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Abstract 19 

The Altar Stone at Stonehenge is a greenish sandstone thought to be of Late Silurian-Devonian (‘Old Red Sandstone’) age. It is 20 

classed as one of the bluestone lithologies which are considered to be exotic to the Salisbury Plain environ, contrasting with the larger 21 

sarsen stones, which are a hard, durable silcrete derived from no more than 30km from Stonehenge. It is well established that most 22 

of the bluestones are derived from the Mynydd Preseli, in west Wales. However, no Old Red Sandstone rocks crop out in the Preseli; 23 

instead a source in the Lower Old Red Sandstone Cosheston Subgroup at Mill Bay, on the shores of Milford Haven, to the south of the 24 

Preseli, has been proposed. More recently, on the basis of detailed petrography, a source for the Altar Stone much further to the east, 25 

towards the Wales-England border, has been suggested. Quantitative analyses presented here compare data from proposed 26 
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Stonehenge Altar Stone debris with samples from the Cosheston Subgroup at Mill Bay in west Wales, as well as with a second 27 

sandstone type found at Stonehenge which, on palaeontological evidence has been shown to be Lower Palaeozoic in age. The Altar 28 

Stone samples have up to 16.7 modal % calcite while the Lower Palaeozoic and Cosheston Subgroup sandstones have less than 0.25 29 

modal %. The Altar Stone also contains up to 3.8 modal % kaolinite and 0.8 modal % barite, minerals that are absent from the other 30 

sandstones. Calcite, kaolinite and barite in the Altar Stone samples all occur between the detrital grains and are all thought to be 31 

authigenic minerals, which differs markedly with the Cosheston Subgroup and Lower Palaeozoic sandstones. The Cosheston Subgroup 32 

sandstone contrasts with the other two sandstone lithologies in having up to 0.7 modal % detrital garnet (<0.08 in both the other two 33 

sandstone types). Further differences between the Altar Stone sandstone and the Cosheston Subgroup sandstone are seen when their 34 

contained zircons are examined. Not only do they have differing morphologies (size, shape and quality) but U-Pb age dates for the 35 

zircons show contrasting populations; the Cosheston Subgroup sample zircon age population is essentially bimodal, with age maxima 36 

at 500 and 1500 Ma whilst the Altar Stone zircon population is more diverse, with ages spanning from 472 to 2475 Ma without maxima. 37 

Together, all these data confirm that Mill Bay is not the source of the Altar Stone with the abundance of kaolinite in the Altar Stone 38 

sample suggesting a source further east than Milford Haven, towards the Wales-England border. The disassociation of the Altar Stone 39 

and Milford Haven fully undermines the hypothesis that the bluestones, including the Altar Stone, were transported from west Wales 40 

by sea up the Bristol Channel and adds further credence to a totally land-based route, possibly along a natural routeway leading from 41 

west Wales to the Severn estuary and beyond. This route, along the valleys followed today by the A40, may well have been significant 42 

in prehistory, raising the possibility that the Altar Stone was added en route to the assemblage of Preseli bluestones taken to 43 

Stonehenge around or shortly before 3000 BC.  Recent strontium isotope analysis of human and animal bones from Stonehenge, dating 44 

to the beginning of its first construction stage around 3000 BC, are consistent with having lived in this western region of Britain. 45 
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This study appears to be the first application of quantitative automated mineralogy in the provenancing of archaeological lithic 46 

material and highlights the potential value of automated mineralogy in archaeological provenancing investigations, especially when 47 

combined with complementary techniques, in the present case U-Pb age dating of zircons. 48 

 49 

 50 

1.  Introduction 51 

 52 

For much of the 20th century provenancing studies of archaeological lithics were based largely on hand specimen or standard 53 

transmitted light petrographical investigations, the latter chiefly focussing on the most abundant rock-forming minerals but sometimes 54 

also assessing accessory or heavy minerals. It was largely qualitative with modal mineralogical analyses undertaken by manual point 55 

counting, a slow, laborious task with the potential for considerable error (for example by Ixer and Turner, 2006).   56 

With the advent of a wide range of analytical geochemical and mineralogical techniques (e.g. whole rock X-ray fluorescence 57 

spectroscopy, instrumental neutron activation analysis, stable isotope analysis, radiometric dating, X-ray diffraction, scanning electron 58 

microscopy with energy dispersive analysis, electron micro-probe analysis and, more recently, inductively coupled plasma-mass 59 

spectrometry and portable XRF; Hunt (2016)) and their routine use in petrological studies, it has become possible to apply the same 60 

methodologies to both natural and man-made archaeological materials.   61 

In this paper we combine mineralogical characterisation using automated scanning electron microscopy (Pirrie and Rollinson, 62 

2011) with zircon age dating to test the source of stone 80, the 'Altar stone', from Stonehenge. This is a greenish sandstone thought 63 

to be of Late Silurian-Devonian age (‘Old Red Sandstone’) and considered to be one of the Stonehenge bluestone lithologies (see Cleal 64 

et al., 1995).  Understanding the provenance of the Altar Stone is of considerable importance. H.H. Thomas, who in 1923 provided the 65 

first modern descriptions and provenancing of the bluestones (see below), proposed that the pale sage-green micaceous sandstone 66 
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had a strong similarity to either sandstones from the Senni Formation, cropping out between Kidwelly and Abergavenny in south 67 

Wales or to sandstones from the Cosheston Subgroup (lateral equivalent of the Senni Formation) from the shore of Milford Haven in 68 

west Wales (Fig. 1). This suggested Milford Haven source area profoundly influenced thinking as to how the bluestones were 69 

transported to Stonehenge, in particular the notion of transport of the stones by sea, at least for a large part of the journey, which 70 

became firmly established in the secondary literature for example by Atkinson (1956) and Darvill (2006) (but see Parker Pearson et al., 71 

2015b for a more recent perspective). However, results of detailed petrographic examinations of the Altar Stone sandstone and 72 

sandstones from Old Red Sandstone outcrops in west Wales have called into question the Cosheston Subgroup source for the Altar 73 

Stone (see Ixer et al., 2020 for a thorough review) and the notion of the bluestones being put onto rafts at Milford Haven and 74 

transported up the Bristol Channel, before a final land route across to Salisbury Plain. The recent proposal that Craig Rhos-y-felin and 75 

Carn Goedog on the northern flanks of the Mynydd Preseli represent sites of Neolithic quarrying for Stonehenge bluestone (Parker 76 

Pearson et al., 2015a, 2019) raises further doubts for any logical rationale for a southerly transport route up and over the Preseli Hills 77 

and down to Milford Haven. Having said that, there are still some who doubt that the bluestones were transported by humans, arguing 78 

instead for transport by ice (John et al., 2015). 79 
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Fig. 1.  Map of southern Wales showing the distribution of the Cosheston Subgroup and the Senni Formation of Late Silurian to 81 

Devonian age (belonging to the ‘Old Red Sandstone’).  Also shown (in purple) is the extent of Upper Ordovician (Caradoc-Ashgill) strata 82 

in southern Wales lying to the east and northeast of the Mynydd Preseli. Geological details based upon British Geological Survey 83 

Geology 625kDiGMapGB-625 and the line of the Tywi Lineament is from Earthwise. With permission Permit Number 19/057 BGS © 84 

UKRI 2019. All rights reserved. Contains OS data Crown © and database right 2019.  85 

 86 

Here we apply quantitative mineralogical and geochemical approaches to robustly test whether the Cosheston Subgroup at Milford 87 

Haven could have been the source of the Stonehenge Altar Stone or indeed any other bluestone sandstones found at Stonehenge, as 88 

has recently been challenged on the basis of detailed petrographic investigations (Ixer et al., 2019, 2020). If this can be disproved, then 89 

it adds further scientific support to challenge the proposed marine transport route for the bluestones. 90 

Finally, this paper represents the first time that automated mineralogy has been used in archaeological provenancing investigations 91 

and highlights its potential, especially when used in combination with a complimentary analytical technique, in this case U-Pb dating 92 

of zircons. 93 

 94 

2. Stonehenge bluestone provenancing studies 95 

 96 

The various rock types used in the construction of Stonehenge have long been recognised as being of two types, namely the 97 

sarsens, the large silcrete stones thought to be derived relatively locally from the Stonehenge environ (see Parker Pearson, 2016), and 98 

the bluestones, a generic term for rock types exotic to the Stonehenge area and for nearly a century thought to be derived from 99 

sources in west Wales (Thomas, 1923).  The bluestones comprise a range of lithologies, namely dolerite, rhyolite, volcanic tuff and two 100 

types of sandstone, one being of Lower Palaeozoic age on the basis of contained acritarch fossils, the second being the so-called Altar 101 
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Stone which is thought to be derived from the Late Silurian-Devonian Old Red Sandstone.  The Altar Stone, stone 80, is the focus of 102 

this paper. 103 

Since 2010, there has been an on-going extensive review of the petrography of the bluestones (Ixer and Bevins, 2010, 2011a,b, 104 

2013, 2016; Ixer et al., 2015, 2017, 2019, 2020).  Petrographic data have been combined with new geochemical data which has included 105 

laser ablation ICP-MS zircon chemistry (Bevins et al., 2011), a re-interpretation of whole rock XRF data for the dacites/rhyolites and 106 

the dolerites (Bevins et al., 2012, 2014) and application of U-Pb zircon radiometric dating of rhyolitic debris at Stonehenge and from 107 

the Mynydd Preseli in west Wales (Bevins et al., 2017). Results from these studies have called into question many of the original 108 

sources proposed by Thomas (1923) and later proposals by Thorpe et al. (1991), as discussed in Bevins et al. (2014) and Bevins and 109 

Ixer (2018).    110 

As a result of these studies the origins of the two types of sandstone present within the bluestone assemblage have also been 111 

reconsidered (see Ixer et al., 2020). As mentioned above, one type of sandstone is present as debris in the Stonehenge Landscape but 112 

also probably forms the concealed stones numbered 40g and 42c. This lithology is thought to be of Lower Palaeozoic age on the basis 113 

of its contained acritarch assemblages and is probably derived from the ground to the northeast and east of the Preseli but west of 114 

the Tywi Lineament (see Fig. 1) (Ixer et al., 2017). The second type of sandstone, found as rare debris at Stonehenge as well as 115 

comprising the Altar Stone (stone 80), is also not derived from the Mynydd Preseli area. 116 

Although preliminary automated SEM-EDS mineralogy data for the Altar Stone were described and briefly discussed by Ixer et 117 

al. (2020), in this paper the automated mineralogy (SEM-EDS) data are presented in full, including new analyses of a further three 118 

debris samples, also thought to be derived from the Altar Stone. We combine evidence from this approach with U-Pb radiometric data 119 

obtained from zircons from an Altar Stone sample and a Lower Old Red Sandstone sample from the Cosheston Subgroup at Mill Bay, 120 

Milford Haven. For completeness we analysed the Lower Palaeozoic Sandstone lithology using automated mineralogy in order to 121 

highlight mineralogical differences to the Altar Stone. Finally we (1) review the potential value of automated mineralogy in 122 
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archaeological provenancing investigations, (2) discuss the implications of the results of these investigations on the possible origin of 123 

the Altar Stone, (3) identify what approaches might be pursued to refine further the possible source area of the Altar Stone, and (4) 124 

briefly consider what our findings show in terms of the broader significance of the bluestones, their potential sources and the means 125 

of transport of the stones to Stonehenge. 126 

 127 

3. Methodology and samples studied  128 

 129 

3.1. Automated Mineralogy 130 

Automated SEM-EDS provides fully quantitative data on mineral abundances. The method is also effective to visualise 131 

mineralogical assemblages and associations. The method has therefore proven especially useful in diagenetic and sedimentological 132 

studies (e.g. Armitage et al., 2010; Carter et al., 2017) where the textural association of the minerals is of key importance. In addition, 133 

the technique has previously been applied in a range of archaeological investigations including the analysis and provenancing of 134 

ceramics (e.g. Knappett et al., 2011; Hilditch et al., 2016), the composition of ancient Egyptian cosmetics (e.g. Hardy et al., 2006), and 135 

in the provenancing of archaeological artefacts using soil forensics (Pirrie et al., 2014).   136 

In this study, the samples were analysed using a FEI Quanta 650 QEMSCAN system operating at 20 kV and a measured beam 137 

current of 10 nA. Data were collected at a 10 µm stepping interval which resulted in the collection of between 1,222,274 and 3,474,526 138 

individual EDS analysis points per sample. Raw data were processed using iDiscover 5.4 software and reported numerically as modal 139 

mineralogy % and graphically as false colour images where each identified mineral phase is assigned to a colour. Details of this 140 

analytical method are summarised in Pirrie et al. (2004) and Pirrie and Rollinson (2011). 141 

With automated mineralogy it can be possible to assign particles to lithological groupings based on mineralogy, texture and 142 

grain/crystal size (lithotyping; see Pirrie et al., 2013).  However, in this study the automated SEM-EDS mineralogical data are only 143 
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reported as modal % which means that fine-grained lithic fragments, which can comprise up to 3.5% of the grains in the Lower 144 

Palaeozoic Sandstone lithology (data from Thomas in Thorpe et al., 1991), are not individually recognised and are instead reported in 145 

the data as their constituent minerals. Similarly, in sediment provenance studies, different textural varieties of quartz (e.g. 146 

monocrystalline vs polycrystalline quartz, quartz showing straight extinction vs quartz showing undulose extinction etc.) can be 147 

significant in terms of determining the source area geology. However, as mineral identification by automated mineralogy is based on 148 

chemistry, these textural types are not automatically identified.  Conversely, the identification of a range of minerals can prove 149 

challenging using optical methods and as such may be mis-reported during polarising light microscopy. For instance, small grains of 150 

plagioclase or alkali feldspar may lack characteristic optical features such as twinning and hence untwinned plagioclase were recorded 151 

as alkali feldspar by Ixer and Turner (2006). Data here are reported to two decimal places to highlight key mineralogical differences in 152 

phases which occur at low abundance.   153 

In total, twelve sandstones were analysed by automated SEM-EDS for this investigation (see Table 1).  Of these, nine are 154 

Stonehenge Landscape sandstone debitage, six of which have been identified petrographically as being derived from the Altar Stone 155 

(Ixer and Bevins, 2013; Ixer et al., 2020) and three of which, based on petrographic characteristics and acritarch evidence (Ixer et al., 156 

2017), have been identified as being of Lower Palaeozoic age. The remaining three samples were collected from the previously 157 

proposed Altar Stone source lithologies of the Cosheston Subgroup that crop out at Mill Bay and at nearby Whalecwm, both localities 158 

on the shores of Milford Haven (Ixer et al., 2020).  Modal mineralogical data are presented in Table 2 and in Fig. 2. 159 

 160 

Sample 
number 

Lithological 
grouping 

Description 

FN573 Altar Stone SH08 Context 16 FN573 (previously erroneously labelled as FN593). From a 
Roman context at Stonehenge. Described in Ixer and Bevins (2013). 
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HM13 Altar Stone From Context 3 spit V/1 from the Stonehenge Layer excavated in May 2008 
(Darvill and Wainwright, 2009). Described in Ixer and Bevins (2013). 

SH 08 Altar Stone SH08 Context 1 FN196. From modern overburden at Stonehenge. Described in 
Ixer and Bevins (2013). 

MS-1 Altar Stone Excavated by Hawley from close to stone 1. Described in Ixer et al. (2019). 
Salisbury Museum Collection. 

MS-2 Altar Stone Excavated by Hawley from close to stone 1. Described in Ixer et al. (2019). 
Salisbury Museum Collection. 

MS-3 Altar Stone Excavated by Hawley from close to stone 1. Described in Ixer et al. (2019). 
Salisbury Museum Collection. 

1 Cursus Lower 
Palaeozoic 
Sandstone 

Cursus (From sample 1947/142.18 and also the source of SASII thin section 275). 
Excavated by Stone in 1947 at the Cursus Ditch. Described in Ixer et al. (2017). 

OU9 Lower 
Palaeozoic 
Sandstone 

OU9 (Salisbury Museum sample 444). Excavated by Hawley from Aubrey Hole 
1. Labelled ‘Hawley 444 Cosheston Beds?’. Described by Thomas (1991, 152-
153) and by Ixer and Turner (2006, 8). 

656A Lower 
Palaeozoic 
Sandstone 

656A (SH79). Section made from rock number 656 (79 FN656 L/2 27.5.79). 
Excavated by Pitts and mentioned by Howard (in Pitts, 1982). Described in 
detail in Ixer et al. (2017). 

Mill Bay 1a Cosheston 
Subgroup 

Mill Bay 1a. Sample collected from Mill Bay by Brian John. 

Mill Bay 1b Cosheston 
Subgroup 

Mill Bay 1a. Sample collected from Mill Bay by Brian John. 

Mill Bay 3 Cosheston 
Subgroup 

Mill Bay 3. Sample collected from Whalecwm by Brian John. 

 161 

Table 1.  Details of samples analysed in this study. 162 
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Sample Name FN 

573 

HM 

13 

SH 08 MS-1 MS-2 MS-3 Mill Bay 1a Mill Bay 1b Mill Bay 3 1 (cursus 

ditch) 

OU9  656A 

(SH79) 

Source Altar 

Stone 

Altar 

Stone 

Altar 

Stone 

Altar 

Stone 

Altar 

Stone 

Altar 

Stone 

Cosheston 

Subgroup 

Cosheston 

Subgroup 

Cosheston 

Subgroup 

Lower 

Palaeozoic 

Sandstone 

Lower 

Palaeozoic 

Sandstone 

Lower 

Palaeozoic 

Sandstone 

Quartz 55.96 55.00 54.91 55.34 55.40 53.64 54.17 54.30 55.11 68.13 69.14 69.99 

K feldspar 0.21 0.23 0.25 0.24 0.24 0.23 0.35 0.37 0.61 0.04 0.03 0.03 

Plagioclase 12.11 12.59 12.24 12.18 12.14 12.00 23.22 23.20 22.45 12.81 13.96 14.11 

Muscovite 2.12 2.62 2.51 2.57 2.49 2.54 5.02 4.74 5.73 5.51 3.59 3.87 

Biotite 0.45 0.51 0.55 0.58 0.48 0.50 0.99 0.98 1.21 0.15 0.10 0.13 

Kaolinite 3.05 3.16 3.26 3.21 3.22 3.79 0.15 0.15 0.10 0.09 0.11 0.08 

Chlorite 4.37 5.15 5.11 4.44 4.36 4.28 6.02 6.27 4.74 5.36 5.13 5.36 

Illite & illite-

smectite 

4.25 5.19 4.83 3.82 3.78 3.86 5.13 5.31 5.22 5.64 3.97 4.35 

Fe-Illite & illite-

smectite 

0.91 1.08 1.18 0.93 0.80 0.73 3.22 3.17 3.85 1.47 0.93 1.31 

Calcite 14.41 12.58 13.68 14.71 14.98 16.63 0.03 0.03 0.02 0.02 0.25 0.03 

Dolomite 0.60 0.59 0.61 0.45 0.47 0.46 0.00 0.01 0.00 0.00 0.72 0.00 

Ferroan dolomite 0.02 0.02 0.02 0.02 0.02 0.02 0.00 0.00 0.00 0.00 1.29 0.00 

Fe oxides 0.00 0.01 0.00 0.01 0.01 0.01 0.05 0.03 0.27 0.04 0.05 0.06 

Chromite 0.03 0.02 0.01 0.01 0.02 0.02 0.01 0.01 0.00 0.00 0.00 0.00 

Pyrite 0.01 0.01 0.01 0.01 0.00 0.00 0.03 0.00 0.02 0.00 0.03 0.00 

Barite 0.67 0.54 0.29 0.75 0.80 0.59 0.01 0.01 0.00 0.00 0.00 0.00 
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 163 

Table 2.  Modal mineralogy of samples analysed in this study from the Stonehenge Altar Stone, the Cosheston Subgroup in 164 

Pembrokeshire and from Lower Palaeozoic Sandstone debris samples from various contexts at Stonehenge (see Table 1 for sample 165 

details). 166 

 167 

 168 

Anhydrite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Halite 0.00 0.00 0.00 0.01 0.00 0.00 0.03 0.05 0.01 0.00 0.00 0.00 

Rutile & Ti 

Silicates 

0.38 0.33 0.25 0.32 0.36 0.31 0.57 0.53 0.29 0.33 0.28 0.29 

Ilmenite 0.03 0.02 0.01 0.03 0.05 0.04 0.01 0.01 0.00 0.00 0.00 0.00 

Apatite 0.25 0.18 0.14 0.21 0.20 0.20 0.14 0.15 0.03 0.25 0.24 0.24 

Garnet 0.08 0.07 0.07 0.06 0.07 0.06 0.72 0.59 0.30 0.05 0.08 0.06 

Tourmaline 0.04 0.06 0.05 0.06 0.06 0.06 0.03 0.03 0.03 0.03 0.02 0.03 

Zircon 0.04 0.04 0.02 0.04 0.05 0.03 0.08 0.06 0.01 0.06 0.04 0.04 
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 171 
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Fig. 2. Modal mineralogy histograms for samples from the Stonehenge Altar Stone (FN573, HM13, 172 

SH 08, MS-1, MS-2, MS-3), the Cosheston Subgroup (Mill Bay 1a, Mill Bay 1b, Mill Bay 3) at Mill 173 

Bay in Pembrokeshire and Lower Palaeozoic bluestone sandstone debris from various contexts 174 

at Stonehenge (1 Cursus, OU9, 656A).  Upper: Minerals with a modal abundance >1%. Lower:  175 

Minerals with a modal abundance <1%. 176 

 177 

3.2. Radiometric dating 178 

 179 

Zircon grains for U-Pb dating were selected by an automated SEM search for high mass 180 

features in two polished thin sections, one from the Altar Stone (sample FN573) and one from 181 

exposures of the Cosheston Subgroup (Old Red Sandstone) at Mill Bay, in west Wales (sample 182 

Mill Bay 1a). Following the automated scan, operator controlled back-scattered electron imaging 183 

of the largest zircon grains was undertaken to provide a record of each grain to be analysed prior 184 

to ablation by the laser and to assist with targeting the spot analysis sites. Coordinates of the 185 

target grains recorded from the SEM were re-coordinated in the laser ablation system using 186 

transmission electron microscopy reference grids. Feature numbers allow tracking of each grain’s 187 

backscatter electron (BSE) image and U-Pb data. 188 

U-Pb dating analyses were performed using a Nu Plasma AttoM single collector ICPMS at 189 

the Geological Survey of Finland in Espoo connected to a Photon Machine Excite laser ablation 190 

system. Samples were ablated in He gas (gas flows = 0.4 and 0.1 l/min) within a HelEx ablation 191 

cell (Müller et al., 2009). The He aerosol was mixed with Ar (gas flow= 0.8 l/min) prior to entry 192 

into the plasma and the gas mixture was optimized daily for maximum sensitivity. Typical ablation 193 

conditions were: beam diameter 25μm; pulse frequency 5Hz; and beam energy density 2 J/cm2. 194 

A single U-Pb measurement included a short pre-ablation, 10s of on-mass background 195 

measurement, followed by 30s of ablation with a stationary beam. 235U was calculated from the 196 

signal at mass 238 using a natural 238U/235U=137.88. Mass number 204 was used as a monitor for 197 

common 204Pb. In an ICPMS analysis, 204Hg mainly originates from the He supply. The observed 198 

background counting-rate on mass 204 was 150-200 cps (counts per second) during the period 199 

of the measurements. The contribution of 204Hg from the plasma was eliminated by on-mass 200 

background measurement prior to each analysis. Age related common lead (Stacey and Kramers, 201 
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1975) correction was used when the analysis showed common lead contents significantly above 202 

the detection limit (i.e. >50 cps). Signal strengths on mass 206 were typically 100,000 cps, 203 

depending on the uranium content and age of the zircon.  204 

Calibration standard GJ-1 (601.9 ± 0.4 Ma 238U/206Pb age; Horstwood et al., 2016) and in-205 

house standards A382 (1877±2 Ma) and A1772 (2711±3Ma) (207Pb/206Pb ages; Huhma et al., 206 

2012) were run at the beginning and end of each analytical session, and at regular intervals during 207 

sessions. Raw data were corrected for the background, laser induced elemental fractionation, 208 

mass discrimination and drift in ion counter gains and reduced to U-Pb isotope ratios by 209 

calibration to concordant reference zircons, using the program Glitter (Van Achterbergh et al., 210 

2001).  Further data reduction including common lead correction and error propagation was 211 

performed using an excel spreadsheet written by Y. Lahaye and H. O'Brien. Errors were 212 

propagated by quadratic addition of within-run errors (2 SE), the reproducibility of standard 213 

during the run (2 SD) and the overall error on the certification of the GJ-1 standard. To minimize 214 

the effects of laser-induced elemental fractionation, the depth-to-diameter ratio of the ablation 215 

pit was kept low, and isotopically homogeneous segments of the time-resolved traces were 216 

calibrated against the corresponding time interval for each mass in the reference zircon. Plotting 217 

of the U-Pb isotopic data and age calculations were performed using the Isoplot/Ex 3 program 218 

(Ludwig, 2003). All the ages were calculated with 2σ errors and without decay constants errors. 219 

Data-point error ellipses are at the 2σ level.  220 

 221 

4. Results and interpretation 222 

 223 

4.1. Automated SEM-EDS 224 

4.1.1. Modal mineralogy 225 

The modal mineralogy of the twelve sandstones presented in Table 2 shows that the 226 

samples fall into three distinct groups, each with a characteristic and tightly defined mineral 227 

assemblage.  For instance, the six Stonehenge sandstones which have been identified on the basis 228 

of petrographic studies (Ixer and Bevins, 2013; Ixer et al., 2020) as being Altar Stone fragments 229 

and which come from various contexts at Stonehenge (see Table 1) are remarkably consistent in 230 
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terms of their modal mineralogy (Table 2, Fig. 2). These samples are dominated by quartz (53.64-231 

55.96%), plagioclase (12.00-12.59%) and calcite (12.58-16.63%), the latter reflecting the 232 

carbonate cement which is considered a characteristic feature of the Altar Stone (Ixer et al., 233 

2020).  Other phases present in lesser quantities but of significance include kaolinite (3.05-234 

3.79%), which is rare to absent in all other samples, muscovite (2.12-2.62%), biotite (0.45-0.58%), 235 

chlorite (4.28-5.15%), non-ferroan dolomite (0.45-0.61%), and illitic clays (including both illite & 236 

illite-smectite and Fe-illite and illite-smectite (4.58-6.27%). In addition, all of the Altar Stone 237 

samples contain small but notable amounts of barite (0.29-0.80%), K feldspar (0.21-0.25%) and 238 

ilmenite (0.03-0.05%). Hence, in addition to calcite, the presence of barite and kaolinite are 239 

defining characteristics of the Altar Stone although neither phase was recognised by Ixer and 240 

Turner (2006) using standard optical modal determinations of sample Wilts 277 (a Stonehenge 241 

debitage sample thought to be derived from the Altar Stone but unfortunately not re-analysed 242 

in this study because of the quality of the thin section). 243 

Data from the three Lower Palaeozoic Sandstone (LPS) samples are also tightly 244 

constrained and represent a mineralogically well-defined group that is distinct from the Altar 245 

Stone samples (Table 2, Fig. 2).  Samples from the LPS have less than 0.25% calcite but more 246 

quartz (68.13-69.99%), muscovite (3.59-5.51%) and plagioclase (12.81-14.11%) than the Altar 247 

Stone samples (Table 2, Fig. 2).  Both the chlorite (5.13-5.36%) and illitic clay content (4.90-7.11%) 248 

are broadly similar to the Altar Stone samples whereas biotite, K feldspar and kaolinite are much 249 

less common (0.10-0.15%). Neither barite nor ilmenite are recorded in any of the LPS samples.  250 

Notably, one LPS sample (OU9) contains dolomite and ferroan dolomite cements (2.01% total 251 

dolomite); these values are higher than in any of the Altar Stone samples and indeed higher than 252 

in either of the other two LPS samples.  What is worth noting, of course, is that there two LPS 253 

buried stumps at Stonehenge (stones 40g and 42c) so perhaps these are represented by OU9 and 254 

by 656A and 1 Cursus respectively. 255 

On the basis of the mineralogy, the samples from the Cosheston Subgroup also form a 256 

tightly constrained group. Two samples from Mill Bay (1a, 1b) are from the same rock sample and 257 

sample 3 is from a similar lithology that crops out at Whalecwm, 500m north of Mill Bay.  This 258 

suite of samples comprises major amounts of quartz (54.17-55.11%) and plagioclase (22.45-259 
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23.22%) along with significant quantities of illitic clays (8.35-9.07%), chlorite (5.13-5.22%) and 260 

muscovite (4.74-5.73%).  A range of minor to trace phases are also present including biotite (0.98-261 

1.21%), K feldspar (0.35-0.61%) and, most significantly, comparatively abundant garnet (0.30 to 262 

0.72%); the latter is a defining characteristic of the Cosheston Subgroup sandstones (Strahan et 263 

al., 1914) but uncommon in any of the Altar Stone (<0.08%) or LPS samples (<0.08%). 264 

Furthermore, carbonates (calcite and dolomite both < 0.03%), kaolinite (< 0.15%), barite and 265 

ilmenite (both <0.01%) are rare or absent from the mineral assemblage recorded in the 266 

Cosheston Subgroup samples but are common in, or characteristic of the Altar Stone suite of 267 

samples.  268 

Given the consistency of the modal mineralogy recorded, the three petrological groups 269 

of samples can be clearly distinguished from each other. Because the data do not allow lithic 270 

grains to be determined, traditional sandstone provenance ternary diagrams cannot be utilised; 271 

however, if the three most abundant phases (quartz, plagioclase, and calcite) are plotted instead, 272 

the data are clearly discriminated (Fig. 3). Hence, the samples within each group are likely to have 273 

a common source but the source and diagenetic history of the Altar Stone, Cosheston Subgroup 274 

and LPS samples are different. 275 

 276 
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 277 

Fig. 3. Quartz-plagioclase-calcite ternary diagram for the analysed samples, showing clear 278 

discrimination of the three sandstone lithologies: Stonehenge Altar Stone, Cosheston Subgroup 279 

and the Lower Palaeozoic Sandstone bluestone debris from various contexts at Stonehenge. 280 

 281 

4.1.2.  Mineralogical data in textural context 282 

In addition to providing modal mineralogical data, automated SEM-EDS data are displayed 283 

as mineralogical maps of the imaged areas (Figs 4, 5). These images provide the mineralogical 284 

data in textural context and therefore can be “read” in the same way as a thin section 285 

photomicrograph, except in this case the interpreted mineralogical classifications are based on 286 

the chemical SEM-EDS analyses rather than optical properties. Textural context is important in 287 

terms of understanding the reported modal mineralogy, as mineral phases will either be detrital, 288 

diagenetic, or potentially metamorphic in origin. In the analysed samples the quartz, plagioclase 289 

and K feldspar (where present) occur primarily as a framework of discrete sand-grade grains 290 
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which are therefore interpreted to be detrital in origin and hence reflect the composition of the 291 

primary sediment source areas for the analysed lithologies. However, irregular and highly angular 292 

grain outlines are noted in several sections and particularly the LPS and Cosheston Subgroup 293 

samples which suggests that quartz and albite cementation, or grain boundary dissolution, may 294 

also have occurred. 295 

 296 
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 297 

Fig. 4. False colour image particle maps generated by automated SEM-EDS for the samples 298 

analysed using a QEMSCAN system (see text for a description of the methodology).  Samples 299 

FN573, HM13, SH 08, MS-1, MS-2 and MS-3 are from the Stonehenge Altar Stone, Mill Bay 1a, 300 

Mill Bay 1b and Mill Bay 3 are from the Cosheston Subgroup at Mill Bay in Pembrokeshire, and 1 301 

Cursus, OU9 and 656A are debris samples of Lower Palaeozoic Sandstone from various contexts 302 

at Stonehenge. 303 

 304 
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 305 

Fig. 5. Representative detailed false colour image particle maps for the three sandstone 306 

lithologies analysed by automated SEM-EDS.  Clear mineralogical differences are readily visible 307 

between the three representative samples (see Fig. 4 caption for sample details). 308 

 309 
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The accessory or heavy minerals, Fe and FeTi oxides, chromite, rutile and Ti silicates, 310 

apatite, garnet, tourmaline and zircon all occur as scattered, small, often rounded grains that are 311 

interpreted as detrital in origin, although it should be noted that under specific diagenetic 312 

conditions, rutile and tourmaline can both occur as diagenetic phases. Fe oxides may be detrital 313 

but are more likely to be alteration/diagenetic phases after primary iron titanium oxides.  Whilst 314 

combined the modal abundance of these phases is less than 1%, they can be very significant in 315 

terms of determining the original sediment source area.  316 

Clay minerals in sandstones may occur as a detrital matrix or as either pore-lining or pore-317 

filling diagenetic cements. A characteristic feature of the six samples analysed from the Altar 318 

Stone is the presence of abundant kaolinite which occurs as a pore-filling cement. Texturally this 319 

is interpreted as diagenetic kaolinite formed after the alteration/dissolution of plagioclase 320 

feldspar. When the samples interpreted as derived from the Altar Stone are compared with both 321 

the Lower Palaeozoic Sandstones and the samples from the Cosheston Subgroup, there is a 322 

significant reduction in kaolinite and an increased abundance of chlorite, illite and illite-smectite 323 

and Fe-illite and illite-smectite. This could either represent (a) variation in the original source area 324 

for detrital clay minerals, or (b) reflect different diagenetic/low grade metamorphic conditions. 325 

The illite and illite-smectite and Fe illite and illite-smectite are interpreted as diagenetic/low 326 

grade metamorphic in origin. Whilst muscovite is a relatively common detrital mineral, this 327 

compositional grouping would also include other white micas such as sericite, which may form 328 

as a diagenetic/low grade metamorphic mineral with, for example, sericitisation of feldspars.  The 329 

biotite present is detrital in origin.  330 

Carbonate minerals (calcite, dolomite and Fe dolomite) are present in the Altar Stone 331 

samples where they occur as an intergranular, pore-filling cement and are therefore interpreted 332 

to be diagenetic in origin. Texturally, the Altar Stone sandstone samples show that they are 333 

pervasively calcite cemented unlike either the analysed Lower Palaeozoic Sandstone or the 334 

Cosheston Subgroup samples. In addition, the detrital grains are moderately tightly packed, 335 

suggesting that calcite cementation occurred either during or following compaction (Fig. 5).  The 336 

Lower Palaeozoic Sandstone samples split into two groups based on carbonate minerals; samples 337 

1 (Cursus ditch) and 656A only contain trace calcite (0.02-0.03%) and no dolomite or ferroan 338 
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dolomite, whilst sample OU9 contains moderately abundant ferroan dolomite (1.29%) along with 339 

trace dolomite (0.72%) and calcite (0.25%). Barite also occurs as a rare mineral (0.29-0.80%) 340 

present within the Altar Stone samples, whilst being essentially absent in the LPS and Cosheston 341 

Subgroup samples. Given that the barite occurs between detrital grains it is also interpreted as 342 

diagenetic in origin. Pyrite is also present as a very minor diagenetic phase. The textural images 343 

for the three Altar Stone samples SH08, FN573 and HM13 are very similar, supporting the 344 

suggestion by Ixer et al. (2020) that they are all in fact from the same large block of rock. In turn, 345 

the differences between the Altar Stone samples and those from the Cosheston Subgroup and 346 

the Lower Palaeozoic Sandstone samples are readily observable. 347 

 348 

5. Radiometric dating 349 

 350 

The results of zircon imaging and radiometric dating for the two analysed samples, FN573 351 

(Altar Stone fragment) and Cosheston Subgroup sample Mill Bay 1a, unequivocally show that the 352 

samples have distinct zircon populations based on four key observations listed in order of 353 

increasing merit.  (1) Zircon grain size: The largest 30 grains in the Altar Stone sample are, on 354 

average, roughly half the size of the largest 30 grains from the Cosheston Subgroup sample (Fig. 355 

6).  (2) Zircon grain shape: Coupled with grain size, the grain shapes of the two populations are 356 

quite distinct. The Altar Stone grains are nearly all equidimensional, equant to rounded grains. In 357 

contrast, the Cosheston Subgroup grain shapes are considerably more variable, ranging from 358 

rounded to elongate, with a number appearing to be grain fragments. A simple interpretation is 359 

that the Altar Stone grains reflect a more mature sedimentary environment with rounded grain 360 

morphologies, whereas the Cosheston Subgroup sample is less mature.  (3) Zircon quality: Also 361 

readily apparent from the zircon BSE collages (Fig. 6) is the difference in condition of the two 362 

zircon populations. Nearly all the Altar Stone grains are unzoned, unaltered grains with only 363 

minor metamict areas. In contrast, the Cosheston Subgroup sample zircons show more 364 

alteration, some with highly metamict zones, embayments potentially from dissolution, and 365 

inclusions.  However, surprisingly, the amount of common Pb in the Cosheston Subgroup zircon 366 

grains is significantly lower (i.e., they uniformly have high 206Pb/204Pb), whereas many of the 367 
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seemingly more pristine Altar Stone grains have high common Pb, and hence are discordant (plot 368 

below Concordia, see data in Table 3 and the concordia plots in Fig. 7).  A possible explanation is 369 

that the apparently cleaner Altar Stone grains have been considerably more affected by pore 370 

fluids with resulting migration of radiogenic Pb out of and introduction of common Pb into the 371 

crystal structure of many of these zircons.  Precipitation of barite and pervasive calcite cement in 372 

the Altar Stone sample noted above may be indicative of this fluid flow through the rock, 373 

simultaneously adversely affecting the zircons it contains. (4). Zircon ages: The Cosheston 374 

Subgroup sample zircon age population is essentially bimodal, with age maxima at 500 and 1500 375 

Ma (Fig. 8b). In contrast, the Altar Stone zircon population is more diverse, with ages spanning 376 

from 472 to 2475 Ma, showing no maxima (Fig. 8a). Many Altar Stone grains and a few Cosheston 377 

Subgroup grains did not give suitable U-Pb data for age dating due to significant contamination 378 

by common Pb (all grains with 206Pb/204Pb < 1500 are unusable) or by showing greater than 15% 379 

discordance. These grains are marked with an asterisk in Table 3 and are not included in the plots 380 

of Fig. 8.  381 

 382 
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 383 

Fig. 6. Backscattered electron (BSE) images of the largest zircon grains from each thin section 384 

studied (a. upper is Altar Stone sample; b. lower is Cosheston Subgroup sample).  Grains are 385 

labelled referring to corresponding analyses in Table 3. Scale bars are 20 µm.386 
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Table 3.  U-Pb data for the zircon grains analysed from the Stonehenge Altar Stone and the Cosheston Subgroup Mill Bay samples  387 

 388 

  389 
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 390 

 391 
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 394 

 395 

Fig. 7.  Concordia diagrams for zircon grains measured in situ by LA-SC-ICPMS (a. upper is Altar 396 

Stone sample; b. lower is Cosheston Subgroup sample).  Concordia is the curve connecting equal 397 

ages for two chronometers, U235 decaying to 207Pb and U238 decaying to 206Pb, which are running 398 

at very different rates. Grains plotting below Concordia have suffered radiogenic Pb loss and most 399 

of these have significant common Pb. Note the difference in scales in the two panels. 400 

 401 
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 403 

Fig. 8.  U-Pb age probability density diagrams for the two samples analysed in this study (a. upper 404 

is Altar Stone sample; b. lower is Cosheston Subgroup sample). The age distribution of the grains 405 

is distinct for each sample (see text for discussion). 406 

 407 

6. Discussion 408 

 409 

Analysis using automated SEM-EDS has provided quantitative data which both supports 410 

but also modifies earlier petrographic observations to show that there are two different 411 

sandstones in the Stonehenge bluestone assemblage, namely the Lower Palaeozoic Sandstone of 412 

Ixer et al. (2017) and the Altar Stone interpreted as derived from the Cosheston Subgroup (Late 413 

Silurian-Devonian Old Red Sandstone) (see Ixer et al., 2020).  The data reveal key mineralogical 414 

differences between the two types of sandstone, in particular the notably higher modal % of 415 

calcite along with the presence of kaolinite and barite in the Altar Stone sandstone, the latter 416 
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being absent in the Lower Palaeozoic Sandstone. The contrasting modal % of kaolinite in the two 417 

sandstone types might relate to contrasting metamorphic grades which have affected the source 418 

areas; kaolinite is typically present in diagenetic grade rocks (see Merriman and Frey, 1999), 419 

reacting to other minerals in anchizone and epizone rocks.  Accordingly, the Lower Palaeozoic 420 

Sandstone is likely to be sourced from an area which shows a higher metamorphic grade than 421 

the source area for the Altar Stone. This is corroborated by textural evidence for the two 422 

sandstone types; the Lower Palaeozoic Sandstone shows a marked spaced cleavage whilst the 423 

Altar Stone sandstone shows little evidence for deformation, only showing a poorly developed 424 

planar fabric which is thought to be part depositional and part compactional in origin. 425 

As detailed earlier in this paper, the Altar Stone has previously been linked to a source in 426 

the Cosheston Subgroup at Milford Haven, in west Wales. However, both the automated SEM-427 

EDS data and the observations on the zircon populations and the U-Pb age dates obtained from 428 

zircons in the two types of sandstone provide quantitative evidence that the Altar Stone is not 429 

sourced from the Cosheston Subgroup at Mill Bay, which corroborates previous qualitative 430 

evidence from petrographic accounts (Ixer et al., 2020).   431 

Comparing the Altar Stone with the Cosheston Subgroup sandstones, a major difference 432 

between these two types of sandstones lies in the markedly higher modal % of calcite in the Altar 433 

Stone sandstone, and the markedly lower modal % of plagioclase in the Altar Stone compared to 434 

the Cosheston Subgroup samples. In addition, the modal % of kaolinite is considerably lower in 435 

the Cosheston Subgroup samples compared to the Altar Stone sandstone, and barite is present 436 

throughout all of the Altar Stone samples but rare to absent (<0.01%) in the Cosheston Subgroup 437 

sandstones. Overall, the Cosheston Subgroup sandstones are higher metamorphic grade rocks 438 

than the Altar Stone sandstone.  439 

One of the principal aims of this study was to determine the potential value of automated 440 

mineralogy in archaeological provenancing investigations. We have demonstrated that the 441 

technique convincingly determines that the two types of sandstone found at Stonehenge, the so-442 

called Altar Stone sandstone and a sandstone of Lower Palaeozoic age, have different and 443 

discriminatory mineralogies and that neither sandstone type matches Cosheston Subgroup 444 

sandstone from Mill Bay, in west Wales, a previously proposed source for the Altar Stone. The 445 
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technique is especially useful when combined with complimentary techniques, in this case U-Pb 446 

age dating of zircons, which supports the discrimination of the Altar Stone and the Cosheston 447 

Group sandstone analysed samples.    448 

Hillier et al. (2006) investigated the clay mineralogy of Old Red Sandstone rocks from an 449 

area covering south Wales, the Welsh Borderland and the West Midlands of England using X-ray 450 

diffraction. They concluded that in these rocks the metamorphic grade increases from east to 451 

west across this region. In particular whilst kaolinite is present in the east (eastern Wales, the 452 

Welsh Borderland and the West Midlands) it is not present in the west. This suggests that the 453 

Altar Stone sandstone is more likely to have been sourced in the eastern part of the area 454 

investigated by Hillier et al. (2006).  455 

Interestingly, although H.H. Thomas (1923) had considered possible sources for the Altar 456 

Stone in the Milford Haven area (noting both Mill Bay and Llangwm) he also suggested that the 457 

‘Senni Beds’ also offered a possible provenance, a contention later supported by R.G. Thomas 458 

(1991) and Ixer and Turner (2006). The Senni Formation crops out across south Wales, from 459 

Kidwelly in the west to the Crickhowell/Abergavenny area in the east, before the outcrop strikes 460 

more north-south along the eastern margin of the South Wales Coalfield syncline. Thus it is 461 

probable that the Altar Stone has a source considerably further east than Milford Haven (see Fig. 462 

1).  463 

From these results we conclude that the Altar Stone was not derived from the Mill Bay 464 

area in west Wales; a source further east, towards the English Border is considered more likely. 465 

This conclusion undermines the notion that the Stonehenge bluestones were transported by sea 466 

for a part of their transport to Stonehenge and reinforces the proposal by Parker Pearson et al. 467 

(2015a, 2019) that a land route is more likely following discovery of sources of rhyolitic and 468 

doleritic bluestones from the northern side of the Mynydd Preseli.  469 

In order to investigate further the possible source of the Altar Stone a detailed XRD study 470 

of the clay mineralogy of the Altar Stone sandstone has been initiated in order to compare the 471 

clay mineral assemblage present with those in the comprehensive account by Hillier et al. (2006) 472 

to test whether the three types of sandstone under investigation show contrasting metamorphic 473 

grades and indicate broad source areas across south Wales. 474 
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Perhaps consideration should be given to a potential source for the Altar Stone from other 475 

areas in Britain, rather than being constrained by a source in Wales. Old Red Sandstone facies 476 

strata crop out widely across Britain, including the Welsh Borderland as far north as Shropshire, 477 

southern Scotland (in particular in the Midland Valley) and the Orcadian Basin in the Highlands 478 

and Islands and Grampian regions of northern Scotland.  479 

Yet there are good reasons for considering that the Altar Stone may have derived from 480 

the eastern part of the Senni Formation in the Crickhowell/Abergavenny area since many 481 

standing stones are recorded in that part of south Wales. A close comparison in size and shape is 482 

the Growing Stone (also known as Cwrt y Gollen), a 4m-tall sandstone monolith beside the A40 483 

road between Crickhowell and Abergavenny (Barber, 2017). 484 

This eastern section of the Senni Formation lies on a natural routeway leading from west 485 

Wales to the Severn estuary and beyond. Followed today by the A40, its route along the valleys 486 

may well have been significant in prehistory, raising the possibility that the Altar Stone was added 487 

en route to the assemblage of Preseli bluestones taken to Stonehenge around or shortly before 488 

3000 BC (Parker Pearson et al., 2019). Strontium isotope analysis of human and animal bones 489 

from Stonehenge, dating to the beginning of its first construction stage around 3000 BC, has 490 

revealed that four individuals and a cow have isotopic ratios consistent with having lived in this 491 

western region of Britain (Snoeck et al., 2018; Evans et al., 2019). 492 

 493 

7. Conclusions 494 

 495 

What this study has clearly demonstrated, on the basis of quantitative data, is that the 496 

Cosheston Subgroup, exposed along Milford Haven in west Wales, is not the source of the Altar 497 

Stone, a conclusion reached previously on qualitative grounds by Thomas (1991), Ixer and Turner 498 

(2006) and Ixer et al. (2019, 2020). This interpretation removes the provenance-based grounds 499 

for the previously proposed sea route hypothesis for the transport of the Stonehenge bluestones 500 

from Milford Haven up the Bristol Channel, before transport along the River Avon and a final land 501 

transfer to Stonehenge. This accords with the identification of two bluestone quarries on the 502 

northern flanks of the Mynydd Preseli, at Craig Rhos-y-Felin and Carn Goedog (see Parker Pearson 503 
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et al., 2015a; 2019) which, because of their particular locations, have been considered to support 504 

transport of the bluestones to Stonehenge following a land route.   505 

Acknowledging that the Altar Stone is most likely sourced at some considerable distance 506 

from the Mynydd Preseli (perhaps in excess of 150 km) it is reasonable to assume that there is 507 

no link between the Altar Stone and the bluestones which are known to have been sourced in 508 

the Mynydd Preseli area (the spotted and unspotted dolerites, the rhyolite from Craig Rhos-y-509 

Felin and in all likelihood the other dacites/rhyolites and tuffaceous rocks), other than that the 510 

Altar Stone may have been collected en route from Preseli to Stonehenge and that they were all 511 

at some stage transported to and erected at Stonehenge. Thomas (1923) considered that all the 512 

bluestones (except for the Altar Stone) were all derived from a very restricted area and might 513 

have been erected originally as a ‘venerated stone circle’ at the eastern end of the Mynydd 514 

Preseli.  515 

Finally, although automated mineralogy has been used in the study of archaeological 516 

ceramics (e.g. Knappett et al., 2011), cosmetics (e.g. Hardy et al., 2006) and in using soil forensics 517 

to test artefact provenancing (Pirrie et al., 2014) this study appears to be first application of 518 

automated mineralogy in the analysis of archaeological lithic material. Our findings highlight the 519 

potential value of the application of this technique in such studies, especially in combination with 520 

a complimentary technique such as LA-ICPMS single crystal U-Pb age dating. 521 
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