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Detrital zircon-apatite fingerprinting
challenges glacial transport of
Stonehenge’s megaliths

M| Check for updates

Anthony J. I. Clarke ® < & Christopher L. Kirkland ®

How Stonehenge’s building blocks arrived on Salisbury Plain remains debated, with glacial and human
transport mechanisms proposed. Here we test the possibility of Pleistocene glacial sediment input
using grain-scale U-Pb fingerprinting of detrital zircon and apatite from modern stream sediments
surrounding Stonehenge. Zircon ages span 3396-285 Ma, with age peaks at ~1090, 1690, and
1740 Ma, matching the Laurentian basement of northern Britain. Salisbury Plain detrital zircon ages
match those of southern British rocks sourced from the London Basin, implying local sediment
recycling rather than glaciogenic transport. Apatite ages of ~60 Ma reflect post-depositional U-Pb
resetting, consistent with the distal effects of the Alpine orogeny. Collectively, our data show Salisbury
Plain remained unglaciated during the Pleistocene, making direct glacial transport of Stonehenge’s

megaliths unlikely.

The isotopic and chemical analysis (e.g. U-Pb and trace elements) of detrital
grains, such as zircon and apatite, represents a versatile tool in tracing
sediment flux'~, provenance'™, and regolith formation’™’. Resistant detrital
grains in modern stream sediments may reflect direct source to sink path-
ways or more complex, multi-cycle transport histories, given the refractory
nature of these heavy minerals under certain physical and chemical
conditions'""”.

The relative contributions of direct versus recycled detrital sources to
regolith and sedimentary rocks throughout Britain have been highlighted in
the scientific literature, although regional and inter-basin variability remains
unresolved"”™°. Clarifying sediment transport pathways can help inform
paleogeographic reconstructions and basin evolution™”'*. Moreover,
resolving source-to-sink relationships can contribute to provenance debates
in archaeological science'™”, including whether megaliths on Salisbury
Plain, England (Fig. 1), were transported by glacial processes or human
agency.

Salisbury Plain, England, represents a rich Neolithic archaeological
landscape, including monumental architecture at Stonehenge and
Avebury”'. Megaliths at Stonehenge form three groups. The largest are the
ca. 25-tonne sarsen stones, composed of silcrete, which form the lintelled
outer circle and inner trilithon horseshoe. The sarsen stones are compara-
tively local; most were sourced from West Woods, ca. 25km from
Stonehenge”. The bluestones, sourced from approximately 230 km away
in the Mynydd Preseli in Wales, weigh between 2 and 5 tonnes and comprise
an assemblage of volcanic and sedimentary rocks, including tuff, rhyolite,
and dolerite’. The Mynydd Preseli bluestones yield Darriwilian
(464-462 Ma) zircon U-Pb ages”™. The third megalith type is the Altar

26,27

Stone, a single six-tonne slab of Palaeozoic Old Red Sandstone (ORS)™".
Recent research suggests the Altar Stone originated in the Orcadian Basin of
northeast Scotland, over 700 km from Stonehenge (Fig. 1)*.

Salisbury Plain is a chalk plateau covering ca. 775 km” in southern
England (Fig. 1). Stratigraphically, the plateau is dominated by Upper
Cretaceous Chalk (Turonian-Maastrichtian, approximately 93-66 Ma),
overlying gently dipping Lower Cretaceous and Upper Jurassic formations
(approximately 152-145Ma) that include mudstones, sandstones, and
limestones”*”. Prior to Neogene erosion, Paleogene sediments once covered
much of the Salisbury Plain plateau, with remnant rocks persisting locally as
relict units, including the Clay-with-Flints deposits™~’ (Fig. 1). River valleys
(e.g. the Avon, Wylye, and Bourne) define the plain’s margins and dissect
stratigraphy to expose older Mesozoic rocks, comprising mudstones,
sandstones, limestones, and locally fossiliferous horizons deposited in
shallow marine to fluvial environments™*" (Fig. 1). Salisbury Plain exhibits
low-amplitude relief, with elevations between 100 and 250 m above sea level,
and is drained by a dendritic network of rivers, including the Avon, Wylye,
and Bourne, which flow towards the south and southeast (Fig. 1).

The origin of the non-sarsen building blocks of Stonehenge on
Salisbury Plain is debated. Most suggest that Neolithic people trans-
ported the bluestones from the Mynydd Preseli and Orcadian Basin to
Salisbury Plain via overland or sea routes’>>” (Fig. 1). An alternative
view, the glacial transport hypothesis, posits that non-sarsen megaliths,
including the Mynydd Preseli bluestones and the Altar Stone, were
transported to Salisbury Plain as erratics during Pleistocene glaciations.
The case for glacial transport of megaliths principally rests on geo-
morphological arguments that pre-Devensian ice streams (e.g. Anglian
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Fig. 1| A simplified geological map and stratigraphic column of Salisbury Plain,
England. Black stars indicate the location of stream sand sample sites. Coordinates
are in decimal degrees. Stream sediment sampling sites (SH1-SH4) are located
within the Avon-Test drainage system catchments, as illustrated by the regional

hydrology shown by blue lines. The inset shows the major basement terranes of
Britain and northern France™. Circled numbers show key locations discussed,
including: 1. Stonehenge, 2. Mynydd Preseli and 3. the Orcadian Basin of northeast
mainland Scotland. The geodetic system used is WGS 84.
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or Wolstonian) may have extended farther south toward Salisbury Plain,
and on reports of isolated boulders in southern England inferred to be of
Welsh origin®.

The absence, ambiguity, or inaccessibility of purported glacial features
on Salisbury Plain hampers efforts to reconstruct potential ice flow and
erratic transport pathways**”’. Thus, based on current evidence, it is difficult
to resolve whether ice ever covered all or part of Salisbury Plain during pre-
Devensian glaciations. Nonetheless, the maximum extent of the Anglian
Stage glaciation (ca. 478-424 ka) in central southern Britain remains poorly
constrained™, although no diagnostic evidence demonstrates direct glacial
incursion onto the Plain itself ****. Outwash from glaciers can transport fine
detrital grains (typically <200 um) well beyond the terminal margins of ice
sheets, whereas larger erratics, often ranging from tens of centimetres to
several metres, are typically deposited closer to the ice front™. In both
cases, glacial sediment transport is expected to leave persistent and detect-
able provenance signatures, preserved in the landscape as indicators of
sediment routing and crystalline source regions following ice retreat**"".

Geochemical data for detrital minerals offer a novel test of the com-
peting anthropogenic versus glacial transport hypotheses. If glacial erratics
had reached Salisbury Plain, they would be expected to contribute a sub-
stantial ca. 464 Ma zircon population from Mynydd Preseli source rocks™ in
southwest Wales or Ganderian-Laurentian signatures from northern Brit-
ain into the local sediment budget (Fig. 1). Given the Chalk’s low zirconium
content, most detrital zircon is unlikely to be locally derived. Instead, detrital
zircon grains in stream sediment are more plausibly sourced from zircon-
rich crystalline lithologies beyond the plain, with glacial processes repre-
senting one potential transport mechanism®. In contrast, apatite could
plausibly derive from phosphorite horizons within the Chalk surrounding
Stonehenge*>*’. In any case, a combined zircon-apatite approach provides a
more comprehensive means of distinguishing between first-cycle from
multi-cycle detritus and post-depositional processes*™.

Here, we report U-Pb isotopic data for detrital zircon and apatite
collected from streams draining Salisbury Plain, England (Figs. 2 and 3)
(Table 1). Our results demonstrate the widespread dispersal of multi-cycle
Laurentian detritus across Britain. We utilise the detrital fingerprint of
unconsolidated river sands to constrain potential glacial-sediment path-
ways, which have implications for the debate over the origins of the building
blocks of Stonehenge, specifically whether they are of anthropogenic or ice-
transported origin.

Results

Zircon U-Pb

U-Pb isotopic data were obtained from 550 individual zircon grains
(Supplementary Data 1). Four hundred and one analyses are defined as
concordant (<+10% discordant). Concordant zircon dates span
3396 + 30-285 £ 5 Ma (Fig. 2), with coherent age peaks defined by >10
grains” ranging from the Silurian to Paleoproterozoic, including compo-
nents at ca. 432 (n=16), 447 (n=15), 460 (n=11), 1015 (n=21), 1054
(n=22), 1089 (n=30), 1167 (n=13), 1184 (n=15), 1213 (n=11), 1251
(n=10), 1375 (n = 10), 1403 (n=10), 1502 (n = 13), 1526 (1n = 15), 1542
(n=11), 1575 (n=11), 1672 (n=18), 1694 (n=23), 1744 (n=24), 1798
(n=13), 1848 (n=23), and 1870 Ma (n =22).

Zircon morphology

Zircon grains exhibit elongate to sub-rounded shapes with aspect ratios
ranging from ~2:1 to 5:1. Grains have a length up to ~250 um, with most
50 um long (Fig. 4). Cathodoluminescence imaging reveals a variety of
internal zoning patterns consistent with a diverse, predominantly igneous
sources, including oscillatory zoning (e.g. SH1.12, SH2.59), sector zoning
(e.g. SH3.26), and rare examples of core-rim relationships suggestive
of metamorphic overgrowths (e.g. SH1.19) (Fig. 4). Most grains show
signs of rounding and abrasion, implying sedimentary transport and
recycling. Complex internal structures, such as inherited cores (e.g. SH2.91),
support derivation from crustal sources with variable mineral (re)growth
events.
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Fig. 2 | U-Pb data for detrital zircon from Salisbury Plain. Top panel: A kernel
density plot of detrital zircon U-Pb ages from all stream sediment samples
(SH1-SH4, total number of concordant grains = 401/550), plotted with 20 Ma
bandwidths and overlaid with histogram bins. Peak age components occur at ca.
1100, 1700 Ma, and 1750 Ma™. The inset pie chart shows the proportion of con-
cordant zircon analyses by age. Bottom panel: Cumulative probability plots for each
sample location, colour-coded by stream and catchment: SH1 (Pillhill Brook), SH2
(River Avon), SH3 (River Wylye), and SH4 (River Avon). Curves show similar age
distributions across sites, consistent with a common provenance dominated by
Mesoproterozoic and Palaeoproterozoic sources.

Apatite U-Pb
On a Tera-Wasserburg plot, apatite U-Pb data frequently define one or
more mixing lines, typically between a time-important radiogenic lead
component and an initial common lead (Pb.) component(s). The position
of analyses along such arrays reflects the relative proportion of initial to
radiogenic *"Pb/**Pb ratios (=F*”%), while lower intercepts indicate the
timing of radiogenic Pb accumulation. Two hundred and fifty apatite U-Pb
analyses were obtained across four samples (Table 1) (Supplemen-
tary Data 2).

Unanchored regressions through apatite analyses from each sample
yield discordia with lower intercepts equivalent to late Cretaceous to
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Paleogene ages and ordinate *”’Pb/**°Pb; intercepts of ca. 0.8462, consistent
with the Stacey and Kramers' model of terrestrial Pb; evolution for late
Cretaceous (ca. 65 Ma) crust. A free-fitted discordia line* through all ana-
lyses yields a lower intercept on concordia equivalent to 60 + 3 Ma [mean
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Fig. 3 | U-Pb isotopic data and Pb composition for detrital apatite grains from
Salisbury Plain. Top panel: Tera-Wasserburg diagram for apatite analyses, coloured by U
concentration (ppm). Error ellipses and intercept uncertainties are shown at 2¢. The
regression is a least-squares best fit through the measured ratios alone and reflects more
than one age component; nonetheless, radiogenic-Pb is dominated by a 60 Ma signal.
(model-2 from IsoplotR ") with the grey band depicting the 20 uncertainty envelope of the
regression. The inset shows a kernel density estimate of *”Pb-corrected ages for grains with
relatively low common Pb content (n = 122) [F*”Pb < 98%], indicating a peak at 65 Ma.
Bottom panel: A kernel density estimation of initial common Pb compositions® for the
detrital apatite population. A spread towards more radiogenic compositions (e.g. >0.85)
indicates the incorporation of older common Pb components.

square weighted deviation=341, p(y¥’)=0] and an upper intercept
*7Pb/**Pb; of 0.8462 + 0.0023 (Fig. 3), interpreted to indicate the average
time of radiogenic-Pb accumulation and the dominant common Pb sig-
nature, respectively.

Additionally, individual *Pb corrected ages for each analyses were
calculated using the Stacey and Kramers™ terrestrial Pb isotopic evolution
model, with iteration until convergence. A kernel density estimate of these
*7Pb-corrected single-spot apatite ages with F*"% <98% (n = 122) yields a
peak age of 65 Ma, overlapping within uncertainty with the regression lower
intercept age (Fig. 3).

Despite being dominated by a ca. 65 Ma age component, the single-
spot *Pb/**Pb; values, for detrital apatite, imply the presence of some older
(>65 Ma) Pb relative to the Stacey and Kramers* model. A kernel density
estimate of apparent Pb model ages hints at older apatite components (175,
215, 300 and 625 Ma), but no radiogenic age can be calculated for these as
they are dominated by common Pb (Fig. 3).

Apatite morphology

Apatite grains are anhedral to subhedral, with rounded shapes suggesting
mechanical abrasion during sediment transport (Fig. 4). Imaging reveals
homogeneous internal textures with low-intensity CL response. The
absence of clear zoning or relic magmatic textures suggests limited thermal
overprinting, typical of authigenic sedimentary or low-temperature diage-
netic apatite. The consistent CL response and morphology across multiple
grains (e.g. SH4.3, SH3.41) imply a detrital population sourced from mature,
potentially chemically weathered sedimentary source material (Fig. 4).

Discussion

Kolmogorov-Smirnov tests of zircon age spectra from each river sand
sample indicate no statistically significant differences, indicating the zircon
age cargo of all samples is indistinguishable and remarkably uniform. This
inter-sample consistency supports the aggregation of all concordant U-Pb
zircon dates (1 =401) into a composite dataset for interpretation (Fig. 2).
Moreover, the consistency of detrital zircon signatures between samples
provides a robust regional detrital fingerprint signal for Salisbury Plain,
rather than any sample-specific anomalies.

The compiled age spectrum spans 3396-285Ma (Fig. 2) and is
dominated by Meso to Paleoproterozoic peaks at ca. 1090, 1690, and
1740 Ma, consistent with an ultimate provenance from specific tectonos-
tratigraphic domains of Laurentian basement from northern Britain (Fig. 1),
including the Grenville, Penokean, and Trans-Hudson orogens™ ™.

Such Mesoproterozoic age modes are conspicuously absent in the
Gondwanan-derived crystalline basement of southern Britain®. Instead,
East Avalonian and Megumian age modes dominate the bedrock of Wales
and southern England (Fig. 1) and include rocks from the Cadomian oro-
geny (ca. 650-600 Ma)™*”, Neoproterozoic arc-related magmatism
(590-540 Ma)™, Silurian-Devonian intrusions (ca. 430-390 Ma)>’, Carbo-
niferous (370-360 Ma)” and Variscan metamorphic overprinting and
granite emplacement (~300 Ma)™. Such non-Laurentian ages would be
diagnostic markers for distinguishing local, first-cycle basement contribu-
tions to the detrital budget of Salisbury Plain. If Salisbury Plain detritus had
been introduced by glacial transport, the ice-flow directions most relevant to
detrital zircon fingerprint would have been southward from the English
Midlands or south-westward from Wales”. However, the dearth of East
Avalonian and Megumian ages (only 8% of zircon are Phanerozoic) (Fig. 2)
and the uniformity of age spectra across multiple catchments, coupled with

Table 1 | A summary table of sample localities and the underlying geology

Sample Latitude Longitude UTM River Underlying geology

SH1 51.19809 —1.55350 30U 601065E, 5672848 N Pillhill Brook Seaford Chalk Formation

SH2 51.17070 —1.78518 30U 584928E, 5669510 N Avon Seaford Chalk Formation

SH3 51.15671 —2.06805 30U 565173E, 5667665 N Wylye West Melbury Marly Chalk Formation
SH4 51.05465 —1.77801 30U 585644E, 5656613 N Avon Newhaven Chalk Formation
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Fig. 4 | Cathodoluminescence images of zircon and apatite grains with laser ablation spots. The top three rows show zircon grain images with sample identifiers, the
calculated concordia age, and their respective 20 uncertainties. Images of apatite are shown in the bottom two rows with *’Pb-corrected ages with 20 uncertainties annotated.

the scarcity of local bedrock sources, demonstrates that the detrital zircon
assemblage is not first-cycle material locally derived or transported from the
underlying East Avalonian and Megumian basement terranes (Fig. 5).
Our results are consistent with the maximum southern extent of
known ice-flow vectors for Pleistocene glaciations™***’. During the Anglian

Stage, the most intense recent glaciation, ice margins are generally inter-
preted to be to the north of Salisbury Plain®. Furthermore, there is no
unequivocal evidence that ice penetrated onto the plateau as the Salisbury
Plain lacks undisputed tills, erratics, or other diagnostic indicators of glacial
activity’ ™ that could evidence long-distance erratic transport or outwash of
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Fig. 5 | A multidimensional scaling plot of concordant zircon ages from stream
sediment samples (SH1-SH4) and comparative age datasets, including crystal-
line source terranes and sedimentary basins. Schematic age mode vectors illustrate
how discrete ages influence the positioning of individual datasets. Sources are
provided in the methods section. Uncertainty ellipses are shown at 20 uncertainty”’.
Stress values quantify how well the plot distances represent the original dataset’s
dissimilarities. Values below 0.15 indicate an ‘excellent’ fit”.

material from northern Britain. Even if glacial erratics and meltwater out-
wash had contributed minor volumes of sediment, the local Chalk is nearly
devoid of zircon; therefore, any extraneous zircon input would strongly
influence the river sand detrital zircon signature.

Ultimately, the detrital zircon cargo of Salisbury Plain necessitates a
north-to-south sediment transport and recycling mechanism from north-
ern Britain other than glacial transport. To investigate potential sediment
sources, we compare the age spectra of Salisbury Plain zircon population
with detrital datasets from Paleogene, Carboniferous, and Devonian sedi-
mentary units across Britain and Ireland (Fig. 5).

Of relevance here is the Thanet Formation, a ca. 30 m thick early
Palaeocene (59.2—56 Ma) fine-grained glauconitic sand unit deposited in
shallow marine conditions within the London Basin®**’, which contains a
detrital zircon age cargo statistically indistinguishable from the Salisbury
Plain dataset (KS test, P> 0.05; Fig. 5)". The Thanet Formation sits
unconformably atop the Chalk Groups of Salisbury Plain® (Fig. 1), sug-
gesting that these rocks or related London Basin strata served as an inter-
mediary source of Laurentian zircon now incorporated into modern river
sands of Salisbury Plain (Fig. 1).

More broadly, the Thanet Formation should be considered within the
context of the wider Paleogene succession that formerly covered much of
Salisbury Plain (Fig. 1). This cover includes floodplain, estuarine, marginal-
marine, and marine deposits preserved today in the Hampshire and London
Basins, as well as in remnant form as the Clay-with-Flints deposits™®. Such
Palaeogene deposits would have mantled the Salisbury Plain Chalk (Fig. 1)
prior to their removal during Neogene erosion, and served as the host for the
sarsen silcretes of the Marlborough Downs and Stonehenge landscape®”.
Their erosion and recycling during Paleogene basin inversion provides a
plausible pathway for the release of refractory heavy minerals into the
zircon-poor Salisbury Plain, consistent with the detrital signature (Fig. 2). In
this context, the Thanet Formation represents a component of a larger
Paleogene cover sequence that collectively functioned as a local reservoir for
recycled Laurentian zircon.

Alternatively, it remains possible that zircon is present in trace quan-
tities within Salisbury Plain Chalk (Fig. 1) and that the Thanet Formation
and Chalk record sediment derivation from a broadly similar drainage
network. In this case, the Thanet Formation would represent a related,
rather than uniquely required, source-to-sink intermediary. In any case, the
close similarity between the Thanet and Salisbury Plain zircon age spectra
(Fig. 5) supports the interpretation that Paleogene strata acted as the
principal recycled source for zircon within modern stream sand on Salis-
bury Plain.

We posit that during Alpine Orogen uplift and subsequent denudation
of the London Basin®*®, the overlying Thanet Formation released its detrital
cargo of refractory minerals onto the zircon-poor Chalk Groups of southern
Britain (Fig. 1). Indeed, several kilometres of London Basin strata may have
been removed during the Paleogene to Eocene®”, resulting in a lag of
durable heavy minerals that were later reworked into modern stream
sediments. Although much of the Cenozoic overburden on Salisbury Plain
has been removed, Laurentian zircons could have persisted in remnant
Palaeogene sands, accumulating and concentrating in local topographic
lows and along palaeodrainage channels, such as the ancestral courses of the
Avon and Wylye rivers (Fig. 1). A combination of remnant sediment and
ancient fluvial pathways provides a plausible mechanism for zircon survival
on Salisbury Plain despite extensive erosion.

How fine-grained Laurentian detritus became incorporated into the
Thanet Formation remains uncertain'’. While the reworking of ORS is one
possible pathway, the relative scarcity of Grampian and Laurentian-aged
zircon in the Thanet Formations suggests that this mechanism cannot have
been the sole contributor. Rather, a mixture of recycled sources, including
Pennine Basin rocks and ORS, likely fed the London Basin during the
Paleogene uplift of the Wales-Brabant Massif . Alternatively, longshore
drift along the Palacocene proto-North Sea margin transported northern
detritus to the Thanet Formation, which was subsequently mixed via the
proto-Thames River”". Ultimately, the Laurentian zircon fingerprint (Fig. 2)
of Salisbury Plain stream sediment reflects polycyclic sediment routing
pathways in Britain dominated by the reworking of earlier strata and does
not support direct delivery via glacial transport.

The detrital fingerprint of Salisbury Plain also helps inform hypotheses
regarding Mynydd Preseli bluestone ice transport from west Wales (Fig. 1).
Rhyolite Bluestones from the Stonehenge area and the Mynydd Preseli have
been dated to the Darriwilian (464-462 Ma), consistent with a source from
the Fishguard Volcanic Group™. From 550 U-Pb analyses in our study, a
single concordant analysis at 464 + 16 Ma from SH3 (River Wylye) repre-
sents the only potential Bluestone-derived zircon (Fig. 2 and Supplementary
Data 1). Such isolated, outlier zircon are a feature of large # detrital datasets,
reflecting the extreme durability and long multi-cycle residence times of
zircon. Moreover, Darriwilian zircon are not unique to the Mynydd Preseli.
Comparable ages occur sporadically in recycled Cenozoic sedimentary units
across southern Britain, including the Thanet Formation". Thus, the most
parsimonious explanation for this lone 464 Ma grain is its incorporation
through multi-cycle sedimentary recycling from Cenozoic units, rather than
the arrival of any sediment derived from the Mynydd Preseli.

If the bluestones are glacial erratics, then the ca. 464 Ma detrital age would
be expected to be much more common throughout the drainage systems on
Salisbury Plain. It is not; hence, this observation is consistent with previous
studies, which do not report bluestone clasts in Salisbury Plain stream
sediments®”*’. Moreover, the river sands contain no coarse-grained first-cycle
lithic clasts (e.g. granite, gneiss, or mafic fragments) that would be expected if
Laurentian zircon had arrived as primary erratic detritus. Combined with the
well-rounded, compositionally mature nature of the zircon-bearing sands
(Fig. 4 and Supplementary Data 3), this indicates a history of multi-cycle
sedimentary recycling rather than direct glacial transport.

Salisbury Plain is dominated by the White Chalk Subgroup, which was
deposited in a stable epicontinental shelf setting throughout the mid-to-late
Cretaceous™. Specifically, the river sand samples are underlain by the Sea-
ford (SH1, SH2), West Melbury (SH3) and Newhaven (SH4) Chalk for-
mations, which span the Cenomanian to Santonian stages of the mid-
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Cretaceous (Fig. 1)**. Phosphatic horizons are well documented in these
rocks, especially in the Seaford Chalk near Stonehenge, where thick, lenti-
cular phosphatic deposits occur within fault-controlled submarine
channels”. These phosphatic Chalk horizons, spanning the Late Cretaceous,
are rich in phosphatised faecal pellets from benthonic detritus feeders, along
with minor phosphatised foraminifera and fish remains, providing a plau-
sible local source of bioapatite that was subsequently reworked into modern
stream sediments** (Fig. 1) (Supplementary Data 3).

Detrital apatite U-Pb analyses from Salisbury Plain River sands yield a
dominant array on a Tera-Wasserburg plot, implying most radiogenic-Pb
retention at 60+ 3 Ma (n=250). Alternatively, *’Pb corrected ages for
apatite, with an F*” < 98% span 115-32 Ma, with a dominant age peak at
~65 Ma (Fig. 3). Palaeogene U-Pb apatite ages postdate the youngest Chalk
formations in Britain, including the Portsdown Chalk (Fig. 1) (ca.
77-70 Ma™). Therefore, we interpret the ca. 60 Ma date to reflect post-
depositional U-Pb disturbance of a heterogeneous Mesozoic population,
dominated by bioapatite'>"’. Bioapatite is consistent with the Chalk for-
mations underlying the study area being deposited in shallow marine
environments conducive to biogenic phosphate accumulation***”.

The scattering of *”Pb/**Pb; ratios up to 0.8793 hints towards the
presence of older primary apatite. These elevated *”’Pb/**Pb; ratios
exceed expected ratios for ca. 60 Ma crustal Pb compositions, as modelled
by Stacey and Kramers®, implying prolonged U-Pb evolution in some
apatite before ca. 60 Ma and thus minor inheritance from other older
sources. The preservation of variable *”Pb/**Pb; values, coupled with
a coherent lower intercept age, reflects the contrasting chemical mobility
of U and Pb in apatite””* during a period of fluid flux at approximately
60 Ma (Fig. 3).

Apatite grains from Salisbury Plain typically occur as 400-100 pm
euhedral to anhedral, angular fragments exhibiting faint sector zonation,
with up to 500 ppm of U (Fig. 4). The porous, poorly crystalline structure of
bioapatite facilitates U gain (due to the solubility of U°) from oxidised
seawater and pore fluids”’®. In contrast, Pb** is relatively immobile and
structurally bound or sequestered within lattice defects”. As a result,
recrystallisation of U-rich apatite during post-depositional alteration
dominates the lower-intercept age, whereas *”Pb/**Pb; ratios in low-U
apatite grains (or domains) are better preserved and retain evidence of older,
heterogeneous detrital components (Fig. 3).

Authigenic marine phosphates typically exhibit extremely low Th/U
ratios, leading to highly elevated **Pb/**Pb ratios in authigenic apatite’®”,
due to bacterial scavenging of U from seawater, which has negligible
thorium™. However, Salisbury Plain apatite displays relatively low
*%Pb/*®Pb ratios (median ~0.59, with no anomalously high values) despite
high uranium concentrations (median ~34 ppm, with some grains exceeding
500 ppm), suggesting Salisbury Plain apatite grains are unlikely to be pristine
primary marine authigenic phosphates with low Th/U ratios. Instead, the
comparatively low **Pb/*®Pb ratios, combined with elevated U, suggest that
diagenetic recrystallisation or modification processes introduced additional
Th and common Pb into apatite, thereby diluting the radiogenic Pb sig-
nature of apatite’®”. These processes are consistent with endemic bioapatite
from phosphatic Chalks, which have undergone partial recrystallisation
during Paleogene tectonically driven fluid alteration.

At ca. 60 Ma, the nascent Alpine Orogeny*””® initiated far-field com-
pressional stresses across western Europe, driving prolonged basin inversion
in southern Britain. This tectonism resulted in the folding of the Chalk at
Lulworth Cove and the reactivation of structures associated with the broader
Purbeck-Isle of Wight Disturbance”. Indeed, phosphatic horizons occur in
lenticular, channelised bodies controlled by local compressional faulting on
Salisbury Plain*’. Thus, it is feasible that fluid-rock interaction at this time,
facilitated by inversion-related deformation and faulting, enabled Pb
mobilisation and recrystallisation within detrital (bio)apatite™”°.

The apparent absence of Laurentian apatite in the modern river sedi-
ments of Salisbury Plain, despite the presence of Laurentian-derived zircon,
likely reflects the different susceptibility of both minerals to destruction

during sedimentary processes. Apatite is more liable to chemical dissolution
and alteration during sedimentary reworking, whereas zircon is highly
durable®™*'. Consequently, the survival of multi-cyclic Laurentian zircon
without corresponding apatite is consistent with the selective removal of
apatite during chemical weathering and sedimentary recycling. Such a
decoupled zircon-apatite fingerprint for Salisbury Plain is inconsistent with
first-cycle glacially-derived detritus, which would necessarily deliver zircon
and apatite from crystalline sources.

Conclusions

New U-Pb dates for detrital zircon and apatite collected from streams
draining Salisbury Plain, England, reveal Cenozoic sediment transport and
reworking, which help inform hypotheses on the transport of the megaliths
at Stonehenge.

Zircon dates span 3396-285 Ma, with prominent age peaks at 1089,
1690, and 1740 Ma, consistent with derivation from the Laurentian crys-
talline basement to the north. However, Quaternary glacial reconstructions
indicate that ice sheets did not extend as far south as Salisbury Plain, making
direct transport of zircon-bearing erratics or glacial outwash unlikely.
Moreover, the multi-cycle nature of detrital zircon, combined with the
absence of proximal crystalline sources from East Avalonian or Megumian
basement rocks, argues against a primary glacial origin from southwest
Wales or the English Midlands. Indeed, among the 550 detrital zircon
analyses, only a single concordant grain from Salisbury Plain stream sedi-
ments yields an age (464 + 16 Ma) consistent with the characteristic Dar-
riwilian ages of the Mynydd Preseli bluestones of southwest Wales. The
extreme rarity of this signature underscores the negligible contribution of
southwest Welsh, or specifically Preseli, crystalline rock input to the detrital
cargo of Salisbury Plain. If ice of sufficient thickness and extent had trans-
ported tens of large, multi-tonne bluestone erratics from west Wales to
Salisbury Plain, it would be expected to leave a pronounced Darriwilian
zircon signature in the fine detrital fraction; its near absence instead indi-
cates that such large-scale glacial transport did not occur.

The Palaeocene Thanet Formation of the London Basin, which
unconformably overlies the Chalk of Salisbury Plain, possesses a zircon age
spectrum statistically indistinguishable from that of modern stream sands,
representing a more plausible source of the stream zircon detritus. Laur-
entian zircon was recycled through Paleogene sedimentary rocks and
remobilised during ongoing denudation in southern Britain, providing a
sustained and local reservoir of reworked material.

Detrital apatite is dominated by a ca. 60 Ma population, consistent with
recrystallised bioapatite derived from local Late Cretaceous Chalk phos-
phatic horizons of Salisbury Plain. These apatites have high uranium con-
centrations (median ~34 ppm, with some grains exceeding 500 ppm) but
relatively low **Pb/**Pb ratios (~0.59), reflecting diagenetic recrystallisa-
tion and the partial introduction of common Pb and thorium. Variously
radiogenic *”Pb/**Pb; compositions suggest a minor, heterogeneous
Mesozoic component. We interpret this as a mixture of bioapatite and
recrystallised phosphate, partially reset during early Paleogene fluid flow
linked to basin inversion and Alpine Orogeny-related compressional
stresses.

Ultimately, the detrital zircon and apatite records from Salisbury Plain
capture the imprint of early Paleogene tectonism linked to the nascent
Alpine Orogeny. Reworking of the Thanet Formation and the Chalk during
basin inversion released recycled Laurentian zircon onto Salisbury Plain,
while coeval fluid-rock interaction reset U-Pb systematics in locally derived
bioapatite. These minerals archive complementary mechanical and che-
mical responses to Paleogene crustal deformation, revealing a unified signal
of Alpine-induced sedimentary remobilisation in southern Britain. This
tectonically driven reworking provides a parsimonious alternative to sedi-
ment transport via glaciation, explaining the presence of far-travelled fine
detritus that characterises the detrital mineral spectrum of Salisbury Plain.
Consequently, we consider direct glacial transport of Stonehenge’s mega-
liths to the site’s environs improbable.
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Methods

Mineral separation

Four river sand samples (SH1-SH4) weighing ca. 1 kg were collected from
Salisbury Plain (Fig. 1) (Table 1). The collected material was processed at the
John de Laeter Centre, Curtin University. Unprocessed sand was first sieved
at <250 um to yield ca. 100 g fractions, which subsequently underwent
heavy mineral separation using a Jasper Canyon Research shaking
platform®. Coarse magnetic minerals were removed using a handheld
neodymium magnet. To further fractionate the fine fraction, lithium het-
eropolytungstate heavy liquid (2.85gcm™) was used to remove light
minerals (e.g. quartz, feldspars). A round of Frantz isodynamic magnetic
separation (using a side-slope angle of 10° and an Amperage of 1.7) allowed
for the retrieval of a final non-magnetic, heavy mineral concentrate. Lastly,
the non-magnetic fraction (<0.2 g) was bulk mounted into 25 mm diameter
epoxy discs.

Mounts were polished to a one um finish, and embedded minerals were
imaged using a TESCAN Integrated Mineral Analyser in the John de Laeter
Centre, Curtin University, with a 1 pm resolution for back-scattered elec-
tron imaging, and 9 um resolution for energy dispersive X-ray spectroscopy
dot mapping. Additional imaging was performed using a Clara FE-SEM to
identify internal textures and crystal morphologies, which aided in the
selection of laser ablation sites.

Zircon U-Pb analysis

Analyses were performed using the LA-ICP-MS instrumentation at the
GeoHistory Facility, John de Laeter Centre, Curtin University (Supple-
mentary Data 1). Zircon U-Pb data were collected using an Agilent 8900
ICP-MS. Ablations from zircon grains were created using a RESOlution
LR193 nm ArF equipped with a Laurin Technic S-155 cell. The carrier gas
was high-purity argon with a flow rate of 0.98 L min ™. A spot size of 28 pm
was combined with an on-sample fluence of ~2.8 Jcm™ and a repetition
rate of 5 Hz. Two cleaning pulses preceded each analysis, and signals from
zircon and the background were analysed for 30s. The sample cell was
cleaned using ultrahigh-purity He (350 ml min™") and N, (3.8 ml min ).
The dwell times for U-Pb measurements were as follows: 0.1 s for **U and
*Th, 0.2s for **Pb, 0.7 s for *”Pb, 0.4s for **Pb, and 0.3 s for **Pb
and *”Hg.

GJ1 zircon 601.95 + 0.40 Ma"* was the primary reference material for
all zircon U-Pb analyses. Secondary reference zircons were analysed after
every ~15 unknowns and included PleSovice =337.13 +0.37 Ma*’;
OG1 =3465.4 + 0.6 Ma* and Maniitsoq = 3008.70 + 0.72 Ma"". Calculated
weighted mean U-Pb and Pb-Pb dates for secondary reference zircon were
within 20 uncertainty of published values (Supplementary Data 1).

We measure U-Pb discordance using concordia log distance (%) and
apply a £10% threshold to define discordance. Over 95% of analyses within
our discordance filter are within analytical uncertainty of concordia at the
2SE confidence level. We use single-spot concordia ages for further statis-
tical analysis, which offers several advantages over single-ratio U-Pb or
Pb-Pb ages™.

Apatite U-Pb analysis

In-situ apatite U-Pb analyses were conducted using a Nu Plasma II multi-
collector mass spectrometer coupled to a Resonetics S-155-LR 193 nm exci-
mer laser ablation system at the GeoHistory Facility, John de Laeter Centre,
Curtin University. Apatite grains were ablated with the same laser system as
zircon, but used a beam diameter of 38 um (Supplementary Data 2).

The following masses were measured: **Hg, **(Pb + Hg), **Pb, *’Pb,
*%pb, and **U. All masses were measured on ion counters for 210 cycles
with an integration time of 0.3 s. The laser fluence measured at the sample
surface was ca. 3.5J cm™, and a pulse frequency of 5 Hz was used. Data
acquisition consisted of two cleaning pulses, a 40-20 s blank flush out, a
15-30 s ablation time, and a total of 45 s of baseline acquisition. The sample
cell was flushed with ultrahigh-purity He (320mlmin™") and N,
(1.2mlmin"), and ultra-high-purity Ar was employed as the plasma
carrier gas.

Comparative datasets

Zircon U-Pb data for the crystalline basement rocks of Britain, Ireland and
continental Europe were sourced from refs. 13,88. Detrital zircon datasets
from Britain used for comparison include Orcadian Basin ORS*, Grampian
Outlier ORSY, Strathmore Basin (northern Midland Valley)”, Lanark Basin
(southern Midland Valley)”, Pennine Basin'*'*"*”, Anglo-Welsh Basin
ORS", Wessex Basin'’, and the Thanet Formation, London Basin'. For
Ireland, detrital datasets include the Dingle Peninsula Basin ORS* and
Munster Basin ORS*. Age data for the Altar Stone were sourced from
refs. 26,94. All zircon U-Pb data for sedimentary and crystalline rocks
within Britain and Ireland were filtered for discordance.

Two-sample, two-sided Kolmogorov-Smirnov (KS) tests were used to
compare the detrital zircon age spectra of Salisbury Plain stream sand
samples with compiled zircon datasets. This test assesses the maximum
difference between the cumulative density functions of the two distribu-
tions, evaluating the null hypothesis that both spectra are drawn from the
same underlying population. The significance of the result is determined by
a critical value that depends on the sample sizes and the chosen
confidence level.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data used in this manuscript are included in the published article (and its
supplementary data files). All data has been uploaded to FigShare™ at
https://figshare.com/s/d12a61a54f5647d60a53. Supplementary data files
contain all isotopic and automated mineralogy data used to generate the
figures.
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