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ABSTRACT

This paper presents results from the first regional statistical analysis of soils
developed on till in Northern Ireland, using the Geological Survey of Northern
Ireland's Tellus geochemical database. Till geochemistry is largely determined by its
parent bedrock and soils developed on tills are known to inherit this geochemical
signature. Soil geochemistry from areas of till can therefore be used to establish
sediment provenance which in turn provides information on palaeo ice flow directions
and ice sheet history. In this study we use Principal Component Analysis to
establish geochemical groupings that can be related back to likely bedrock parent
material for the tills in the region. The maps, presented here at 1:445,000 scale,
show the results of the first regional investigation of soil geochemistry of part of the
northern sector of the Irish Ice Sheet. The results indicate that the upper surface of
the majority of tills in the study area have a close relationship to local bedrock with
rapid geochemical changes observed at lithological boundaries. This suggests that
tills in this sector of the Irish Ice Sheet are primarily local in origin, indicating rapid

entrainment of bedrock and low rates of evacuation of debris to the ice margin.
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1. INTRODUCTION

Ice sheets are an integral part of the global climate system and investigating their
behaviour provides information on how they respond to and drive climatic changes
(e.g. Broecker, 1994; McCabe and Clark, 1998). Reconstructing the dynamic history
of former ice sheets relies heavily on geomorphological interpretations of drumlins
and ribbed moraines which are used to establish ice flow patterns through time (e.g.
Boulton and Clark, 1990; Kleman and Borgstrém, 1996; Punkari,1997; Boulton et al.,
2001; Clark et al., 2000; Sarala, 2006; Greenwood and Clark 2009; Greenwood and
Kleman, 2010). However, recent work on these bedforms indicates that using
morphology alone to establish ice flow direction may not be definitive, particularly if
small study areas and sample sizes are used (Dunlop and Clark, 2006; Spagnolo et
al., 2010). Also, not all areas of glaciated terrain experienced a bedforming event or
retain evidence of one, though glacial erosional forms such as striae may provide ice
flow alignment data if present on exposed bedrock surfaces. (lverson, 1991; Glasser
and Bennett, 2004; Smith and Knight, 2011). It is therefore appropriate to consider
other approaches that are not reliant on but may compliment geomorphological
reconstructions. An alternative method, not previously applied to regional
reconstructions of the Irish Ice Sheet, is the use of geochemistry to establish the
provenance of glacial deposits. This technique has its roots in mineral prospecting
where geochemistry is used to establish the provenance and dispersal pattern of
valuable mineral deposits that have underwent transport by ice during glaciation (e.g.
Kauranne, 1958; Aario and Peuraniemi, 1992; Klassen and Thompson, 1993; Parent
et al., 1996; Peuraniemi et al., 1997; McClenaghan et al., 2000; Klassen, 2001;
Veillette, 2004; Sarala et al., 2007). The geochemical signature of the till is inherited

from the bedrock parent material which allows till provenance to be established
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(Boston et al., 2010). It has been demonstrated that soils developed on tills inherit
the till geochemical signature so that analysing soils can be used to establish the
regional ice flow patterns of former ice sheets (Scheib et al., 2010; Scheib and Lee,

2010; Scheib et al., 2011).

The maps presented here show the results of the first regional scale geochemical
analysis of soils developed on tills in Northern Ireland. They provide a detailed
overview of the regional geochemistry and can be used to develop a greater
understanding of till provenance in this sector of the British Irish Ice Sheet (BIIS) and
for testing existing conceptual models of ice sheet behaviour reconstructed from the

landform and sedimentary record.

2. REGIONAL GEOLOGY OF NORTHERN IRELAND

The north of Ireland hosts a diverse range of bedrock (Fig. 1) (Mitchell, 2004) which
can be broadly divided into four main domains based on age. The oldest rocks are
found mainly in counties Londonderry and Tyrone and are Meso- to Neoproterozoic
and include the Dalradian Supergroup, which consists of deformed metamorphosed
sandstones and mudstones with basic intrusive and extrusive units (Cooper and
Johnston, 2004a). Ordovician-Silurian age bedrock is present in counties Down and
Armagh and is comprised of greywacke sandstone and mudstone turbidite
sequences containing numerous minor intrusions (Anderson, 2004). The Tyrone
Igneous Complex is Ordovician to early Silurian in age and is composed of volcanic
and plutonic rocks with associated marine sediments (Cooper et al., 2011). The
Devonian and Carboniferous are mixed siliclastic and carbonate sediment

sequences and include significant andesite bodies such as the Barrack Hill Andesite
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in Co. Tyrone (Mitchell 2004a; Mitchell 2004b). The early Devonian Newry Igneous
Complex (Cooper and Johnston, 2004b) intrudes the Ordovician-Silurian turbidite
sequences of counties Down and Armagh. Carboniferous rocks outcrop mainly in
counties Fermanagh and Armagh, with outliers in Tyrone and Londonderry. The
youngest bedrock is the Palaeogene Antrim Lava Group, Mourne Granites and
Slieve Gullion intrusive complexes (Cooper, 2004; Cooper and Johnston, 2004c). A
rhyolite complex associated with the Antrim Lava Group is located in county Antrim.
Numerous Palaeogene dyke swarms and sills including the Scrabo complex are
intruded throughout the region (Cooper at al.,, 2012). Mesozoic sediments are
exposed around the fringes of the Antrim Plateau and in the Lagan Valley-

Newtownards Basin (Mitchell 2004c,d,e).

Regionally, Quaternary glacial deposits mantle the bedrock with till being the most
widespread and dominant sediment (Fig. 2) (GSNI, 1991). Subglacial bedforms,
namely ribbed moraines and drumlins, are widespread throughout areas of till and
are most dense in the southern half of the study area (Fig. 3). Fluvioglacial
sediments form an important component in counties Antrim, Londonderry, Tyrone
and Fermanagh and post glacial bog and fen peat development is prevalent in
upland and lowland settings. Lacustrine and alluvial sediments are found in

association with river and lake basins throughout the region.

3. METHODS

The soil samples used in the analysis were gathered during the Tellus Survey
(http://www.bgs.ac.uk/gsni/tellus) undertaken in 2004-2006 by Geological Survey of

Northern Ireland (GSNI) at a density of one per 2km? over the region and included all
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soil types. This amounted to a total of 6862 samples across the study area. At each
locality, the samples were taken by Dutch auger from the upper soil (5-20 cm depth)
following the established Geochemical Baseline Survey of the Environment (GBASE)
regional soil sampling protocol (Johnson et al., 2005; Smyth, 2007; Scheib et al.,
2011). The soil was dried, sieved to 2 mm then homogenised in an agate ball mill
before being pelletised. Soil sample geochemistry was determined via X-Ray
Fluorescence (XRF) at British Geological Survey (BGS) laboratories, Keyworth. XRF
provides concentration data on a suite of 52 elements, including lithophile and Rare

Earth Elements.

The Tellus sample points were then draped onto the 1:250,000 Superficial Geology
map of Northern Ireland (GSNI, 1991) using the Geographic Information System
(GIS) ESRI ArcMap 9.3. The total study area is approximately 13,800 km?, with till
comprising approximately 7,400 km? of this, non till cover totalling approximately
5,345 km? and bedrock at or close to the surface covering approximately 1,055 km?.
Samples that occurred on areas of non till superficial geology were rejected to leave
only upper soil samples that occurred on till. This left a total of 3836 samples for
analysis that displayed good spatial coverage across the study area (Fig. 4). The
highest sample density occurs in counties Antrim, Armagh and Down with gaps in
areas of non till superficial geology or areas with bedrock at or close (<1m) to the

surface.

When using soil geochemistry as proxy evidence for the geochemistry of the
underlying till it is important to assess the degree by which soil forming and

weathering processes may have affected the bulk geochemistry through the soil
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profile, for example through the migration of labile elements (Burek and Cubitt,
1991).To help address this, an additional 30 sites were sampled in September 2012
from across Northern Ireland (Fig. 4). At each location, samples of both soil and the
underlying till were collected. Soil samples were taken by Dutch auger following the
GBASE protocol, and a small pit was dug into the centre of the sampling area to
expose the underlying till surface at the base of the soil profile. The auger was then
used to sample as far down as was possible into the exposed till. At two localities a
second till sample was taken from nearby exposures. The samples were then
processed and analysed by XRF at BGS laboratories, Keyworth. To assess the
degree of weathering at each location the Chemical Index of Alteration (CIA) was
applied to the samples (Nesbitt and Young, 1982). This is a widely used technique
that assesses the degree of weathering in rocks and regolith (Nesbitt and Young,

1982; McQueen and Scott, 2008) and uses the following equation:

CIA= [Al,O3/ (Al,O3+Na,0+Ca0+K,0)]*100  (molecular proportions)

CIA was calculated using the average values for each of the required elements for
the soils and underlying till at the 30 additional sample sites and the results are

displayed in Table 1 (Section 4.1).

Additionally a Mann-Whitney test on the elements used in the CIA calculation was
performed in Minitab 16 to investigate the differences between the element medians
of the till and soil samples. The Mann-Whitney test is non parametric and makes no
assumption on the distribution of the data so is most appropriate for the geochemical

data used in this study. The results are displayed in Table 2 (Section 4.1).
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The Tellus XRF upper soil data set has a suite of 52 detected elements and Loss on
Ignition (LOI) values. Of the remaining 3836 samples, those with LOI>50% were
removed as organic soils, leaving a total of 3669 samples. Elements with results at
or below reliable XRF detection limits were removed from the soil geochemical data.
This left 28 elements for analysis (Ba, La, Ce, MgO, Al,O3, SiO,, K,0, CaO, TiO,,
MnO, Fe;0s3, Sc, V, Cr, Co, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Zr, Nb, Hf, Th and U).
Concentration data for these elements were normalised (Pison et al., 2003) and the

data imported into Minitab 16 for Principal Component Analysis (PCA).

PCA was selected as the investigative method as it is a multivariate statistical
techniqgue commonly used to investigate variability in large geochemical data sets
(Grunsky and Smee, 1999; Cheng et al., 2006; Scheib et al., 2011). As such it can
reveal more information than single element distribution (Fig. 5). PCA is a variable
reduction method that produces a smaller number of artificial variables, called
Principal Components (PCs). Each PC represents a certain amount of variability in
the data and the first two PCs usually account for most of the variation within the
whole data set (Reimann et al.,, 2008). When using PCA only those PCs with
Eigenvalues >1 are used as they account for the majority of the variance in the data.
The first four PCs have eigenvalues >1 (Fig.6) accounting for 81.3% of variance and

are presented in the maps.

PCA produces eigenvectors, also referred to as principal component coefficients or
loadings, describe the relative significance of a component i.e. chemical element and

its variability within the data set and are used to automatically calculate scores for
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each PC. The element loading values determine a sample point's score, so that
grouping of high loading elements give high scores and grouping of low loading
elements give low scores. A sample point's score therefore reflects the element
groupings. The amount of eigenvectors calculated will be equal to the numbers of
variables used (Reimann et al., 2008), which in this study is the number of chemical
elements. The PC scores were imported into the GIS to enable visualisation of the

spatial distribution of the linked element groupings.

4. RESULTS

4.1 Chemical Index of Alteration

The elements used in the CIA show an overall linear realtionship in concentration
values between the two sample media, indicating the till and soil have similar
proportions of elements at each sample site (Fig. 7). Results from the CIA analysis
are summarised in Table 1 and clearly show there is a high degree of similarity
between the geochemistry of the soil and the underlying till at each location (Fig. 4).
This indicates strongly that weathering processes have not significantly altered the
geochemistry of the soils in the study area and that soil geochemistry can be

confidently used as a proxy for till geochemistry.

Table 1. Chemical Index of Alteration value comparison between upper soil (A) (5-20cm sample
depth) and underlying till (T) (0.6 - 1.4m depth from till surface).

Average values Al,O3 | Na;O | KO CaO CIA

(molecular proportions)

A 0.1092 | 0.0080 | 0.0134 | 0.0175 | 73.72
n=30
T 0.1544 | 0.0087 | 0.0194 | 0.0216 | 75.68
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The results from the Mann-Whitney test on the elements used in the CIA calculation

are presented in Table 2. The null hypothesis for this test states that there are no

differences between the A and T samples. The results show the null hypothesis

cannot be rejected for Na,O, K;O or CaO and support the result of the CIA by

demonstrating the soil and till in the study area are geochemically similar.

Table 2. Results of the Mann-Whitney Test on the elements used for the CIA calculation for the till
and soil samples. Point estimate is the hypothesised median value, W is the test statistic used to
calculate the P value.

Element | N | Median | Point 95.2 % W P P Null hypothesis
estimate | confidence value | values | (P value < 0.05:
for interval for adjusted | can be rejected.
ETAL- ETAL- for ties | P value > 0.05:
ETA2 ETA2 cannot be
rejected.)
Al,O3
'.?_‘ 28 1152_;965 -4.4 (2(,5_ 558)01) 615 | 0.000 0.000 | Can be rejected
Na,O
A |30| 055 | 0.000 ((_30'2%%01?’ 898.5 | 0.8130 | 0.8118 Crae?e”ftteze
T 30| 0.55 '
KO (-1.1200 Cannot be
A 30| 0.8750 | -0.470 0 (')201)’ 787 | 0.0594 | 0.0594 rejected
T 30| 1.865 '
CaO
A |30 0545 | 0.0900 (('30'226‘:3’ 965.5 | 0.4598 | 0.4598 Crae?encot;ge
T 30 | 0.520 '

4.2 Map interpretation

The maps show the PC score distribution for the four Principal Components with

Eigenvalues >1. The scores are represented by a divergent colour scheme with

orange to red representing increasingly positive scores and light to dark blue

increasingly negative scores. Each dot represents a single sample point and

10
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individual colours equate to a score range for each PC, but as the data is not
normally distributed the score ranges are not equal number increments across the

four maps.

4.3 PC1

For PC1 (50.5% of variance) the highest scores equate to highest loading (>0.2)
elements Ni, V, Co, Fe;0O3, Cr, Sc, TiO,, CaO, MgO and Cu (Fig. 8). The highest
scores are almost exclusively associated with Antrim Lava Group basalts (see Fig.1
and map) and other basic igneous bedrock areas. Lowest scores equate to the
lowest loading (<-0.19) elements SiO,, Rb, Th and Zr. The map shows lowest PC1
scores on the Mourne granites with an area of low scores observed to the south side

of the granite. West Fermanagh also shows a band within the lowest score bracket.

4.4 PC2

PC2 (19.5% of variance) has high scores related to strong positive loadings (>0.2)
for elements Ba, Ga, Ce, La, Al,O3, K;O, Rb, Th, Nb and Zn (Fig. 9). The score
distribution map shows high scores are mainly concentrated in areas of clay rich
sedimentary bedrock. An area of high score with a linear extension to the northwest
is observed at the Tardree Rhyolite (Fig. 10). There is also a scatter of high scores
observed in north Antrim and east Londonderry. Negative loadings and therefore low
scores are recorded for CaO (-0.022) and Se (-0.058) only. The map shows a

concentration of lowest scores in east and west Fermanagh.

11
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4.5 PC3

High scores for PC3 (7.1% of variance) equate to strong positive loadings (>0.2) for
Se, As, U and Ce (Fig. 11). Concentrations of high scores are observed in south and
southeast county Down, south county Armagh including the Slieve Gullion area and
county Fermanagh. East and north Antrim also shows high scores on the Antrim
Lava Group. The greatest negative loading (<-0.2) is for elements Zr, Hf and SiO,
and so the lowest scores on the map correlate to these elements. Low scores are
observed around Lough Neagh, with a concentration of lowest scores to the
southeast and an area of low scores extends south from here as far as the Newry

Igneous Complex (Fig.1 and map).

4.6 PC4

With PC4 (4.2% of variance), strong positive loadings (>0.2) are recorded for As and
Hf with Zr (0.19) and TiO, (0.183) the next highest loading (Fig. 12). High scores are
recorded throughout the region, with concentrations in south east county Down
including the Mournes, south west and east county Fermanagh and north and south
Tyrone. Strong negative loadings (<-0.2) are recorded for Ba, CaO and Sr.
Concentrations of the lowest scores are exclusively confined to the Newry and Slieve
Gullion Igneous complexes with low scores between the Newry and Mournes

igneous centres and also south of the Mournes.

5. CONCLUSION
This paper presents the first geochemical maps based on analysis of soils developed
on till in this sector of the BIIS. The score distribution maps for PC1 and PC2 in

particular show that geochemical composition changes can occur rapidly at

12
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lithological boundaries. In PC3 and PC4 the score distribution pattern becomes less
concordant with bedrock, though close associations are still observed such as the
low scores of Newry Igneous Complex in PC4. Although clear transport of material is
apparent, such as north west from the Tardree Rhyolite (PC2, Fig. 10), or south from
the Mourne Mountains (PC1), the main element associations and spatial distribution
patterns derived from PCA of the Tellus soil geochemical data suggest that the
majority of till deposits in Northern Ireland have been locally derived. This indicates
till transport distances in this sector of the BIIS are low as different bedrock regions
retain predominantly uniform PC scores. This is important because it provides new
insights into how tills have been generated and transported in this sector of the BIIS

which can be used to test existing ice sheet models.
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FIGURES

LONDONDERRY

Key
- Igneous Centres Clay - Limestone, mudstone, sandstone - Greywacke, shale
Basalt Sandstone, mudstone, conglomerate - Sandstone, conglomerate - Quartzite, schist, gneiss, marble

Morthern Ireland Border

Figure 1. Simplified geology of the north of Ireland based on the 1:250,000 bedrock map (GSNI,
1997). Insert shows counties referred to in text. Bedrock has been grouped by age and typical
lithologies are given in the key. Numbers refer to igneous centres; 1. Tardree (rhyolite), 2. Scrabo Sill
(dolerite), 3a. Newry Igneous Complex (granodiorite) including 3b. Slieve Gullion, 4. Mourne
Mountains (granites), 5. Barrack Hill (andesite), 6. Tyrone Igneous Complex (granite, rhyolite, tonalite,
gabbro, basalt). LV-NB=Lagan Valley-Newtownards Basin, referred to in text. LN — Lough Neagh, LLE
— Lower Lough Erne, ULE — Upper Lough Erne.
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456  Figure 2. Northern Ireland 1:250,000 Superficial Geology (GSNI, 1991). The region is dominated by
457 till, with locally important fluvioglacial deposits.
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461 Figure 3. Map showing the distribution of ribbed moraines and drumlins in the northern half of Ireland.
462 Generalised ice flow patterns from the last glacial cycle are marked by arrows. Note the cross-cutting
463 relationships in the area south of Lough Neagh and around Lower Lough Erne that have been

464 produced by different ice flow events through the last glacial cycle. In addition drumlins and the Armoy
465 Moraine near the Glens of Antrim record ice coming onshore from southwest Scotland during the last

466 glacial cycle. Landform orientation derived from Greenwood and Clark (2008).
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470 Figure 4. Soil samples taken on areas of till superficial geology during the Tellus survey. Red triangles

471  show the location of additional soil and till samples used in the study to calculate the Chemical Index
472  of Alteration.
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Figure 5. Comparison of single element distribution and multi element PC score distribution. PC
Scores are associated with groups of elements rather than single elements. This can therefore
provide more information than single element distribution alone. (a) SiO, concentration (%) from the
Tellus soil samples. Box 1 shows mid to low concentration, Box 2 high concentration and Box 3 both
low and high concentrations of SiO,. (b) PC1 multi element analysis. Box 1 shows high scores
associated with Ni, V, Co, Fe,O3 and 6 other elements (see results), Box 2 and 3 show low scores
associated with SiO,, Rb, Th and Zr. (c). PC2 multi element analysis. Box 1 shows an area of obvious
high scores associated with Ba, Ga, Ce, La, and 6 other elements (see results). The high scores are
clearly oriented north west-south east (see also Fig. 9). Box 2 shows low scores associated with CaO
and Se. Box 3 shows high ( Ba, Ga, Ce, La etc) and low (CaO, Se) scores.
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Scree Plot - upper soils on till in Northern Ireland
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496 Figure 6. Scree plot of Principle Component eigenvalues for upper soil samples taken on areas of till
497  superficial geology in Northern Ireland. A scree plot shows the eigenvalues (y-axis) of the principal
498 components (x-axis) for the data set in descending order and indicates the relative importance of the
499 PCs. Those PCs with eigenvalues <1 account for an increasingly small and insignificant amount of the
500 variance in the data so are not used. In this study the first four PCs have eigenvalues >1 so are the
501  most significant for the data set.
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Figure 7. Scatterplot for percentage values of elements used in the CIA calculation. Solid grey line
represents total correlation. The dashed grey line (regression) shows the linear relationship in
concentration values between the two sample media, indicating similar proportions of elements.
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Figure 10. PC2 Score distribution and ice flow direction. High PC2 scores are associated with the
Tardree Rhyolite. High scores extending from the rhyolite outcrop in the same direction as the main
glacial lineation (drumlin) flow set in the area indicate north westward dispersal of rhyolite during this
flow event.
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Software

Microsoft Excel® was used to prepare the sample data for analysis. Minitab® 16 was
used for PCA of normalised geochemical data. ESRI ArcMap 9.3 was used to
prepare the main maps and map figures within the text and to select appropriate

samples from the data set. Graphs were directly exported from Excel® and Minitab®.

Map design

The maps have been designed with the aim of highlighting the relationship of
Principal Component score to underlying bedrock. The bedrock map was simplified
to allow easier correlation between the PC Scores and regional geology. Four maps
were chosen for presentation as the first four Principal Components account for the
majority of variance in the data set, so show the main findings of the regional

investigation.
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Northern Ireland

Principal Component Analysis on the geochemistry of soils developed on till in Northern Ireland | .=  « Simplified bedrock geology

Michael Dempster’, Paul Dunlop', Andreas Scheib? Mark Cooper’

"'School of Environmental Sciences, University of Ulster, Cromore Road, Coleraine BT52 1SA,ZGeoIogical Survey of Western Australia, 100 Plain Street, East Perth WA 6004, 3Geological Survey of Northern Ireland, Colby House, Stranmillis Court, Belfast BT9 9BF

EXPLANATORY NOTES
Points on the map represent soil sample locations from the Geological Survey of Northern Ireland's Tellus geochemical and geophysical survey (2004 - 2006).

Clay

Sandstone,mudstone,conglomerate
- Limestone,mudstone,sandstone
- Sandstone,conglomerate

- Greywacke,shale

- Quartzite,schist,gneiss,marble

The Principal Component Analysis (PCA) scores are a measure of how strongly the sample point geochemistry correlates to element loadings. Pricipal Components 1-4 are presented as they account
for 81.3% of the variance in the data. A divergent colour classification has been applied to the PC scores. Highest scores (red) indicate strong correlation with high loading elements, lowest scores
(dark blue) a strong correlation with low loading elements. Associations with mid element loading are pale blue and pale orange. These element associations can be linked to likely bedrock sources.
Refer to the accompanying paper for element associations and a full description of the data analysis.
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