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Abstract 18 

Stone 80, the recumbent Altar Stone, is the largest of the Stonehenge foreign “bluestones”, mainly 19 

igneous rocks forming the inner Stonehenge circle.  The Altar Stone’s anomalous lithology, a 20 

sandstone of continental origin, led to the previous suggestion of a provenance from the Old Red 21 

Sandstone (ORS) of west Wales, close to where the majority of the bluestones have been sourced (viz. 22 

the Mynydd Preseli area in west Wales) some 225 km west of Stonehenge. Building upon earlier 23 

investigations we have examined new samples from the Old Red Sandstone (ORS) within the Anglo-24 

Welsh Basin (covering south Wales, the Welsh Borderland, the West Midlands and Somerset) using 25 

traditional optical petrography but additionally portable XRF, automated SEM-EDS and Raman 26 

Spectroscopic techniques. One of the key characteristics of the Altar Stone is its unusually high Ba 27 

content (all except one of 106 analyses have Ba>1025 ppm), reflecting high modal of baryte. Of the 58 28 

ORS samples analysed to date from the Anglo-Welsh Basin, only four show analyses with Ba exceeding 29 

1000 ppm, similar to the lower range of the Altar Stone composition. However, because of their 30 

contrasting mineralogies, combined with data collected from new automated SEM-EDS and Raman 31 

Spectroscopic analyses these four samples must be discounted as being from the source of the Altar 32 

Stone. It now seems ever more likely that the Altar Stone was not derived from the ORS of the Anglo-33 

Welsh Basin, and therefore it is time to broaden our horizons, both geographically and 34 

stratigraphically into northern Britain and also to consider continental sandstones of a younger age. 35 
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 38 

1. Introduction 39 

Stonehenge is arguably the most iconic of Neolithic monuments in the World. It stands on Salisbury 40 

Plain in Wiltshire and Parker Pearson (2023, 161) considers that it was first erected in the Late 41 

Neolithic around 3000 BC. The initial phase of construction was followed by four further re-modelling 42 

phases, the last being in the Middle Bronze age, ca. 1600 BC. It was during the first phase that 43 



 

according to Parker Pearson (op. cit.) the bluestones were erected as a single ring of stones set in a 44 

series of 56 pits known as the Aubrey Holes. Pitts (2022) called this ring of stones ‘bluehenge’. The 45 

larger sarsen stones are thought to have been brought to Stonehenge during construction Phase 2, at 46 

the end of the Late Neolithic (ca. 2500 BC). However, other authors have alternative chronologies for 47 

Stonehenge; see for example Darvill (2022), who also questions whether the Aubrey holes ever held 48 

bluestone monoliths.  49 

The bluestones, predominantly of igneous origin, were termed the ‘Foreign Stones’ by early 50 

excavators at Stonehenge (for example Cunnington, 1884), being exotic to the Wiltshire landscape, in 51 

contrast to the sarsen stones, which are identified as being of relatively local derivation, Nash et al. 52 

(2020) recently stating that the principal source of the Stonehenge sarsens was most likely West 53 

Woods, ca. 25 km north of Stonehenge. The majority of the bluestones have been sourced to the 54 

Mynydd Preseli area in west Wales (see Figure 1), ca. 225 km west of Stonehenge, originally by Thomas 55 

(1923) and with more recent investigations by Thorpe et al., (1991), Ixer and Bevins (2010, 2011), 56 

Bevins et al. (2012, 2014, 2021) and Pearce et al. (2022). It is this long-distance transport of the 57 

bluestones that makes Stonehenge of particular interest; the bluestones in fact represent one of the 58 

longest transport distances known from source to monument construction site anywhere in the world 59 

(Parker Pearson et al., 2020). 60 

Monoliths used in the construction of stone circles are usually locally derived. One of the best 61 

documented examples from the Neolithic of Britain is the sourcing of stones used in the Ring of 62 

Brodgar and the Stones of Stenness monuments on Orkney in north Scotland which were quarried 63 

from sources around Staneyhill and Vestra Fiold, no more than 5-10 km away (Downes et al., 2013; 64 

Richards et al., 2013) while recently Linares-Catela et al. (2023) sourced stones used in the El Pozuelo 65 

megalithic complex in Huelva, Spain to a distance in the range of 50-350 m. 66 

Through the recent studies mentioned above there has been a continued refinement of the Preseli 67 

sources of some of the bluestone lithologies, including Craig Rhos-y-Felin (the source of the main 68 

rhyolitic debitage at Stonehenge and possibly the buried stump of Stone 32d), Carn Goedog (the main 69 

source of the spotted dolerites) and Garn Ddu Fach (the source of the non-spotted dolerite Stone 62). 70 

One bluestone, Stone 80, known as the Altar Stone, a grey-green, micaceous sandstone, however, is 71 

anomalous in that it is not derived from the Mynydd Preseli and surrounding area, and it is this stone 72 

that is the subject of this paper. 73 

 74 

2. Previous work and scope of this paper 75 

As noted by Bevins et al. (2022a), one of the earliest references to the Altar Stone was in a letter from 76 

Professor John Phillips of Oxford University to archaeologist Dr John Thurnam in 1858, suggesting that 77 



 

it might have been sourced in the ‘…Devonian or gray Cambrian rocks..’, possibly referring to the 78 

marine Devonian sequences in southwest England. Maskelyne (1878) mentioned this attribution but 79 

noted that his assistant, Mr Thomas Davies, had informed him that such rocks could be found in the 80 

Frome area, in the Mendips of Somerset. Thomas (1923) considered that the Altar Stone is of Old Red 81 

Sandstone (ORS) age and might have been derived from outcrops in west Wales lying to the south of 82 

the Mynydd Preseli, either from beds of the Cosheston Group (now called the Cosheston Subgroup) 83 

or the Senni Beds (now called the Senni Formation). 84 

The Altar Stone is the largest of all the bluestones, measuring 4.9 m long by 1 m wide by 0.5 m 85 

thick with a slab-like form. Recent investigations by Ixer et al. (2019) and Bevins et al. (2020, 2022a, 86 

2023) have attempted to provenance the Altar Stone by characterizing its chemistry and mineralogy 87 

using a range of analytical techniques, in particular automated scanning electron microscopy (SEM-88 

EDS), U-Pb zircon age determination and preliminary portable X-ray fluorescence (pXRF) analysis. Key 89 

characteristics include abundant mica, heavy mineral laminae defining ripple bedforms, the presence 90 

of early formed pore-filling baryte and kaolinite cement, thought to be linked to burial diagenesis, and 91 

a later calcite cement which post-dates quartz overgrowths which occludes much of the available 92 

porosity. The presence of baryte is reflected in the high Ba contents as determined through the pXRF 93 

investigations presented in Bevins et al. (2022a, 2023), with the average composition from all in situ 94 

analyses of the Altar Stone exceeding 2750 ppm. 95 

Bevins et al. (2022a), on the basis of their preliminary pXRF analyses and limited automated 96 

mineralogy data, were unable to offer any potential source for the Altar Stone and remarked that they 97 

needed to ‘keep an open mind over the potential source of the Altar Stone, especially as we are not 98 

aware of any reports of baryte-bearing sandstones in the Old Red Sandstone sequences of Wales and 99 

the Welsh Borderland’. This paper reports on the findings of further, continuing investigations of the 100 

Old Red Sandstone (ORS) in Wales, the Welsh Borderland and the West Midlands and Somerset in 101 

England (in the Anglo-Welsh Basin of Barclay et al., 2015) based on an enlarged pXRF database, further 102 

automated SEM-EDS analyses and initial findings of Raman Spectroscopy analyses of an Altar Stone 103 

fragment and an ORS sample from the West Midlands which bears certain geochemical and 104 

mineralogical similarities to the Altar Stone. The perspective we are forming is that it is perhaps time 105 

to broaden our horizons, both geographically and stratigraphically, by looking elsewhere other than 106 

the ORS Anglo-Welsh Basin and perhaps also to consider potential sources in younger sequences of 107 

Permo-Triassic age.  108 

 109 

3.  Portable XRF analyses 110 



 

In previous studies we have reported on portable XRF (pXRF) analyses of the Altar Stone (in situ 111 

analyses performed on two separate visits), analyses of six small pieces of debitage (which were 112 

confirmed to be fragments of the Altar Stone; Bevins et al., 2022a), and of sample 2010K 240 from the 113 

collections of Salisbury Museum (sometimes referred to as Wilts 277), which we confirmed as a piece 114 

collected from the underside of the Altar Stone in 1844 (Bevins et al., 2023). During our studies, and 115 

subsequently, we have analysed a total of 58 samples of Old Red Sandstone from the Anglo-Welsh 116 

Basin in an attempt to find samples with mineralogy and chemistry comparable with the Altar Stone 117 

(see Figure 1). The samples were drawn largely from the set used by Hillier et al. (2006) in their X-ray 118 

diffraction study of the ORS of the UK, supplemented by samples drawn from the collections of the 119 

National Museum of Wales and a small number of field-collected samples. Sample site details are 120 

presented in Supplementary Table 1. 121 

3.1. Analytical methods 122 

All analyses were performed using a Thermo Fisher Scientific™ Niton™ XL3t Goldd+ handheld 123 

XRF analyser. The Niton pXRF uses a 2 W Ag anode X-ray tube, which can operate at between 6-50 kV 124 

and 0-200 μA, with operating conditions being varied during the “TestAllGeo” analysis method. The 125 

instrument can determine a range of elements in geological materials from Mg to U by use of different 126 

filters which operate in sequence together to optimise sensitivity, although light element analyses are 127 

less accurate without a He flush of the instrument and are sensitive to the presence of moisture in the 128 

sample. The total analysis time was 100 s, divided between four operating modes (Main range 30 s, 129 

Low range 30 s, High Range 20 s, Light range 20 s) using an 8 mm diameter analysis spot to give an 130 

analysed area of ~50 mm2, with the spectra collected on a silicon drift detector, processed and 131 

calibrated by the instrument’s manufacturer-installed calibration. Here, across several separate 132 

periods of analyses, we performed five analyses of the weathered surfaces of each ORS sample and 133 

monitored instrument calibration using a piece of the Big Obsidian Flow from the Newbery Volcano in 134 

Oregon. All analyses are presented in the Supplementary Table 2. Elsewhere we have discussed at 135 

length analytical methods and instrument accuracy, and these aspects of the method are not revisited 136 

here (see Bevins et al., 2022a; Bevins et al., 2022b; Pearce et al., 2022; Bevins et al., 2023).  137 

3.2. Portable XRF comparisons 138 

Figure 2 shows a series of bivariate plots for the data for the ORS samples from the Anglo-Welsh Basin 139 

compared with the analyses of the Altar Stone (sensu lato, i.e., including the debitage fragments and 140 

2010K 240 shown to be derived from the Altar Stone). Here we concentrate on those elements which 141 

are reported in most analyses, and which are generally determined with good accuracy by pXRF 142 

(Bevins et al., 2022b), including V, Rb, Sr, Zr, Nb, Ba and Th. Barium is significant because of the 143 

presence of abundant baryte (Ixer et al., 2019; Bevins et al., 2020) together with calcite as a cement 144 



 

in the Altar Stone. However, Ca concentrations, along with other light elements, are affected by 145 

moisture in pXRF analysis and by surface features/alteration, so are not considered here. In addition, 146 

Bevins et al. (2022a) and Bevins et al. (2023) noted that Ca had been leached from some of the in situ 147 

Altar Stone analyses.  148 

As noted above, the Altar Stone contains high Ba, with all but 1 of the 106 analyses (plotted 149 

in red on Figures 2 and 3) containing >1025 ppm, the outlying analysis coming from Area C of the Altar 150 

Stone (Bevins et al., 2022a) which was difficult to access, being partly under Stone 156 (a fallen lintel) 151 

and partly under Stone 55b (part of the Great Trilithon). Barium concentrations are clearly far higher 152 

in the Altar Stone than the majority of ORS samples, with only four ORS samples having analyses which 153 

exceed 1000 ppm: these samples – WM 6, 2009.46G.R.3a, LSF2-5504 and LORS 27 – are plotted with 154 

black symbols in Figures 2 and 3. The remaining 54 ORS samples are not individually identified in the 155 

figures and are plotted as green triangles. Strontium concentrations are also generally higher in the 156 

Altar Stone (104 analyses > 86 ppm) than the ORS samples, although a few ORS analyses exceed 300 157 

ppm (not shown on Figure 2 but see Supplementary Table 2). The Ba-Sr distribution clearly separates 158 

the Altar Stone from the majority of ORS samples, with a strong positive correlation between Ba and 159 

Sr in the Altar Stone (Sr = 0.0092 Ba + 91, r = 0.71), whereas the relationship between all ORS samples 160 

is poor (r = 0.15). Of the four high-Ba (>1000 ppm) ORS samples, WM 6 has a similar Ba-Sr composition 161 

to the Altar Stone, the two high Ba analyses in LSF2-5504 have higher Sr than the Altar Stone, 162 

2009.46G.R.3a has Sr < 86 ppm in its four high-Ba analyses, as does the sole high-Ba analysis from 163 

LORS 27, although these samples both sit in the extended envelope of all Altar Stone analyses. We 164 

take the Ba-Sr correlation to reflect that Sr in the Altar Stone substitutes for Ba in the baryte.  165 

However, the Ba-Rb plot shows that 2009.46G.R.3a, LORS 27 and LSF2-5504 all have Rb 166 

contents a factor of ~3 higher than in the Altar Stone, ruling out a possible relationship. A similar 167 

relationship is seen with K (not plotted). WM 6, however, has similar Rb concentrations to the Altar 168 

Stone. Zirconium concentrations overlap for the Altar Stone and ORS samples; however, many ORS 169 

samples have Zr contents much lower than the Altar Stone, and a few Altar Stone analyses exceed the 170 

ORS concentrations. In terms of Zr and Nb, there is an overlap of WM 6 and 2009.46G.R.3a with the 171 

Altar Stone analyses, but for the Altar Stone Nb = 0.0126 Zr + 7.35 (r = 0.91), whilst for the ORS samples 172 

Nb = 0.0194 Zr + 5.2 (r = 0.58), possibly indicative of source regions with different Zr/Nb ratios.   173 

For the ORS samples, V = 3.56 Nb + 54 (r = 0.15), but for the Altar Stone V = 1.38 Nb + 32.5 (r = 174 

0.34). Both V and Nb are likely to be associated with Fe-Ti and Ti oxide (probably rutile) phases where 175 

Nb will likely substitute for Ti, and V for Fe (GERM, 2021; Rollinson and Pease, 2021), V particularly 176 

favouring inclusion within magnetite. Here, WM 6 does not plot with the Altar Stone analyses, having 177 

higher V, which may separate it from the Altar Stone. This difference is consistent with the high 178 



 

concentration of altered titaniferous magnetite (now martite) and titaniferous hematite in WM 6 and 179 

their total absence in the Altar Stone. The different V/Nb ratios between the ORS samples and the 180 

Altar Stone may suggest a different mix of, or source for, the Fe-Ti oxides, also consistent with the 181 

mineralogy of the opaque phases. Slightly more overlap is shown for Nb and Ti (not plotted) which 182 

shows WM 6 with concentrations similar to the highest in the Altar Stone, but the ORS samples again 183 

have generally higher Ti.  184 

Figure 3 presents three triangular diagrams which confirm some of the associations described 185 

above. The clearest distinction between the ORS and the Altar Stone samples is seen in the alkali and 186 

alkaline earth metals Ba, Sr and Rb, with only WM 6 showing any similarity to the Altar Stone. The 187 

highly incompatible and immobile elements Zr, Nb, and Th, which will reside in accessory phases in 188 

the sandstones, show a general overlap, suggesting broadly similar sources and processes. The Ti-V-189 

Nb plot, however, suggests that the Altar Stone has higher Nb than the ORS samples, possibly related 190 

to Fe-Ti and Ti oxides, with WM 6 plotting in the middle of the ORS field, and slightly offset from the 191 

Altar Stone compositions.  192 

From the above it is clear that the majority of the ORS samples have a very different chemical 193 

composition from the Altar Stone, with only four ORS samples showing Ba > 1000 ppm. Of these four 194 

high-Ba samples, WM 6 is the only one which consistently plots close to, but not always within, the 195 

field of compositions of the Altar Stone. We have investigated these four samples further using 196 

automated SEM-EDS and preliminary Raman Spectroscopy (for WM 6), as detailed below, comparing 197 

with data from the Altar Stone and derived fragments, and finally make comparisons with our findings 198 

based on standard petrography.  199 

 200 

4. Automated SEM-EDS 201 

Earlier work has utilised automated SEM-EDS analysis to quantify the mineralogy in a textural context 202 

of the Altar Stone along with other bluestone lithologies (Ixer et al., 2019, 2022, 2023; Bevins et al., 203 

2020, 2021, 2022a, 2023) and samples from one of the sarsen stones (Nash et al., 2021).  Based on 204 

the pXRF geochemical analyses, the four ORS samples with Ba compositions comparable to the Altar 205 

Stone were selected for detailed mineralogical analysis.  206 

4.1. Analytical methods 207 

Previous analyses utilised a QEMSCAN automated SEM-EDS platform; however, in this study the 208 

analysis was carried out using an AMICS system.  Analysis was undertaken using a Hitachi SU3900 209 

scanning electron microscope fitted with a single large area (60 mm²) Bruker SDD energy dispersive 210 

spectrometer and running the AMICS automated mineralogy package. Beam conditions were 211 

optimised for analysis and therefore an accelerating voltage of 20kV coupled with a beam current of 212 



 

approximately 15 nA was used.  All samples were measured using the same analytical parameters and 213 

with a segmented field image mode of analysis. This analytical mode subdivides the BSE image into 214 

domains (segments) of similar brightness which represent different mineral grains/crystals and then 215 

acquires a representative EDS X-ray spectrum from a point within the segment; the mineral identified 216 

is then assigned to the entire segment. Measurements are optimised to highlight both textural and 217 

modal mineralogical information and so an effective image resolution of 2.48 µm is achieved. 218 

4.2. Comparison of results from the AMICS and QEMSCAN platforms 219 

All automated SEM-EDS systems are based on the same technology, but the data processing 220 

software differs. To allow direct comparison between the previous analyses carried out using a 221 

QEMSCAN platform, the new AMICS-based analyses replicated the previously reported mineral 222 

groupings. To test the comparison between the different analytical platforms we repeated the analysis 223 

of two samples (2010K 240 and WM 6) using AMICS, which had previously also been analysed using 224 

the QEMSCAN platform. These replicate analyses used the same polished thin sections, although the 225 

exact area of the sandstone measured in the analyses will have differed slightly. The replicate analyses 226 

for the two samples are provided in Table 1 and are shown graphically in Figure 4.  Based on the data 227 

presented in Table 1 and Figure 4 there is a very strong correspondence between the replicate 228 

analyses. Key analytical differences are that reported muscovite abundance is higher within the 229 

QEMSCAN analyses rather than the AMICS data; it is likely that some areas reported as muscovite in 230 

the QEMSCAN analysis are reported to the illite mineral categories in the AMICS dataset and vice 231 

versa.  Dolomite is also apparently more abundant in the QEMSCAN dataset when compared with the 232 

AMICS data; the apparent increase in the calcite abundance in the AMICS data suggests that dolomite 233 

is reporting to the calcite mineral grouping.  All other mineral categories are within expected variance 234 

for replicate analyses (see Pirrie et al., 2009).  Neither dolomite nor muscovite abundance is a critical 235 

characteristic discriminator in terms of comparison between known Altar Stone and questioned ORS 236 

samples. It is reasonable, therefore, to make comparisons between the new AMICS-generated results 237 

with those from previous QEMSCAN-generated results. 238 

4.3. New results 239 

 The mineralogical data for samples 2009.46G.R.3a, LORS 27, LSF2-5504 and WM 6 are 240 

provided in Table 2 and are plotted in Figure 5 against previous analyses of samples proven as derived 241 

from the Altar Stone. Based on the overall modal mineralogy there are significant mineralogical 242 

differences between the analyses of samples confirmed as derived from the Altar Stone and the four 243 

ORS samples selected for analysis. The mineralogical data support the pXRF data which indicate that 244 

if samples 2009.46G.R.3a, LORS 27 and LSF2-5504 are representative of the location sampled, then 245 

these localities can be excluded as the source of the Altar Stone. Geochemically sample WM 6 is the 246 



 

only one which consistently plots close to the field of compositions of the Altar Stone but the 247 

automated mineralogy data show that it differs mineralogically based on the abundance of detrital K 248 

feldspar, plagioclase and Fe oxides and diagenetic calcite and baryte (which are key characteristics of 249 

the Altar Stone mineralogy).  Consequently, based on the automated mineralogy dataset, if sample 250 

WM 6 is representative of the location from which it was collected, then this area too can be excluded 251 

as the source area for the Altar Stone. 252 

 253 

5. Raman Spectroscopy  254 

Raman Spectroscopy in provenance studies can be used both as a mineralogical fingerprint and also 255 

to allow inferences to be made as to the geological and geographical sources of sediment (Garzanti 256 

and Andò, 2007a). This is widely applied to both modern, unconsolidated sandy/silty sediments (Andò 257 

et al., 2011) as well as sedimentary rocks (Garzanti and Andò, 2007b). Here we have applied Raman 258 

Spectroscopy to compare ORS sample WM 6 (see above) to MS-1, one of the debitage fragments 259 

derived from the Altar Stone (Ixer et al., 2019; Bevins et al., 2020; Bevins et al., 2022a), to assess 260 

whether their chemical similarity reported above is reflected in their mineralogy and how this 261 

mineralogy compares with that determined by automated SEM-EDS.  262 

The technique can be undertaken with mineral grain sizes down to a few microns, is non-263 

destructive, and can be applied to minute quantities of material. As well as providing mineral 264 

abundance data, mineral compositional information is also generated, and this method has 265 

applications in geoarchaeological studies (Zimmermann et al., 2016).   266 

5.1. Sample preparation and analysis methods 267 

Small amounts from the two samples analysed were first disaggregated and then the heavy minerals 268 

(HMs) were concentrated following the protocol for gravimetric separation developed by Andò (2020) 269 

in order to calculate the heavy mineral abundance in the two samples. A Renishaw inVia Reflex® 270 

Raman Spectrograph at the Università di Milano-Bicocca was used with a 50x long working distance 271 

(LWD) objective, coupled to a green laser (λ = 532 nm). Raman spectra were collected in the 150-1200 272 

cm-1 spectral range and in the high frequency OH- region around 3100-4000 cm-1 for hydrated 273 

minerals, this combination allowing identification of individual mineral types as well as mineral 274 

varieties. The masses available for the two samples required different methods of preparation, as 275 

described below. Optical analysis, in transmitted light using a polarizing microscope (Mange and 276 

Maurer, 1992), was combined with a single grain Raman Spectroscopy approach (Andò et al., 2011; 277 

Andò and Garzanti, 2013) in order to quantify mineral abundances in the heavy mineral separates. 278 

5.1.1. MS-1 – Altar Stone debitage fragment 279 



 

Only 0.1973 g of sample MS-1 (>2 μm) was available for study, being the residue following X-ray 280 

diffraction (XRD) analysis of a detached fragment from the sample. This is close to the limit of the 281 

gravimetric protocol for heavy-mineral separation, but we adopted a similar procedure to samples of 282 

only a few milligrams available in forensic investigations. After wet sieving at 500 μm using a steel 283 

sieve, the sample was dried and weighed, with the >500 μm fraction giving 0.0231g and the >2-500 284 

μm fraction giving 0.1453g (74% of the sample). The sieved yield represented a weight loss of ~15%, 285 

considered acceptable when working with samples of only fractions of a gramme. The 2-500 μm 286 

fraction was separated into heavy and light mineral fractions in a centrifuge using the non-toxic heavy 287 

liquid sodium polytungstate (SPT) at a density of 2.90 g/cm3. The light fraction weighed 0.1334 g and 288 

the total heavy-mineral grains were 0.002 g, representing only 1.4% by weight of the sample, 2 mg 289 

being the minimum amount of material for preparing a grain mount.  290 

For MS-1 all the separated heavy-mineral grains were mounted on a slide with Canada Balsam 291 

(n=1.54), for optical identification of the mineralogy, to document the texture of single grains and to 292 

perform analyses by Raman Spectroscopy. Considering the wide grain size range this HM sample 293 

comprises (2-500 μm), it is essential to apply a point counting method to determine the mineral 294 

frequency which can then be transformed into abundance percentages by accounting for the grain 295 

volumes. Observations in transmitted and reflected light enable the entire mineral population to be 296 

described, here giving 206 transparent HM grains and 325 opaque, turbid, phyllosilicate, carbonate 297 

and “light minerals”. Raman spectroscopy is then finally applied to the mineral separate to 298 

differentiate magmatic (schorl) versus metamorphic (dravite) tourmalines, garnet types, apatite, and 299 

carbonates. In MS-1, HM grains are well sorted, mostly sub-rounded, with very rare opaque minerals, 300 

no Fe-hydroxides, and Ti-oxides comprising 12% of semi-opaque heavy grains (Figure 6). In the 301 

transparent HM suite, apatite (29%) is dominant, occurring with zircon (9%), garnet (8%), rutile (6%), 302 

tourmaline (4%), red spinel (2%), with trace quantities of blue-green amphibole, anatase and epidote. 303 

Baryte is very common (40%), occurring with “light minerals” (27%), chlorite (15%), authigenic Ti-304 

oxides (12%), (occurring as granular rutile and anatase), undifferentiated carbonates (5%, not calcite), 305 

and biotite (2%). Apatite shows a well-rounded to sub-rounded shape, whilst baryte is more angular 306 

with corroded rims, and chlorite is larger in size and rounded to sub-rounded. 307 

5.1.2. WM 6: ORS sample from the West Midlands 308 

A larger sample of WM 6 was available for analysis, which had been previously disaggregated for XRD 309 

analysis. The quantity of powder was sufficient to apply a standard preparation protocol, and a 310 

representative aliquot was obtained by splitting it using the method of Parfenoff et al. (1970), to give 311 

an initial dried fraction of 2.0515 g.  312 



 

After wet sieving the sample at 500 μm with a steel sieve, the >500 μm fraction was 0.0047g, 313 

the 5-500μm fraction was 1.8553 g (90% of the sediment), with 0.1406 g <5 μm. The 5-500 μm fraction 314 

was centrifuged in SPT, giving a light fraction of 1.7694 g and the heavy grains of 0.0393 g (2.1% by 315 

weight). A representative aliquot of HMs was obtained using a micro-riffle box and prepared as a grain 316 

mount with Canada Balsam. Once again, considering the wide grain size range (5-500 μm), a heavy-317 

mineral point counting method was applied. Optical inspection identified 200 transparent HMs 318 

together with 372 opaque, turbid grains, phyllosilicates, carbonates and “light minerals”. Heavy-319 

mineral grains in WM 6 are poorly sorted, most of the grains are angular, and both opaque minerals 320 

(16%) and semi-opaque Fe-hydroxides are common (15%). In the transparent HM suite, garnets (28%) 321 

are dominant, occurring with apatite (13%), zircon (11%), rutile and spinel (3%), tourmaline (2%), and 322 

trace amounts of epidote and anatase (1%). Other common minerals in WM 6 include Ti-oxides (13%), 323 

the platy minerals chlorite (9%) and biotite (5%, mostly deeply weathered), and finally “light minerals” 324 

(5%) and minor carbonate (1%, not calcite). 325 

5.1.3. Comparison between WM6 and Altar Stone samples 326 

The HM compositions of MS-1 (Altar Stone) and WM 6 (ORS) are compiled in Table 3. Raman analyses 327 

of detrital HM suites show markedly different HM abundances for the two analysed samples, 328 

indicating they are different from each other and from different sources. Specifically, the Altar Stone 329 

contains well sorted HMs, which are mostly sub-rounded, with very rare opaque minerals and no Fe-330 

hydroxides, as well as containing 29% apatite, 8% garnet (mainly solid solutions of almandine and 331 

spessartine) and 4% tourmaline (both schorl and dravite). In contrast WM 6 contains HMs which are 332 

poorly sorted and angular, with only 13% apatite, and both opaque minerals (16%) and semi-opaque 333 

Fe-hydroxides being common (15%), whilst garnet is abundant (28%) but apatite (13%) and tourmaline 334 

(1.5%) less so (dravite being absent). These differences clearly indicate that WM 6 and MS-1 were not 335 

sourced from the same lithologies and hence have different sources. 336 

 337 

6. Comparisons between results of standard petrographic examinations of WM 6 and the Altar 338 

Stone and results from automated SEM-EDS and Raman Spectroscopy 339 

Standard petrographic examination generally concurs with the automated SEM-EDS and 340 

Raman Spectroscopy results but does provide additional information. There are some differences of 341 

note between the standard petrography results and the analytical investigations of sample WM 6 and 342 

samples proven to have been derived from the Altar Stone. In thin section, whilst the detrital grains 343 

in WM 6 are dominated by monocrystalline straight extinction quartz, along with plagioclase and K 344 

feldspar, there are also abundant mudstone clasts (Figure 7), the latter not seen in the analytical 345 

investigations. These mudstone clasts are typically compacted and commonly form a pseudo-matrix 346 



 

around the quartz grains. These grains could potentially either be mudstone lithic sedimentary clasts, 347 

or alternatively, mudstone intraclasts. Kaolinite, chlorite, illite and Fe-illite are reported as present in 348 

both the known Altar Stone samples, in this case 2010K 240, in which the total clay content is 13.5% 349 

(AMICS data), and also in WM 6, but the total clay content is significantly higher (19%; again AMICS 350 

data) in the latter section.  In addition, sample WM 6 is notably coarser grained than 2010K 240, as 351 

illustrated in Figure 7. 352 

Altar Stone sample 2010K 240 and ORS sample WM6 have sharply contrasting opaque 353 

mineralogies, most clearly evidenced by the occurrence of hematite. It is notably present in WM6 354 

(0.44%; AMICS data) as martite replacing primary magnetite but also within ilmenohematite and as 355 

titaniferous hematite-rutile intergrowths; much occurs as fine-grained intergrowths with TiO2 minerals 356 

replacing original iron titanium oxides including ilmenite. Hematite pigment (<1 µm size crystals) is 357 

also widespread within the matrix and occurs along the cleavage planes of altered biotite. This 358 

contrasts with the almost total absence of hematite in the Altar Stone (0.00%; AMICS data), where 359 

primary iron titanium oxides only comprise fine-grained secondary TiO2 minerals (their original 360 

secondary fine-grained hematite being lost). 361 

 362 

7. Discussion - where next? 363 

Based on the pXRF sample screening and more detailed integrated geochemistry and mineralogy all 364 

of the examined locations from the Old Red Sandstone in the Anglo-Welsh Basin can be excluded as 365 

the source of the Altar Stone. No other ORS locations with comparable Ba concentrations as observed 366 

in the Altar Stone are known in outcrops of the Anglo-Welsh Basin, thus suggesting that we should 367 

perhaps exclude the Anglo-Welsh Basin from further investigations, leading us to consider broadening 368 

our horizons, both geographically and stratigraphically. 369 

Key sedimentological characteristics of the Altar Stone are that it is a very fine to fine grained, 370 

well sorted sandstone.  Unidirectional ripple cross lamination is present and is defined by the presence 371 

of subtle heavy mineral laminae. At thin section scale there is no apparent bioturbation and no fossils 372 

are recognised within the samples examined. The sandstone has undergone moderate compaction, 373 

with the calcite cement inferred to relate to burial diagenesis.  However, there is no apparent tectonic 374 

fabric (e.g. cleavage) implying that it has not undergone significant deformation.  In addition, there is 375 

also a lack of stylolites or chemical dissolution surfaces which might result from such deformation. 376 

The overall dimensions of the Altar Stone at Stonehenge and its geometry (measuring 4.9 m 377 

long by 1 m wide by 0.5 m thick) suggest that the original bed thickness must be >50 cm, with widely 378 

spaced (~5 m) vertical joint sets; the tabular nature suggests that the original bed geometry has a 379 

tabular rather than strongly channelised or lenticular form. Clearly, unidirectional ripple cross 380 



 

lamination can develop in a very wide range of depositional settings, although the presence of the 381 

heavy mineral laminae would be more consistent with a fluvial depositional system. The absence of 382 

trace or body fossils may also indicate that a non-marine depositional setting is perhaps more likely. 383 

Overall, the sediment characteristics and lack of evidence for tectonism or significant metamorphism 384 

would suggest that the source of the Altar Stone was a post Caledonian, non-marine Devonian or post-385 

Devonian sandstone unaffected by Variscan tectonism. 386 

The detrital mineralogy of the Altar Stone is dominated by sub-angular to sub-rounded 387 

monocrystalline quartz grains showing straight extinction although rare, larger grains are strained.  388 

Plagioclase is much more abundant than K feldspar. Lithic grains (rock fragments) are the same size as 389 

the quartz and feldspar grains; most are internally fine-grained and include siliceous “cherts”, 390 

polycrystalline metamorphic quartz, phyllite and fine-grained sandstone, along with rare, fine-grained 391 

graphic granite and quartz-chlorite intergrowths.  Detrital muscovite dominates over biotite.  Heavy 392 

minerals identified optically and through automated mineralogy and Raman Spectroscopy include Fe 393 

oxides, chromite, rutile and Ti oxides, rare ilmenite, apatite, garnet (mostly almandine and 394 

spessartine), tourmaline (mostly schorl) and zircon.  395 

Geochemically, the Altar Stone is characterized principally by its high Ba content, related to the 396 

presence of a baryte cement, with an average Ba abundance of around 2800 ppm. This contrasts 397 

markedly with the average of all of the ORS samples analysed from the Anglo-Welsh Basin, with Ba 398 

averaging 437±293 ppm (range 128-2665 ppm). Baryte is a highly insoluble mineral, resistant to 399 

chemical weathering, and for this reason Ba concentrations in stream sediments often closely reflect 400 

the underlying geology (British Geological Survey, 2000; Everett et al., 2019). In the stream sediments 401 

lying on the ORS in Wales, Ba concentrations are typically between the 5th-75th percentile of the 402 

national range (Everett et al., 2019), being between 247-695 ppm, which compares well with the pXRF 403 

analyses (average 437±293 ppm, see Figure 8). It is to be expected therefore that the strata which 404 

sourced the Altar Stone would have elevated Ba. Figure 8 shows simplified geological maps for the UK 405 

which indicate the outcrop of Devonian and Permo-Triassic rocks, these being predominantly non-406 

marine strata which are geologically consistent with the lithology of the Altar Stone. These maps are 407 

superimposed on geochemical maps highlighting areas where Ba in stream sediments exceeds 942 408 

ppm (>90th percentile), which may provide clues as to the source of the Altar Stone. Also shown in 409 

Figure 8 are sections of the detailed Ba stream sediments maps, which at a larger scale show some of 410 

the high-Ba regions more clearly. The lack of high Ba over Devonian sequences in Wales is clear, 411 

although there is high Ba on the north Somerset coast, but these are deformed Middle Devonian 412 

marine sequences and thus could not be the source of the Altar Stone. There is elevated Ba in Northern 413 

Ireland (no Ba stream sediment data exists for the Republic of Ireland) over dominantly conglomeratic 414 



 

Middle Devonian sediments. In NE Wales, Cheshire and the Welsh Borderland, high Ba coincides with 415 

Permo-Triassic sequences, as does local Pb-Zn-baryte mineralisation. Interestingly, and perhaps of 416 

significance, is the fact that there are no major Neolithic monuments in the NE Wales/Cheshire area, 417 

although in this area during the Bronze Age, Alderley Edge was the site of one of the earliest known 418 

copper mines in Britain in baryte-bearing, sometimes pebbly, Triassic sediments. High Ba is recorded 419 

between Leeds and York, while on the eastern edge of the Triassic sequences adjacent to the Pennine 420 

Fault there is high Ba, the latter associated with mineralisation in the Pennine ore field  (Colvine, 1995). 421 

Again, however, no significant Neolithic monuments occur in these areas, although in the Vale of Eden 422 

area Long Meg is constructed from red sandstone (published photographs suggest a source from the 423 

local Permian Penrith Sandstone Formation) bearing some resemblance to the Altar Stone. 424 

Further north, in Scotland, non-marine Old Red Sandstones are more abundant than Permo-425 

Triassic sequences. On the east and west coasts of the Isle of Arran, stream sediment Ba exceeds 942 426 

ppm, associated with Permian or ORS sequences (British Geological Survey, 1993). On the west coast 427 

of Arran there are remains of a number of Neolithic stone circles at Machrie Moor. Circles 2 and 3 are 428 

of pebbly red sandstone, probably Permian in age and thought to be from nearby Auchagallon (see 429 

Richards, 2013). On Arran, these Permian sandstones unconformably overlie the ORS with elevated 430 

Ba. Another high-Ba occurrence is above similar Permian lithologies east of Prestwick, and there are a 431 

small number of high-Ba locations above ORS strata in the Midland Valley (south of the Highland 432 

Boundary Fault), but once again these are not associated with known Neolithic contexts. What is 433 

interesting to note is that Hillier et al. (2006) reported the presence of a dioactahedral interlayered 434 

chlorite-smectite (tosudite) in sandstones of the ORS Strathmore Group in the Midland Valley Basin. 435 

Tosudite also occurs in the Altar Stone sandstone (authors’ unpublished data). North of the Highland 436 

Boundary Fault, ORS strata occur in the Orcadian Basin, around the Moray Firth, through Sutherland, 437 

and on Orkney and Shetland. Across these sandstone areas the Ba stream sediment concentrations 438 

are all greater than the 50th  percentile (i.e. > 533 ppm, yellow on Figure 8) which contrasts with the 439 

ORS strata in the Anglo-Welsh Basin, where the majority of Ba stream sediment concentrations are 440 

below the 50th percentile range (i.e. below 533 ppm, green on Figure 8) (Everett et al., 2019). There 441 

are high-Ba stream sediment concentrations (>942 ppm) in several locations in Caithness, in 442 

southwest Mainland Orkney and across Shetland. The latter islands contain among the finest Neolithic 443 

settlements and monuments in the UK, including the Ring of Brodgar and the Stones of Stenness on 444 

Orkney, both constructed using ORS age sandstone identified as being quarried at Vestra Fiold and 445 

Staneyhill within a few kilometres of the stone circles (Richards, 2013).  446 

On Orkney, the basement granites underlying (unconformably) the Old Red Sandstone in 447 

the southwest of Mainland have elevated Ba (Lundmark et al., 2019 and see Figure 8), although 448 



 

the Ba anomaly in this area seems to relate to copper-uranium-rare earth element (plus 449 

baryte) mineralization linked to an exhumed oil reservoir (Heptinstall et al., 2023). In Shetland, 450 

high-Ba levels coincide with metamorphic and plutonic rocks underlying the Devonian Walls and 451 

Sandness formations (Melvin, 1985), which include, on Papa Stour, Shetland, some Middle Devonian 452 

volcanic sequences. Basalts in these sequences have vesicles infilled with baryte (up to 10 cm across 453 

as agate-baryte amygdales), a testament to Ba-mobility in the basin during diagenesis of the Middle 454 

ORS (Mykura and Newsier, 1976). A baryte cement in the ORS of these areas may be expected and 455 

might account for the elevated stream sediment Ba.  456 

   457 

8. Conclusions  458 

For the last 100 years the Stonehenge Altar Stone has been considered to have been derived from the 459 

Old Red Sandstone sequences of south Wales, in the Anglo-Welsh Basin, although no specific source 460 

location has been identified. Our extensive sampling, petrographic examinations, portable XRF 461 

analyses, automated SEM-EDS investigations and very preliminary Raman Spectroscopy have similarly 462 

failed to provenance the stone. Indeed, only four samples from our dataset have Ba levels comparable 463 

to those in the Altar Stone and more detailed investigations of those four samples discounts each 464 

sample and its location as being linked to the source of the stone. We have concluded that the Altar 465 

Stone might not, in fact, come from the ORS of the Anglo-Welsh Basin. Accordingly, in our on-going 466 

pursuit of the provenance of the Altar Stone we consider it time to broaden horizons, both 467 

geographically and stratigraphically, to include parts of Britain with evidence of Neolithic peoples and 468 

their monuments. Attention will now turn to the ORS of the Midland Valley and Orcadian Basins in 469 

Scotland as well as Permian-Triassic of northern England to ascertain whether any of these sandstones 470 

have a mineralogy and geochemistry which match the Stonehenge Altar Stone. 471 
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 603 

  604 

Figure 1: Location map for samples analysed in this study, including the outcrop map of Old Red 605 

Sandstone sedimentary strata in the Anglo-Welsh Basin (bolder colours) overlain on the background 606 

geological map of the area (faded colours). Contains British Geological Survey materials © UKRI 607 

[2023] from BGS GeoIndex (onshore). Grid lines mark the British National Grid 100 km squares, 608 

designated by their 2-letter code (e.g. SN, see Supplementary Table 1). The location of Stonehenge is 609 

shown at the bottom right of the map. 610 



 

  611 

Figure 2: Bivariate plots of geochemical data for the Altar Stone and its related samples (red 612 

symbols), and undifferentiated Old Red Sandstone samples analysed in the study plotted in green 613 

with those samples containing >1000 ppm Ba labelled separately (black symbols). On these 614 

diagrams, despite four samples containing more than >1000 ppm Ba, only WM 6 plots consistently 615 

close to the field of data from the Altar Stone.  The plot of Nb - V excludes all analyses from WHB-3 616 

which has V between 240-410 ppm.  617 
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 619 

Figure 3: Triangular variation diagrams for the alkali/alkali earth metals Ba-Sr-Rb, the highly 620 

incompatible elements Nb-Zr-Th, and elements associated with Fe-Ti oxides, viz. Ti-V-Nb. 621 

 622 
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 624 

Figure 4: Comparison of the reported modal mineralogy for samples (A) 2010K 240 and (B) WM 6 625 

based on replicate analyses using both QEMSCAN (analysis a) and AMICS (analysis b) automated 626 

SEM-EDS platforms. 627 
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 633 

Figure 5: Modal mineralogy of samples confirmed as derived from the Altar Stone compared with 634 

the analysed ORS samples. 635 
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 645 
 646 
Figure 6: Heavy mineral grain mounts (mounting medium n=1.54) displaying different heavy-mineral 647 

suites. MS-1 is dominated by transparent heavy minerals, with common sub-rounded grains 648 

compared with WM 6 which shows abundant, larger, angular semi-opaque Fe-oxides and hydroxides 649 

with a different suite of HMs dominated by corroded and etched garnets. Abbreviations (alphabetic 650 

order) follow Kretz (1983): Ant - Anatase; Ap - Apatite; Brt - Baryte; Car - Carbonate (unspecified); 651 

Chl - Chlorite; Fe-Hydrox - Red and yellow-orange Fe-hydroxides; Grt - Garnet; Op - Opaque 652 

(unspecified); Rt - Rutile; Ti-Ox - White Ti-oxides; Zrn - Zircon. Scale bar = 100 μm. 653 
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 656 

Figure 7.  Petrographic comparison of Sample WM 6 (A, B, E, F) with sample 2010K 240 (C, D, G, H), 657 

which is proven to be derived from the Altar Stone. Images A,C,E, G cross polarised light; B, D, F, H 658 

plane polarised light.  Note the abundance of mudstone clasts in WM 6 when compared with 2010K 659 

240. 660 
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 662 

Figure 8: Outline geological maps contain British Geological Survey materials © UKRI [2023] from 663 

BGS Make-a-Map (https://www2.bgs.ac.uk/discoveringgeology/geology-of-britain/make-a-664 

map/map.html). Stream sediment geochemistry data from the G-Base project, contains British 665 

https://www2.bgs.ac.uk/discoveringgeology/geology-of-britain/make-a-map/map.html
https://www2.bgs.ac.uk/discoveringgeology/geology-of-britain/make-a-map/map.html


 

Geological Survey materials © UKRI [2023] from https://www.bgs.ac.uk/datasets/g-base-for-the-666 

uk/. 667 
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Table 1. Comparison of replicate analyses using both a QEMSCAN and an AMICS automated SEM-EDS 670 

mineralogy platform. 671 

 672 

  2010K 240a 2010K 240b WM 6a WM 6b 

Analytical System QEMSCAN AMICS QEMSCAN AMICS 

Quartz 51.03 52.69 53.83 54.73 

K Feldspar 0.34 0.25 1.27 1.23 

Plagioclase 12.15 11.59 10.45 10.71 

Muscovite 2.32 1.05 2.82 1.28 

Biotite 0.48 0.48 0.83 0.85 

Kaolinite 3.37 3.18 2.63 3.14 

Chlorite 4.05 3.59 6.51 4.37 

Illite & Illite-smectite 4.97 5.14 6.42 6.51 

Fe-Illite & Illite-smectite 0.89 1.59 4.51 4.97 

Calcite 18.80 19.44 9.10 10.29 

Dolomite 0.59 0.01 0.20 0.01 

Ferroan Dolomite 0.04 0.00 0.03 0.00 

Fe Oxides 0.00 0.00 0.32 0.44 

Chromite 0.01 0.02 0.02 0.02 

Pyrite 0.00 0.00 0.00 0.00 

Baryte 0.13 0.11 0.27 0.24 

Anhydrite 0.00 0.00 0.00 0.00 

Halite 0.00 0.00 0.00 0.00 

Rutile & Ti Silicates 0.37 0.31 0.27 0.23 

Ilmenite 0.04 0.08 0.19 0.19 

Apatite 0.24 0.20 0.16 0.16 

Garnet 0.05 0.09 0.13 0.48 

Tourmaline 0.06 0.03 0.02 0.03 

Zircon 0.05 0.05 0.03 0.05 

Undifferentiated 0.00 0.09 0.00 0.07 

 673 
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Table 2. Modal mineralogy of selected ORS samples with elevated Ba geochemical signatures based 682 

on AMICS analysis. 683 

 684 

  WM 6 LORS 27 LSF2.5504 2009.46G.T.3 

Quartz 54.73 50.76 48.70 57.35 

K Feldspar 1.23 3.44 0.06 0.02 

Plagioclase 10.71 0.06 14.10 16.15 

Muscovite 1.28 0.73 2.36 2.63 

Biotite 0.85 0.25 1.41 2.79 

Kaolinite 3.14 0.20 0.06 0.06 

Chlorite 4.37 1.30 4.24 6.08 

Illite & Illite-smectite 6.51 3.01 11.58 8.29 

Fe-Illite & Illite-smectite 4.97 0.98 3.60 4.12 

Calcite 10.29 38.73 13.23 1.23 

Dolomite 0.01 0.35 0.00 0.00 

Ferroan Dolomite 0.00 0.03 0.00 0.00 

Fe Oxides 0.44 0.03 0.00 0.06 

Chromite 0.02 0.00 0.01 0.02 

Pyrite 0.00 0.00 0.00 0.00 

Baryte 0.24 0.00 0.11 0.10 

Anhydrite 0.00 0.00 0.00 0.00 

Halite 0.00 0.00 0.00 0.00 

Rutile & Ti Silicates 0.23 0.05 0.34 0.48 

Ilmenite 0.19 0.01 0.01 0.00 

Apatite 0.16 0.03 0.01 0.15 

Garnet 0.48 0.03 0.06 0.13 

Tourmaline 0.03 0.01 0.02 0.03 

Zircon 0.05 0.00 0.04 0.06 

Undifferentiated 0.07 0.00 0.05 0.25 

 685 

 686 

 687 

688 



 

Table 3. Frequency of heavy mineral grains in samples MS-1 and WM 6 from Raman Spectroscopy 689 

analysis. Numerical grain frequency counted by optical microscope in transmitted and reflected light 690 

using a point counting method (PCm). Percentages of grain size fractions and of total heavy grains 691 

(%HM/Tot) included here. Percentage grain frequency recalculated from numerical count data.  692 

Zircon-Tourmaline-Rutile (ZTR) index after Hubert (1962). Percentage of total heavy grains 693 

(%HM/Tot) and percentage of transparent heavy minerals in weight (tHM %weight) given, with 694 

varieties of tourmaline (schorl or dravite) indicated. 695 

 696 

 697 

Numerical grain frequency  Percentage Grain Frequency 

Location Stonehenge 
West 

Midlands  Location Stonehenge 
West 

Midlands 

Sample Altar Stone ORS  Sample Altar Stone ORS 

Number MS-1 WM 6  Number MS-1 WM 6 

Class analysed 2-500 um 5-500 um  HM tot% 1.4 2.1 

Counting method PCm PCm  tHM %weight 0.5 0.7 

Operator Sergio Ando Sergio Ando  zircon 8.7 11.0 

zircon 18 22  tourmaline 3.9 1.5 

dravite 2 0  rutile 6.3 3.0 

schorl 6 3  Ti Oxides 1.0 1.0 

rutile 13 6  apatite 29.1 13.0 

anatase 2 2  others 39.8 39.0 

apatite 60 26  epidote 0.5 1.0 

baryte 82 78  garnet 7.8 27.5 

blue-green hornblende 2 0  amphibole 1.0 0.0 

spinel 4 6  spinel 1.9 3.0 

epidote 1 1  Total 100% 100% 

clinozoisite 0 1  ZTR 19 16 

garnet 16 55  % transparent HM 39% 35% 

Total transparent 206 200  % opaque HM 0% 16% 

opaques 2 94  % Fe Ox 0% 15% 

Fe Ox-Hydrox 0 87  % Ti Ox 12% 13% 

Ti Ox 65 77  % chlorite 15% 9% 

chlorite 79 52  % biotite 2% 5% 

biotite 10 28  % carbonates 5% 1% 

carbonates 28 6  % “light minerals” 27% 5% 

“light minerals” 141 28  Total 100% 100% 

Total Opaque 325 372     

Total (all)  531 572  zircon 8.7 11.0 

<5 um (g) 0.000 0.141  dravite 1.0 0.0 

5-500 um (g) 0.145 1.855  schorl 2.9 1.5 

>500 um (g) 0.023 0.005  rutile 6.3 3.0 

% fine tail cut (g) 0% 7%  anatase 1.0 1.0 

% class (g) 74% 90%  apatite 29.1 13.0 

% coarse tail cut (g) 12% 0%  baryte 39.8 39.0 

TOT excluded (g) 12% 7%  blue-green hornblende 1.0 0.0 

Total sieved (g) 0.1973 2.0515  spinel 1.9 3.0 

Total used (g) 0.145 1.855  epidote 0.5 0.5 

Light fraction (g) 0.133 1.769  clinozoisite 0.0 0.5 

Dense fraction (g) 0.002 0.039  garnet 7.8 27.5 

%HM/Tot 1.4 2.1  Total Transparent 100% 100% 

       


