.
They compared the modal mineralogy of these six fragments with
those of three Lower Palaeozoic Sandstone fragments from
Stonehenge (see Ixer et al., 2017) and three samples from the
Cosheston Subgroup in west Wales. The data presented by
Bevins et al. (2020) clearly showed that the Lower Palaeozoic
Sandstone and the Cosheston Subgroup sandstones were different
from each other, and both were different to the presumed Altar
Stone fragments. A key observation of this study was the presence
of significant modal proportions of baryte in the presumed Altar
Stone fragments (modal proportions in the range 0.29–0.80%), a
mineral not seen in the Lower Palaeozoic Sandstone and as only a
trace (0.01%) in two of the three Cosheston Subgroup samples.
Bevins et al. (2020) also undertook radiometric age determina-
tions of zircons in one of the presumed Altar Stone fragments
and in a Cosheston Subgroup sample. They showed that the
Cosheston Subgroup zircon age population was essentially bimodal,
with maxima at 500 and 1500 Ma, whilst the presumed Altar Stone
fragment zircon population was more diverse, with ages spanning
472 to 2475 Ma and showing no maxima. This again served to dem-
onstrate that the presumed Altar Stone fragments were not derived
from the Cosheston Subgroup in west Wales.

In this paper we focus on the six presumed Altar Stone frag-
ments and compare their composition with the Altar Stone itself
based on portable X-ray fluorescence (pXRF) analysis. The pur-
pose of this study is to determine if we can match the fragments
to the Altar Stone in order to use the fragments as a proxy for the
Altar Stone itself. If this is the case then mineralogical and geo-
chemical data obtained to date from the fragments can be used
to ‘fingerprint’ the Altar Stone, aiding our search for its proven-
ance without requiring sampling, compromising the integrity of
the Altar Stone itself. We also intend to determine whether
rapid pXRF analysis of sandstone field samples might provide a
viable means of testing for a potential source for the Altar
Stone by comparing analyses of a small set of Old Red
Sandstone samples from Wales and the Welsh Borderland.

Samples studied and methods

Samples studied

Samples analysed in this investigation are shown in Table 1 which
explains their lithological grouping and relevant contextual details
together with reference to any previous petrographical descrip-
tions. In addition to the in situ Altar Stone, which was analysed
in July 2021, the samples investigated comprised: three probable
Altar Stone fragments from excavations at Stonehenge in 2008
(Darvill and Wainwright, 2009); three probable Altar Stone frag-
ments from an excavation near stone 1 by Colonel Hawley in

1920; six field samples of Old Red Sandstone (ORS) collected
from across South Wales and the Welsh Borderland (Hillier
et al., 2006) and one unpublished field sample from the Old
Red Sandstone near Llangynidr, Powys, Wales. The distribution
of the samples from the ORS is shown in Fig. 1.

Portable X-ray fluorescence and some of its limitations

Portable X-ray fluorescence analyses (pXRF) were performed
using a Thermo Fisher Scientific™ Niton™ XL3t GOLDD+
handheld XRF analyser. The Niton pXRF uses a 2 W Ag anode
X-ray tube, which can operate at between 6–50 kV and 0–200
μA, with operating conditions being varied during the
‘TestAllGeo’ analysis method. This allows determination of a
range of elements in geological materials from Mg to U by use
of different filters that operate in sequence together to optimise
sensitivity. The elements determined nominally in each mode are
given in Table 2, during a total analysis time of 100 s. An 8mmdiam-
eter analysis spot was used for all analyses, and the spectra were col-
lected on a silicon drift detector, processed and calibrated by the
manufacturer-installed instrument calibration. To ensure day-to-day
consistency of the pXRF analyses, a sample of obsidian from the Big
Obsidian Flow (BOF) at Newberry Volcano, Oregon, USA, was ana-
lysed repeatedly tomonitor the calibration. The results fromdifferent
analytical sessionsdidnot change significantlyduring the analyses for
this study, meaning data from different sessions can be compared.
Data for the analyses of the Newberry BOF are listed in
Supplemental Table S1, and show that the day-to-day precision is
good for elements including Rb, Zr, Sr, Nb, K, Ca, Al, Si and Fe
(∼±3–4%), slightly worse for Ba and Mn (∼8%), and lower again
for Th and U (∼8–13%), however all are within the range of all ana-
lyses of the BOF performed over the last year as part of our proven-
ance investigations. These levels of day-to-day precision allow
confident comparisons to be made between pXRF analyses. Some
published averages for multiple bulk sample analyses of the
Newberry BOF (Laidley and McKay, 1971; Higgins, 1973;
Linneman, 1990) by XRF, atomic absorption spectroscopy,
gamma and other spectroscopic analyses, are also presented in
Supplemental Table S1. These show that the pXRF results here
(from a sample of the flow near the flow front, but not directly
related to the samples analysed in the various publications) are in
broad agreement (<±15%) for many elements (Rb, Ba, Zr, Fe, Mn,
Al, Si, K, Ti and Th), suggesting an acceptable level of accuracy for
the current pXRF analyses. Somewhat worse (∼ ±25–30%) are Sr
and Ca, though these variations may relate to the specific BOF sam-
ple analysedhere.However, unrealistically high concentrationswere
recorded for Cd and Sc by pXRF (78,000 ppm and 10,000 ppm
respectively). This attests to some calibration/spectral recognition
issues within the Niton instrument which, when analyses are per-
formed using all filter modes, appear to mis-identify the
Compton-scattered source radiation peak as extreme concentra-
tions of these elements.

Limits of detection (LoD) in pXRF, calculated by the instru-
ment as three times the ‘measurement standard deviation’, vary
from sample to sample and is based on the intensity of the
X-rays received at the detector; this depends on many factors,
including sample composition (the effect of other elements in
the same matrix) and analyser/sample geometry. Elements falling
below the analysis LoD are not reported, and many elements are
below LoD in all analysed samples (for example Se, Te, Au, As
and Hg). Other elements however, such as Mg or P, are close to
the LoD in some samples and not in others. This provides
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some useful information from the samples in which these are
reported, even if their concentration is too low in other samples.
Data for the reported LoD, the lowest recorded concentration, and
the number of analyses above the LoD (i.e. cases where an elem-
ent is reported) are given in Supplemental Table S2.

The pXRF data for materials considered in this paper are pre-
sented in Supplemental Table S3. In graphically presenting the
pXRF data we have left the concentration as elemental ppm
(parts per million m/m) throughout, and only in Table 3 has it
been converted to oxide concentrations (as for major elements)
to compare with mineralogy. Data are presented either as integer
values or rounded to 1 decimal place (when <100 ppm), however
it must be remembered that this will considerably over-estimate
the precision with which these elements can be determined by
pXRF, which is typically in the range of ± 5% based on repeated
obsidian analyses (see above, and Supplemental Table S1).

Portable XRF has the advantage of being non-destructive,
however there are disadvantages associated with element detection/
identification from spectral overlaps, and with calibration and sam-
ple homogeneity issues (Hunt and Speakman, 2015). For example, in
the majority of analyses the Niton pXRF reported ∼2.8 ppm Pd in
the Newberry Obsidian and ∼1.5 ppm Pd in the Altar Stone and
debitage analyses, which are exceptionally high when compared
with an average crustal concentration of <1 ppb (GERM, 2021),
as well as rare occasions where Au and Hg are reported. In
cases such as these, where spectral overlaps or interferences
cause unrealistically high concentrations of some elements to
occur, or where elements are routinely close to their lower limits
of detection, we have excluded these elements from further con-
sideration. Regardless of such drawbacks, pXRF is a rapid and

non-destructive method for analysis of natural and man-made
materials in archaeological studies (Liritzis and Zacharias, 2011)
and is ideal for use where sampling for geochemical analysis by
bulk methods is not possible when attempting to confirm correla-
tions based on compositional data between excavated fragments
and possible source monolith. Whilst debate ensues about the
use of pXRF and its accuracy/precision and calibration
(Speakman and Shackley, 2013), it does provide reproducible
and acceptably accurate data for comparison and correlation of
archaeological materials where like-for-like analyses are conducted
in non-destructive provenance studies. Portable XRF has been used

Table 2. Operating conditions for the TestAllGeo procedure used to determine the composition of the samples.

pXRF element range Time (s) Elements that can be detected using filter*
Elements detected in the majority of

analyses in this study

Main Filter 30 Mo, Zr, Sr, U, Rb, Th, Pb, Se, As, Hg, Zn, W, Cu, Ni, Co, Fe, Mn Zr, Sr, U, Rb, Th, Pb, Zn, Cu, Ni, Fe, Mn
Low Filter 30 Cr, V, Ti, Sc, Ca, K, S Cr, V, Ti, Ca, K
High Filter 20 Ba, Cs, Te, Sb, Sn, Cd, Ag, Pd, Nb, Bi, Re, Ta, Hf Ba, Nb
Light Filter 20 Al, P, Si, Ca, K, Cl, S, Mg Al, P, Si, Mg

*Elements that can be detected with each filter as listed by Niton (Niton XL3t 900 Analyzer with GOLDD Technology Users Guide, Version 6.5)

Table 1. List of samples used in this study together with their provenance and reference to any published petrographic descriptions.

Sample
number Lithological grouping Context Additional notes* Petrographic description

FN573 Altar Stone fragment From a Roman context at
Stonehenge

Excavated in 2008 by Darvill and Wainwright.
Previously erroneously labelled FN593

Ixer and Bevins (2013)

Spit V/I Altar Stone fragment From Context 3 spit V/I from the
Stonehenge Layer

Excavated in 2008 by Darvill and Wainwright.
Labelled HM13 in Bevins et al. (2020)

Ixer and Bevins (2013)

FN196 Altar Stone fragment From modern overburden at
Stonehenge

Excavated in 2008 by Darvill and Wainwright.
Labelled SH 08 in Bevins et al. (2020)

Ixer and Bevins (2013); Ixer
et al. (2019)

MS1 Altar Stone fragment From near stone 1 Excavated by Hawley Ixer et al. (2019)
MS2 Altar Stone fragment From near stone 1 Excavated by Hawley Ixer et al. (2019)
MS3 Altar Stone fragment From near stone 1 Excavated by Hawley Ixer et al. (2019)
UORS 6 Old Red Sandstone Pen-y-Fan Formation Map ref SO 016112 Hillier et al. (2006)
LORS 1 Old Red Sandstone Brownstones Formation Map ref SO 043163 Hillier et al. (2006)
LORS 34 Old Red Sandstone Brownstones Formation Map ref SN 732195 Hillier et al. (2006)
WM 3 Old Red Sandstone Senni Formation Map ref SO 579848 Hillier et al. (2006)
FW 1 Old Red Sandstone Milford Haven Subgroup Map ref SR 885993 Hillier et al. (2006)
DEV 6 Old Red Sandstone Moor Cliffs Formation Map ref ST 312912 Hillier et al. (2006)
ORS 6794 Old Red Sandstone Senni Formation Map ref SO 16541987 Unpublished

*Map references are UK ordnance survey grid references

Table 3. Compositions of debitage fragments and Altar Stone recalculated to
oxide or compound (marked *) concentrations as wt.%. These have been
recalculated using the relative atomic masses from the ppm concentration
into weight percentage (wt.%), with all Ca assumed to be present as calcite
and all Ba as baryte, which is likely to somewhat overestimate these mineral
abundances where some of these elements are associated with other phases
(e.g. feldspar or mica).

Oxide or compound (wt.%) Debitage fragments, average Altar Stone, average

MgO 1.61 0.84
Al2O3 9.38 1.58
SiO2 63.15 24.83
P2O5 0.60 0.32
K2O 0.98 0.77
CaCO3* 9.35 2.17
TiO2 0.63 0.41
MnO 0.08 0.07
Fe2O3 2.18 1.70
BaSO4* 0.67 0.48
Total 88.64 33.16
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in recent studies of the provenance of the sarsen stones at
Stonehenge by Nash et al. (2020) who used Bayesian principal
component analysis for discrimination purposes. This is better
able to accommodate elements that “fluctuate close to or below
instrumental detection limits”. The sarsens are considerably more
silica-rich than the Altar Stone and key discriminant elements in
the Altar Stone are at elevated concentrations compared to the
sarsen stones.

In situ vs ex situ (wet vs dry) analyses

As reported earlier, we analysed ex situ a series of small hand spe-
cimens of debitage from the Stonehenge Landscape assumed to be
pieces of the Altar Stone recovered from previous archaeological
excavations (Bevins et al., 2020) together with six fragments of
Old Red Sandstone used for a study of ORS clay mineralogy
(Hillier et al., 2006) and one unpublished field sample from the
Old Red Sandstone near Llangynidr. These samples were all
dry, having spent extended periods of time out of their field set-
ting. The analysed fragments were all >∼1 cm thick, and typically
>1.5 cm across, their sizes avoiding any analytical issues asso-
ciated with signal loss from small samples (Liritzis and
Zacharias, 2011; Frahm, 2016). Multiple analyses were performed
on different areas of each of these samples (minimum n = 5).

The three exposed areas of the Altar Stone at Stonehenge,
shown as areas A, B and C on Fig. 2, were analysed by pXRF in
situ early on the morning of 6th July 2021, during a few clear
hours that followed a night of intense rainfall. In total 36 analyses
were performed. Standing surface water was mopped from
the surface of the Altar Stone with paper towels, however the sur-
face was damp when analysed. We assume the analysed upper sur-
face of the Altar Stone was water saturated, with a porosity (and thus
maximum water content) of ∼6–10% based on the characteristics of
possible correlative samples (Bevins et al., 2020). Signal attenuation
is commonly reported in the analysis of wet materials by pXRF
(Kido et al., 2006; Lemiere et al., 2014; Quiniou and Laperche, 2014;
Schneider et al., 2016; Goff et al., 2020), this being more extensive
the wetter the sample matrix, or when a surface water film is present.
Low-energy X-rays (< ∼5 keV; elements lighter than Cr) suffer the
greatest attenuationatwatercontents above20%.Below thiswatercon-
tent low-energy X-ray attenuation is not as severe, and becomes rela-
tively insignificant for high-energy X-rays (Kalnicky and Singhvi,
2001; Ravansari et al., 2020). In thoroughly wet samples (e.g. slurries)
attenuation affects both low- and high-energy X-rays. In contrast, for
the ex situ analysis of dried samples, signal reduction from water is
insignificant or absent.We discuss the implications for the pXRF ana-
lyses of these in situ and ex situmaterials in the Results section below.

Bevins et al. (2020) utilised automated SEM-EDS to quantify
the mineralogy of the Altar Stone and its previously assumed
source area. As the geochemical response detected using the port-
able XRF will be controlled by the mineralogy of the sandstones,
we have used data presented in Bevins et al. (2020) to provide a
mineralogical map of a representative example of the Altar
Stone debitage (sample FN196), allowing the visualisation of the
mineral distribution in the analysed sample. The detailed method-
ology and results are provided in Bevins et al. (2020).

Results

Altar Stone and debitage comparisons

Bivariate plots for a range of elements determined in the debitage
fragments and the in situ Altar Stone are given in Fig. 3. For many

of the heavier elements in these plots it is clear that the range of
concentration displayed for the Altar Stone is the same as the
range displayed in the debitage fragments (e.g. Sr, Zr, Nb, Th
and U), whereas the lighter elements (Mg, Al, Si, K and Ca) are
all considerably lower for the Altar Stone. Barium analyses
shows a few data that have lower concentrations in the Altar
Stone (from Area C) than in the debitage samples, which extend
to marginally higher Ba (mostly for MS2), whereas Rb shows
slightly lower concentrations in the Altar Stone (25.6 ± 3.1 ppm)
compared to the debitage fragments (29.8 ± 3.7 ppm). A
Student t-test (performed for each element in Microsoft® Excel,
see Table 4) shows that for many of the light elements the average
concentrations reported in the Altar Stone are significantly differ-
ent (at p<0.05) from the debitage fragments, though for the heav-
ier elements (Sr and higher atomic numbers) the analyses can be
considered to be drawn from the same population. However, the
low concentrations of light elements, particularly Si and Al in the
Altar Stone, are too low to be correct for a micaceous sandstone.
When Mg, Al, Si, P, K, Ti, Mn and Fe are converted to oxides, Ca
to CaCO3 and Ba to BaSO4, the average composition from the
Altar Stone sums to only 33.1 wt.%, whereas in the debitage frag-
ments these components total 88.6 wt.% (Table 3), a more realistic
analytical total.

The average compositions of the debitage fragments and the
Altar Stone are compared in Table 4, where the ratio of Altar
Stone/debitage average is shown for each element. With increas-
ing element atomic number (Z), this ratio generally increases,
being close to unity above Z ≈ 35, and this is shown in Fig. 4,
where this ratio is plotted against element atomic number.

Alhough the high atomic number elements indicate clearly
that the debitage fragments are the same composition as the
Altar Stone (occupying the same compositional space in Fig. 3
and t-test data in Table 4), the low concentrations of light ele-
ments reported by pXRF from the Altar Stone are different.
This difference, for most light elements, is interpreted as due to
the wet nature of the Altar Stone during analysis, with the pres-
ence of water causing significant attenuation of the long wave-
length, low energy X-rays emitted from the low-Z elements. In
this respect, the results of the in situ analysis of the Altar Stone
resembles the results from analysis of wet sediment/soil and the
attenuation of light-element X-rays explains the low reported con-
centrations of the light elements (see Table 4). Above Z = 37 (Sr
and heavier) the Altar Stone/debitage fragments analysis ratio is
>0.8, and no statistical difference exists between the analyses of
the two samples (from Student t-test results, except for Ba) indi-
cating that they are drawn from the same population, i.e. they are
compositionally the same.

The lowest-Z elements in the Altar Stone (Al and Si) are
reported at 20–40% of their concentration in the dry debitage
samples. The high ratio for Mg (∼0.52) is due to only three Mg
results being above the LoD in the Altar Stone, which gives a
skewed high average calculated only from those samples where
Mg was detected, and ignores the 33 results where it was below
detection limits – the expected ratio (if the pXRF LoD for Mg
was lower) should be similar to or lower than that for Al.
Calcium concentrations (Z = 20) appear to be anomalously low
in the Altar Stone compared to neighbouring elements (e.g. K
and Ti, ratio ≈0.7), with the Altar Stone/debitage fragments
ratio ≈0.23. If X-ray attenuation was the cause from the wet ana-
lyses, a similar ratio would be expected, hence other processes
may be involved here. The automated mineralogy data indicate
that the debitage fragments contain between 12.6–16.6 vol.% of
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calcite cement (data presented in Bevins et al., 2020). The Ca con-
centration in the debitage fragments suggests ∼10% of calcite,
illustrated for sample FN196 in Fig. 5 (assuming Ca is not

abundantly hosted in other phases) which agrees broadly with
the automated mineralogy in the debitage samples, though only
calculates as ∼2% in the Altar Stone (see Tables 3 and 4). It is

Fig. 3. Elemental biplots of data from pXRF analyses of the Altar Stone (n = 36, red symbols) and the debitage fragments (n = 30, blue symbols). All concentrations
reported as ppm. Note that for some elements several results are not plotted because they fall below the limit of detection (LoD) for that analysis (most notably
Mg). The horizontal bars on the Sr vs Ca plot show the range of Sr in individual chips of debitage. Note how the range is more restricted than Ca and that there is no
correlation between Sr and Ca in the debitage chips. Sample details presented in Table 1.
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possible that leaching of calcite from the exposed surface of the
Altar Stone by naturally mildly acidic rainfall (pH ≈ 5.5) has
occurred since it was placed at Stonehenge, reducing Ca to very
low levels, except in the results from analyses of Area C (see
Fig. 3) which may have been somewhat better protected from sur-
face weathering, being under the fallen lintel of the Great
Trilithon (stone 156) (see Fig. 2d). The strong correlation of Ba
with Sr in both the Altar Stone and debitage fragments (see

Fig. 3) suggests that Sr is hosted within baryte (where there is a
complete solid solution with celestine), and the lack of a relation-
ship between Ca and Sr in the debitage fragments, which show a
wide range of Ca with a limited Sr range (Fig. 3), suggests that Sr
is not associated with the calcite cement in this sandstone.

The ratio of average Ba concentrations between the Altar Stone
and debitage fragments is also slightly low (∼0.72, Table 4, Fig. 4)
compared to neighbouring Z elements, even though the range of
Ba is very similar in both the Altar Stone and the debitage frag-
ments, with the Altar Stone containing slightly lower Ba than
the debitage. This suggests two possibilities. Either the differences
arise because of the location of the analyses on the Altar Stone
(accessible in only a few areas, and only the upper surface),
which has a clearly heterogeneous distribution of Ba (Area C
has the lowest Ba and Area A the highest), compared to the pos-
ition on the Altar Stone from where the debitage fragments origi-
nated. Alternatively, the exposed surface of the Altar Stone may
have had some baryte cement leached from it due to several thou-
sand years of exposure to mildly acidic rainfall. The automated
mineralogy results show baryte to be depleted/removed from
the margins of some debitage fragments (e.g. in FN196; see
Fig. 5). This is consistent with reduced baryte solubility in the
alkaline (pH ∼8), carbonate-bearing chalk soil environment of
Salisbury Plain compared to the exposed Altar Stone surface
(Carbonell et al., 1999; Macphail and Crowther, 2008). As sug-
gested for calcite, baryte may have been leached from the surface
of the Altar Stone over the last few thousand years. In contrast to
baryte, however, there is no observed reduction of calcite from the
margins of the debitage fragments (see Fig. 5) suggesting that a dif-
ferent process is responsible for the leaching of the baryte. The

Table 4: Average composition of the debitage fragment samples and the Altar Stone, arranged in order of increasing atomic number. The ratio Altar Stone/debitage
indicates the extent of difference between the two sets of material; note how this ratio gets close to unity as element atomic number (and mass) increases (see also
Fig. 4).*

Element
(ppm)

Atomic number
(Z)

Debitage fragments,
average

Debitage fragments,
std dev n

Altar Stone,
average

Altar Stone, std
dev n

Student t-test,
p =

Altar Stone/
debitage

Mg 12 9715 3056 18 5064 357 3 0.018 0.521
Al 13 49,679 8335 30 8381 5666 34 <0.001 0.169
Si 14 294,709 41,849 30 115,851 57,129 36 <0.001 0.393
P 15 2628 1249 26 1413 861 31 <0.001 0.538
K 19 8141 1517 30 6342 1705 36 <0.001 0.779
Ca 20 37,389 24,080 30 8680 7772 36 <0.001 0.232
Ti 22 3850 893 30 2520 643 36 <0.001 0.655
V 23 57.2 11.1 28 44.4 8.7 34 <0.001 0.776
Cr 24 65.3 24.0 30 47.5 17.4 36 0.001 0.727
Mn 25 630 118 30 551 333 36 0.221 0.875
Fe 26 15,545 2254 30 12,073 1672 36 <0.001 0.777
Ni 28 81.9 18.8 30 59.5 16.1 31 <0.001 0.727
Cu 29 32.5 10.7 30 25.1 5.6 23 0.004 0.774
Zn 30 54.1 12.8 30 69.6 16.1 36 <0.001 1.287
Rb 37 29.8 3.7 30 25.6 3.1 36 <0.001 0.858
Sr 38 119 23 30 115 20 36 0.417 0.964
Zr 40 394 240 30 308 198 36 0.116 0.782
Nb 41 12.3 2.8 30 11.3 3.1 36 0.175 0.919
Mo 42 6.9 3.6 15 6.6 2.4 26 0.728 0.953
Ba 56 3914 1206 30 2815 1326 36 0.001 0.719
Pb 82 40.4 21.5 30 32.8 11.0 34 0.075 0.812
Th 90 8.5 2.4 29 7.3 2.1 31 0.055 0.865
U 92 7.7 1.6 27 7.1 1.3 26 0.206 0.931

*Notes: Concentrations are in ppm and are left as either integer or 1 decimal place (when <100 ppm), although this will considerably overestimate the precision with which these elements are
determined.
‘n’ is the number of analyses which are above the LoD, and thus where n is low (e.g. Mg) the average will be considerably overestimated as the majority of analyses not reported and therefore
excluded from the calculation.
The ‘Student t-test p =’ value is the probability for a two tailed, equal variance t-test performed (in Microsoft® Excel) on the means of each element. Where the p value is given in bold, it is not
significant at p<0.05 indicating that the null hypothesis (that analyses are from different populations) can be rejected at the 95% confidence level, and the analyses can be considered to
come from the same sample population. Where p<0.05, the samples can be considered to be drawn from different populations at the 95% confidence level.

Fig. 4. The ratio of the concentration of an element determined by pXRF in the Altar
Stone divided by its concentration in the MS chips, for data where overall there were
fewer than 50 analyses in which the particular element was not detected (see
Table 4).
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debitage samples were buried in moderately carbonate-rich soils
and thus protected from the direct effects of acidic rainfall. In par-
ticular, the solubility of the baryte might have been increased by
bacterial activity (Phillips et al., 2001; Ouyang et al., 2017).
Analyses of a profile through to the deeper, buried part of the
Altar Stone (see Fig. 2c), when next excavated, may help to confirm
this hypothesis.

In summary, the dry ex situ pXRF analyses of the various deb-
itage fragments provide consistent data for a range of light and
heavy elements, whereas the wet, in situ analyses of the Altar
Stone are affected adversely by attenuation of low energy
X-rays, making only the data for high-Z elements reliable. Data
from both materials for the high-Z elements (e.g. Sr, Zr, Nb, U
and Th) clearly show the debitage fragments are compositionally
indistinguishable from the in situ Altar Stone. Both debitage frag-
ments and the Altar Stone have suffered leaching of baryte over
the millennia, and some calcite dissolution also appears to have
occurred from the in situ Altar Stone, however the relatively
lower solubility of baryte has meant only a moderate change in
the Ba concentrations over time.

Altar Stone and ORS comparisons

Having shown above that a range of sandstone debitage fragments
are compatible with a derivation from the Altar Stone, we now
consider these results as Altar Stone (sensu lato) for comparison
with a small selection of samples of potential source rocks from
the Old Red Sandstone of Wales and the Welsh Borderland. We
focus on this area in view of the previous suggestions that the
Altar Stone was derived from lithologies assigned to the Old
Red Sandstone (see Thomas, 1923). The objective of this is to

determine whether rapid pXRF analysis of sandstone field sam-
ples might provide a viable means of testing for a potential source
for the Altar Stone, acknowledging that this is a very small sample
set for a geological division that covers a wide geographic area.
The samples were a sub-set of those analysed for their clay min-
eralogy by X-ray diffraction by Hillier et al. (2006) as well as a sin-
gle unpublished field sample and were drawn from a broad
geographical range (Fig. 1).

Five bivariate plots of a range of high-Z elements for the Altar
Stone (sensu lato) results are shown in Fig. 6 together with four
bivariate plots that compare low-Z elements or ratios from only
the debitage fragments because, as noted above, these light ele-
ments are affected by the attenuation of the X-ray emission in
the wet, in situ Altar Stone analyses. Table 5 shows the average
compositions of the Altar Stone (sensu lato, excluding the
low-Z in situ Altar Stone analyses) compared to the ORS results,
and includes the p value for a Student t-test on these data. It is
clear from Fig. 6 and Table 5 that significant differences exist
between the composition of the various ORS samples analysed
and the Altar Stone, the latter having Ba and Sr that far exceed
almost all of the ORS samples, and trace-element ratios, such as
Rb/Ba, Ba/Sr, Sr/Rb that are all considerably different. Zirconium
shows much higher contents in the Altar Stone samples (and
must reflect higher detrital zircon contents); however, Nb, Th
and U (limited numbers of analyses) all have broadly similar con-
centrations. For the major and minor elements, K is higher in all
the ORS samples, and Al/K ratios are significantly different,
which will probably reflect different mineralogical contents, notably
feldspar, mica and clay. Titanium has a similar range in the Altar
Stone and ORS samples, suggesting similar Fe–Ti oxide contents,
however P is higher in the Altar Stone, suggestive of higher detrital

Fig. 5. Automated SEM-EDS mineral maps highlighting the distribution of calcite and baryte in debitage sample FN 196 as an example. Data and methodology are
presented in Bevins et al. (2020). Images show: (a) the distribution of all minerals; (b) the distribution of calcite; and (c) the distribution of baryte.
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Fig. 6. Comparison of the composition of the Altar Stone (sensu lato) with a range of Old Red Sandstone samples from Wales and the Welsh Borderland. For the
major elements, which are affected by attenuation of the X-ray emission by water in the in situ analysis of the Altar Stone, only the results from analyses of debitage
chips are included. All concentrations in ppm.
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phosphate (apatite). From the differences in composition, it can be
concluded that the Altar Stone source is not represented by the,
albeit very limited, ORS samples analysed as comparators here,
and differs markedly in K/Al, Ba/Rb, Zr, Sr and P.

Discussion and implications for future investigations

The intent of this study was to determine if the data from pXRF
analysis of derived debitage fragments could be used to match
them to a source monolith, using the Stonehenge Altar Stone as
a case study. If successful it would mean that the presumed debitage
fragments could be used as a proxy for the in situ Altar Stone,
allowing for analysis of the fragments whilst preserving the integrity
of the monument itself. These analytical investigations would then
provide data relevant to determining a provenance for the Altar
Stone.

In order to test whether this is a valid approach we sought
(and obtained) permission to analyse the Altar Stone using the
non-destructive pXRF technique. One significant problem we
encountered related to the damp conditions experienced during
in situ analysis of the Altar Stone. The effect of analysing a
damp surface is attenuation of the X-ray emission from low-Z ele-
ments; we found that this affects elements with atomic numbers
below Z = 37. However, for elements with Z > 37 there is a
good correlation between the Altar Stone element contents and
those in the ex situ fragments and hence we consider the results
from the Altar Stone analyses for the heavier elements to be reli-
able. On this basis we believe that the data obtained in this study
support the previous correlation between the Altar Stone and the
debitage fragments hitherto presumed to have been derived from

it based on lithological similarity alone. As a consequence, we are
able to use the data obtained previously from the presumed deb-
itage fragments, as reported in Ixer et al. (2020) and Bevins et al.
(2020), in our search for the source of the Altar Stone. A notable
feature of the Altar Stone, based on automated SEM-EDS analysis
of the debitage fragments, is the relatively high modal % of baryte,
which is confirmed by the Ba contents identified by pXRF in this
study. This characteristic is likely to be of considerable signifi-
cance and utility in provenancing the Altar Stone.

This study has shown that regardless of the well-publicised
shortcomings of the pXRF technique, including the effects of ana-
lysing wet material surfaces, the technique does offer scope for the
rapid matching of debitage fragments to source monolith. This
provides a method for the non-destructive analysis of lithic com-
ponents of ancient monuments whilst preserving the integrity of
the monument itself.

The next stage in our investigation of the potential source of
the Stonehenge Altar Stone is to collate and interpret the mineral-
ogical and geochemical data obtained to date on the derived frag-
ments in order to compile a detailed picture of its possible source
rock. In particular we aim to understand the relationship between
the calcite and the baryte as this will provide insight into the
rock’s diagenetic history.

As noted above, Thomas (1923) proposed a potential source
for the Altar Stone in the Old Red Sandstone sequences of
South Wales. However, as Bevins and Ixer (2018) noted,
Thomas was convinced that all of the bluestones (except the
Altar Stone) were derived from a very limited geographical area
in the Mynydd Preseli, in north Pembrokeshire. We consider it
probable that Thomas considered the nearest source of the ORS
to the Mynydd Preseli as the most likely source for the Altar
Stone. Critically, however, there is no direct geological evidence
to support an ORS age for the Altar Stone. Interestingly, one of
the earliest references to a possible Devonian age for the Altar
Stone was in a letter from Professor John Phillips of Oxford
University to archaeologist Dr John Thurnam of Devizes, dated
22nd December 1858, in which he suggested that it may be derived
from the “gray Devonian or gray Cambrian rocks..” (see Long,
1876). Phillips was appointed to the Chair of Geology at King’s
College London in 1834 and in 1839 published his ‘Report on
the Geology of Cornwall, Devon and west Somerset’. His ‘gray
Devonian’ might well be reference to the marine Devonian
sequences of southwest England rather than the continental (pre-
dominantly red) Old Red Sandstone sequences of south Wales
and the Welsh Borderland. Perhaps of significance is the fact
that by the time this possible source for the Altar Stone is men-
tioned by Maskelyne (1878) he omits the descriptor ‘gray’, refer-
ring only to the “..Devonian or gray Cambrian rocks..”, and then
proceeding to note that his assistant at the British Museum,
Mr Thomas Davies, drew to Maskelyne’s attention the occurrence
of “just such a rock at the top of the old red sandstone (sic) crop-
ping out no further off than Frome”. Perhaps this is where the
link between the Altar Stone and the Old Red Sandstone derives
from. This leads us to keep an open mind over the potential
source of the Altar Stone, especially as we are not aware of any
reports of baryte-bearing sandstones in the Old Red Sandstone
sequences of Wales or the Welsh Borderland.

Conclusions

We tested the potential link between debitage fragments from
excavations at Stonehenge identified visually as being derived

Table 5: Average composition of the Altar Stone (sensu lato) and the ORS
samples analysed, with the low-Z elements determined in the Altar Stone
excluded from the calculation of the average.*

Element
(ppm)

Altar Stone
(s.l.),

average

Altar
Stone, std

dev

ORS
samples,
average

ORS
samples,
std dev

Student
t-test, p=

Mg 9715 3056 11,336 4465 0.178
Al 49,679 8335 59,872 21,110 0.015
Si 294,709 41,849 298,516 46,847 0.723
P 2628 1249 1079 446 <0.001
K 8141 1517 20,439 7819 <0.001
Ca 37,389 24,080 13,483 23,349 <0.001
Ti 3850 893 3418 1639 0.194
V 57.2 11.1 73.6 30.5 0.009
Cr 65.3 24.0 65.3 37.6 0.998
Mn 630 118 758 936 0.462
Fe 15,545 2254 20,569 11,830 0.025
Ni 81.9 18.8 60.1 21.2 <0.001
Cu 32.5 10.7 64.3 106.5 0.109
Zn 54.1 16.5 47.9 33.2 0.003
Rb 27.5 4.0 61.6 36.7 <0.001
Sr 118 21 45.3 27.6 <0.001
Zr 353 221 183 96 <0.001
Nb 11.8 3.0 9.9 5.3 0.024
Mo 6.7 2.8 4.3
Ba 3368 1378 405 159 <0.001
Pb 36.6 17.0 18.3 10.5 <0.001
Th 8.0 2.3 7.1 2.8 0.155
U 7.4 1.5 9.3 1.7 0.001

*Notes: Concentrations are in ppm. The ‘Student t-test p =’ value is the probability for a two
tailed, equal variance t-test performed (in Microsoft® Excel) on the means of each element.
Where the p value is given in bold, it is not significant at p<0.05 indicating that the null
hypothesis (that analyses are from different populations) can be rejected, and the analyses
can be considered to come from the same sample population: note that the majority of
elements are statistically significantly different.
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from the Stonehenge Altar Stone by pXRF to ascertain if the vis-
ual link was valid. The Altar Stone was analysed in situ on a wet
morning following a night of rain, contrasting with the ex situ, dry
setting for the debitage fragments. Accordingly, the surface of the
Altar Stone at the time of analysis was wet. This caused attenu-
ation of the signal for light elements (below Z = 37). However,
strong correlations for elements above Z = 37 leads us to conclude
that the fragments were indeed derived from the Altar Stone. This
shows that even though there are widely publicised concerns over
the pXRF technique, in this case it did provide a credible geochemical
comparison between the derived fragments and sourcemonolith and
highlights the value of the technique in this particular archaeological
context. In addition, being a non-destructive technique, it does not
compromise the integrity of the ancient monument.

Having matched the derived fragments to the Altar Stone we
are now in a position to interpret with confidence the data
obtained to date on the derived fragments in the search for the
source of the Altar Stone. The pXRF results showed the Altar
Stone to have high Ba contents which is in agreement with the
high modal % baryte identified previously using automated
SEM-EDS analysis. This rather unusual mineralogy will be a
key element in our search for the origin of the Altar Stone.
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