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Abstract

Geochemical mapping of biosphere variation has wide application to geological,
environmental, forensic and archaeological research. The extent to which trace elements may
be used to complement strontium isotopes (3’Sr/Sr) for biosphere characterisation is unclear
and uncertainties exist regarding the most suitable sample media for this purpose. Here, the
variation in 8Sr/®Sr and trace elements, with focus on the rare earth elements and yttrium
(REE+Y), are measured in soil leachates, vegetation and streamwaters. These independent

tracers are employed to define geochemical reservoirs and quantify soil-plant-water
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interactions in a geologically diverse and archaeologically significant area of Ireland, County
(Co.) Meath. This integrated isotope and element approach produces the first combined dataset

for this temperate environment.

Biological absorption coefficients (BAC) are used to assess bio-uptake of selected elements.
The REE+Y exhibited greatest utility in revealing soil parameter controls on bio-uptake, such
as reduced availability from preferential retention of Ce on Mn/Fe-hydr(oxide) surfaces, as
well as revealing a preferential uptake of Y relative to HREE. High Y/Ho ratios (65.3-465.1)
are exhibited in ash tree samples (Fraxinus excelsior L.), regardless of geological setting,
indicating a potential species-specific preference. However, aerial portions of ash trees do not
directly reflect the REE in the bioavailable portion of the soil, indicating selectivity from the
soil reservoir or fractionation during plant uptake and/or intra-plant distribution. Streamwater
REE patterns have a consistent and seawater-like pattern probably inherited from marine
carbonate bedrock, surficial marine carbonate-derived till, agricultural fertiliser or a
combination of all three, and thus were not site lithology diagnostic. By contrast, distinct
variation in sources of 8'Sr/®°Sr to streamwaters is evident and reflects small-scale differences

in underlying bedrock.

The 8Sr/®Sr range of vegetation for the study area is 0.7081 to 0.7130. Soil and streamwater
samples collected at proximal locations to the vegetation demonstrated a range of 0.7086 to
0.7133 for soil leachates and 0.7081 to 0.7107 for streamwaters. Statistically significant
(p<0.05) differences between the spatial distribution of 8’Sr/%Sr in plants and certain
underlying bedrock/Quaternary sediment were identified, even in a region without an extreme
range in 87Sr/%®Sr values. Careful selection of appropriate soil leaching protocols is necessary
for an informative estimate of the natural ranges that exist within the pedosphere, supporting
the notion that plant material is the most suitable sample medium for mapping bioavailable Sr.
The high degree of spatial variability in 8Sr/®Sr and differences between reservoirs can only
be accurately represented by relatively high-density sampling of plants. These data
complement both national and European-wide initiatives to produce large-scale 8'Sr/®Sr

biosphere maps.



1 Introduction

Mapping geochemical variations of local biosphere values has wide application to geological,
environmental, archaeological, forensic and food authenticity research (eg. Bataille and
Bowen, 2012; Beard and Johnson, 2000a; Bentley, 2006; Capo et al., 1998; Evans et al., 2012,
2010; Laffoon, 2012; Laffoon etal., 2017, 2012; Maurer et al., 2012; Montgomery, 2010; Price,
2015; Sealy et al., 1991, Sillen and Kavanagh, 1982; Vinciguerra et al., 2016). Spatially defined
biosphere geochemical maps can elucidate elemental and isotope reservoirs and their
interactions at the Earth’s surface. Strontium isotope ratios (8'Sr/®Sr) have been used
extensively as a geographical discriminant and as a geochemical tracer of weathering
processes, in some cases, in combination with rare earth elements (REE+Y) and other trace
elements (Aubert et al., 2001; Lagad et al., 2017; Tricca et al., 1999). Independently, the REE
have emerged as a powerful tracer of water source, water mixing, and aqueous processes (e.g.
Noack et al., 2014; Pourret et al., 2010; Tweed et al., 2006), in addition to chemical weathering
process and soil formation (Babechuk et al., 2014; Condie, 1991; Hu et al., 2006; Laveuf and
Cornu, 2009; Nesbitt, 1979), and studies of plant material (Brioschi et al., 2013; Miao et al.,
2011; Squadrone et al., 2017; Thomas et al., 2014; Tyler, 2004).

Within the last 15 years there have been numerous large scale Sr isoscapes developed using
biosphere samples (e.g. Aberg et al. 1998; Bentley & Knipper 2005; Evans et al. 2009; Evans
et al. 2010; Frei & Frei 2011; Frei & Frei 2013; Hartman & Richards 2014; Hedman et al.
2009; Hodell et al. 2004; Knudson & Torres-Rouff 2009; Kootker et al. 2016; Laffoon et al.
2012; Nafplioti 2011; Porder et al. 2003; Price and Naumann, 2015; Sjogren et al. 2009;
Thornton 2011; Voerkelius et al. 2010; Willmes et al. 2014; Zitek et al. 2015), however none
of these has specifically dealt with detailed Sr isoscapes in Ireland. At present, there are
relatively few published data dealing with spatial variation of 8Sr/%Sr in the Irish biosphere
using environmental samples (Cahill Wilson and Standish, 2016; Knudson et al., 2012; Snoeck
et al., 2016; Voerkelius et al., 2010), despite the fact that 8Sr/®Sr are commonplace as a
provenance tool applied to archaeological studies (e.g. Montgomery, Evans, and Chenery,
2006; Wallace et al., 2010; Montgomery and Grimes, 2010; Montgomery et al., 2014; Kador
etal., 2014; Sheridan et al., 2013). For 8/Sr/®%Sr to be applicable to Irish case studies, a baseline
reference dataset is imperative, especially in areas of archaeological significance. The context
of this study, Co. Meath, is a storehouse of archaeology; the Hill of Tara, the Norman

settlement of Trim, the Megalithic sites of the Boyne Valley, Loughcrew and many other sites



have been extensively studied but await extended investigation using environmental 8’Sr/Sr
isotope data. This study provides baseline 8’Sr/%Sr data for use in future archaeological studies
in this region and in cases where ancient human mobility associated with the locality is in

question.

This research aims to geochemically characterise the degree of biosphere variation between
specific element reservoirs and investigate geosphere-biosphere-hydrosphere interactions
using 8Sr/®Sr and REE+Y proxies. To document the spatial variability in geochemical
signatures, three sample media were used; vegetation, streamwaters and surface soils. A
sampling density of >1 sample per 20km? was used here to examine spatial geochemical
heterogeneity, with implications for 8Sr/8®Sr values inferred from larger-scale biosphere maps.
The REE+Y are naturally present in soils and are important in calculating material
fluxes/geochemical budgets within catchments (Aubert et al., 2002a) and due to the REE+Y
variability between geological and hydrological environments, smaller-scale studies on
REE+Y systematics are of significant merit (Noack et al., 2014) and are key to interpreting
regional natural REE+Y variability. Their abundances are used here to elucidate the origin and
mobility behaviour of lanthanides and yttrium in soil-plant-water systems, with emphasis on
possible substrate-vegetation fractionation. The distribution of REE+Y from substrate into the
dissolved load of streams is also examined to test the degree of inheritance from rock-soil-

water interactions.

1.1 Estimating element bioavailability in soil

The &7Sr/®Sr of a particular bedrock depends on both its age and geochemical composition
(Faure and Powell, 1972). Whilst it is assumed on a larger scale that biosphere values will
generally correspond with major lithological boundaries (Beard and Johnson, 2000), this is not
always the case. Biosphere 8Sr/®Sr ranges do not usually directly resemble whole-rock values
because bioavailable Sr originates from rock-weathering products, non-local glaciogenic
material and atmospheric and anthropogenic inputs in varying combinations, often with
distinctive isotopic fingerprints (Ericson, 1985). Furthermore, plants preferentially source
certain elements from soils that have been progressively enriched in more stable minerals, with
respect to underlying geology due to preferential weathering (Bain and Bacon, 1994). Although
geochemical vectoring using plants is relatively commonplace in economic geology when

spatially defining ore bodies or geochemical anomalies (Brooks, 1972; Dunn, 2007), the



relationship between the trace element chemistry of plants and underlying soil, Quaternary

deposits and bedrock is not always clear (Bentley, 2006; Capo et al., 1998).

In terms of bedrock and mineral composition, Sr is likely to occur in elevated concentrations
in intermediate igneous rocks, calcareous sediments and sulphate rich deposits and its
distribution within minerals is most strongly controlled by Ca (Kabata-Pendias, 2001).
Sorption and desorption processes such as precipitation, complexation, and ion exchange
largely control the behaviour of Sr in soils which in turn are controlled by pH, ionic strength,
solution speciation, mineral composition, organic matter, biological organisms, and
temperature (Kabata-Pendias, 2001). Strontium ions can sorb as hydrated ions on iron oxides
and clay minerals (Sahai et al., 2000) and therefore argillaceous sediments tend to be enriched
in Sr. However, generally, Sr is easily mobilised and readily exchangeable (Bunker et al.,
2000). Organic matter in soils can strongly fix Sr and so it too has a major effect on the mobility
of Sr from soils into groundwater (Wiche et al., 2017). The mean Sr concentration of soils
across the United States of America, for instance, is on average around 120 mg/kg (Shacklette
and Boerngen, 1984), whereas for Ireland this is estimated to be approximately 80 mg/kg for
bulk soils and 30 mg/kg for quasi-bulk soils (Young et al., 2016; Young and Donald, 2013).
High concentrations of Sr are expected in loamy, calcareous or industrial soils whilst soils that
have low organic matter and clay content, such as more sandy soils, generally have lower Sr
content (Kabata-Pendias, 2001).

The REE are another useful tracer of element cycling at the soil-plant interface. In contrast to
Sr content, ultramafic igneous and calcareous rocks have the lowest concentrations of REE. In
soils, REE can be mobile and preferential mobility between the light REE (LREE) and heavy
REE (HREE) or inter-element fractionation within these groups reflects a complex interplay
between host mineralogy, complexation behaviour (e.g., available carbonate ions or organic
ligands), available pedogenic mineral surfaces, which are in turn controlled by soil parameters
such as Eh and pH (e.g. Hu et al., 2006; Kabata-Pendias, 2001; Khan et al., 2017; Laveuf and
Cornu, 2009; Vazquez Vazquez et al., 2016). Nevertheless, specific soil parameters can be
elucidated from the REE, such redox parameters revealed by the contrasting geochemical
behaviour of Ce(l1) vs. Ce(1V) leading to separation of Ce from the strictly trivalent REE and
indicating oxic conditions that support the formation of Fe/Mn-oxy(hydroxides) (Aide and
Aide, 2012; Miao et al., 2008; Pédrot et al., 2015a; Wang and Liang, 2014; Wyttenbach et al.,
1998). Other studies have found utility in examining inter-element fractionation that reflects



differences in complexation behaviour, such as the fractionation of Y and Ho (Thompson et
al., 2013; Babechuk et al., 2015), which have highly contrasting affinity for complexation due
to their differences in orbital chemistry, but are otherwise tightly coupled in the absence of
ligands (Bau, 1996). Although the overall budget of REE available in soils in parent lithology
and mineralogy specific, most parent materials have REE concentrations ranging from 0.1 to
100 mg/kg (Aide and Aide, 2012).

The bulk concentration of trace elements and Sr in soils reside in the leach-resistant detritus
rather than the leachable pool (Sholkovitz et al., 1994), but it is the latter that is immediately
bioavailable for plants. The REE concentrations of soil pore fluids and soil leaches are
generally controlled by the solubility of REE-bearing minerals and therefore do not directly
reflect the REE concentrations of the bulk soil (Braun et al., 1998). Nevertheless, leaching of
soils in order to estimate the bioavailability of REE has been extensively studied — see Hu et
al., (2006) and references for multiple examples contained therein. To empirically assess the
bioavailability of Sr and the REE in soils, a common strategy is the use of leaching
experiments. There is some debate about how successfully leaching experiments replicate the
bioavailability of elements within a natural system because REE and Sr in soil can be found in
numerous soil fractions and can thus be defined by the chosen extraction method. The key
fractions are: the water-soluble, the exchangeable, the carbonate, the amorphous oxides, the
manganese oxide bound (Fe/Mn-oxy(hydroxides)), the organically bound, the crystalline
oxide, and the residual fraction. The water soluble and/or exchangeable fractions are commonly
targeted for studying biogeochemical cycling (e.g. Drouet et al., 2007; Fang et al., 2007; Frei
et al., 2009; Leybourne and Johannesson, 2008; Loell et al., 2011; Miller et al., 1993; Poszwa
et al., 2000; Tyler, 2004)

1.2 REE+Y translocation to plants

Examining the biogeochemical relationship between soil and plants enables distinction of key
geochemical anomalies and their significance for element transfer between these
environmental media. The potential effect of REE+Y on plant growth and their mechanisms
for entering into biomass is of growing interest, particularly the uptake, distribution and
accumulation of REE+Y in plants (Wyttenbach et al. 1998; Tyler 2004; Tyler & Olsson 2005;
Brioschi et al. 2013; Wen et al. 2001; Fu et al. 2001; Censi et al. 2014; Miao et al. 2008; Miao
etal. 2011; Limae Cunhaetal. 2014; Ding et al. 2006; Hu et al. 2006). Despite this, the REE+Y



content of wild-growing plants in natural ecosystems is much less studied. Both organic and
inorganic processes play a role in the uptake of elements by plant roots from the rhizosphere,
but generally, plant REE+Y are controlled by the type of soils on which they grow and the
plant species in question (Fu et al., 2001; Miekeley et al., 1994). The biomass signature is an
end-member in a mixing system of soil/water/rock. Direct rhizospheric acidification of the
mineral particles (mostly Fe/Mn-oxy(hydroxide) and clay particles) is the suggested
physicochemical process by which REE+Y are made soluble and available for uptake by plants
(Brioschi et al., 2013). In terms of the correspondence between soils and plant REE+Y
signatures, complex relationships between concentrations in these media have been
demonstrated (Laul et al. 1979; Robinson et al. 1958; Tyler and Olsson 2005). This complexity
is due to differing REE+Y concentrations within soil horizons and species-dependent
absorption capabilities (Lima e Cunha et al., 2014). The Biological Absorption Coefficient
(BAC), the ratio of an element concentration in a plant to that in the soil, or soil fraction, can
be used to quantify and predict the relative difference in bioavailability of elements in the soil-

plant system (Ebong et al., 2007).

1.3 REE+Y in the hydrological system

Examining the relationship between REE+Y characteristics of soil/plant and small streams is
of growing interest for understanding element cycling (Aubert et al., 2002b; Brioschi et al.,
2013; Cidu et al., 2013; Miao et al., 2008). The dissolved REE+Y composition of local streams
is controlled to some degree by the local catchment geology and weathering conditions,
providing a snapshot of the flux to the hydrosphere. However, in any given drainage basin,
physio-chemical parameters such as pH, dissolved organic carbon (DOC) concentration,
aquatic chemistry processes, weathering of individual mineral phases and land use can also
influence the measured REE+Y chemistry of river waters (Byrne and Sholkovitz, 1996;
Chudaev et al., 2016; Deberdt et al., 2002; Elderfield et al., 1990; Lawrence and Kamber, 2006;
Matsunaga et al., 2015; Noack et al., 2014; Pédrot et al., 2015a; Tricca et al., 1999), in addition
to REE complexation with organic and inorganic ligands (Johannesson et al., 1999;
Johannesson and Zhou, 1999; Millero, 1992).

The REE+Y patterns of many large rivers are relatively flat when normalised to shale
(Elderfield et al., 1990), demonstrating their similar pattern with the average upper continental

crust (often approximated with shale composites) and assumed to be a broad representation of



the original REE+Y source (Piper and Bau, 2013). In such cases, this similarity indicates that
the relative abundances of the REE+Y are not markedly fractionated during weathering and
aqueous transport. However, at a finer scale the REE+Y patterns of smaller streams or rivers
often broadly reflect the predominant lithology in the catchments and allow these elements to
be exploited as a tracer of water source and mixing (Lawrence et al., 2006a, 2006b; Sadeghi et
al., 2013; Zhang et al., 2003). Groundwater and river/streamwater associated with marine-
derived carbonate-rich catchments often exhibit LREE depleted patterns that resemble
seawater (e.g. Elderfield et al. 1990; Smedley 1991; Johannesson & Lyons 1994; Sholkovitz
1995; Johannesson et al. 1999; Johannesson & Hendry 2000; Leybourne et al. 2000; Négrel et
al. 2000). In this study, REE+Y in immature streams from small drainage catchments in Co.
Meath were measured to determine the origin and behaviour of REE+Y and better understand
the connection between the dissolved load REE+Y distribution patterns with the principle

underlying lithologies and overlying sediments.

1.4 Study site

Co. Meath is located in the east midlands of Ireland between 53° 21' W and 53° 55’ W and 6°
12'Nand 7° 20" N (Fig. 1). The field area of Co. Meath and proximal surrounding areas, covers
approximately 2,500km? and has a typical temperate oceanic climate that is subject to south-
westerly prevailing winds. Despite some small-scale variation in temperature and rainfall
throughout the area, it can essentially be classified as a single bio-climatic zone. The region
has a relatively flat topography due to glacial erosion and an extensive blanket of glacial
sediments. Aside from a small area in northwest Co. Meath, all rivers drain eastwards towards
the Irish Sea, including, Dee, Boyne and Nanny (Finch et al., 1983).
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Figure 1. Map of the study site - Co. Meath, Ireland, indicated by the red highlighted region.

The study area encompasses a high degree of bedrock variability over a relatively small area.
The bedrock geology consists largely of marine-derived sediments, primarily basinal facies
and argillaceous and cherty limestone and shale that are late Palaeozoic in age (Geological
Survey of lIreland, 2009). Bedrock can be grouped into three dominant rock types: (1)
Ordovician and Silurian lithologies, (2) Upper Carboniferous shale and (3) Carboniferous
limestone (Finch et al., 1983). Further details on the geological history and formation of the
regional bedrock can be found in Clarke et al., (2007), McConnell et al., (2001) and Meehan
and Warren, (1999). Four distinct bedrock units were selected as comparative sites, from which
a plant, soil and streamwater sample was collected: the bedrock units were, Ordovician-Silurian

shale, Permian sandstone, Carboniferous limestone and a small outcrop of Devonian basalt.

The bedrock geology is variably covered by Quaternary sediments, mostly deposited during
the Pleistocene (McCabe, 2007). These sediments include till, fluvioglacial gravels and sands
of varying provenance including local bedrock as well as more distal clasts from the Irish Sea
and Scandinavia (McCabe, 2007). Owing to the contribution from this source, the bioavailable
87Sr/%Sr may not directly reflect bedrock Sr compositions and therefore, the underlying
bedrock geology, is not a straightforward proxy for bioavailable Sr. Here, the extent to which
distinct geological units can be characterised over the study area by regionally unique &"Sr/®Sr

values or REE patterns is examined.



2 Materials and Methods

2.1 Sampling strategy

Sampling density and location were organised around distribution of principal chrono-
stratigraphic units on the 1:500 000 geological map of Co. Meath (Geological Survey of
Ireland, 2016). A plant sample was collected at each site and at four additional representative
sites, selected on their distinct bedrock and/or Quaternary deposits, surface soils and
streamwater were collected in addition to the plant samples. To avoid contamination by modern
day fertilisers, samples were taken from forested, non-agricultural land. The sampling methods
followed in this study were adapted from those outlined by the British Geological Survey
(BGS) (Johnson et al., 2005; Smyth, 2007) and adhere to the proposed standardised field
methods specifically for 8Sr/%Sr (Grimstead et al., 2017).

Vegetation samples consisted mainly of grass, fern, heather, ash and other twiggy deciduous
material (woody twigs of mature shrubby trees). All plant samples for which REE+Y
concentrations were measured are of the species ash, Fraxinus excelsior L. and the terminal

branches were sampled.

Soil was taken at proximal locations to the vegetation from the surface A-horizon (5-20cm).
Soil mineral particles close to the plant roots (in the rhizospheric zone) are more likely to be
the main REE+Y source for plants and it is for this reason that the upper horizon of the soil
was leached in this study. Moreover, ash trees have an abundance of surface roots with
intensive superficial root systems that are far-reaching and dominate the upper 0-5 cm of the
soil profile (Rust and Savill, 2000). Soil samples were collected from five points at the corners
and the centre of a 20 x 20 m square, combined to form a composite sample of ~1 kg. The
bedrock and/or Quaternary substrate on which the collected soils developed is defined in Table
1.

Streamwater was collected from the active portions of small first- and second-order catchment
locations that integrate material from an area of no more than a few square kilometres. The
‘clean hands, dirty hands’ sampling procedure (U.S. EPA, 1996) was adopted. Sites were at
least 50 m upstream of roads, reducing the risk of anthropogenic runoff contamination. Water

samples were collected in acid-cleaned polypropylene bottles filtered immediately by 0.45 um
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pore size Millipore HDPE membranes, acidified with ultrapure HNO3 (to 1% v/v) and stored
refrigerated (~4°C) until analysis. The fraction that passed through this filter is considered as
the ‘dissolved load’ and is known to consist of colloids less than 0.45 um in addition to the
truly dissolved fraction. Both the syringe and water filter were rinsed several times in the
streamwater and the first portion of the filtration was discarded to clean the membrane.

2.2 Sample preparation and digestion

Sample preparation and digestion were carried out in two different laboratories: in the
Geochemistry Laboratory at Trinity College Dublin (TCD), Ireland and in the G-Time
Laboratory at the Université Libre de Bruxelles (ULB), Belgium. All reagents were prepared
using triple-distilled HNO3 and ultrapure water. At TCD, plant samples were placed in quartz
glass crucibles and ashed in a furnace at 600°C for 8 hours. A 0.1 g aliquot of each sample was
digested in 1mL ultrapure concentrated HNO3 for at least 1 hour before evaporating to dryness

and being redissolved in 2 mL 2 mol/L HNOsa.

To separate the water soluble and the exchangeable/labile soil fractions of the soil and hence
characterise the origin and bioavailability of Sr and REE+Y that can be desorbed by natural
solutions in the soil, separate leaching experiments were performed using either ultra-pure H.O
(Maurer et al., 2012; Pierson-Wickmann et al., 2009) or 1 mol/L NHsNO3 (DIN:1SO (German
Institute for Standardization) 1SO (International Organization for Standardization); Loell et al.
2011; Willmes et al. 2014; Zhai et al., 1999). Using these reagents provided a best estimate of
(1) the cations available for plants via ion-exchange in the soil (NH4NO3), and (2) the cations
leachable with water flowing through the soil (ultra-pure H2O). These solutions do not extract
elements bound to organics (Caporale and Violante, 2016). According to Pearcy et al. (2000),
the particular salt solution chosen does not significantly affect the amount of ions extracted, as
in any case, nearly all exchangeable cations are released into solution. An extensive sequential
leach is therefore not generally necessary. The soil samples were dried in an oven for 48 hours
at 60°C. Two 1 g aliquots were used for the two different leaching methods. The first method
used 2.5 mL of 1 mol/L NH4sNO3s and was constantly agitated for 8 hours. The second leaching
method used 10 mL of MilliQ H2O and was constantly agitated for 24 hours. Extractions were
conducted at room temperature. All samples were then centrifuged at 3000 rpm for 20 minutes.

The supernatant fluid was extracted and evaporated to dryness and then redissolved in 2 mL 2

11



mol/L HNOs. To prepare the streamwaters for chemical analysis, 15 mL of sample was
evaporated in PMP beakers to which 1 mL of concentrated HNO3 was subsequently added and
left to react for approximately 12 hours in order to attack organics and convert to nitrate for
loading on the column. The concentrated HNO3s was then evaporated and the sample was
redissolved in 2 mL of 2 mol/L HNOa.

At ULB, additional plant samples were placed in porcelain crucibles and ashed by step heating
in a muffle furnace at 650 °C. The entire acid digestion process and subsequent Sr purification
was carried out under a class 100 laminar flow hood in a class 1000 clean room (Université
Libre de Bruxelles, Belgium). 50 mg of sample was digested in sub-boiled HNO3z at 120 °C for
24 hours. All samples analysed for &Sr/8Sr were purified through Sr separation columns using
Sr-Spec resin (Horwitz et al., 1992). Dissolved samples were centrifuged for 30 minutes at
5000rpm and loaded on columns equilibrated to 1 mol/L HNOa. Following this, 0.05 mol/L

HNO3 eluants were used to collect Sr.

2.3 Quadrupole ICP-MS determination of trace elements

Trace element abundances were measured via quadrupole ICP-MS (Q-ICP-MS) on a Thermo
Fisher Scientific™ iCAP-Q at the Geochemistry Laboratories at Trinity College Dublin. In
preparation for analysis, a 0.1 ml aliquot of each of the solutions was sub-sampled and diluted
to produce a 2% (v/v) HNOgz solution bearing a mixed internal standard with °Li, Rh, Re, Bi
and 2®U. Experiments were run following the method outlined initially by Eggins et al. (1997),
with some adaptations to the method for different sample matrices and instrument
configurations as reported elsewhere (e.g. Babechuk et al., 2010 for silicate rocks; Lawrence
et al., 2006a, 2006b for natural waters). Processing of instrument response for signal
suppression, drift, blank and interference correction, and calibration were performed offline
(e.g., Ulrich et al., 2010). Calibration applied preferred concentrations for the United States
Geological Survey (USGS) standard W-2a (Babechuk et al., 2010). Experiment specific and
long-term compiled trace element abundances determined for several standard reference
materials are used to constrain the intermediate method precision at 3% RSD (1s) or better
(1% for the REE) for the reported analytes and monitor accuracy (e.g. Babechuk and Kamber,
2011; Lawrence et al., 2006a). A notable exception is that in waters bearing a significant

abundance of Ba and very little Eu (i.e., a high Ba/Eu ratio), the final determination of Eu may
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be hindered from BaO* production (Lawrence et al., 2006); in these cases, Eu data are not
reported. The procedural blank contribution to measured unknowns (plants, soil leaches and
sampled waters) was typically well below 1% of the measured intensity, with the exception of
the most trace element-depleted stream water (SR39), where the contribution of blanks reached
a maximum of 10-15% for some analytes. The blanks in the NH4sNOz and H2O leach methods

were <1% (mostly <0.2%).

It is common practice for REE concentrations in aqueous samples to be normalised to that of a
composite of the average upper continental crust, such as the so-called Post-Archean Australian
Shale composite (Taylor and McLennan, 1985). Here, an alternative normalisation dataset
known as MuQ (Mud from Queensland), a sediment composite produced by Kamber et al.
(2005) is employed. From the normalised patterns, well-established REE anomalies
(REEW/REE®*), i.e., deviations from an otherwise smooth pattern from the geogenic source or
otherwise resulting from a weathering or aqueous reaction, are calculated. Here, REEq* is the
expected normalised concentration when interpolated from a neighbouring element, which
does not exhibit anomalous behaviour. The specific projections employ the geometric
calculations from Lawrence et al. (2006a) for La, Ce, Eu, Gd, and Lu. The magnitude of LREE
over HREE depletion, i.e., the slope of the overall normalised REE pattern, is expressed as the
Pra/Ybn ratio (Pr/Yb ratio: (Pr/YDb)n = (Pr/Yb)sampie/ (Pr/Y b)mug)) With values >1 indicating light
enrichment, and values <1 indicating heavy enrichment relative to the normalising values. The
Dyn/Ybn is used in an analogous manner to define the MREE/HREE slope. The over-abundance
of Y relative to HREE is expressed numerically using the deviation of the un-normalised Y/Ho
ratio, which can be compared to the value of ~27 (average upper continental crust; Kamber et
al., 2005) and chondritic values of ~26 (Pack et al., 2007).

24 TIMS

Post-elution Sr concentrations were determined to assess the Sr content prior to loading on the
filament. Approximately 200 ng of Sr was loaded onto outgassed Re filaments together with 1
ML of a TaFs activator to enhance Sr ionisation (Birck, 1986). Strontium isotope analyses were
performed on a Thermo Scientific Triton Thermal lonisation Mass Spectrometer (TIMS) with
a 5-cup Faraday multi-collector at University College Dublin (UCD). The instrument was
tuned for maximum signal strength, stability and peak shape. Strontium isotopes were
measured in static mode using Faraday cups, which were calibrated immediately before each

13



batch of analyses. A rotation of the Faraday amplifiers was also done during the analysis to
eliminate any bias. The cup configuration was as follows; 84 in L1; 85 in C; 86 in H1; 87 in
H2 and 88 in H3. To ensure data precision, accuracy, reproducibility and comparability to other
international data sources, blank and standard analyses were analysed with each batch of
analyses. Sample 8/Sr/®Sr values are reported relative to a value of 0.710250 for NBS SRM
978. The long-term mean value of this standard in UCD was 0.710260 £ 9 (2SD), in agreement
with the value measured over the course of this study 0.710261 + 5 (n=5). Instrumental mass
fractionation was corrected using an exponential law to a 8Sr/%8Sr ratio of 0.1194. All sample

value errors are reported 2SE for within-run precision.

2.5 MC-ICP-MS

87Sr/%Sr of additional plant samples were measured by Multi-Collector Induced-Coupled-
Plasma Mass-Spectrometry (MC-ICP-MS) following the procedure detailed in Snoeck et al.
(2015). The isotope ratios of the purified Sr samples were then measured on a Nu Plasma MC-
ICP Mass Spectrometer (Nu015 from Nu Instruments, Wrexham, UK) at ULB. During the
course of this study, repeated measurements of the NBS SRM 987 standard yielded 8’Sr/%Sr =
0.710214 + 40 (2SD for 15 analyses). All sample measurements were normalised using a
sample-standard bracketing method with the recommended value of 8/Sr/%Sr = 0.710248
(Weis et al., 2006).

2.6 Statistical analysis

Plant data were processed using a one-way ANOVA (Welch’s ANOVA, IBM SPSS Statistics
for Macintosh, Version 23.0, Armonk, NY: IBMCorp.) to test the null hypotheses that 87Sr/26Sr
of vegetation, soil leachates and streamwater varies based on (1) underlying bedrock geology

and (2) surficial geology.

Further evaluation of statistical outliers, distribution of the variables and resultant trimming of
data was conducted as per outlined in Kootker et al. (2016). Six different geological formation
based groups and seven different Quaternary geology based groups were used, identified by
formation number and Quaternary sediment code, respectively (Table. 1). Extreme outliers,
values that deviate more than three times the interquartile range (IQR) from the median, were
removed from the dataset. Shapiro-Wilk's normality test was conducted to assess the
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distribution of 8’Sr/®Sr in each group. Tukey's schematic boxplot was generated to display the
intra- and inter-group variations in 8/Sr/%Sr. Levene's test for equality of variances was used

to test the null hypothesis of equal variances between the groups.

2.7 Biological Absorption Coefficient (BAC)

The relationship between REE+Y content of the soil extracts and plants is examined using the
biological absorption coefficient (BAC) to quantify the natural process of element transfer and
translocation rates. This provides an estimate of their individual availability to the plant. The
BAC is defined as follows (Miao et al., 2008):

BAC = Lx / Nx

where, Lx = REE+Y concentration in the dry plant sample and Nx = REE+Y concentration in

soil leachate.

This ratio can also be described as a transfer factor ratio (Brioschi et al., 2013). The results
were categorised into 5 groups based on the magnitude of the coefficient: BAC > 1000 — very
strongly accumulated; from 100 to 1000 — strongly accumulated; from 10 to 100 — moderate
absorption; from 1 to 10 — weak absorption, and from 0.1 to 1 — very weak absorption. This
follows the structure outlined by Kabata-Pendias, (2001) and Lima e Cunha et al., (2014) but
has been altered by a factor of one hundred due to the fact that soil leachate compositions were

used rather than bulk soils.
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3 Results

3.1 Srisotopic and concentration data

87Sr/8Sr and Sr concentration ([Sr]) are presented in Table 1 in stratigraphic sequence, based
upon the geological formation above which each sample was located. The range in vegetation
87Sr/8Sr for the study area is 0.7080 to 0.7130. At four sites, with differing lithologies: (1)
Devonian basalt, (2) Ordovician/Silurian shale, (3) Permian sandstone and (4) Carboniferous
limestone, soil and streamwater samples were collected at proximal locations to the vegetation
and demonstrated a range of 0.7086 to 0.7133 for soil leachates and 0.7081 to 0.7107 for
streamwaters. This comparative approach is used to examine the relationship between the
chemical and isotope compositions of plants and the soil/lithology of their growth location.
When the two soil leachates (H20 and NH4NOs3) are compared, in each case the H>O leachate
has a more radiogenic 8’Sr/8®Sr than the corresponding NHsNOgs leachate. The concentration of
Sr measured in ashed woody plant material ranged from 13.89-48.15 mg/kg. Streamwaters
ranged from 82.08-555.1 pg/L (Table 1). [Sr] of soil leachates is given as the leachable fraction

normalised to the amount of dry mass used and ranged from 5.509 to 8180 ug/L.
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Fm [Sr] 87Sr/86Sr
Age Lithology No. Quaternary Sediment Sample I.D. Sample Type | Easting? Northing (ug/kg)® ratio 2SE Lab
TLPSsS - Till (Lower
Lower - Middle Rhyolite and rhyolitic Palaeozoic sandstone and
Ordovician tuff 34 | shale) SR23 Tree 308772 267470 20340 0.709892  0.000005 | UCD
Ordovician - Moffat shale facies; 42 | TLPSsS SR20 Tree 290215 275794 13890 0.711931  0.000006 | UCD
Silurian  (416— Shale and greywacke 124 Grass 292556 275409 0.710787 0.000008 ULB
488 Ma) Rck - Bedrock outcrop SR19 Tree 291514 278768 17030 0.710697  0.000006 | UCD
SR29 H,O Soil 5.509 0.711837  0.000042
SR34 NHsNO; Soil 205.1 0.711616  0.000037
TLPSsS SR39 Streamwater 290858 278747 138.2 0.709856  0.000006
Silurian  (416— Deep marine turbidite
444 Ma) sequence; mudstone, 49 | Rck 119 - 1* Grass 307529 284836 0.711762 0.000007 ULB
sandstone, greywacke, 119 - 2* 0.710486 0.000008
shale and
conglomerate Ws - windblown sands 120 - 1* 315817 281292 0.709397 0.000007
" 120 - 2* " " " 0.709177  0.000010 "
120 - 3* 0.709179  0.000009
GLPSsS -Gravel (Lower
Palaeozoic sandstone and
shale) 127 - 1* 262733 283186 0.710315  0.000007
" 127 - 2% " " " 0.708119  0.000008 "
127 - 3* Shrub 0.708328  0.000012
Rck 135-1 " 311401 263848 0.709302  0.000014 "
135-2 Tree 0.709377  0.000009
TLPSsS 191 - 1* Grass 312843 283959 0.711300  0.000009 "
191 - 2% 0.711027  0.000008
" 191 - 3* Shrub " " 0.711445 0.000011 "
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Fm [Sr] 87Sr/86Sr
Age Lithology No. Quaternary Sediment Sample I.D. Sample Type | Easting? Northing (ug/kg)® ratio 2SE Lab
" 192 - 1* Grass 311143 283373 0.714687  0.000011 "
" 192 - 2% " " " 0.710293  0.000009 "
" SR18 Tree 293090 284654 21910 0.712990  0.000005 | UCD
Devonian Basalt, andesite,
basaltic & andesitic tuff 50 | Rck SR21 Tree 293412 273574 24890 0.708415 0.000005 | UCD
SR30 H,0 Soil 5.632 0.713345  0.000044
SR35 NH4NO; Soil 588.3 0.709520  0.000009
GLPSsS SR40 Streamwater 294125 274150 187.5 0.709761  0.000005
Carboniferous, Marine shelf & ramp 61 | TLs - Limestone till SB8 Tree 288768 287451 0.709867 0.000011 uLB
Mississippian facies; Argillaceous
dark-grey bioclastic
limestone, subsidiary
shale Sw7 Streamwater 0.708336 0.000007
Carboniferous, Waulsortian mudbank; 62 | TLs SB11 Tree 274108 244665 0.708417  0.000008 | ULB
Mississippian Pale-grey massive
limestone " SW6 Streamwater " " 0.708119 0.000007 "
Carboniferous Marine shelf facies; 64 | Ws 121-1 Shrub 314747 277580 0.709235 0.000015 uLB
Mississippian Limestone & " 121 -2 Tree " " 0.709566 0.000008 "
(299-359 Ma) calcareous shale A - Alluvium 122 -1 Shrub 303860 276113 0.709521  0.000014
122 -2 Tree 0.709682  0.000005
GLs Bettystown** H,0O Soil 315076 271501 0.709004  0.000027 -
GLs Bettystown** Vegetation " " 0.709010 0.000087 -
TLs SB4 Tree 301279 265682 0.708438  0.000012 | ULB
" SW5 Streamwater " " 0.708910  0.000009 "
Carboniferous Marine basinal facies; 65 | TLs 126 - 1* Shrub 287445 288471 0.709575 0.000009 uLB
Mississippian Dark-grey argillaceous " 126 - 2* Tree " " 0.709248 0.000006 "
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Fm [Sr] 87Sr/86Sr
Age Lithology No. Quaternary Sediment Sample I.D. Sample Type | Easting? Northing (ug/kg)® ratio 2SE Lab
(299-359 Ma) and cherty limestone & Cut - cutover raised peat 128 - 1* Grass 244235 281550 0.708228 0.000007 "
Visean shale 128 - 2* Shrub 0.708305 0.000013
TNSSs - Till (Namurian
sandstones and shales) 137 309440 255596 0.708884  0.000008
TLs SR24 Tree 304678 250183 48150 0.708589  0.000006 | UCD
SR31 H,0 Soil 84.33 0.708672  0.000005
SR36 NH4NO; Soil 4360 0.708622  0.000005
SR41 Streamwater 304146 252118 555.1 0.708281 0.000005
Tara** H,0 Soil 289926 259048 0.708333  0.000028 -
Tara** Vegetation 0.708421 0.000035 -
Rck Cadbury Hil**  H,O Soil 268749 234702 0.707979  0.000028 -
TLs SB2 Shrub 296620 259360 0.709317  0.000012 | ULB
SB6 0.708365  0.000013
" SW2 Streamwater " " 0.708632  0.000007 "
" SB3 Tree 304678 250183 0.708347  0.000013 "
SB5 277046 240041 0.708376  0.000013
SB10 Shrub 0.708737  0.000012
" Swi Streamwater " " 0.708417  0.000006 "
Carboniferous Sandstone, shale; 71 | TLs 196 - 1 Grass 300282 271704 0.708677  0.000010 | ULB
(299-359 Ma) Fluvio-deltaic & basinal 196 - 2 Shrub 0.708911 0.000014
Namurian marine (Turbiditic); " 196 - 3 Tree " " 0.708937  0.000007 "
Shale, sandstone, Knowth - K1 Grass 299690 273439 0.710756  0.000014
siltstone & coal " Knowth - K2 Shrub " . 0.708692  0.000008 "
" Newgrange Grass 300743 272727 0.709201  0.000008 "
SR22 Tree 298981 263940 28590 0.708125  0.000005 | UCD
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Fm [Sr] 87Sr/86Sr
Age Lithology No. Quaternary Sediment Sample I.D. Sample Type | Easting? Northing (ug/kg)® ratio 2SE Lab
" New Grange**  H,O Soil 300889 273030 0.709435  0.000035 -
New Grange** Vegetation " " 0.709210 0.000062 -
" Knowth** H,0 Soil 299445 273587 0.709700  0.000290 -
Knowth** Vegetation " " 0.709372  0.000027 -
Knowth** H,O Soil 299427 273586 0.709535  0.000032 -
Knowth** Vegetation " " 0.709224  0.000054 -
SB7 Tree 284377 247292 0.709222 0.000012 ULB
SB9 Shrub " " 0.709227  0.000013
SW3 Streamwater " " 0.708578  0.000009
Permian Redbed facies, 73 | TLPSsS SR17 Tree 279654 290855 43210 0.709084  0.000005 | UCD
sandstone, " SR28 H.0 Soil " " 86.53 0.709073 0.000005
conglomerate, " SR33 NH;NO3 Soil " " 8180 0.709016 0.000009
magnesian limestone,
marl evaporite " SR38 Streamwater 279761 290904 82.08 0.710651  0.000008 "
Triassic  (200— Sandstone and 75 | A - Alluvium 131 - 1* Grass 279680 296247 0.710008 0.000008 uLB
251 Ma) mudstone with
evaporite; Continental
redbed facies, lagoonal
& shallow marine " 131 - 2* Shrub " " 0.708955 0.000008

Table 1. 8Sr/%Sr and Sr concentrations of plant, soil leachates and streamwaters as per geological formation. * (Snoeck et al., 2016), ** (Cahill Wilson and Standish, 2016).2
location data easting and northing are in Irish National Grid, ® concentration determined by Q-ICP-MS.
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3.2 Statistical assessment of spatial 8Sr/%Sr variation

The 8Sr/®Sr values of plants were categorised into groups based on underlying (1)
bedrock and (2) Quaternary geology. The variance of each group was assessed by the
Shapiro—Wilk's normality test and demonstrates that the data are normally distributed.
Tukey's schematic boxplot in Figure 2 displays the intra- and inter-group variations in
87Sr/8Sr. Based on Levene's test for equality of variances, the null hypothesis of equal
variances can be rejected as there are differences between the variances in the groups
(Table 3). Despite the fact that most groups show an overlap in the range of 8’Sr/Sr,
the mean values of certain groups are statistically different (p<0.05) (Table 3),
indicating noteworthy differences in the spatial variation of 8’Sr/%®Sr in Co. Meath.
Namely, the bedrock formation 42 (slate) # 65 (argillaceous limestone) and 49
(mudstone) # 65 (argillaceous limestone), 71 (Carboniferous sandstone). Quaternary
deposit ‘Sandstone and shale till” # ‘Cut peat’, ‘Limestone till’, ‘Windblown sands’
(see Table 3).
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Figure 2. Tukey's schematic boxplot showing 8Sr/%Sr variation of each group in Co. Meath. The boxes
represent the interquartile range (IQR: Q3-Q1), the central line indicates the median. The whiskers
represent Q1—1.5*IQR and Q3+1.5*IQR. For both bedrock and Quaternary geology, there are certain

significantly different groups.
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65 - 71 -

Bedrock Formation 49 - | 49 (w/o argillaceous Carboniferous 71 (w/o | 75 - Triassic
Statistics 42 - shale | mudstone outliers) 64 - limestone | limestone sandstone outliers) sandstone
N 2 16 15 6 12 12 10 2
Mean &"Sr/®¢Sr 0.710742 0.710449 0.710449 0.709242 0.708699 0.709130 0.709067 0.709482

- 6.37E-05 1.73E-03 1.36E-03 4.64E-04 4.57E-04 3.85E-07 2.45E-04 7.45E-04
Standard deviation (10)
Variance 4.06E-09 3.00E-06 2.00E-06 2.15E-07 2.08E-07 6.20E-04 6.00E-08 5.54E-07
Minimum 0.710697 0.708119 0.708119 0.708438 0.708228 0.708125 0.708677 0.708955
Maximum 0.710787 0.714687 0.71299 0.709682 0.709575 0.710756 0.709372 0.710008
Range 0.000090 0.006568 0.004871 0.001244 0.001347 0.002631 0.000695 0.001053
Median 0.710742 0.710304 0.710293 0.709378 0.708505 0.709205 0.709205 0.709482
Shapiro-Wilk p value - 0.244 0.705 0.340 0.053 0.020 0.058 | -

Sandstone TLPSsS -

Quaternary Geology and shale Sandstone TLPSsS (w/o | TLs - | TLs (w/o | Windblown
Statistics Alluvium Cut Peat gravel Rock and shale till outliers) Limestone till outliers) sands
N 4 2 4 6 9 8 24 23 5
Mean &’Sr/®¢Sr 0.709542 0.708266 0.709673 0.710006 0.711278 0.710852 0.708977 0.708900 0.709311

- 4.40E-04 5.40E-05 1.80E-03 1.20E-03 1.68E-03 1.17E-03 6.08E-04 4.86E-04 1.69E-04
Standard deviation (10)
Variance 1.94E-07 2.96E-09 3.00E-06 1.00E-06 3.00E-06 1.00E-06 3.70E-07 2.37E-07 2.84E-08
Minimum 0.708955 0.708228 0.708119 0.708415 0.709084 0.709084 0.708125 0.708125 0.709177
Maximum 0.710008 0.708305 0.711931 0.711762 0.714687 0.71299 0.710756 0.71007 0.709566
Range 0.001053 7.7E-05 0.003812 0.003347 0.005603 0.003906 0.002631 0.001945 0.000389
Median 0.709602 0.708266 0.709321 0.709931 0.711027 0.710907 0.708924 0.708911 0.709235
Shapiro-Wilk p value 0.830 - 0.403 0.873 0.468 0.926 0.026 0.185 0.202

Table 2. Descriptive statistics of 8Sr/26Sr from plants, for the complete and outlier-trimmed datasets per group.
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Bedrock 42 49 64 65 71 75
Argillaceous Carboniferous Triassic
Shale Mudstone Limestone limestone sandstone sandstone
42 Mean diff. - 0.00058 0.00150 0.00204 0.00161 0.00126
Shale Sig. - 0.947 0.289 0.002 0.143 0.687
49 -0.00058 - 0.00092 0.00147 0.00110 0.00069
Mudstone 0.95 - 0.248 0.001 0.035 0.895
64 0.00150 0.00092 - 0.00054 0.00018 -0.00024
Limestone 0.289 0.248 - 0.80 1.00 1.00
65 - Argillaceous 0.0020 0.00147 0.0005 - -0.0004 -0.0008
limestone 0.002 0.001 0.803 - 0.915 0.838
71 - Carboniferous 0.00161 0.00110 0.00018 -0.00037 - -0.00041
sandstone 0.143 0.035 0.999 0.915 - 0.989
75 - Triassic 0.00126 0.00097 -0.00024 -0.00078 -0.00041 -
sandstone 0.687 0.895 0.999 0.838 0.989 -
Sandstone and Sandstone and Limestone Windblown
Quaternary Alluvium Cut Peat shale gravel Rock shale till till sands
Alluvium Mean diff. - 0.00128 -0.00013 -0.00047 -0.00131 0.00064 0.00023
Sig. - 0.596 1.000 0.978 0.175 0.801 1.000

Cut Peat 0.00128 - -0.00141 -0.00174 -0.00259 -0.00063 -0.00104

0.596 - 0.481 0.179 0.006 0.948 0.760
Sandstone and -0.00013 -0.00141 - -0.00033 -0.00118 0.00077 0.00036
shale gravel 1.000 0.481 - 0.996 0.281 0.630 0.995
Rock -0.00047 -0.00174 -0.00033 - -0.00085 0.00111 0.00070

0.978 0.179 0.996 - 0.525 0.088 0.822
Sandstone and -0.00131 -0.00259 -0.00118 -0.00085 - 0.00195 0.00154
shale till 0.175 0.006 0.281 0.525 - 0.000 0.039
Limestone 0.00064 -0.00063 0.00077 0.00111 0.00195 - 0.00041
till 0.801 0.948 0.630 0.088 0.000 - 0.955
Windblown 0.00023 -0.00104 0.00036 0.00070 0.00154 0.00041
sands 1.000 0.760 0.995 0.822 0.039 0.955

=The mean difference is significant at the 0.05 level

Table 3. Results of the independent sample t-tests comparing mean 87Sr/86Sr ratios between the groups. Mean values that are statistically different (p=<.05)
are highlighted in grey.

24



3.3 REE+Y

All pertinent REE+Y ratios are reported along with the abundances in Table 4. The sum
REE+Y concentrations vary considerably between sites and between sample media and

are given in the order of concentration (see Table 4 for details):

Streamwater: Sandstone >Basalt >Shale >Limestone;

H20 soil leachate: Basalt >Sandstone >Limestone >Shale;
NH4NOs soil leachate: Basalt >Sandstone >Shale >Limestone;
Plant: Shale>Sandstone>Basalt>Limestone.
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Sample Medium H>0 soil leachate NH4NO:z soil leachate
Sample I.D. SR28 SR29 SR30 SR31 SR33 SR34 SR35 SR36
Comparative Site Sandstone Shale Basalt Limestone Sandstone Shale Basalt Limestone

BAC BAC BAC BAC BAC BAC BAC BAC
(ua/ka)
Li 2.974 26.9 6.108 60.4 7.201 14.9 1.782 247 13.84 5.77 29.71 12.4 21.70 4.94 3.133 140
Sr 86.53 499 5.509 3090 5.632 4420 84.33 571 8180 5.28 205.1 83.0 588.3 42.3 4360 11.0
Rb 2.376 523 3.751 219 7.685 317 4.392 221 33.05 37.6 94.04 8.74 116.1 21.0 50.06 19.4
Mo 2.115 3.01 0.241 215 0.489 562 3.866 8.89 BDL - BDL - BDL - BDL -
Ba 128.6 857 24.40 5370 73.94 202 118.7 140 20990 5.25 5426 24.2 10520 1.42 16400 1.01
U 3.872 0.32 0.446 7.18 0.695 3.85 1.212 0.99 3.187 0.39 0.435 7.36 0.445 6.00 1.185 1.01
La 5.960 6.48 2.400 37.0 9.178 7.17 6.989 3.70 48.14 0.80 3155 2.82 308.0 0.21 6.209 4.16
Ce 9.858 5.44 7.906 15.1 42.72 1.75 14.18 2.23 50.35 1.07 59.00 2.02 454.2 0.17 8.158 3.87
Pr 2.205 2.23 0.878 16.6 3.922 2.96 2.139 1.88 9.251 0.53 4.842 3.01 52.65 0.22 1.120 3.58
Nd 10.60 1.77 3.981 13.7 16.58 2.55 9.352 1.57 40.66 0.46 18.80 2.91 188.1 0.23 4.656 3.16
Sm 3.025 1.45 1.042 11.1 3.221 2.28 2.251 1.30 9.834 0.45 3.919 2.96 26.81 0.27 1.032 2.84
Eu 0.842 - 0.268 - 0.760 - 0.542 - 2.616 - 0.960 - 6.025 - 0.176 -
Gd 3.739 1.61 1.119 9.26 2.365 2.74 2.441 1.18 13.57 0.44 4,731 2.19 21.44 0.30 1.028 2.79
Tb 0.563 1.59 0.165 9.11 0.307 2.72 0.372 1.10 1.901 0.47 0.689 2.18 2.569 0.33 0.138 2.96
Dy 3.322 1.53 0.906 8.99 1.590 2.80 2.211 1.01 10.90 0.47 3.772 2.16 12.42 0.36 0.786 2.84
Y 21.22 9.17 4.061 26.0 7.162 12.1 14.80 4.21 109.4 1.78 28.84 3.67 98.71 0.88 6.846 9.10
Ho 0.711 1.51 0.172 9.42 0.297 3.00 0.466 1.00 2.354 0.46 0.731 2.22 2.277 0.39 0.170 2.74
Er 2.036 1.28 0.442 9.42 0.769 2.92 1.267 0.96 6.324 0.41 1.763 2.36 5.306 0.42 0.459 2.64
Tm 0.307 1.05 0.061 9.23 0.107 2.88 0.181 0.93 0.861 0.38 0.218 2.58 0.644 0.48 0.063 2.68
Yb 2.105 0.84 0.362 9.03 0.643 2.76 1.104 0.90 5.263 0.34 1.145 2.86 3.216 0.55 0.380 2.63
Lu 0.347 0.79 0.049 9.90 0.090 3.01 0.162 0.94 0.847 0.33 0.152 3.19 0.426 0.64 0.059 2.59
2>REE+Y 66.83 23.81 89.71 58.46 264.1 129.6 874.9 25.07
Ratios:
Rb/Sr 0.03 0.68 1.36 0.05 0.00 0.41 0.16 0.01
Ba/Sr 5.92 19.1 56.0 5.98 1.51 23.5 14.9 3.15
Y/Ho 29.8 23.6 24.2 31.8 46.5 39.4 43.4 40.3
La/Lan* 1.08 0.97 0.72 1.07 1.73 1.69 1.28 1.65
Ce/Cen* 0.66 1.25 1.41 0.89 0.73 1.45 0.94 0.93
Eu/Eun* 1.04 1.01 1.07 0.98 1.08 1.08 1.19 0.73
Gd/Gdn* 1.13 1.09 1.05 1.07 1.23 1.14 1.14 1.13
Lu/Lun* 1.02 0.97 0.98 1.01 1.11 1.07 1.12 1.10
Dyn/Ybn 0.87 1.38 1.36 1.11 1.14 1.82 2.13 1.14
Prn/Ybn 0.40 0.93 2.34 0.74 0.68 1.63 6.29 1.13

Table 4. Key trace element concentrations with instructive ratios, and Biological Absorption Coefficients (BAC). BDL: below detection limit.
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Sample Medium Veaetation Streamwater
Sample I.D. SR17 SR18 SR19 SR20 SR21 SR22 SR23 SR24 SR38 SR39 SR40 SR41
Comparative Site Sandstone Mudstone Shale Shale Basalt Sandstone Rhyolite Limestone | Sandstone Shale Basalt Limestone
(ua/ka) (ua/L)
Li 79.85 135.6 368.8 176.6 107.1 50.91 143.9 439.7 0.302 0.659 1.894 1.867
Sr 43210 21910 17030 13890 24890 28590 20340 48150 82.08 138.2 187.5 555.1
Rb 1242 1484 822.0 1032 2438 459.2 1276 970.6 0.673 0.220 0.984 1.037
Mo 6.369 6.965 5.188 3.605 274.8 21.39 3.763 34.38 0.527 0.040 0.217 2.544
Ba 110200 33200 131100 154000 14960 12290 102600 16560 65.79 65.35 114.5 69.96
U 1.251 0.400 3.200 2.024 2.672 1.153 1.088 1.195 0.122 0.159 0.507 1.827
(ng/L)
La 38.61 30.76 88.87 100.8 65.84 13.84 51.72 25.85 158.1 14.29 12.72 8.793
Ce 53.64 28.05 119.0 131.7 74.93 24.13 66.48 31.55 128.2 6.899 17.73 11.22
Pr 4,923 4.762 14.58 17.83 11.59 2.956 8.253 4.010 52.35 3.992 3.288 2.312
Nd 18.71 17.52 54.65 65.83 42.34 11.72 31.38 14.71 258.1 18.99 15.46 10.78
Sm 4.376 3.861 11.60 14.81 7.332 2.367 6.579 2.928 64.94 4.543 4.320 3.244
Eu - - - - - - - - 15.72 BDL BDL BDL
Gd 6.030 4.691 10.36 15.72 6.481 2.266 6.621 2.870 75.13 5.631 4510 3.540
Tb 0.896 0.655 1.503 2.249 0.835 0.320 0.921 0.408 9.783 0.796 0.658 0.499
Dy 5.068 3.187 8.142 11.19 4.453 1.882 4.956 2.233 56.21 4.992 4.449 3.898
Y 194.6 75.93 105.7 223.3 86.34 210.5 81.42 62.32 414.1 43.54 45.29 44.00
Ho 1.075 0.566 1.620 2.048 0.892 0.453 0.986 0.465 12.39 1.094 1.101 0.979
Er 2.614 1.169 4,163 4.813 2.245 1.184 2.418 1.211 36.82 3.299 3.271 3.117
m 0.323 0.132 0.563 0.616 0.308 0.183 0.307 0.169 5.640 0.500 0.519 0.534
Yb 1.776 0.671 3.269 3.531 1.772 1.207 1.708 0.998 39.92 3.205 3.514 3.728
Lu 0.275 0.098 0.485 0.540 0.271 0.210 0.252 0.153 7.501 0.547 0.559 0.691
2>REE+Y 332.1 172.4 424.6 595.7 307.1 273.6 264.1 150.3 1335 105.7 117.4 97.34
Ratios:
Rb/Sr 0.01 0.03 0.02 0.04 0.05 0.01 0.02 0.02 0.06 0.01 0.04 0.01
Ba/Sr 0.87 0.64 2.40 5.19 0.31 0.18 1.75 0.30 6.01 3.54 4.58 0.95
Y/Ho 181 134 65.3 109 96.8 465 82.6 134 33.4 39.8 41.1 45.0
La/Lan* 1.95 1.50 1.47 1.33 1.30 1.27 1.56 1.49 1.26 1.39 1.47 1.42
Ce/Cen* 1.27 0.66 0.94 0.83 0.72 0.99 0.94 0.88 0.37 0.25 0.78 0.69
Eu/Eun* - - - - - - - - 0.97 - - -
Gd/Gdn* 1.18 1.18 1.04 1.11 1.12 1.08 1.11 1.08 1.21 1.18 1.09 1.13
Lu/Lun* 1.19 1.22 1.08 1.13 1.12 1.12 1.12 1.10 1.12 1.13 0.99 1.12
Dyn/Ybn 1.58 2.62 1.37 1.75 1.39 0.86 1.60 1.24 0.78 0.86 0.70 0.58
Prn/Ybn 1.07 2.73 1.71 1.94 2.51 0.94 1.86 1.54 0.50 0.48 0.36 0.24

Table 4. Continued.
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3.3.1 Soil leachates

The H20 leachate of the soils exhibit variable total REE+Y concentrations (23.81-89.71
ng/kg), as well as distinct REE+Y patterns and anomalies (Fig. 5). Y/Ho of the soil
associated with shale and basalt are lower at 23.59-24.15 compared to the sandstone
and limestone with higher values of 29.84-31.76. The latter trend is mirrored by a
negative Ce anomaly in the shale and basalt soil (0.66-0.89 and a positive Ce anomaly
in the sandstone and limestone soils (1.25-1.41). The La, Eu, and Lu anomalies are near
unity (i.e., within the boundaries of 0.95-1.05 typically indicating a lack of resolvable
anomaly) for most samples, apart from a slight positive Eu anomaly (1.07) and negative
La anomaly (0.72) in the basalt soil. A minor Gd anomaly is present in all soils (1.05-
1.13). The slope of the REE patterns are variable with Dyn/Yb, ranging from 0.87 to
1.38, increasing in the order of shale>basalt>limestone>sandstone soils and Prn/Ybn
ranging from 040 to  2.34, increasing in  the order of

basalt>shale>limestone>sandstone.

The NHiNOgz leachate of the soils also exhibit highly variable total REE+Y
concentrations (25.07-874.9 pg/kg) (Fig. 5). Y/Ho of the soils range from 39.42-46.46
and those associated with shale and basalt are lower at 23.59-24.15 compared to the
sandstone and limestone (29.84-31.76). The Ce anomalies in the basalt and limestone
soils are minor (0.93 and 0.94 respectively), negative in the sandstone (0.73), and
positive in the shale (1.45). The Eu anomalies range from 0.73-1.19, with the highest
recorded in the basalt soil. All soils record positive La, Gd, and Lu anomalies, ranging
from 1.28-1.73, 1.13-1.23, and 1.07-1.12, respectively. The MREE/HREE slope is only
slightly positive in the limestone and sandstone with Dyn/Ybn both around 1.14, but
higher in the shale (1.82) and basalt (2.13). The overall LREE/HREE slope ranges from
0.68 to 6.29, increasing in the order of basalt>shale>limestone>sandstone. Relative to
the H>O leaches (Figure 5c), the NH4NOs leachates release more of the
exchangeable/bioavailable REE+Y, as indicated by the higher REE+Y concentrations,
with the exception of the limestone soil leachate (lower in NH4sNO3 leached sample).
Moreover, the NH4sNO3 leachates from the same soils exhibit greater LREE/HREE
enrichment with patterns increasing gradually from Lu to La and higher anomalies
(preferential leaching) of the La, Ce, Gd, Y, and Lu.
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3.3.2 Vegetation

The total REE+Y concentrations of selected vegetation samples (SR17-SR24) ranged
from 150.3 to 595.7 pg/kg, with a mean of 315.0 pg/kg + 142.9 1 SD (n=8). The
MREE/HREE slopes are generally consistent with Dys/Ybn a mean of 1.55 £+ 0.51
(n=8), with the exceptions of one mudstone/shale sample (SR18 = 2.62) and one
sandstone sample (SR22 = 0.86). The overall REE+Y pattern slopes are flat to
LREE/HREE enriched with Pry/Yb, ranging from 0.94 to 2.73 with a mean Pry/Ybn
ratio of 1.79 + 0.63 (n=8). All vegetation samples exhibit positive La, Gd, and Lu
anomalies (>1.05) and negative Ce (mean of 0.90 + 0.18, n=8). The most striking
feature of the vegetation samples is the strong enrichment in Y relative to Ho, with
Y/Ho ranging from 65.28-465.1 (Table 4).

The REE+Y and [Sr] can be separated quite readily based on the BAC classification
scheme as the latter is strongly to very strongly concentrated in most the studied plants
relative to the H>O soil leachates and weakly to moderately concentrated relative to the
NHsNOs soil leachates (Sr BAC ranges from 499-4420 for H,O leach and from 5.28-
83.0 for NH4sNOs3 leach). Relatively high BAC of Y is evident for both H.O (range:
4.21-26.0) and NH4NOs soil leachates (range: 0.88-9.10).

3.3.3 Dissolved load in streamwater

The total dissolved REE+Y concentrations (XREE+Y) of streamwaters are low and
variable, ranging from 97.34 to 1335 ng/L. The highest concentrations are observed in
streamwater that drains terrain overlying Permian sandstone (sample SR38) whilst the
sample with the lowest sum REE+Y concentration drains carbonate terrain (sample
SR41). This is the inverse of [Sr] for the same samples. All streamwater samples are
notably depleted in LREE relative to HREE, with a (Pr/Yb),, range from 0.24 to 0.50
(Table 4; Figure 7). Moreover, all streamwater samples are characterised by negative
Ce anomalies (0.25-0.78, n = 4) and superchondritic Y/Ho ratios ranging from 33.43 to
44.96 (mean 39.83 £ 4.80; n = 4). The majority of streamwaters exhibit positive La
(1.26-1.47), Gd (1.09-1.21), and subtly positive Lu (0.99-1.13) anomalies. The Eu
abundance was only detectable in the most REE+Y enriched streamwater sample
(SR38) and does not exhibit an Eu anomaly (Eu/Eun* = 0.97).
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4 Discussion

4.1 Srisotope and concentration data

The range in 87Sr/%®Sr of modern plants over the study area is 0.7080 to 0.7130. There
is a lack of agreement between the 8Sr/%®Sr measured in different sample media
overlying basalt, shale and sandstone (Figure 3). However, vegetation, soil leachates
and streamwater associated with limestone bedrock (Formations 64 and 65) have a
much smaller range in 8’Sr/%Sr (0.7082-0.7097), fitting closely with the relatively
narrow range of previously measured biosphere samples in Carboniferous limestone
regions of Britain: 0.7089 (soil leach n=5), 0.7092 (plant n=11), 0.7099 (water n=7)
(Evans et al., 2010). The Waulsortian (upper Tournaisian — lower Visean) limestone
underlying much of Co. Meath has an average ®'Sr/%®Sr of 0.7079 (+0.0009,
n=23)(Douthit et al., 1993). This value reflects Visean seawater composition which is
inferred from the analysis of well-preserved marine fossils (0.7075-0.7082) (Burke et
al., 1982; McArthur et al., 2001). Similarly, Visean limestones on the Isle of Man
yielded 8'Sr/®Sr of 0.7079 (n=2) (Hendry et al., 2015). The mean of all limestone-
associated biosphere values in this study, 0.7089 + 0.011 (n=11), is higher than these
published whole rock values, indicating an additional more radiogenic source. This can
result from the leaching of more silicate-rich fractions in the surficial sediments or the
input of contemporary rainfall with values generally close to that of seawater but which
can be higher (ca. 0.7095) depending on dust contribution (Bain and Bacon, 1994;
Négrel et al., 2007). Moreover, the naturally leachable fraction of bedrock likely does
not equate to that of the bulk rock 8"Sr/®Sr. The water-soluble Sr of carbonates were
found to vary from 0.23% to 1.3% of the total rock composition (Bailey et al., 2000).
Both the water soluble and 1 mol/L ammonium acetate leached fractions produced
higher 87Sr/®Sr than the bulk rock due to the dissolution of groundwater salts,
contaminant Sr on ion-exchange sites and a weak dissolution of calcite (Bailey et al.,
2000).

Devonian basalt provides the highest range of 8 Sr/®Sr values across all sample media,
0.7084 (vegetation) - 0.7133 (H20 soil leachate) (Fig. 3). The large range is somewhat
misleading as the H.O leach provides an exceptionally high 87Sr/%Sr value that is a

statistical outlier. Biosphere values above basalt formations within Britain and Ireland
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generally do not demonstrate comparably radiogenic values. The range of previously
measured biosphere samples (soil, plant, water) overlying basalt in the UK is 0.7061 —
0.7105 (Evans et al., 2010) and in Northern Ireland, which hosts expansive basalts,
overlying modern plant samples have been found to have an average value of 0.7089 +
0.0037 2SD (Snoeck et al 2016). The vegetation and streamwater &Sr/%Sr from the
basalt in this study region have much less radiogenic values; 0.7084 and 0.7098

respectively, which are more likely representative of the local biosphere values.
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Figure 3. 8Sr/%Sr for sample media at four comparative sites in Co. Meath with differing underlying
geology. Whilst the 8Sr/%Sr of each sample medium overlying the limestone bedrock is relatively
invariable, the &7Sr/%Sr of different samples at the other three sites show more variation, highlighting a

higher degree of complexity in Sr transfer.

Streamwater [Sr] in the region displays a wide spread of values (ranged between 82.08-
555.1 pg/L), highlighting the complex nature of Sr in the hydrological system of Co.
Meath. These concentration data correspond with probable values for the underlying
lithology, with concentrations increasing from sandstone < shale < basalt < limestone
bedrock. The Quaternary deposit types also correspond with measured streamwater
[Sr], showing that streams draining limestone rich tills are the most concentrated in Sr
and have the least radiogenic isotope values. Conversely, those draining Lower

Palaeozoic sandstone tills have lower concentrations and more radiogenic 8Sr/%Sr.
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The streamwater draining an area with only very thin Lower Palaeozoic sandstone till
coverage with outcrops of Permian sandstone bedrock has the lowest concentrations
and the highest 8/Sr/®Sr of the sampled streamwaters. Therefore, both the 8/Sr/%Sr and

[Sr] reflect mixing of bedrock and surficial sediments.

4.2 Suitability of sample media used for bioavailable Sr mapping

Establishing geochemical relationships between soil/plants and streamwater
geochemistry makes it possible to determine which sample media are most informative
for geographical discrimination studies. Both soil and plants have been employed in
previous studies for producing biosphere isoscapes (Evans et al., 2010; Frei and Frei,
2013; Hartman and Richards, 2014; Hodell et al., 2004; Laffoon et al., 2012; Nafplioti,
2011; Porder et al., 2003; Price et al., 2014; Price and Naumann, 2015; Sjogren et al.,
2009; Willmes et al., 2014) but it is not agreed which sample medium is most
appropriate for this purpose. Most of the debate centers on soils and their disposition
for variability. Owing to the fact that the mineral components of soils are inherited from
geological parent materials that have been weathered to varying degrees, the
bioavailable soil solution is not always in equilibrium with the soil-mineral component
(Kabata-Pendias, 2001).

The 87Sr/%Sr of natural mineral waters have demonstrated a good correlation with
estimated values based on the local geology (Montgomery et al., 2006b; VVoerkelius et
al., 2010). Correspondence between plant 87Sr/86Sr and other media such as snails and
small home-range fauna have also been noted (Blum et al., 2000; Laffoon et al., 2012).
The NH4NOs soil leachates and plants collected across France (Willmes et al., 2014)
are correlated (R? = 0.89). Warham (2011) also made comparisons between vegetation,
H20 soil leachates and streamwater from different geological settings. Again, there is
a strong correlation between the mean values of each sample type in their geological
group (n = 30 plant, 30 streamwater, 26 soil leaches), but within each of the
chronostratigraphic groups, the standard deviation of the soil data is almost an order of
magnitude greater than the associated plant and streamwater values, with the soil

leaches giving consistently more radiogenic values than both plants and waters.
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Here, when two soil leachates (H.O and NH4NO3) of the same soil are compared, in
each case the H2O leach has more radiogenic &Sr/®Sr than its NHsNOs counterpart
(Fig. 3). This finding suggests the latter leaches more Sr from less radiogenic carbonate
minerals due to the increased aggressiveness of the NHsNOs towards such mineral
weathering products (cf. Frei and Frei, 2013; Warham 2011). The deionised H20 leach
was potentially not aggressive enough to replicate natural dissolution of primary and
secondary carbonate minerals and therefore does not achieve values similar to those
seen in plant and streamwater and does not represent the bioavailable fraction of the
soil. Overall, the 87Sr/%8Sr range in soil leachates is determined by the specific leaching
method chosen and therefore, careful selection of an appropriate leaching protocol, in
this case NH4NOs, is necessary for informative estimates of the natural ranges that exist
within the pedosphere. Based on results from this study, soil leachates provide a larger
range of ’Sr/%®Sr than vegetation and are thus less effective at estimating local
bioavailable 8’Sr/%Sr ranges. This is in agreement with others studies (Evans et al.,
2010; Evans and Tatham, 2004; Maurer et al., 2012; Poszwa et al., 2002; Montgomery
et al., 2003) that also conclude soil leachates are a poor material for mapping local
87Sr/8Sr as they can produce more variable 8/Sr/®Sr, that are inconsistent with the
associated plant data. Thus, plant material provides a more direct estimate of bio-
available 8’Sr/%Sr and can average out short-term or seasonal variations in the soil

composition.

4.3 Relationship between bedrock/Quaternary geology and biosphere

Thick glacial deposits (>10 m depth in most areas) of differing composition are
extensive across Co. Meath. Consequently, there is strong potential for these surficial
glacial deposits to contribute to the Sr biosphere budget. Both the underlying bedrock
(Figure 4 a) and Quaternary surficial geology (Figure 4 b) are examined as controlling
factors of biosphere 8Sr/®Sr.

Based on discriminant analysis, using 8'Sr/®Sr as descriptors, there were significant
differences (p>0.05) in the mean &’Sr/2éSr of plants between both the different bedrock
formations (n=47, categorised into 6 groups) and Quaternary geology (n=52,
categorised into 7 groups). Notably, formation 49, Silurian mudstone was significantly
different statistically (p<0.05) from both Formations 65 (Visean limestone) and 71
(Carboniferous shale/sandstone). In addition, the mean difference of biosphere samples
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overlying the two primary Quaternary geology groups (limestone till (n=24) and Lower
Palaeozoic sandstone and shale till (n=8)) was statistically significant (Table 3). The
87Sr/83r signature of these samples therefore reflects both the underlying geology and,
to a significant degree, the superficial Quaternary geology. The surficial deposits in this
region homogenise with the local bedrock signatures and thus, the measured signatures

reflect the averaging of these two prominent geochemical reservoirs.
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a. Bedrock geology

b. Surficial geology
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Figure 4. (a) Bedrock and (b) Quaternary geology of Co. Meath with sample sites. Basemap from Geological Survey of Ireland, (2016).
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4.4 Archaeological implications

Element cycling from bedrock through to the biosphere underpins isotopic
geographical discrimination. Characterising the distribution of Sr in the biosphere of
Co. Meath and the surrounding area is of particular interest owing to the region’s rich
archaeological heritage, with internationally renowned sites such as Newgrange, Tara
and Knowth. Based on the statistical and observed results of this study, Co. Meath has
distinct 8’Sr/%Sr packages within the local biosphere that correlate, to varying degrees,
with both underlying bedrock and superficial sediments. Therefore, it is possible to use
this isotope system as a provenance indicator for archaeological case studies based
within this region, with caution not to base interpretations on bedrock geology

composition alone.

Whilst the overall 8/Sr/%Sr range (0.7080 to 0.7130) of plants across the entire studied
region is not geographically unique when compared with values already known for
Ireland and to the more regionally comprehensive database for Britain, there are
nonetheless distinctive divisions of the biosphere. For comparison, plants collected
across Britain have a range of 0.7077 (chalk bedrock) to 0.7266 (granite bedrock)
(Evans et al., 2010; Montgomery et al., 2006b). The &Sr/Sr of modern plants from
the north of Ireland demonstrate a range of 0.7067 (basalt bedrock) to 0.7195 (granite
bedrock), excluding those values deemed as outliers (Snoeck et al. 2016). This
highlights that there are regions of Ireland which have measured biosphere 8’Sr/%8Sr
lower and higher than the range in Co. Meath (0.7080 to 0.7130), as expected.

Granite and a combination of Lower Palaeozoic and late Pre-Cambrian metamorphic
rocks are found in the West of Ireland (Fay et al., 2007). Due to the extensive age of
these rocks, they are likely to have higher ’Sr/%Sr that other parts of the country.
Northern Ireland comprises schists and quartzites and high 8Sr/%®Sr values are
exhibited in granitic gneisses (0.7603-0.7676), shales (0.7196-0.7273) and diorites
(0.7126-0.7217) in south east Ireland (Davies et al., 1985). Tertiary basalts in the
northeast of Ireland are relatively young and low in Rb and therefore exhibit less
radiogenic 8'Sr/®Sr, ~0.703-0.708 (O’Connor, 1988; Wallace et al., 1994) and a
porcellanite from the north of Ireland was found to have mean 87Sr/%®Sr values of 0.7044
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(+ 0.0004, n=12)(Curran et al., 2001). The 8'Sr/Sr of modern plants collected across
Northern Ireland ranged between 0.7067 (above basalt bedrock) to 0.7195 (above
granite bedrock) (Snoeck et al., 2016).

Although these values are measured from whole rocks, they indicate that the biosphere
components can source Sr from rock reservoirs with 8’Sr/%Sr values both below and
above the range exhibited in Co. Meath. This allows archaeological remains of
individuals local to this area to be distinguished from those originating from such
isotopically distinct regions of Ireland or from further afield. Using &Sr/®Sr for
geographic discrimation of regions to trace origin can also be informative when
compared with more radiogenic environments such as Scandinavia. The higher
87Sr/%Sr values that characterise parts of Northern European regions, and hence the
people who inhabited them, allow such individuals to be discerned from those who

were local to Co. Meath or the surrounding area (cf. Knudson et al. 2012).

Dentine can exchange varying proportions (15-100%) of biogenic Sr with soil from its
burial environment making it unreliable as a reservoir of biogenic Sr (Budd et al.,
2000). It is because of this exchangeability of Sr with soil that measured dentine
87Sr/%8Sr values are sometimes used as a proxy for the local range in biosphere 8’Sr/%Sr
values (Evans et al., 2010; Montgomery et al., 2007). In such cases, dentine 8'Sr/%Sr
values are used in combination with the co-genetic enamel and Sr concentrations to
define a diagenetic vector. The inconsistency of soil leachates with vegetation data in
this study suggest that using dentine, derived from archaeological dental remains that
were buried and equilibrated with surrounding soil, may be erroneous for establishing
such a vector towards biologically available Sr (BASr) and determining local ranges.
The local leached soil does not directly reflect BASr and by inference, neither would
exchanged tooth dentine. Plant material is the most appropriate and informative sample
type for estimating BASTr in this region but owing to small-scale variations, high-

density sampling is required.
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4.5 REE+Y in the biosphere
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Figure 5. Soil REE+Y of (a) H>O leachate, (b) NH4sNO3 leachate and (c) leachates normalised to one
another. Key features of REE+Y patterns are highlighted with grey backgrounds. Normalisation value is

the modern alluvial sediment composite MUQ (Mud from Queensland) of Kamber et al. (2005).
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45.1 Translocation of REE+Y from soil to biomass

Just as for the [Sr], there are notable differences between the two leaching methods
employed, both in terms of REE concentration and overall pattern (Figure 5). The main
comparative bedrock types in this catchment (sandstone, mudstone, basalt and
limestone), should have distinct REE and [Sr] based on mineral composition as the
distribution of both Sr and REE in various soils typically reflects the geological origin
of parent rocks and their mineral composition (Kabata & Pendias 2001). Thus, one
might expect the REE pattern and 8Sr/%®Sr of the soils that have developed on these
rocks to reflect, at least to some extent, their geochemical fingerprint. Thus, despite the
well-established complexities of REE chemistry in soils (e.g., reflecting a combination
of host mineral effects, pH controls, complexation) (Byrne and Sholkovitz, 1996;
Deberdt et al., 2002; Elderfield et al., 1990; Lawrence and Kamber, 2006; Matsunaga
et al., 2015; Noack et al., 2014; Pédrot et al., 2015a; Tricca et al., 1999) some broad
inferences and comparisons can be made from comparing the two soil leaches to each
other and to plants associated with soils in terms of their parent rock. When comparing
total concentration of REE in soils on the basis of geographical location, those
developed on basalt bedrock have relatively higher REE concentrations than the soil
developed on sandstone, shale and limestone lithologies. This is broadly consistent with
expectations from the different lithologies in terms of their REE contents, with soils
originating from igneous rock, sandstone, and shale tending to have higher REE
contents than soils developed from loess and calcareous rock (Hu et al., 2006; Loell et
al., 2011). In general, the high REE in the basalt-dominated soil indicates the most
easily leachable REE fraction, which likely reflects the lack of poorly leachable REE-
rich phases and the high abundance of Fe/Mn-oxy(hydroxides) with potentially
adsorbed REE. For example, apatite (Cas(PO4)3(OH,CI,F)) is a conceivable major host
of REE in basalt-derived soils and due to apatite weatherability, high abundance of
REE, and typical LREE enrichment (Giero and Stille, 2004). These factors could help
explain the greatest enrichment of LREE/HREE in the soil leaches from basalt-
dominated area through the preferential leaching of REE from its carrier apatite. Also
notable is the positive Eu anomaly present only in leaches from the basalt-dominated
soil, which likely represents the preferential release of Eu from plagioclase to the soil
pore waters (Condie et al., 1995; Huang and Gong, 2001; Ma et al., 2011). Conversely,
the lower REE in the sandstone and shale and flatter REE slope to LREE/HREE
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depletion reflects the abundance of less leachable REE-host minerals. The NH4NO3
leached-soils that developed on the limestone bedrock had the lowest XREE.
Calcareous soils tend to have relatively low REE contents; carbonate bears relatively
low REE concentrations and any non-carbonate phases in limestone (minor amounts of

phyllosilicate detritus) would be poorly leachable (Bailey et al., 2000).

For the H2O leach, the basalt and shale soils show a lower Y/Ho ratio than the
normalising composition (i.e., less than ~27), whereas the sandstone and shale show a
higher Y/Ho (>27). For all soils, Y shows a preferential release relative to Ho in the
NHsNOs leach (higher Y/Ho) (mean Y/Ho = 42.4 £ 3.21 (n=4)) that exceeds that of the
H20 leach (mean Y/Ho = 27.3 £ 4.08 (n=4)). These trends indicate a greater solubility
of Y during chemical weathering processes and a greater capacity for Y to be released
during leaching and become bioavailable in soils. Previous work has shown that Ho
should have a greater retention on Fe/Mn-oxy(hydroxide) surfaces than Y due to their
orbital chemistry differences, but organic complexes have a tendency to hinder the
competitive adsorption and reduce the overall capacity for Y/Ho fractionation
(Babechuk et al., 2015; Thompson et al., 2013).

The presence of positive Ce anomalies in the H>O leaches of the basalt and shale-
derived soils suggest that more easily exchangeable Ce was present and likely reflects
a higher abundance of Fe/Mn-oxy(hydroxides). In contrast, a negative anomaly was
noted for the NH4NOs leachate of the basalt soil which may reflect dilution by LREE
released from other phases. The overall stronger LREE enrichment of NH4NO3 over
H>O soil leachates suggests that mineral phases abundant in LREE, are more
susceptible to dissolution with the more aggressive leach and thus, NHiNO3
preferentially releases LREE adsorbed to soil particulate surfaces. This reflects the
overall greater LREE over HREE enrichment in clastic sedimentary rocks and the bulk
soils that derive from them (Aide and Aide, 2012; Kabata-Pendias, 2001) It is thus
likely that the more aggressive NH4NO3 is a more accurate representation of the

available REE in these samples.

By comparing REE patterns of soil leachates and trees accessing this nutrient pool, it
is possible to address whether the observed REE anomalies in Fraxinus excelsior L. are

a function of those in soil. The distribution of individual REE in plants showed some

40



agreement with that in the soil extracts but no clear trends were observed (Figure 6).
Generally, the REE released with the H,O and NH4NOs extraction procedures were
poor indicators of REE uptake in plants, with a slightly closer correspondence between
the REE of plants with those of the NH4NO3 leach, which have relatively flat REE
slopes when normalised to one another (mean slope=1.10, n=4). A LREE enrichment
(Prn/Ybn) is consistently noted in the plants, to a greater extent than observed for the
H2O leachates (Figure 6b). Notably, the Gd, and Lu anomalies are near uniformity
when normalised to the H2O leachate, indicating that the plants capture these anomalies
from the water soluble portion of the soils. Exceptions are the variability in the Ce
anomalies (Ce/Cen* range from 0.66 - 1.27) that appear to be only represented by the
leachates of the limestone. There is a strong over-abundance of Y in all vegetation
samples beyond what was released by the NH4sNO3z or H>O leached soils. Whilst the
water-soluble and exchangeable fraction are operationally defined, they are nonetheless
useful for obtaining an estimate of REE bioavailability. As such, it cannot be explicitly
deduced that the specific anomalies present in the leached soils are a precursor of those
in the terminal branches of Fraxinus excelsior L. Nonetheless, the discrepancy between
the REE patterns of the sample media indicates that the aerial portion of ash trees do

not directly reflect the REE in the bioavailable portion of the soil.

Fractionation of Ce results from changes in oxidation state whilst fractionation of the
other REE may be due to differences between plant species or even variations between
individual plants of the same species (Wyttenbach et al., 1998). Under oxic conditions
Ce(111) is oxidised to Ce(IV) which is less mobile, due to its enhanced adsorption by
Fe/Mn oxy(hydroxides), and aids with preferential mobilisation of the trivalent REE
(Bau, 1999; Laveuf and Cornu, 2009). Two soil leachate samples (from above shale
and basalt) and all plants display a negative Ce anomaly. This is consistent with
previous studies demonstrating lesser uptake of Ce(IV) in vascular plants, such as
spruce and blackberry (Fu et al., 2001; Wyttenbach et al., 1998). The penetrability of
ions through plant membranes decreases with the increase of its valency and therefore
even simple ions of Ce(IV) are less penetrable than Ce(lll) and thus, dissolved REEs
typically exhibit a Ce-depletion (Fu et al., 2001). The negative Ce anomalies in
Fraxinus excelsior L. support findings that REE behaviour in aerial portions of plants
is mainly partitioned in the dissolved phase as it is preferentially scavenged on the roots
and is thus less mobile than the other REE, cf. Censi et al. (2014).
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The extended trace element suite are peripheral to the main aim of the study, but
nonetheless provide an additional distinction between soils and plants associated with
different parent materials. For example, the soils developed on shale and basalt have
higher alkali element concentrations (Li, Rb) and are readily distinguished from those
associated with limestone or sandstone through Rb/Sr ratios (as well as Ba/Sr ratios).
In general, similar trends are observed within sample media overlying the varying
lithologies. This likely reflects a greater proportion of silicate-associated elements
released from the basalt and shale soils relative to the sandstone and limestone soils

that are overwhelmed with easily leachable Sr-bearing minerals (e.g., carbonate).

The REE patterns of the trees illustrate an overall similarity to each other, where
generally LREE are being fractionated from HREE during migration from the soil and
uptake into the plant system and as a result, the BAC is higher for LREE (except for
Ce) than HREE. This fractionation was not noted for the bark from Fraxinus excelsior
L. from environments across France (Agnan et al., 2014). There is a natural tendency
for the preferential uptake of available LREE relative to HREE with decreasing transfer
of REE with increasing atomic mass. The high abundance of LREE relative to HREE
has been widely observed but whether this fractionation occurs during the process of
absorption or within the plant tissues themselves is still an ongoing subject of research
(references). Rather than the plants indiscriminately absorbing REE, the LREE
enrichment of plants may result from plant roots preferentially solubilising LREE in
soil surrounding the plant roots over HREE. This LREE enrichment has been taken to
reflect the presence of organic acids, ligands, the dissolution of the phosphate phase in
the soil and complexation of REE in the rhizosphere (Ding et al., 2006; Fu et al.,
1998,2001; Miao et al., 2008; Wang et al., 1997; Wei et al., 2001; Wyttenbach et al.,
1998; Zhang et al 2002). Additionally, HREE are preferentially bound to Fe/Mn-
oxy(hydroxides) and as a result, LREE are relatively more mobile, and thus are more

likely to enrich soil water pool (Brioschi et al., 2013).
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The REE+Y mostly have very weak to weak absorption coefficients (BAC ranges from
0.84-37.0 for H20O leach and from 0.17-4.16 for NH4NO3 leach), with the exception of
Y and La, which are enriched in these plants (Table 4). The high Y/Ho ratio is the most
striking characteristic of the REE+Y patterns of tree samples (Figure 6a). Notably, the
topsoils are dominantly developed on carbonate-rich tills and the preferential Y
enrichment may be consistent with the chemical composition of the local carbonate
lithology, which already bears an over-abundance of Y (relative to Ho). However,
although the anomaly may in part be attributed to a transfer of the geogenic signature
during biouptake, the Y/Ho anomaly in all biomass is much higher than all measured
soil leachates and would appear to require a preferential uptake mechanism of Y. At
what stage and for what purpose this occurs is speculative (Kastori et al., 2010), but the
enhanced aqueous mobility of Y due to its contrasting complexation behaviour in
comparison to the lanthanides (Bau et al., 1996) is probably a contributor to the elevated

uptake from the soil element budget.

Elevated Y/Ho ratios have also been recorded by Yu et al., (2007) in mangrove tree
rings with Y/Ho ratios averaging 124. These values are much higher than expected
seawater or shale Y/Ho ratios. Yu et al., (2007) speculated that the relative enrichment
of Y to Ho and the other REE is due to the difference in its transportation in the
metabolic pathway or its bioavailability in ambient seawater. In another case study,
Loell et al., (2011), measured the total REE contents (aqua regia digestion), potentially
plant-available (EDTA) and mobile (NH4NO3) in loess soils. The authors found that
the EDTA fraction represented on average 10.1% of the total REE soil contents with a
notably high available proportion of Y (mean 24.8%, max 39%). In addition, Ce was
the most abundant REE in the bulk digests but was least abundant in the EDTA fraction
emphasising its poor bioavailability. These findings corroborate the REE+Y patterns
found in the present study, with depleted Ce and elevated Y concentrations in the plants
reflecting their respective lower and higher bioavailability in the potentially-available

soil fraction and suggests that elevated Y/Ho in plants may be a common feature.
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45.2 Dissolved load in streamwater

The MuQ-normalised REE patterns of sampled streams are similar overall, varying
mostly in concentrations, and bearing a strong resemblance to the those of seawater or
groundwater (Figure 7), of which the characterising features are a steep LREE/HREE
depleted pattern, negative Ce anomaly, and over-abundance of La, Gd, and, to a lesser
extent, Lu (see Kamber et al., (2014) for a discussion of these features). Aquatic
fractionation is unlikely to explain the pervasive streamwater-like features, such as the
high Y/Ho ratios in the range of 33-45, consistent negative Ce anomaly, and low
Pra/Ybn compared to larger river systems (Elderfield et al., 1990), since Ce and Y are
not expected to fractionate significantly in freshwater (Lawrence et al., 2006a, 2006b;
Moller et al., 2003). The primary control on the streamwater signatures is interpreted
to reflect a predominance of carbonate in the catchments (either bedrock or surficial
sediments), such that the streamwaters inherit the palaeo-ocean chemistry from which
the carbonate was precipitated. As rainwater percolates through the soil and carbonate-
rich sediments and enters the streams by means of run-off, the freshwater flowing off
these small catchment systems manages to obtain the seawater-like trace element
geochemical fingerprint. This finding is in agreement with the conclusions of several
other investigations analysing terrestrial waters, showing that rivers, groundwater and
lakes can have HREE enriched patterns that resemble those of modern seawater (e.g.
Elderfield et al. 1990; Smedley 1991; Johannesson & Lyons 1994; Sholkovitz 1995;
Johannesson et al. 1999; Tricca et al. 1999; Johannesson & Hendry 2000; Johannesson
etal. 2006). Nevertheless, the degree of fractionation in river water is not as pronounced
as seawater, implying that the processes and sources that give rise to this LREE-
depleted pattern have been partially overprinted by dissolved REE derived from the
weathering of other, siliciclastic or igneous rocks in the area (higher Pro/Ybn and lower
Y/Ho).
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streamwater, shallow seawater and NPK fertiliser REE+Y distribution.

The negative Ce anomaly may be more complicated in its origin since it can also reflect
processes operating in soils and aqueous transport, in addition to features of the source.
In general, Ce anomalies reflects the redox-induced separation of Ce** relative to
remaining redox-insensitive (strictly trivalent, with the exception of Eu) LREE. This
separation is well-documented to occur in soils prior to REE leaching or during aqueous
transport (e.g., Wang and Liang, 2014) and previous work demonstrated that the
magnitude of Ce anomalies in both groundwaters and river waters can vary as a function
of topography (e.g., amount of soil-water interaction increasing downslope) and the
amount and type of ligands available (Armand et al., 2015; Pourret et al., 2010).
Armand et al., (2015) measured the REE concentrations of 119 streamwater samples
across France and stressed that topography, residence time, wetlands and pH played
key roles in the speciation of REE in river systems. With low organic carbon/Fe(Mn)
ratios in the soil, a negative Ce anomaly can persist in soil solutions (Pédrot et al.,
2015b). Pourret et al., (2010) found topography to be a controlling factor on the spatial
distribution of Ce anomalies. Thus, as first and second order upland streams were
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sampled here, these factors may have also contributed to the negative Ce anomalies,
and would be consistent with the variable Ce anomalies observed in the soil leaches

implying varying levels of soluble Ce available for transport into streams.

An additional factor relevant to the seawater-like REE+Y pattern of the streamwaters
is the potential contribution from anthropogenic sources in the form of fertilisers with
high marine phosphate composition, which is difficult to differentiate based on their
similar REE pattern to seawater. The average REE pattern of NPK fertilisers (n=3) and
fodder phosphate (n=1) (Hu et al., 1998), as well as shallow seawater REE (n=12)
(Alibo and Nozaki, 1999; Hongo et al., 2006) are plotted with the streamwater REE
from this study for the purpose of visual comparison (Fig. 7) and illustrate their overall
similarity. The source and composition of the phosphate fertiliser(s) applied to this
region would need to be established and without adequate contrast between those and
the carbonate within the catchment, these sources cannot be discerned. However, it is
noted that streamwater 8’Sr/%Sr reflects differences in water-rock interactions, without

an obvious evidence for a fertiliser contribution.

The distinctively seawater-like REE patterns of streamwaters are interpreted here to
have most likely arisen from preferential weathering of marine carbonate sources in a
complex bedrock and tillite bearing catchment that is potentially also influenced by
fertiliser input, and modified from soil processes that could have changed the Ce
anomaly. Importantly, despite the overall similarity of the REE+Y patterns, small
variations between the streamwaters are apparent and important for coupling to the Sr

isotope geochemistry.

The Sr and U concentrations ([Sr] and [U]) are two such geochemical features that
discriminate the waters associated with different catchment geology, with the water in
the limestone catchment and the sandstone catchment identified with the highest [Sr]
and [U] and the lowest [Sr] and [U], respectively, and these features are coupled to the
REE (Fig. 8d). For example, the Y/Ho is highest and the lowest Prn/YDb, (Steepest
positive slope) are in the limestone catchment sample. This is in accordance with
Moller et al., (2003) who found that waters draining dolostone and limestone have
higher Y/Ho ratios with respect to igneous rocks in the study catchment in NE Italy.

Here, when all samples are considered together, there are strong correlations between
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[Sr] and Prn/Ybn (R?=0.87), Y/Ho (R?=0.69) and U concentrations (R?=0.99) in the
streamwaters, some of which approach hyperbolic trends. Collectively, these trends
could point to a mixing relationship between a higher Prn/Ybn and lower [U] and [Sr]
source and a lower Pry/Ybn and higher [U] and [Sr] source, consistent with a greater
contribution from the carbonate-bearing source(s) in the latter. Support for this comes
from a coupling of these geochemical characteristics to 8Sr/®Sr values, discussed in
section 4.5.1. The Sr isotope ratios form trends with Pr./Ybn, Y/Ho, [U], and [Sr] (Fig.
8 a+c), indicating that the sandstone catchment sample approaches a broad end-member
with a more radiogenic Sr isotope composition (and lower [Sr], [U], Y/Ho and flatter
REE+Y pattern) and the limestone catchment sample has a less radiogenic Sr isotope
composition (and higher [Sr], [U], Y/Ho and more LREE-depleted pattern). Such
geochemical relationships could be explained with a silicate-hosted Sr, U, and REE+Y

source being mixed with the carbonate source of these elements.

In finer scaled hydrological studies, 8Sr/%°Sr and [Sr] have been successfully used to
investigate rock-water interactions and water sources (e.g. Aubert et al., 2002a; Katz
and Bullen, 1996; Nakano et al., 2001; Négrel et al., 2004), in some cases with REE
and other trace elements (Ojiambo et al., 2003; Tricca et al., 1999) and our results
further illustrate the potential of combining these tracers, however, the sampling
density, applied methods, and focus of the study were not designed to more thoroughly
constrain these processes. While the REE and Sr can have different aqueous
characteristics and mineral sources and thus, have different capabilities as tracers, the
degree of [Sr] and &'Sr/%®Sr variability appears to be reflected to some extent by
concomitant variability of REE+Y patterns, Y/Ho ratios and [U]. Specifically, despite
the REE appearing to be dominated by carbonate/fertiliser sources, subtle variations
apparently reflect small-scale differences in source with variable Sr isotope

compositions that are, in part, inherited from the source bedrock.
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for the streamwater draining sandstone bedrock.

49



5 Conclusion

This study has taken a systematic sampling approach to trace the distribution and
movement of ®Sr/®Sr and trace elements, with emphasis on the REE+Y, in
streamwater, soils and plants to enhance our understanding of the broad dispersal of
these elements through the biosphere. The 8Sr/®Sr in streamwaters was demonstrated
to have use for correlation to a specific source lithology. Streamwater REE+Y patterns
have a consistent and seawater-like pattern that appears to be inherited from marine
carbonate bedrock, interaction with surficial marine carbonate-derived till,
anthropogenic fertiliser input or a combination of all three, but nonetheless show some
variation that is coupled to the &Sr/2éSr ratio and implies a silicate vs. carbonate source
of Sr with different REE+Y characteristics that would require more samples to

delineate in terms of end-member composition.

A significant fractionation phenomenon among individual REE+Y was observed
during transport from the exchangeable soil to both plants and streamwater. Plants show
a general tendency of decreasing transfer of REE+Y with increasing atomic mass,
resulting in a LREE-enrichment. The biological absorption coefficient (BAC) of
REE+Y reveals that plants from geologically discrete regions differ in absorption
capacity but a striking preferential biouptake of Y is noted in all ash tree (Fraxinus
excelsior L.) samples. The transportation of individual REE+Y in plants shows some
agreement with that of the soil extracts, mostly those leached with H20, which captured
the apparent preferential release of La, Gd, Lu, and preferential release of LREE, but
overall, both NH4sNOs and H>O leaches were poor indicators of REE+Y uptake in
plants. Further work is necessary to understand the behaviour of the anomalous REE+Y
elements in soil reservoirs (e.g., complexation, preferential release during weathering,

uptake mechanisms).
The 87Sr/88Sr of soil leachates is procedurally defined and is therefore not accurately

informative of the natural values that exist within the pedosphere. This finding attests

to the view that plant material is most suitable for the purpose of constructing biosphere
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Srisoscapes. In contrast to some of the larger Sr biosphere mapping studies to date that
have taken a more generalised regional approach, this research has spatially resolved
variation at a resolution that allows for more detailed local geochemical differences to
be observed. Use of discriminant analysis successfully classified certain bedrock
lithologies and Quaternary deposits as isotopically coherent biosphere packages.
Namely, there are significant (p<0.05) differences in biosphere values between
sandstone/shale tills and those composed primarily of limestone. These distinguishable
biosphere units demonstrate that the presence of soil-parent materials derived from both
bedrock and Quaternary sediments control the & Sr/8Sr distribution within this region.
Even without a large range in 8’Sr/%Sr biosphere values, significant spatial variations
in 8’Sr/®%Sr have been characterised. Furthermore, there is sufficient 8’Sr/Sr variation
within this region to give critical geographic perspective to archaeological provenance

investigations.
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