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Summary

The major sediment routing systems of Southeastern Ireland in the vicinity of 
the Leinster Massif were examined and quantified. Samples were taken from four of 
the major river systems, the Avoca, Barrow, Liffey and Slaney (along with, for the 
purposes of bedload investigation, the Vartry, a minor river system adjoining the 
Avoca and Liffey). Sand samples were also taken from beaches along the 
southeastern coast of Ireland, and samples from the Irish Sea seafloor were provided 
by the Geological Survey of Ireland (GSI). These samples were subjected to a variety 
of analytical techniques to determine whether the sands of the Irish Sea are derived 
from the Leinster M assif (provenance) and what is the total discharge of material per 
unit area being denuded from the area and being carried to the sea (flux).

A total of 41 samples of Irish Sea sediment were provided by the GSI. In 
addition, 27 samples of beach sand and material from coastal tills were obtained, 
along with 53 samples of bedload sediment from the five rivers (six from the Avoca, 
three from the Vartry, eight from the Barrow, 15 from the Liffey and 21 from the 
Slaney). Each of these samples were analyzed granulometrically. The heavy mineral 
(detrital mineral species with specific gravity > 2.8) fractions of each sample in the 
grain size range between 250 and 63 //m were analyzed optically. Percentages of each 
heavy mineral type were ascertained for each river catchment, the beaches and the 
Irish Sea. Grains of detrital garnets were also isolated from each river and offshore 
and were examined for geochemical variations.

Heavy mineral results show that the sediment of each river is closely related to 
the river’s catchment lithology. The Slaney is dominated by metamorphically-derived 
minerals, the Avoca and Vartry by recycled garnets, and the Barrow by metamorphic 
minerals and detrital dolomite rhombs. The heavy mineral suites of offshore 
sediments indicate that the sands of the Irish Sea are not derived from Southeast 
Ireland, as the offshore suites show a preponderance of the clinopyroxene augite, 
which is not found with any frequency in river sediment. The beaches of southeast 
Ireland also show large augite proportions, indicating that beach sands are largely 
derived from offshore sources. Garnet data support this assertion, as the vast majority 
of terrestrial garnets are Mn-rich while seafloor garnets show a much wider variety of 
geochemical types.

Water samples were also taken from the four major rivers over a period of 
approximately one year (12 from the Avoca, Barrow and Slaney; nine from the 
Liffey) and analyzed for concentrations of solute and suspended sediment. The 
chemistry of material being carried as solute is, like bedload, closely related to 
catchment lithology. The Barrow and Liffey, which drain catchments rich in 
carbonate bedrock, have high concentrations of total dissolved solids (TDS) and are 
rich in bicarbonate and Ca ions. The Slaney and Avoca, which drain mostly igneous 
and metamorphic rocks, have lower TDS concentrations.



The concentrations o f TD S and suspended sedim ents in each sam ple were 

com bined with w ater discharge to devise rating curves to predict concentration (and 
therefore discharge) o f TD S and suspended sedim ent. These curves are then applied 

to average water discharge values for the past decade (provided by the Environm ental 
Protection Agency). Results show that the bulk o f m aterial being carried o ff of 

Southeast Ireland is transported as solute (approxim ately one order o f m agnitude 

greater than the discharge o f suspended sedim ent and bedload). The Barrow carries 

the largest total volum e o f m aterial, the A voca the smallest. The m aterial discharge 

results o f the Liffey are considered suspect as the river has been highly 

anthropogenically altered.

C om bining these results with the sizes o f each river’s catchm ent provides 

m easurem ents o f material flux (material discharge per unit area), and with average 
rock densities provides an estim ation o f the average denudation o f each catchm ent’s 

surface. Denudation rates for the area range betw een 18 and 39 pimlyv, largely in 
keeping with historic rates determ ined by apatite fission track analyses.



Chapter I 

Introduction



This thesis is an attempt to address two key issues, both o f which are integral to 

an understanding of sediment routing systems: from where is sediment being derived and 

to where is it being transported (provenance), and how much material per unit area is 

being transported per unit time (flux). As a whole it provides a qualitative and 

quantitative view of the major sediment routing systems of southeast Ireland, and 

provides models upon which assumptions of ancient systems can be based.

1.1 Provenance

The provenance portion of this study is concerned with establishing sediment 

signatures, or “fingerprints”, for the major rivers of southeast Ireland. Signatures are also 

established for the sands of the eastern Irish Sea, into which these rivers drain, and for 

beaches and bluffs along the southeast coast of Ireland. These signatures are then 

compared statistically to one another to ascertain whether or not the sands found on the 

seafloor of the Irish Sea are ultimately derived from the southeast Irish landmass.

A variety of techniques have been used to ascertain the provenance of sediment 

and sandstones. For the most part these techniques rely upon the petrology of the 

sediment, examining either suites of minerals or individual minerals themselves for clues 

as to their origin. Examinations of variations in the optical properties of common detrital 

minerals such as quartz have allowed researchers to discern whether a sediment body is 

igneous or metamorphic in origin (Pettijohn et al., 1987). Micas in sandstones provide not 

only clues to source, but suggest proximity due to their relative instability (Pettijohn et 

al., 1987). Other techniques for tracing provenance include isotopic studies of bulk
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sediment (Dia et al., 1992) or analyses of lithic fragments in sandstones (Pettijohn et al., 

1987).

In addition to the lighter, more ubiquitous mineral species, the so-called “heavy 

m inerals” can be used to ascertain sediment provenance. Heavy minerals, defined as 

mineral types which have a specific gravity greater than 2.85 (Mange & Maurer, 1992) 

generally make up a much smaller proportion of a sand bodies than their lighter 

counterparts (such as quartz or feldspar). There are a wide variety o f heavy mineral types, 

and as they are less common in source rocks than quartz or feldspar they are usually more 

indicative of a specific origin (Pettijohn et al., 1987).

There are two general (and non-exclusive) ways in which heavy minerals can be 

used to establish provenance. The proportions of different species within a sediment body 

can both indicate origin and be used to “fingerprint” a particular sediment body for 

correlation with a distal deposit. Also, the different varietal types of species 

(differentiated by, for example, grain color, rounding, overgrowths, or other optical 

properties) can provide even more specific information as to genesis, and provide more 

distinct correlation to other sediment bodies (Mange et al., 1999).

Heavy minerals were chosen as a provenance indicator for this study for three 

reasons. Firstly, they are relatively simple to isolate from unconsolidated sediment due to 

their high specific gravity. Secondly, the catchment bedrock lithologies of the rivers 

studied here are known, and therefore educated guesses can be made about the heavy 

mineral suites expected in each river’s bedload. Variations in these expected suites can 

indicate sediment sources outside of the catchments, possibly due to glacial transport.

And finally, comparing the proportions of different heavy mineral species in different 

areas allows one to statistically quantify the relationships between sediment bodies.

Researchers have also used geochemical analyses of specific mineral types to 

determine sediment provenance. Variations in trace elements in grains of opaque oxides
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such as ilmenite or magnetite can indicate the type of source rocks, whether mafic, felsic, 

etc., along with metamorphic grade (Darby, 1984, Grigsby, 1990, Malone, 1997). Recent 

studies have increasingly used detrital garnet geochemistry as a provenance indicator 

(Morton, 1985) since garnets are ubiquitous, easy to isolate and show a wide variety of 

chemistries that are related to source lithology. For these reasons, geochemical analysis 

of detrital garnets was chosen as a second provenance indicator in this study. However, 

individual mineral species geochemistry, while useful, does not provide nearly as broad a 

picture of source as does heavy mineral analysis. Garnet analyses are therefore used here 

only to augment and support the conclusions drawn by a rigorous heavy mineral 

investigation.

The abundance o f information about river catchment lithologies in Southeast 

Ireland, the relative ease in collection of riverine sediment samples, the wide variety of 

bedrock types found within and among catchments, and the ready availability of seafloor 

sediment samples makes the area an ideal place for a provenance study. This study is an 

attempt to answer questions both specific to the region (e.g., are the rivers of Southeast 

Ireland the dominant suppliers of sediment to the Irish Sea?) and to provenance studies in 

general (e.g., how do sediment “fingerprints” propagate through a river system 

downstream from a diagnostic bedrock source? What, if any, are the effects of glacially- 

derived extrabasinal sediments on the signatures of riverine sands? Are heavy mineral 

and/or geochemical analyses of modern sediment provenance robust enough to warrant 

such analyses on ancient systems?).

1.2 Flux

The second portion of this study is concerned with the measurement and 

description of material discharge from the major catchments of Southeast Ireland; that is,
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how much sediment and solute is being carried to the sea annually by the local rivers. 

Samples are collected from each river throughout a full year, and the solute and 

suspended sediment concentrations in each sample calculated. Different solute 

constituents are identified using Inductively Coupled Plasma Mass Spectrometry (ICP- 

MS). Combining concentration data with water discharge results allows one to calculate 

the total discharge of both solute and sediment over a year, and combining these annual 

discharges with the area of each catchment in turn allows one to calculate total flux of 

material.

The results of the analyses of solute constituents in each sample are used to 

establish relationships between various ion populations and catchment lithologies. Using 

a model created by Meybeck (1987), the ions identified in each river and the various rock 

types from which they are derived are correlated. These relationships give clues as to the 

differential erosion within each catchment.

Measurement of solute/sediment concentration and water discharge is also useful 

in predicting flux. There are a variety of techniques that can be used to predict the 

discharge of sediment and solute based on water discharge (Onstad, 1984), including 

sediment delivery ratio methods (which require knowledge of gross erosion within a 

basin), statistical analyses (which require large amounts of information on basin 

characteristics and climate) and deterministic models (which require a wide variety of 

climatic and physical parameters). Based on the information available for this study, it 

was decided that the optimal method for flux prediction is the creation of sediment rating 

curves. Such curves are power law relationships between material concentration and 

water discharge. They have the advantage of being empirically-derived and based on only 

two parameters, and are therefore less prone to error than other methods. The creation of 

a rating curve is, however, time-consuming and costly due to the data collection required 

(Onstad, 1984).



Once these rating curves are established, it is a simple matter to apply them to 

historical water discharge data for each river over the past decade. This allows the 

calculation of the average annual flux for the past ten years, which in turn allows 

calculation of the average annual denudation of the surfaces within each catchment. 

Essentially, this is a measurement of by how much the surface of each catchment has 

been lowered every year. These data can then be compared to historical denudational 

rates determined by apatite fission track analysis (AFTA) for all of Ireland (Allen et al., 

in press).

One of the questions addressed here therefore is the relationship between modern 

and ancient flux. Anthropogenic effects have been shown to dramatically affect the 

discharge of sediment and solute (Milliman and Meade, 1983; Meybeck, 1987); 

deforestation associated with agriculture can dramatically increase the volume of 

sediment introduced to a river, while dams and weirs can retard sediment transport by 

acting as traps. All of the rivers examined in this study have been to some extent or 

another modified by man. It is therefore expected that the flux results reported here are 

not entirely the result of natural systems. Metivier and Gaudemer (1999) show that in 

among large Asian rivers, the present-day discharge of sediment does closely match the 

average discharge through the Quaternary (deduced from the accumulated mass of 

sediment in local basins), despite the fact that the catchments of these rivers are 

profoundly altered. Such a correlation does not however necessarily apply to the rivers of 

Ireland, since the rivers studied here have catchment sizes on the order of 10  ̂or 10^ km^, 

while those studied by Metivier and Gaudemer (1999) are on the order of lO"* and 10  ̂

km^. The large floodplains of the Asian rivers likely act as buffers to anthropogenic 

changes in sediment discharge rates; such an effect would likely be negligible in 

catchments as small as those found in Ireland.
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The flux results reported here address, like the provenance results, questions that 

are both specific to the region studied and general. In a general sense, this study examines 

the efficacy of using rating curves to compare modern flux to ancient (indirectly, by 

comparing modern and ancient denudation rates). Specific to Southeast Ireland, these 

results quantify the transport of material through the local rivers annually, and constrain 

changes in landscape and geomorphology due to weathering.

1.3 Structure of Dissertation

Using ESRI® ArcView'^^ geographic information system softw-are, the 

catchments of each of the major rivers of Southeast Ireland were delineated and overlain 

on bedrock lithology maps for all Ireland, essentially producing a “cutout” of the bedrock 

types within each catchment. Chapter 2 describes the geological history of the area, and 

characterizes the various bedrock types within each river catchment. The effects of the 

last glaciation and man-made alterations are also explained.

Chapter 3 describes the methods and procedures used for the isolation, 

identification and quantification of the heavy minerals suits of all onshore and offshore 

samples. Each river is examined sample by sample along its length, which allows for the 

tracing of particular mineral signatures. The average heavy mineral suite for each river, 

the offshore and the beaches is ascertained, and all results are compared using 

multivariate statistics to establish relationships. These results provide insight into the 

provenance of the offshore sediment. The methodology and results of the garnet 

geochemistry investigation are also reported and compared to the heavy mineral analysis 

results.

Solute results are described in Chapter 4; the chemistry behind the release and 

mobilization of the major solute constituents are explained, as is the methodology used to
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determine their concentrations. Variations in the proportions of major and minor solute 

constituents among rivers are explained by the differences in river catchment lithologies. 

Application of M eybeck’s (1987) Temperate Stream Model to the solute results allows 

the calculation of the proportions of each major solute constituent that are derived from 

different bedrock types

Finally, the flux of solute and sediment in the rivers is addressed in Chapter 5. 

Concentration results for each are reported, along with water discharge results provided 

by relevant Irish governmental organizations, and the subsequent rating curves are 

calculated. These curves are then applied to historic water discharge data, which provides 

the average annual discharges of solute and suspended sediment for the recent past. 

Comparing these data to average catchment bedrock densities in turn provides denudation 

rates.
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Chapter II 

Geological Setting



2.1 Introduction

The mineralogical signature of river sediments is dependent on the petrology of 

the material through which the river incises, be it bedrock or unconsolidated diamict. As 

a river flows across exposures of different lithologies, the heavy mineral suites of its 

bedload should reflect the underlying rock types. This chapter provides a description of 

the rocks of the Leinster M assif and surrounding areas, and includes the lithology of the 

catchments of the major rivers, describing the various rock types through which the rivers 

cut as they flow towards the sea. The provenance of glacial tills, which constitute a major 

source of sediment in the area, is also discussed.

2.2 Bedrock History

The geology of southeast Ireland is dominated by the Leinster Massif, which 

comprises a variable Lower Paleozoic succession of marine sedimentary rocks (largely 

shales and greywackes) along with Ordovician-age alkaline volcanics. Into these country 

rocks has intruded a Caledonian-age batholith known as the Leinster Granite (O ’Connor 

& Reimann, 1993). The intrusion created a contact-metamorphic aureole. Later marine 

deposition created a sequence of carbonate rocks to the west and south of the granite, 

with exposure of limestones as young as the Carboniferous.

2.2.1 Pre-Caledonian Rocks

South of the River Slaney mouth, the metamorphics (metagabbros, amphibolites 

and gneisses) of the Rosslare Complex comprise the oldest rocks in southeast Ireland, the 

only evidence of the Precambrian in the area (Tietzsch-Tyler and Sleeman, 1994B). The

10



Complex constitutes the bulk of the southeast-most peninsula of Ireland, between 

Kilmore Quay and Rosslare Harbour, and is only exposed in this area. To the west of the 

Rosslare Complex lies a small band of Cambrian sedimentary rocks termed the 

Ballycogly Group (Tietzsch-Tyler and Sleeman, 1994B)

Along the coastline of County Wicklow, the greywackes and quartzites of the 

Bray Group are the oldest exposed rocks in the northern Leinster Massif, having been 

deposited into a marine basin during the Cambrian (McConnell and Philcox, 1994). The 

contemporaneous Cahore Group, also largely composed of greywackes and lesser 

quartzites, runs along the coast farther to the south (Tietzsch-Tyler and Sleeman, 1994A).

To the west, away from the coast, the Ribband Group (Ordovician) comprises a 

succession of finer-grained mud and siltstones (Bruck et al., 1974) deposited more 

distally than the Bray Group as the lapetus Ocean closed (Crimes and Crossley, 1968). 

Volcanics created by the subduction of lapetus seafloor are found interspersed with 

Ribband sediments, as are garnet-rich coticules (abyssal fumarole deposits) (Kennan and 

Kennedy, 1983). This volcanic activity is more evident in the Duncannon Group, in 

which rhyolitic volcanics are interspersed with deep-water mudstones and occasional 

sandstones and limestone (Bruck et al., 1979). Chronologically separating the deposition 

of the Ribband and Duncannon groups was a period of deformation known as the Monian 

Orogeny that produced extensive faulting and folding (Tietzsch-Tyler and Sleeman, 

1994A).

During the Silurian, turbiditic greywackes and shales formed what is now termed 

the Kilcullen Group, which outcrops in western County Wicklow and southern County 

Kildare (McConnell and Philcox, 1994; Bruck, 1975). These turbidites appear to range 

from proximal to distal over their period of deposition (Bruck, 1972).
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2.2.2 Caledonian Intrusions

Large synorogenic granitic plutons occur in the core of the Caledonian Orogen. 

These granite bodies comprise the Leinster Granite, the largest batholith in the British 

Isles (Tietzsch-Tyler and Sleeman, 1994A). The batholith stretches 110 km from Dublin 

to Kilkenny, with a total exposed area of 1500 km^, subparallel to the coast (Cooper and 

Bruck, 1983). It was emplaced in the early Devonian, having a Rb-Sr dated age of 404 

+/- 24 Ma (O’Connor and Bruck, 1978). Five distinct plutons comprise the batholith; they 

are, from north to south, the Northern Unit (from which samples indicating a Devonian 

age were taken), the Upper Liffey Valley Unit, the Lugnaquilla Unit, the Tullow Unit and 

the Blackstairs Unit (Fig. 2.1). The massif as a whole dips gently to the east, while the 

western margin is inclined steeply or overturned (Cooper and Bruck, 1983)

Contemporaneous with emplacement of the Caledonian intrusives was widespread 

deformation, which led to the creation of large deformation zones in the massif. The 

Graiguenamanagh -  Inistoge Shear Zone in the south was contemporaneous with the 

emplacement of the Blackstairs Granite. Along the western edge of the Tullow and 

Blackstairs Granites lies the East Carlow Deformation Zone. The Caledonian granites 

appear to have been emplaced along these shear zones as they were active (Tietzsch- 

Tyler and Sleeman, 1994B).

Along with the main body of the Leinster granite, smaller subsidiary granite 

bodies were emplaced during the Caledonian and today outcrop away from the batholith. 

Carnsore Point, the southeast-most point of land of the Irish landmass, is composed of an 

undeformed phenocryst-rich granite, as are the Saltees Islands directly offshore 

(Tietzsch-Tyler and Sleeman, 1994B). To the east of the central Leinster Batholith lie a
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Fig. 2.1 - Granites and major river catchments of southeast Ireland. Piutons are; 1) Northern Unit;
2) Upper Liffey Valley Unit; 3) Lugnaquilla Unit; 4) Tullow Unit; 5) Blackstairs Unit. (After O 'Connor 
and Bruck, 1978)
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series of small granitic intrusions termed the Ballynamuddagh Formation, and in eastern 

Wicklow a number of small diorite and dolerite bodies outcrop (McConnell and Philcox, 

1994). In addition numerous minor intrusions in the form of sills and dykes of 

Caledonian age are found throughout the Massif. These include the Tallaght Hills dyke 

swarm (McConnell and Philcox, 1994), a complex of dolerites that form a sheeted dyke 

system in places; small swarms of rhyolitic dykes surrounding the Ballynamuddagh 

outcrops; and parallel to the bedding of the Paleozoic sedimentary rocks in Counties 

Carlow and Wexford lie an unnamed series of rhyolitic or basaltic dykes (Tietzsch-Tyler 

and Sleeman, 1994B).

2.2.3 Late Paleozoic Rocks

The creation of the Caledonian mountain belt resulted in the majority of Leinster 

being raised above sea level. Terrestrial erosion led to the deposition of the Old Red 

Sandstone Formation (Late Devonian), a series of reddish conglomerates and sandstones 

(McConnell and Philcox, 1994). This formation is largely constrained to the western part 

of the Massif, with only occasional outcrops to the east, in the vicinity of Wexford Town.

A subsequent marine incursion moving south to north in the Carboniferous led to 

a return to shelf and seafloor deposition (Tietzsch-Tyler and Sleeman, 1994B), 

commencing with a series of shallow water formations along what is now the southeast 

Wexford coastline. This was followed by deeper-water deposits of interbedded clastics 

and carbonates, the clastics fining upwards into shales (Tietzsch-Tyler and Sleeman, 

1994B). The facies become more distal, with clastics less prevalent, eventually resulting 

in the deposition of nearly pure limestone (some of which later dolomitized). Other than
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limestone found on both sides of the mouth of the River Slaney on the Wexford coast, 

outcropping of Carboniferous carbonates is limited to the eastern part of the Massif.

The Mid- to Late- Carboniferous brought a return to clastic deposition; however 

the presence of an unconformity between the limestones and later clastics makes it 

difficult to determine the sequence of events (Tietzsch-Tyler and Sleeman, 1994A).

These Namurian-age formations represent a change from a shallow marine environment 

to a deep-water basin. They are followed by regressive Westphalian successions, 

ascending from a marine phase through nearshore deposits and into terrestrial swamp 

deposits, which are now exposed as coal beds (Tietzsch-Tyler and Sleeman, 1994A, 

McConnell and Philcox, 1994).

There are no post-Carboniferous rocks exposed in the southern part of the 

Leinster M assif (Tietzsch-Tyler and Sleeman, 1994A, Tietzsch-Tyler and Sleeman, 

1994B, McConnell and Philcox, 1994). Recent studies have suggested that, while there 

are no rocks of Cenozoic age in Ireland, tectonic activity during the Cenozoic has 

manifestations in the area of the Leinster M assif (Mitchell, 1980, Cunningham et al., in 

prep.).

2.2.4 Metamorphic History of the Region

The major metamorphic event in the history of southeast Ireland, the intrusion of 

the Caledonian granites, resulted in thermal metamorphism of the surrounding Paleozoic 

country rocks. In regions less than 10 km from the intrusion/country rock contact, the 

result was the formation of schists. Farther from the contact the heat of intrusion caused 

argillaceous country rocks to metamorphose into phyllites. The contact metamorphism of 

the fumarole deposits in the Ribband Group sediments resulted in manganese-rich 

coticules (McConnell and Philcox, 1994; Kennan and Kennedy, 1983). Minor
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contemporaneous granodiorite intrusions created homfels contact aureoles, rich in 

andalusite and almandine garnet (McConnell and Philcox, 1994).

Brindley (1957) recognized three distinct stages of metamorphism in the contact 

aureole. Stage one was of high-grade thermal metamorphism, creating staurolite, micas 

and garnets. Minor andalusite is also found. Stage two was a pneumatolytic phase 

typified by iron-rich tourmaline and sillimanite. Further retrogression characterizes stage 

three, a return to regional conditions.

The nature of pre-Caledonian regional metamorphism in the area is unclear; facies 

as high as greenschist can be found in some of the regional deformation zones (Tietzsch- 

Tyler and Sleeman, 1994A). However, overprinting by thermal metamorphism 

commonly eliminates any evidence of previous metamorphism.

The older rocks of the Rosslare Complex are metamorphic (metagabbros, 

amphibolites and gneisses), which have undergone a series of deformation and 

metamorphic events since their deposition in the Precambrian. While the Rosslare 

Complex rocks reached amphibolite facies during the Cadomian Orogeny (Late 

Precambrian), subsequent metamorphism around the Precambrian/Cambrian boundary 

altered the amphibolite facies minerals to clays and chlorite (Tietzsch-Tyler and Sleeman, 

1994B). These rocks were again metamorphosed during the Monian and Caledonian 

Orogenies; alteration occurred mainly along ductile shear zones in the gneisses and 

amphibolites, creating bands of mylonitic and chloritic schist through the Complex.

2.2.5 Dolomitization

Much of the limestone along the western margin of the Leinster Granite has been 

dolomitized. There appear to have been two types of dolomitization: one regional.
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affecting much of the Lower Paleozoic limestones, and a second type resulting in more 

localized hydrothermally-derived dolomites (Tietzsch-Tyler and Sleeman, 1994A).

The regional dolomitization appears to have been contemporaneous with the 

Variscan Orogeny, which uplifted much of southwestern Ireland during the Late 

Carboniferous. Fluid flow related to this uplift resulted in the dolomitization of the 

Carboniferous limestones, creating an elongate area of altered dolostone covering an area 

of ~7000 km^ trending southwest/northeast from the Munster Basin (Co. Cork) to 

southwest Co. Dublin in the Liffey Valley (Fig. 2.2). Crystal size of the dolomite 

replacing the limestone is generally in the 50-100 pim range, with a finer average size to 

the north (Hitzman et al., 1998). Alteration of the limestone has also resulted in the 

creation of world-class Pb-Zn deposits in the area (Hitzman et al., 1992), particularly 

related to the second, hydrothermally-driven form of dolomitization.

2.3 Quaternary History of Southeast Ireland and the Western Irish Sea

The defining agent of the Quaternary period in southeast Ireland, in terms of 

effects on the surficial geology and geomorphology of the area, has been glaciation. 

There is evidence for two distinct periods of glaciation on the Irish landmass. The most 

recent, termed the Fenitian, lasted approximately 63,000 years, commencing ~73,000 

years BP and ending ~10,000 years BP, and is thought to be the event responsible for the 

majority of geomorphological features in southeast Ireland. As is characteristic of most 

glaciations, the Fenitian built slowly to its greatest coverage, which was followed by a 

relatively rapid ice retreat; its maximum extent was ~20,000 years BP and maximum ice 

thickness was at least 1000 m (Warren, 1993).
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Regionally Dolomitized 
Waulsortian Limestone

Lemster
Massif

Munster Basm

Devonian/Carboniferous Old Red Sandstone

50 50 km

Carboniferous Limestone

Hercynian Fold Belt Rocks

Pre-Carboniferous Granitic/Metamorphic Rocks

Fig. 2.2 - Map of southeast Ireland showing major regional lithology and the kx;ation of a 
large regionally dolomitized zone stretching from the northern Munster Basin to the western 
edge of the Leinster Massif (encompassing a majority of the drainage basin of the River 
Barrow). (After Hitzman et al, 1998).
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2.3.1 Midlands Ice

In a general sense, there were two large ice sheet systems active during the 

Fenitian glaciation that affected the Leinster M assif area. The first moved to the east from 

the Midlands of central Ireland, developing from two large domes or ice spreading 

centers to the north and west (termed the Northern and Central Domes (Tietzsch-Tyler 

and Sleeman, 1994A; Warren, 1993)) (Fig. 2.3, Table 2.1). Drumlin fields associated 

with this large lobe are the dominant glacial feature of the relatively flat Midlands to the 

north and west of the Leinster M assif (Meehan et al., 1997); the lithology of these 

drumlins and the other glacial/subglacial deposits largely reflect the Midland bedrock 

lithology, mostly limestone.

2.3.2 Irish Sea Ice

From the east, an ice lobe from the Irish Sea (ultimately from Scotland) pushed up 

onto the eastern coastline, depositing seafloor material onto land. This Irish Sea lobe 

reached up onto the highlands of the Leinster Batholith in the east and rode up onto the 

northern plutons of the Wicklow Mountains in south County Dublin. Its general motion 

was to the south and southeast. The subglacial meltwater drainage of this lobe where it 

covered what is now the eastern seaboard of southeast Ireland ran to the south, carrying 

Irish Sea-derived material and depositing it in a series of ice marginal deltas and 

subglacial lakes (McCabe and Cofaigh, 1994). Along the southern Wexford coast 

deposition by ice rafting in lakes marginal to the Irish Sea lobe resulted in thick 

sequences of stratified drift (Thomas and Summers, 1982). Mitchell (1972) cites evidence 

showing that Irish Sea ice rose to greater than 150 m height on the north slope of Forth 

Mountain in south County Wexford.
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NORTHERN DOME 
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Form Lines 
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Lobe Dublin
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1 - Lugnaquilla Mt. (925 m)
2 - Djouce Mt. (725 m)
3 - Table Mt. (701 m)
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□  Glacial Deposit Locations 

(see Table 2.1)
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Fig. 2.3 - Patterns of ice m ovement during the maximum o f the Fenitian Glaciation. Ice term ed as "M idlands 
Ice" in the text is an am algam  of Northern and Central Dome glaciers, which met as at least two lobes 
in County Kildare (Glanville, 1997; Warren, 1993). INSCT: M idlands and Irish Sea Ice met in the region of 
the Wicklow Mts., and interacted with alpine glaciers flow ing down from the highlands (after Warren, 1993).

20



Map Ref. Location Deposit type

Brittas Bay Till

B Kingscourt Drumlin

Ice Lobe 
Origin

Irish Sea

Midlands

Diagnostic
Mineralogy/Lithology

Garnets, opaques 
(magnetite, ilmenite, chromite)

Green sandstone clasts
(of northwestern Ireland origin)

C Drogheda Till Mixed Inland sandstones (west and 
northwest origin) overlain 

by Irish Sea glaciom arine 

(Ailsa Craig microgranite)

D Kilmore
Quay

E Saltees

Bally valdon

Till

Boulder
Field

Till

W icklow Leinster Granite erratics,
Ice Cap local shales/schists

Irish Sea C am e Granite (SE W exford)
granite boulders

Irish Sea Calcareous, shelly till

Tullow Boulder
Field

Midlands Limestone boulders

H Blessington Proglacial
Delta

Midlands Limestone clasts

K

Clogga
Strand

Cronebane

Slieve 
Bloom Mts.

Till

Boulder
Field

Alluvium

Mixed

Wicklow 
Ice Cap

Mixed

Local shales/granites 
overlain by Irish Sea shells

I^ in ste r Granite boulders

W estern Ireland limestone, 
local hematite, magnetite, 
zircon

Table 2 .1 - Locations of glacial deposits in the region o f the Leinster Batholith, 
showing the m ineralogical/lithological identifiers in each deposit that 
links each deposit to a particular ice lobe. Deposits along the present 
eastern shoreline of the Irish Sea (Clogga Strand, Drogheda) show a 
deposition first by terrestrial sources that is overlain by material 
deposited by Irish Sea ice. Map references are to Fig. 2.3.

Reference

Geoghegan et al., 
1989

M eehan et al., 1996 

M itchell, G.F.

Carter and Orford, 
1982

Carter and Orford, 
1982

Carter and Orford, 
1982

Tietzsch-Tyler and 
Sleeman, 1994B

W arren, 1993

W arren, 1993

W arren, 1993

Gallagher, 1997, 
1998
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To the north of the Leinster Bathoiith the Midland and Irish Sea lobes met in a 

line roughly parallel to the present day coastline. These lobes interacted through time - 

along the southern and eastern coasts of County Wexford, the flat lying Paleozoic and 

Precambrian basement rocks provided little hindrance to the Irish Sea Ice, and later in the 

Fenitian Midland Ice moved across to eastern Wexford in the opposite direction (Carter 

and Orford, 1982).

2.3.3 Irish Sea Quaternary History

The deposits of the Irish Sea ice lobe were derived from both the sediment on the 

seafloor of the Irish Sea itself, and from nonmarine highlands to the north and east of the 

Leinster M assif areas. The lobe itself flowed south from Scotland and Northern Ireland 

(Warren, 1993), and as such Irish Sea lobe deposits contain erratics from these areas. 

Pebbles of microgranite found in tills along the Wicklow coast have been shown to come 

from Ailsa Craig, a small granitic island in the Firth of Clyde, on the western Scottish 

coast (Farrington, 1942). In the same area chalks and flints are found that are originally 

from Antrim in Northern Ireland.

At and just prior to the start of the Holocene, the retreat of the ice towards the 

north resulted in the retreat of a large glacial forebulge parallel to the ice front 

(Wingfield, 1995). As this forebulge retreated along with the ice front, relative sea level 

along its margins was lowered. This caused a succession of land bridges to form across 

the Irish Sea. Approximately 11.0 ka a land bridge is thought to have connected south 

Wexford with what is now Cornwall; this bridge migrated to the north with ice retreat, 

connecting Wicklow/Wexford to Great Britain 10.5 to 10.0 ka, and eventually connecting 

Dublin to Wales 9.75 ka. On a gross scale, it is thought that at the end of glacial retreat, 

the relative sea levels in the Irish and Celtic seas regions ranged from +80 m to -1 6 0  m
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(due to both crustal lowering due to overburden of ice, and to the retreat of the glacial 

forebulge) in comparison with present day sea level (Wingfield, 1995). The Irish Sea 

seabed was therefore intermittently subaerially exposed during the Holocene.

The glacially-derived sands of the Irish Sea lobe blanket the seafloor of the 

westerb Irish Sea along the southeast coast of Ireland. Surveys by the Geological Survey 

of Ireland of the seabed of the western Irish Sea, offshore of the coast of Southeast 

Ireland, show seafloor sand and gravel deposits that are in places over 100 m thick. 

Geoghegan et al. (1989) estimate that there is in the range of several million m^ of gravel 

on the Irish Sea seabed, along with several hundred million m^ of sand. The stratigraphy 

of the seafloor shows a glacial-interglaciaUglacial-postglacial succession (Whittington, 

1977; McKenna 1984; Warren and Keary, 1988). The present sediment dynamics of the 

Irish Sea seabed are largely affected by the presence of a tidally-driven bedload parting 

running perpendicular to the shoreline in the area of Wicklow Head. To the north of this 

zone the net sediment transport is to the north, to the south net transport is southerly 

(Kenyon et al., 1981). In the St. George’s Channel, tidal effects create active ribbons and 

streams of sand on the seafloor (Mitchell, 1972). Stride (1963) asserts that the overall net 

transport direction in the Irish Sea area has been northward through the late Holocene, 

and tidal effects appear to have selectively sorted this glacially-derived seafloor material, 

fining from south to north (from gravels offshore of Wicklow to muds offshore of County 

Meath) (Belderson and Stride, 1969).

Recent research has shown that large, highly mobile sand banks occur offshore 

Dublin Bay, parallel to the coast, in the northeastern part of this study area. Ripples and 

sand waves are found on the seabed throughout the area and indicate a northerly transport 

(Wheeler et al., 2000), although it is unclear whether the banks themselves have moved 

in the recent past.
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2.3.4 Alpine Ice

Contemporaneous with the Midlands and Irish Sea ice lobes, and relatively 

independent of their actions, a large ice cap covered the Wicklow Mountain highlands 

and the northern plutons of the Leinster Batholith (Fig. 2.3, Table 2.1). The accumulation 

of snow on the flat areas of the northern part of the batholith eventually formed a cap that 

flowed down through the local river valleys; the resultant ice mass reached above the 600 

m contour. In the east, ice flowing from this cap is thought to have reached beyond the 

present coastline, while in the west Wicklow ice at its greatest extent moved into what is 

now County Kildare (Warren, 1993). The presence of Midland erratics around the granite 

highlands indicate that ice from the Midland lobes moved around the southern flanks of 

the Wicklow Mountains, where it joined with ice flowing from the Wicklow ice cap to 

push out to the Irish Sea Basin, where both in turn joined with Irish Sea ice flowing to the 

south (Warren, 1993). The ice cap did not cover the entire Leinster Batholith; smaller 

alpine glaciers formed among the highlands of the Blackstairs Mountains to the south.

2.3.5 Provenance of Glacial Sediments

Glacially-derived tills cover much of the low-lying areas of the Leinster Massif; in 

the northern part, surrounding the highlands of the Northern and Upper Liffey Valley 

plutons, till thicknesses range from 10-20 m around Dublin city to >100 m in the region 

of Blessington in Co. Wicklow (McConnell and Philcox, 1994). Along the Slaney Valley 

thicknesses are in the 10-20 m range, while deposits pushed onshore by Irish Sea ice 

along the eastern coast can be up to 50 m thick along the southern coast, and up to 100 m 

thick along the Wicklow/Wexford coasts (Tietzsch-Tyler and Sleeman, 1994A,I994B).
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The provenance of these tills is a matter for debate among researchers. There is no 

question that the two major lobes (Midland and Irish Sea) introduced foreign material 

onto the bedrock of the Leinster granite and surrounding aureole- although Wicklow is 

the only Irish county with no Carboniferous limestone bedrock, much of the till in the 

western part of Wicklow (along the western slope of the Leinster Batholith) is limestone 

clast-rich, having been derived from the carbonate bedrock of the Irish Midlands 

(Warren, 1993). In south and east Wexford, most of the coastal tills (which appear to be 

the major suppliers of sediment to local beaches) are shell- and mud-rich, reflecting their 

Irish Sea floor origin (Carter and Orford, 1982). Irish Sea ice also introduced to the area 

the Scottish (Ailsa Craig) microgranite and Antrim chalk erratics mentioned above.

Along the south Wexford coast the tills show a variable provenance; researchers disagree 

as to the provenance of individual units but it is generally accepted that deposition 

alternated between inland and Irish Sea ice sources (Carter and Orford, 1982). Similarly, 

most of the thick till deposits in the Liffey Valley on the north-facing slope of the 

northern Batholith are derived from limestones of the Irish Midlands, despite the fact that 

in places these tills drape igneous and metamorphic bedrock (McConnell and Philcox, 

1994).

The effects of glaciation on local sediment provenance has been examined in Ontario 

tills (Dreimanis, 1957). The existence of sand-sized material in tills was inferred to be the 

result of large transport distances, since the crushing of material to this size takes a 

relatively long period of time. Forty-five percent of the material found in tills in Ontario 

was eroded from Precambrian crystalline rocks 48 km up-ice direction, and 25-30% came 

from rocks 113 km away (Dreimanis, 1957). This distal provenance for glacial deposits 

makes correlation between modern fluvial transport of sediment in Leinster M assif 

catchments and bedrock lithology difficult, as the signature of the sediment found
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downstream may be that of the distally derived tills and not that expected from the 

lithology of the area under investigation.

It appears, however, that although erratics from the Midlands and Irish Sea ice sheets 

are found in tills overlying bedrock composed of Leinster granites or metamorphic rocks 

of the contact aureole, the vast bulk of the tills in these areas are locally derived. Along 

the eastern slope of the Leinster Batholith (in the areas of the Avoca and Vartry river 

valleys), till deposits of the Wicklow ice cap were brought down from the mountains of 

the batholith to the west by the Wicklow ice cap and as such reflect the lithology of the 

local area (Warren, 1993). The same is true in the area of the Blackstairs mountains; 

much of this area was not glaciated during the Fenitian, except for local alpine glaciers 

(which would not introduce material from outside a river catchment). To the west, the 

interaction between mountain ice cap and Midlands lobe led to a mixture of till lithology, 

especially in meltwater channels and ice-marginal lake and delta deposits (McCabe and 

Cofaigh, 1994); the headwaters of rivers draining the highlands of the Leinster Granite 

are therefore incising locally-derived tills even if their lower reaches cut through tills of 

Midlands origin. This is especially true in the cases of the larger rivers (such as the 

Slaney) which incise alluvium deposited as glacial outwash, coming from the ice-covered 

highlands of the Leinster Granite.

Fluvial sediments incising tills derived from ice sheets, even those of continental 

extent, may have sedimentological signatures that statistically match catchment lithology, 

despite the presence of occasional erratics (Malone, 1997). A study of the average 

transport distance of pebbles in continental ice sheet-derived glacial deposits (Van 

Beever, 1971) showed that the vast majority of the material in esker sediments originated 

less than 5 km from its point of deposition. A study of clasts in glacial drift on Mt. 

Katahdin, a ~1800 m mountain in northern Maine, USA, that was covered with ice during 

the Wisconsinan glaciation o f North America showed that of the 22-38% of clasts that are
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not directly derived from local sources, more than 75% are from adjoining bedrock 

sources located directly up-ice (Davis, 1989). The lithology of till examined on Mount 

Desert Island (a small granite batholith on the central Maine coast) so closely matches 

that of the local bedrock that the till is classified by mapped bedrock units of the island 

and neighboring mainland (Lowell, 1989).

The relationship between glacial transport of sediment and till provenance is 

especially important in heavy mineral provenance studies, as the bulk of the mineral 

grains examined will have been mobilized by glacial activity (Trumball and Hathaway, 

1968). However, heavy mineral provenance analysis can allow for glacial effects, as it is 

a method in which a sedimentological fingerprint is ascertained less by the 

presence/absence of particular mineral species (i.e., an erratic) than by the statistical 

proportions of mineral species to one another.

2.3.6 Anthropogenic Modification

The five major rivers examined in this study, the Liffey, Barrow, Slaney, Avoca 

and Vartry, have all to some extent undergone anthropogenic modification in the form 

both of dams and the deforestation of their catchments. Dams and weirs have a double 

effect on the sediment transportation capabilities of rivers, as they result in both the 

upstream retention of sediment and downstream bed erosion; human activities have in 

places raised the sediment yield (in t*km^/y) by up to a factor of 100 (Einsele,1997). In 

this study area, the River Liffey in particular has been modified by damming; the 

Pollaphuca Reservoir, which occupies the basin of what was once a major ice-marginal 

lake along the eastern edge of the Midland ice sheet (Cohen, 1979), provides a large 

sediment sink for the upstream reaches of the river. Smaller weirs are found along the 

other rivers in the area; the main channel of the Vartry actually has a man-made reservoir
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as its source. The catchments of all the local rivers have also undergone deforestation 

over recent millennia, either for farming and grazing purposes or, especially in the case of 

the slopes of the Wicklow and Blackstairs Mountains, as a direct result of logging.

Man-made constructions have also had profound effects on the coastline of 

southeast Ireland. In Dublin Bay, the construction of seawalls in the late IS"* century 

created a sand island. North Bull, that is even today constantly modified by the tidal 

currents of the area. North Bull has been shown to be derived from offshore sands of the 

Irish Sea (Harris, 1974).

While it is difficult to determine the exact effects of anthropogenic modifications 

in terms of sediment flux, they must be taken into account in any qualitative assessment 

of river and longshore drift sediment transport potential.

2.4 Bedrock and Quaternary Geology of River Catchments

O f the rivers studied (Fig. 2.4), three (the Liffey, Slaney, and Avoca) have their 

headwaters incising directly into Leinster Batholith granites. As such, the upstream 

reaches of these rivers are nearly identical in their underlying lithology. The Barrow 

heads in Midland limestone bedrock; input from the Batholith is by tributaries that enter 

the Barrow farther downstream. The Vartry heads in a reservoir that receives input from 

smaller streams incising the Batholith. However, each river catchment is unique and 

therefore samples taken progressively closer to the mouths show distinctive 

characteristics.
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Approximate location 
of zone of bcdload 
parting. Arrows 
indicate net transport 
direction of seabed 
sediment (Kenyon et 
al„ 1981).

6 0  km

Barrow

Liffey

Slaney

Avoca/Vartry

Fig 2.4 - Drainage basins of the major river systems of Southeast Ireland
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2.4.1 Liffey River System

The catchment of the River Liffey is 1481.5 km^. It drains the northern part of the 

Leinster Massif, which consists of the granites of the northern Batholith plutons; 

metamorphic rocks of the surrounding contact aureole; a series of Cambrian, Ordovician 

and Silurian sedimentary greywackes and shales; and large areas o f Carboniferous 

limestone (Fig 2.5, Table 2.2).

The headwaters of the Liffey lie in the granites of the Northern Pluton of the 

Leinster Batholith, at an altitude of ~500 m. The rocks in this area are for the most part 

poorly exposed due to peat covering. The upper Liffey incises what Bruck (1974) termed 

as Type II Porphyritic Microcline Granite, which is a coarse-grained adamellite. It is 

defined by the presence of large (often >80 mm along the long axis) phenocrysts of 

microcline in an equigranular quartz/feldspar groundmass. Accessory minerals are mostly 

apatite, rutile, sphene and magnetite. Further downstream the river enters into an area of 

Type II Equigranular Granite, which is chemically nearly identical to the Porphyritic 

Microcline Granite, the only difference being the lack of phenocrysts in the Equigranular 

rocks.

The course of the river then leads it onto the Upper Liffey Valley Pluton, where it 

incises Type III Granites (Bruck, 1974). These rocks are also o f adamellite composition, 

with increased proportions of mica, including large phenocrysts of muscovite.

Tourmaline is one of the major accessory minerals.

The River Liffey flows off the Upper Liffey Valley Pluton into the man-made 

Pollaphuca Reservoir. Two other rivers contribute to the Pollaphuca. To the south, the 

King’ s River flows through the southernmost extent of the Northern Pluton, draining 

mosdy Type II Granites and the northernmost extent of the Lugnaquilla Pluton. There are 

three distinct igneous rock types exposed in this part o f the Pluton. To the west, the Glen
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K ILC U LLE N  GROUP  

I 1 Carrighili Fm.

. 'v l  Glen Ding Fm.

Poliaphuca Fm. 

Tippericevin Fm. 

Slate Quarries Fm.

CARBONIFEROUS  □□Namurian (undifferentiated) 

Tober Colleen Fm. 

Rickardstown Fm.

Calp

Ballysteen Fm.

Quinagh Fm.

Waulsortian Limestone 

Boston Hill Fm.

Feighcullen Fm.

Allenwood Fm.

L U G N A Q U ILLA  PLUTON

CZl Glen of Imail Quartz-diorite 

Percy's Table Granodiorite 

Glendalough Adamellite

U N N A M E D  ROCK TYPES  

Aplite 

Dolerite

N O R TH ER N /LIFFEY V A L L E Y  PLUTONS

Type 1 granodiorite 

Type 2e equigranular 

Type 2p microcline porphyritic 

Type 3 muscovite porphyritic 

Type 4  muscovite/microcline

Fig. 2.5 - The bedrock lithology ofthe catchment of the River Liffey.
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Formation Name Description Area (km )̂

RIBBAND GROUP 
(Lower Ordovician)
M aulin Formation 
Butler M ountain Formation 
Aghfarreil Formation
Dowery Hill M em ber (Aghfarreil Formation)

KILCULLEN GROUP 
(Silurian)
Carrighill Formation 
Glen Ding Formation 
Pollaphuca Formation 
Tipperkevin Formation 
Slate Quarries Formation

CARBONIFEROUS
Namurian (undifferentiated)
Tober Colleen Formation 
Rickardstown Formation 
Calp
Ballysteen Formation 
Quinagh Formation 
W aulsortian Limestone 
Boston Hill Formation 
Old Red Sandstone 
Feighcullen Formation 
Allenwcxxl Formation

NORTHERN & LIFFEY VALLEY 
PLUTONS (Devonian)
Type 1 grancxiiorite
Type 2e equigranular
Type 2p micnx;line pt)rphyritic
Type 3 m uscovite porphyritic
Type 4  m uscovite/m icrocline pcirphyritic

LUGNAQUILLA PLUTON 
(Devonian)
Glen o f Imail Quartz-diorite 
Glendalough Adamellite 
Percy's Table Granodiorite

UNNAMED ROCK TYPES
Aplite
Dolerite

Dark blue-grey slate, phyllite & schist 
Dark slate-schist, quartzite & coticule 
Greywacke siltstone, slate, quartzite 
Andesite breccia & shale

Calcareous greywacke siltstone & shale 
Chloritic, feldspathic greywacke 
Coarse greywacke & shale 
Greywacke & shale 
Slate & greywacke

Black shale & sandstone 
Calcareous shale, limestone conglom erate 
Cherty often dolom itised limestone 
Dark-grey to black limestone & shale 
Fossiliferous dark-grey muddy limestone 
Ixn ticu lar mudstone & coarse siltstone 
M assive unbedded fine-grained limestone 
Nodular & muddy limestone & shale 
Red conglom erate, sandstone & mudstone 
Skeletal, oolitic & micritic limestone 
Thick-bedded limestone, locally peloidal

Fine-grained granodiorite to granite 
Pale grey fine to coarse-grained granite 
Granite with m icrocline phenocrysts 
Granite with muscovite phenocrysts 
M uscovite-m icrocline porphyritic granite

Dark, aphyric quartz diorite 
Adam ellite with m icrocline phenocrysts 
Aphyric granodiorite

Aplite
Dolerite

Table 2.3 - Formation names, descriptions, stratigraphic ages and areas for 
the rock types com prising the catchments of the Liffey River.

0.63
37.21
40.00
2.80

204.33
67.09
68.80
54.23
6.55

9.31
15.94
58.61

426.91
41.10
7.70

81.57
56.76
0.94

25.16
0.21

4.44
116.85
112.17
27.05
1.81

3.92
6.72
0.51

0.34
1.84
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of Imail Quartz-Diorite is one of the most basic rock types in the Batholith, consisting of 

~20% biotite (along with accessory apatite and sphene). The Glen of Imail Formation 

grades into the Percy’s Table Granodiorite, which is slightly less mafic than the Glen of 

Imail. The northeastern portion of the Lugnaquilla Pluton consists of Glendalough 

Adamellite, similar to the Type III granites, but with some secondary calcite due to 

hydrothermal alteration (McConnell and Philcox, 1994; Bruck, 1974).

In a narrow belt between the Lugnaquilla and Northern Plutons, within the King’s 

River drainage, lie a pair of narrow septae of the Butter Mountain Formation, a schist and 

quartzite portion of the Batholith contact aureole. These “schist septa” contain coticules 

(fumarole deposits, previously mentioned) that are rich in spessartine garnet (Kennan and 

Kennedy, 19983).

To the north of the Pollaphuca Reservoir, the Brittas River drains the Type II and 

III granites of the Liffey Valley Pluton for most of its length. In its headwaters, however, 

it incises the coarse sedimentary greywackes of the Pollaphuca Formation, and the 

metamorphosed silt- and sandstones of the Aghfarrell Formation. The latter is similar to 

the Butter Mountain Formation except that it lacks coticules. The Brittas River also 

drains the Dowery Hill Formation, a breccia of andesite sills and dolerites intruded into 

metasedimentary rocks (Brindley et al., 1976). The metasedimentary rocks of this area 

have been shown to contain large pophyroblasts of andalusite and possibly amphibole (D. 

Jordan, pers. comm.). A small tributary of the Liffey, whose confluence is upstream on 

the Liffey from the Brittas River, is the Shankill River, which drains a northern outcrop 

of the same coticule-rich schist found in the schist septa.

These three rivers (Liffey, Brittas, King’s) empty into the Pollaphuca Reservoir. 

Downstream of the Pollaphuca Dam the Liffey itself is the only channel. The dam is 

placed just at the contact between the Aghfarrell/Butter Mountain Formation and the 

Kilcullen Group, comprising less metamorphosed shales and greywackes. This contact is
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a major shear zone (the Hollywood Shear Zone) that essentially separates the thermal 

aureole rocks from outlying sedimentary rocks. At this point, therefore, the Liffey flows 

to the west out of a zone of thermal metamorphic bedrock and onto relatively unaltered 

sedimentary bedrock. The Pollaphuca Formation is a turbidite sequence abutting the 

shear zone, with quartz-rich shales and greywacke. Farther downstream the river cuts 

through the Glen Ding Formation (more chloritic shales), incising in the (relatively) deep 

Pollaphuca Gorge. Between the Glen Ding and Pollaphuca formations lies a narrow band 

of slate (the Slate Quarries Formation).

The Liffey then flows across the younger members of the Kilcullen Group, the 

Tipperkevin and Carrighill Formations, which are the more distal sections of the 

Kilcullen turbidites and are therefore finer-grained siltstones. The Carrighill is 

characterized by a dolomite-rich matrix. The rocks in this area are folded and faulted, and 

the Liffey channel runs normal to the axes of a series of anticlines and synclines (Bruck, 

1973).

At the western edge of the Kilcullen group, the River Liffey turns towards the 

north and crosses an unconformity into carbonate bedrock. For the next (approximately) 

third of its length the river incises Carboniferous limestone bedrock, some of which is 

dolomitized, that abuts the western margin of the Leinster Massif. The limestone units are 

for the most part fossil-rich, some formations being oolitic. The final third of the river’s 

length takes it through the Calp Formation, a variety of shale, calcareous mudstone and 

limestone units. Smaller tributaries draining into the Liffey from the north drain similar 

mudstone/limestone units (McConnell and Philcox, 1994).

As mentioned previously, the Quaternary coverage of the area is composed of 

units of two distinct provenances that blend into one another. The upper reaches of the 

Liffey cut through tills derived from the Wicklow Mountain ice cap, while west of 

Pollaphuca Reservoir the tills show more Midlands ice influence. To the north of the
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reservoir lies the Blessington Delta, a 5 km long sand and gravel unit derived from the 

eastern margin of the Midlands ice lobe. To the east, close to the Liffey source, the 

Athdown Delta is a similar although smaller formation. Here, however, the lithology 

reflects the input of the mountain ice cap (Warren, 1993).

2.4.2 Avoca and Vartry River System

The drainage basins of the Avoca and the Vartry Rivers are contiguous, the 

smaller Vartry drainage basin lying to the north of that of the Avoca (Fig 2.6, Table 2.3). 

The catchment of the Avoca is 520.46 km^, while the Vartry catchment is 220.00 km^. 

Both systems trend roughly NW/SE, draining into the western Irish Sea. Their mouths are 

approximately 20 km apart; the coastline between the mouths of the two rivers is drained 

by a series of small rivers and streams.

2.4.2.1 Vartry River System

The Vartry originates from the Vartry Reservoir, at an altitude of ~200 m. The 

reservoir straddles the eastern edge of the Eastern Outer Dynamic Aureole, the more 

distal zone of contact metamorphism brought on by the intrusion of the Leinster Batholith 

(McConnell And Philcox, 1994). To the west of this contact between the aureole and the 

unmetamorphosed country rocks lies the Maulin formation (equivalent to the Butter 

Mountain Formation of the Liffey catchment. The fine-grained sediments of the area 

were metamorphosed to phyllite, schist and slate. Point counting analysis of Maulin rocks 

by Bruck (1968) shows accessory minerals that include zircon, rutile, sphene, apatite and 

garnet.
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Drainage Divide

NORTHERN/LIFFEY VALLEY PLUTONS 

I I Type 1 granodiorite

I I Type 2  equigranuiar granite

Type 2p microciine porphyritic granite 

Type 2 sparsely porphyritic granite

BRAY GROUP

 I Bray Head Fm.

I Devil's Glen Fm. 

RIBBAND GROUP

J  Ballybeg Member 

] Oaklands Fm.

]  Butter Mountain Fm. 

] Glencullen River Fm. 

] Maulin Fm.

J  Moneyteige Member 

] Roundwood Member 

Wicklow Head Fm.

DUNGANNON GROUP 

I Avoca Fm.

I Kilmacrea Fm.

LUGNAQUILLA PLLH’ON

J  Barravore Aplogranite 

] Carrawaystick Aplite

Glendalough Adamellite

I I Percy's Table Granodiorite 

SATELLITE GRANITES

UNNAMED ROCK TYPES 

I I Aplite

Appinite

Diorite

Dolerite

Granite (undifferentiated) 

Microgranite 

Quartzite 

Serpentinite

Fig. 2.6 - Bedrock lithology of the catchments of the Avoca and Vartry Rivers. Rivers
and tributaries are listed as; 1) Vartry; 2) Avonmore; 3) Glenmacnass, 4) Avonbeg; 
5) Ow; 6) Avoca.
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Formation Name Description Area (km

BRAY GROUP (Cambrian)
Bray Head Formation 
Devil's G len Formation

RIBBAND GROUP (Lower Ordovician)
Bailybeg M ember (M aulin Fm.)
Oakiands Formation 
Butter M ountain Formation 
Glencuilen River Formation 
Maulin Formation
M oneyteigc M ember (Ballylane Fm.) 
Roundwood M ember (M aulin Fm.) 
W icklow Head Formation

DUNCANNON GROUP 
(Upper Ordovician)
Avoca Formation 
Kilmacrea Formation

NORTHERN & LIFFEY VALLEY 
PLUTONS (Devonian)
Type 1 grancxliorite 
Type 2 cquigranular granite 
Type 2 sparsely porphyritic granite 
Type 2p microcline porphyritic

LUGNAQUILLA PLUTON 
(Devonian)
Percy's Table Granodiorite 
Glendalough Adamellite 
Carrawaystick Aplite 
Barravore Aplogranite

SATELLITE GRANITES
Croghan Kinshelagh Granite

UNNAMED ROCK TYPES
Granite (undifferentiated)
M icrogranite
Serpentinite
Aplite
Appinite
Diorite
Dolerite
Quartzite

Greywacke & quartzite 
Greywacke & shale

Dark grey sem i-pelitic, psammitic schist 
Green, red-purple, buff slate, siltstone 
Dark slate-schist, quartzite & coticule 
Buff-coloured tuff & greywacke 
Dark blue-grey slate, phyllite & schist 
Meta grey wackes, slates & metadolerites 
Basalt breccia 
Silver-grey mica-schist

Rhyolitic volcanics, dark grey slate 
Dark grey slate, m inor pale sandstone

Fine-grained gramxliorite to granite 
Pale, fine to coarse-grained granite 
Granite, some m icnx;line phemKrysts 
Granite with m icrocline phenocrysts

Aphyric granodiorite 
Adam ellite with m icrocline phenocrysts 
White, saccharoidal garnetiferous aplite 
Fine-grained, m uscovite-rich aplite

Grey to pink even-grained granite

Granite (undifferentiated)
M icrogranite
Serpentinite
Aplite
Appinite
Diorite
Dolerite
Quartzite

Table 2.3 - Formation names, descriptions, stratigraphic ages and areas for 
the rock types com prising the catchm ents of the Avoca and 
Vartry Rivers.

51.35
41.32

113.56
20.CM
4.14
0.23

247.67
10.54
0.23
0.11

21.28
58.42

2.70
13.96
1.14

57.75

14.83
31.23
28.02
7.95

5.29

1.26
0.42
0.19

<0.01
0.06
1.58
4.22
0.29
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It is the differential in erosion potential between these schists and the 

unmetamorphosed shales to the east that created the eastern margin of the Wicklow 

M ountains in this area (Bruck et al., 1974). The Maulin Formation increases in 

metamorphic grade closer to the plutons; the occurrence of garnet increases and close to 

the intrusive contact andalusite and staurolite appear along with lesser tourmaline 

(McConnell and Philcox, 1994). As with the majority of the inner aureole, at the margin 

of the granites the country rocks are relatively rich in porphyroblasts of staurolite and 

garnet. In places, euhedral andalusite crystals reach up to 4  cm in length (Bruck, 1%8).

To the east of the reservoir is the Bray Group. The Bray Head formation consists 

o f extensive greywacke deposits interspersed with uniform quartzites. A transition 

upwards within the unit from arkosic greywacke to clean quartzites suggests a maturing 

of the unit (McConnell and Philcox, 1994). The Bray Group shows a garnet and 

sillimanite assemblage within the quartzites.

To the north and south of the reservoir, the catchment is underlain by Devil’s 

Glen Formation, similar to the Bray Head Formation (greywackes), but more potassium 

feldspar-rich and containing only one distinct quartzite unit (Bruck, 1979).

While the reservoir is the source of the main channel of the River Vartry proper, it 

is itself fed by a group of small tributaries that drain rocks from higher altitudes, 

including the incipient River Vartry which cuts through Bray Head rocks north of the 

reservoir. To the west, a series of small channels cut through the Maulin Formation and 

reach just to the intrusive contact. The granite in this area is mostly Type II Microcline 

Porphyritic Granites similar to that in the Liffey catchment; there is, however, a narrow 

band of Type I Granodiorite (Bruck, 1974) parallel to the intrusive contact. This 

granodiorite is relatively fine-grained, and contains as accessories zircon, sphene, apatite 

and garnet.
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Downstream from the reservoir, the River Vartry incises Devil’s Glen Formation 

bedrock, eventually crossing into the Maulin and Bray Head Formations, and then back 

into Maulin. At this point, the metamorphic character of the Maulin rocks is much more 

understated, the nature of metamorphism more similar to regional than thermal 

(McConnell and Philcox, 1994). The river incises deeply into the country rock at the 

Devil’s Glen, a ~I00 m deep gorge. Eventually the Vartry debouches into Broad Lough, 

which is separated from the sea by a narrow sandy barrier. The southernmost edge of the 

lough is underlain by Wicklow Head Formation micaceous schists.

2A.2.2 Avoca River System

What is termed the “Avoca system” in this study is a series of rivers draining one 

catchment (Fig. 2.6). In the northernmost portion of the catchment, the Glenmacnass and 

Avonmore Rivers flow roughly parallel down from the Wicklow Mountains, and are met 

by the Glendasan at Glendalough. The river, now termed the Avonmore, continues 

southwards to the Meeting of the Waters, where it joins with the Avonbeg, a river that 

flows southwest from some of the highest mountains in southeast Ireland in the area of 

Lugnaquilla. Together the Avonbeg and Avonmore form the Avoca, which in turn flows 

south. The Aughrim River flows from the highlands of the Lugnaquilla Pluton parallel to 

the Avonbeg and meets the Avoca at Woodenbridge; the Avoca then continues ~5 km to 

the sea.

Each of the rivers listed above begins its journey in bedrock of the Leinster 

Batholith. Lough Dan, the source of the Avonmore, is an elongate N/S-trending lake the 

northern end of which cuts the southern edge of the Northern Pluton (Type II Microcline 

Porphyritic Granite). At the southern end of the lake, the head of the Avonmore channel, 

the lake is situated on Maulin Formation rocks (in this area, the Maulin’s proximity to the
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granite has resulted in a more schistose texture with accompanying andalusite 

(McConnell and Philcox, 1994)). The Glenmacnass has a similar Northern Pluton source 

area; where the Glenmacnass crosses the contact between Northern Pluton Granite and 

Maulin Formation metasediments, differential erosion has resulted in a spectacular 

waterfall. The convergence of the Avonmore and Glenmacnass Rivers is in Maulin rocks.

The Glendasan also flows down from granitic highlands; however its source lies 

in the Lugnaquilla Pluton. For much of its length it follows the Glendasan Fracture, 

which, along with the Glenmalur Fracture to the south, is a NW/SE trending joint system 

(lacking any associated displacement) related to hydrothermal activity during granite 

emplacement (Bruck and Reeves, 1983). At the northern lobe of the Lugnaquilla Pluton 

the bedrock is entirely made up of Glendalough Adamellite, a coarse microcline-rich 

granite. Beyond the batholith/country rock contact the Glendasan River cuts Maulin 

Formation rocks, up to its confluence with the Avonmore. The Avonmore then continues 

to incise Maulin bedrock, briefly flowing across an area of slightly metamorphosed Bray 

Head greywackes, until its confluence with the Avonbeg.

Following the valley of the Glenmalur Fracture, the Avonbeg also heads in the 

Lugnaquilla Pluton. One of the distinguishing features of this pluton is a high occurrence 

of remnant metasedimentary rocks overlying the granites. Outcrops of schist roof 

pendants are found near the Avonbeg source; the cap of Lugnaquilla Mountain, the 

highest point in southeast Ireland, is composed of remnant pelitic schist. These roof rocks 

are in many places characterized by high andalusite content (Bruck and Reeves, 1983).

At its head, the Avonbeg incises Barravore Aplogranite, a muscovite-rich granite 

with fine hematite throughout, upon which sit occasional roof pendants of schist. Further 

downstream, the river passes through a zone of Glendalough Adamellite and then back 

into Barravore rocks. The river then runs normal to a series of contacts between the 

Maulin Formation and granites of the Carrawaystick Aplite, a pegmatite dyke-rich aplite
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rich in almandine-spessartine garnets (Bruck and Reeves, 1983). The downstream reaches 

of the Avonbeg incise Maulin bedrock.

Both the Avonmore and Avonbeg cross an area of lamprophyre sheets running 

roughly parallel to the batholith/country rock contact. These dykes are characterized by 

hornblende and lesser amphiboie (tremolite and actinolite) assemblages (McArdle, 1974).

The Avonbeg and Avonmore meet in bedrock of the heavily faulted Duncannon 

Group, and together form the River Avoca. The Duncannon comprises the slates and 

shales of the Kilmacrea Formation, which contain occasional shaly volcanic features and 

tuffs. Faulted within the Kilmacrea are the Avoca and Ballymoyle Formations, rhyolites 

and rhyolitic tuffs interbedded with dark slates. These volcanics appear to have been the 

result of submarine eruptions (Stillman and Downes, 1974, Brindley et al., 1973), and are 

fault bounded with numerous hornblende and pyroxene-bearing diorite outcrops and 

psammitic schists. Occasional outcrops of microgranite also occur.

The Aughrim River is actually composed of two major tributaries, the Ow and the 

Derry Water. The Derry W ater runs alongside the aureole contact, incising the Ballybeg 

Member of the Maulin Formation, a dark pelitic schist. Along its length the river parallels 

a series of dykes of the above mentioned lamprophyre swarm (Tietzsch-Tyler and 

Sleeman, 1994A). The Ow River originates at the foot of Lugnaquilla Mountain, and as 

such drains both the Percy’s Table Granodiorite (medium-grained, leucocratic) and the 

overlying schist cap. The Ow travels southeast through Carrawaystick Aplite, across the 

contact into Maulin and eventually Ballybeg bedrock, where it meets the Derry W ater to 

form the River Aughrim. The channel of the Ow passes close to a series of intermediate 

volcanic outcrops, as well as fault-bounded sections of slightly metamorphosed Bray 

Head rocks.

The Aughrim then flows southeast through Ballybeg metamorphics. It incises a 

narrow section of granite, then continues through schists and phyllites before crossing
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into the slates of the Ballylane Formation, and subsequently into the more heavily 

metamorphosed metagreywackes and metadolerites of the Moneyteige Formation. The 

river runs approximately at right angles to the minor faults that bound each of these 

formations. This entire area is essentially one elongate shear zone (Tietzsch-Tyler and 

Sleeman, 1994A).

The Avoca and the Aughrim eventually meet at Woodenbridge, underlain by 

Duncannon Group slates and pale sandstones (Kilmacrea Formation). The conjoined river 

continues to the southeast. It cuts through small outcrops of Oaklands Formation 

slate/siltstone, and finally reaches the sea after crossing through a very narrow (< lkm ) 

band of Maulin rocks along the present shoreline.

Glacial activity in the area was almost entirely due to eastwards flow of the 

Wicklow Mountains ice cap. Glacially carved alpine valleys such as Glenmacnass and 

Glendalough, in the upstream reaches of the Avoca system, provide some of the most 

dramatic relief in Ireland. Large (boulder-sized) granitic erratics are found in the area of 

the Avonmore -  Avonbeg confluence (Warren, 1993). There is, however, some evidence 

of Irish Sea ice incursion in the lithology of the coastal tills.

2.4.3 Slaney River System

With a catchment area of 1986.82 km^, the River Slaney drains the largest portion 

of the Leinster M assif of all the rivers studied. From its source in the highlands of the 

Lugnaquilla Pluton, it flows south across the Tullow Pluton into the contact aureole (a 

series of Ribband Group metasediments), on into Duncannon Group sedimentary rocks, 

then across a large fault zone and back into the Ribband Group (Fig 2.7, Table 2.4). 

Finally the Slaney incises through Cahore Group turbidites until it debouches into
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Fig. 2.7 - Bedrock lithology of the catchment of the River Slaney. Tributaries are listed as: 
1) Slaney; 2) Dereen; 3) Derry Water; 4) Clody, 5) Bann.
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Formation Name Description Area(km )̂

CAHORE GROUP 
(Cambrian)
Ballynacamg Member (Polldarrig Fm.) 
Polldarrig Formation 
Sheimaliere Formation

RIBBAND GROUP 
(Cambrian / Ordovician)
Ballybeg Member (Maulin Fm.)
Bailyhoge Formation
Bailylane Formation
Butter Mountain Formation
Donard Andesite Member (Butter Mt. Fm.)
Kilcarry Member (Maulin Fm.)
Maulin Formation
Moneyteige Member (Bailylane Fm.) 
Palace Member (Oaklands Fm.) 
Riverchapel Formation

DUNGANNON GROUP 
(Ordovician)
Ballinatray Formation 
Campile Formation 
Courtown Formation 
Kilmacrea Formation

KILCULLEN GROUP 
(Silurian)
Glen Ding Formation 
Pollaphuca Formation 
Slate Quarries Formation

CARBONIFEROUS
Cullenstown Formation

Pale grey quartzites in dark grey slates 
Dark grey mudstones with thin quartzites 
White, purple quartzites with slates

Dark grey semi-pelitic, psammitic schist 
Dark grey slates with siltstone laminae 
Green, red-purple, buff slate, siltstone 
Dark slate-schist, quartzite & coticule 
Andesite & andesitic tuff 
Often porphyritic andesitic amphibolites 
Dark blue-grey slate, phyllite & schist 
Meta greywackes, slates & metadolerites 
Greywacke sandstones with slates 
Purple, buff & green slates & sandstones

Dark grey to black mudstones 
Rhyolitic volcanics, grey & brown slates 
Limestones, calc-sandstones & siltstones 
Dark grey slate, minor pale sandstone

Chloritic, feldspathic greywacke 
Coarse greywacke & shale 
Slate & greywacke

Grey-Green, red-purple, buff slate, siltstone

Table 2.4 - Formation names, descriptions, stratigraphic ages and areas for 
the rock types comprising the catchments of the Slaney River. 
(Page 1 of 2)

2.18
16.91
5.47

163.69 
108.50 
444.17
85.24
18.69 
8.18

109.67
18.25 
3.94 
5.49

1.08
272.65

0.53
6.19

2.82
18.55
2.08

30.48
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Formation Name Description Arc(;km̂ )

LUGNAQUILLA PLUTON 
(Devonian)
Carrawaystick Aplite 
Glen o f Imail Quartz-diorite 
Percy's Table Granodiorite

TULLOW / BLACKSTAIRS PLUTONS 
(Devonian)
Type 1 granite 
Type 1 granodiorite 
Type 2 equigranular granite 
Type 2 m icrocline porphyritic granite 
Type 2 sparsely porphyritic granite 
Type 2p m icrocline porphyritic

SATELLITE GRANITES
Ballynamuddagh Granite Grey biotite granite 0.40
Croghan Kinshelagh Granite Grey to pink even-grained granite 1.72

UNNAMED ROCK TYPES
Aplite Aplite 0.16
Appinite Appinite 3.01
Dolerite Dolerite 10.19
Felsite Felsite 0.90
Granite (undifferentiated) Granite (undifferentiated) 11.30
Serpentinite Serpentinite 0.24

Fine-grained granodiorite to granite 6.31
Type 1 granodiorite 0.17
Pale, fine to coarse-grained granite 257.07
Granite with m icrocline phenocrysts 219.58
Granite, some m icrocline phenocrysts 73.89
Type 2p m icrocline porphyritic 5.27

W hite, saccharoidal garnetiferous aplite 19.15
Dark, aphyric quartz diorite 21.91
Aphyric granodiorite 30.88

Table 2 .4  - Formation names, descriptions, stratigraphic ages and areas for 
the rock types com prising the catchments o f the Slaney River. 
(Page 2 of 2)
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Wexford Harbour. The river crosses ail of the contacts between these formation nearly 

perpendicularly.

The Slaney actually originates as two small channels flowing westwards, both 

heading in Percy’s Table granodiorites. Both then flow over the Glen of Imail Formation, 

a dark quartz-rich diorite. Along this part of its length, the Slaney channel(s) are virtually 

surrounded by highland areas of Butter Mountain caps of schists and quartzites (rich in 

coticule deposits), even when the river is flowing through granite bedrock. The cap rocks 

in this area are characterized by the presence of cordierite and irregular grains of 

staurolite (Kennan, 1974). Following the Glen of Imail the channels cuts through these 

Butter Mountain metamorphics; they then combine into the Slaney proper after cutting 

into rocks of the Donard Member of the Butter Mountain Formation, which is rich in 

andesite and andesitic tuffs.

The river continues westwards through thermally metamorphosed bedrock 

(alternating between Butter Mountain and Donard), then turns south and begins to incise 

the Tullow Pluton. A narrow band of Carrawaystick Aplite gives way to Tullow Type II 

Equigranular Granite, a pale granite lacking phenocrysts similar to the body of the same 

name in the Northern Pluton. Interfingered with this granite are a series of appinitic 

outcrops. The channel then passes over the (gradational) contact between the Type II 

Equigranular Granite and the more phenocryst-rich Type II Microcline Porphyritic 

Granites. Continuing south through the pluton, the channel incises alternating swathes of 

bedrock consisting of these two granites, along with an intermediate mapped granite unit 

named the Type II Sparsely Porphyritic Granite. Eventually, the channel flows into a 

southeast-trending joint system in the pluton that leads it out of the Tullow Pluton and 

into the aureole.

An important tributary of the Slaney, the Derreen, has headwaters in with the 

Tullow Pluton and flows southwest to its confluence with the Slaney. The catchment of
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the Derreen is almost entirely Tullow Pluton bedrock; however, a small portion of its 

catchment just at its source drains rocks of the schist/coticule cap in the Lugnaquilla 

Pluton.

Crossing into the aureole, the Slaney incises a number of different members of the 

metamorphic Maulin Formation. The river runs roughly normal to the contacts between 

each of these member units. The Kilkarry Member of the Maulin Formation, a narrow 

band of which is transected by the Slaney, represents some of the most metamorphosed 

rocks in the area, largely composed of andesitic amphibolites. The river then flows across 

Ballybeg Member rocks (psammitic schists) and eventually into less-metamorphosed 

Maulin proper bedrock. The Ballybeg is noteworthy for its relative abundance of 

spessartine garnets (McArdle, 1981).

Past the edge of the batholith, the Slaney moves through the Graiguenamanagh -  

Inistoge Shear Zone. The deformed area trends northeast/southwest oblique to the 

batholith, with an average width of approximately two kilometres (Tietzsch-Tyler and 

Sleeman, 1994B). The shear resulted in foliation of the minerals in the local granites, in 

some places metamorphosing the granites to gneisses, and imparting a schistose texture 

to the surrounding mudstones and slates.

From the northeast flows the Derry Water, a small tributary that parallels the 

contact between the Maulin and Ballybeg rocks. Near its source the Derry W ater drains 

the slates and metagreywackes of the Ballylane Formation. In the upper reaches of its 

catchment the river also flows across small granitic outcrops, and a swarm of the same 

lamprophyre dykes seen in the Avoca drainage. Its confluence with the Slaney lies just at 

the Ballybeg/Maulin contact.

To the west lies the Blackstairs Pluton, the lithology of which ranges from 

equigranular to richly porphyritic granites and granodiorites. Also exposed is a “granite
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gneiss” member, a foliated, metamorphosed granodiorite. Rocks from this area are 

drained by the River Clody, which flows from Mount Leinster to the Slaney at Bunclody.

Downstream the Slaney flows through progressively less metamorphosed 

bedrock, eventually passing into Duncannon Group slates of the Campiie Formation. This 

formation is replete with outcrops of felsic volcanics (Avoca and Ballydoyle Formations) 

and dolerites. These outcrops are mostly elongate, trending northeast/southwest, and 

fault-bounded. These intrusive and extrusive rocks include high proportions of augite and 

hornblende, along with accessory epidote and sphene and lesser apatite (Shannon, 1979).

The Slaney meets with the River Bann in the Campiie Formation, another 

tributary paralleling the bedrock contact from the northeast. The Bann drains the Campiie 

and Maulin Formations only; along its length it cuts through a number of felsic and 

intermediate volcanic bodies. The Campiie also contains a series of small intermediate 

granite bodies (including, to the east of the Slaney channel, the Ballynamuddagh Granite 

outcrops), each of which is surrounded by a small aureole. In the case of the 

Ballynamuddagh Granite, the contact aureole is made up of andalusite schists.

Flowing south towards Wexford Harbour, the Slaney then crosses over the 

Tramore-Enniscorthy Fault and back into the Cambrian turbidites of the Cahore Group. 

The river then swings to the east, continuing through these turbidites (which grow more 

proximal and therefore coarser as the Slaney moves towards the sea) before entering 

Wexford Harbour. The Slaney reaches head of tide in the Cahore Group.

The pattern of glaciation in the Slaney catchment during the Fenitian is difficult to 

determine. In its upstream reaches, the river drains areas that would have been covered 

with Wicklow Mountain ice, at least as far south as the edge of the Tullow Pluton. Alpine 

ice from the highlands of the Blackstairs Mountains, along the western margin of the 

Slaney valley, could have introduced granitic and aureole-derived tills into the river’s 

drainage. Along the southeast coast, however, the picture is less clear.
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Irish Sea ice in the Quaternary moved up the lowlands now surrounding Wexford 

Harbour (Thomas and Summers, 1982), creating ice marginal lakes in what is now the 

River Slaney valley. Coastal bluffs in the area are largely composed of material deposited 

by Irish Sea ice. Between the Blackstairs and this incursion of Irish Sea ice, the Slaney 

catchment appears to have been relatively ice-free, with the possibility of some coverage 

by Midlands ice swinging to the southeast around the southern edge of the mountains of 

the Leinster M assif (Warren, 1993).

2.4.4 Barrow River System

The catchment of the River Barrow, at 5014.32 km^, is the largest of the rivers 

studied; however it is the smallest of the rivers in terms of the area of the Leinster Massif 

that it drains. The majority (58%) of the catchment of the Barrow is Carboniferous 

limestone (Fig 2.8, Table 2.5). In the northeasternmost reaches of the catchment, the 

bedrock includes the Silurian Kildare Inlier, a sequence of metasedimentary rocks along 

with andesitic/basaltic sheets, tuffs and limestone (Parkes and Palmer, 1994).

Surrounding the inlier are rocks of the Devonian Old Red Sandstone; beyond these lie 

rocks of mixed shale/limestone lithology, which eventually grade into pure carbonate 

bedrock (McConnell and Philcox, 1994). For the purposes of this study these carbonate 

formations are not differentiated, as their mineral input would be limited to calcite and 

dolomite rhombs, which are not considered part of a sediment body's heavy mineral suite.

The eastern edge of the Barrow catchment parallels the western margin of the 

Leinster Batholith, and as such a narrow band of Caledonian granites and aureole rocks 

are exposed in the river’s drainage basin. The western side of the Tullow Pluton and the 

entire Blackstairs Pluton are within the Barrow catchment. The aureole in this area is thin 

at best; the overturned nature of the batholith to the west results in the exposure of
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Fig 2.8 - Bedrock lithology o f the catchment of the River Barrow; channels are numbered 
as 1) Barrow; 2) Suir. (1 he vertical line bisecting the catchment is a result o f the 
combination of two maps o f differing detail using ESRI Arcview®).
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Formation Name Description Are^km )̂

RIBBAND GROUP 
(Lower Ordovician)
Ballybeg Member (Maulin Fm.)
Ballylane Formation 
Ballyneale Member (Maulin Fm.) 
Brownsford Member (Maulin Fm.)
Kilcarry Member (Maulin Fm.)
Maulin Formation 
Oldcourt Member (Maulin Fm.)

TAGOAT GROUP 
(Middle Ordovician)
Grahormack Formation

DUNGANNON GROUP 
(Upper Ordovician)
Campile Formation

UNGROUPED UPPER ORDOVICIAN
Allen Andesite Formation 
Kildare Limestone Formation

UNGROUPED LOWER SILURIAN
Dunmurry Formation 
Guidenstown Formation 
Rahilla Formation

KILCULLEN GROUP 
(Silurian)
Carrighill Formation 
Glen Ding Formation 
Pollaphuca Formation 
Tipperkevin Formation

TULLOW / BLACKSTAIRS PLUTONS 
(Devonian)
Graiguenamanagh Granite Gneiss
Type 1 Granite
Type 2 Equigranular Granite
Type 2 Microcline Porphyritic Granite
Type 2 Sparsely Porphyritic Granite

Dark grey semi-pelitic, psammitic schist 
Green, red-purple, buff slate, siltstone 
Andesitic, rhyolitic volcanics & slates 
Dark grey semi-pelitic,psammitic schist 
Often porphyritic andesitic amphibolites 
Dark blue-grey slate, phyllite & schist 
Schists, gamet-quartzites(coticules)

Grey & purple conglomerates, sandstones

Rhyolitic volcanics, grey & brown slates 

Andesite
Limestone and mudstone

Green greywacke 
Black shale
Red & blue-green shale

Calcareous greywacke siltstone & shale 
Chloritic, feldspathic greywacke 
Coarse greywacke & shale 
Greywacke & shale

Highly foliated, 'gneissic' granodiorite 
Fine-grained granodiorite to granite 
Pale, fine to coarse-grained granite 
Granite with microcline phenocrysts 
Granite, some microcline phenocrysts

Table 2.3 - Formation names, descriptions, stratigraphic ages and areas for 
the rock types comprising the catchments of the Barrow River. 
(Page 1 of 2)

9.71
168.84
2.31

95.76
0.31

85.12
4.96
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3.18
0.36
0.20

35.30
10.51
1.72
4.19

1.45
14.78

314.97
9.55

41.18
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Formation Name Description Area(km )̂

CARBONIFEROUS 
UPPER DEVONIAN /
Aiienwood Formation Thick-bedded limestone, locally peloidal 136.29
Ballyadams Formation Crinoidal wackestone/packstone limestone 405.54
Ballymartin Formation Limestones & dark grey calcareous shales 97.17
Ballysteen Formation Fossiliferous dark-grey muddy limestone 252.98
Boston Hill Formation Nodular & muddy limestone & shale 127.02
Bregaun Flagstone Formation Thick flaggy sandstone and siltstone 130.35
Butiersgrove Formation Very dark grey argillaceous limestones 77.%
Calp Dark-grey to black limestone & shale 241.63
Clay Gall Sandstone Formation Feldspathic quartzitic sandstone 44.65
Cloghan Sandstone Formation Thick-bedded grey sandstone with shale 5.97
Coolbaun Formation Shale and sandstone with thin coals 165.21
Cross I ^ e  Formation White quartzites with red & green slates 79.98
Fxiendcrry Oolite Member (Aiienwood Fm.) Oolitic limestone 144.00
Feighcullen Formation Skeletal, oolitic & micritic limestone 49.87
Ferbane Mudstone Formation lam inated & burrowed shale & sandstone 1.70
Killeshin Siltstonc Formation Muddy siltstone & silty mudstone 403.93
Kiltorcan Formation Yellow & red sandstones, green slates 67.36
Luggacurren Shale Formation Mudstone & shale with chert & limestone 25.78
Milford Formation Peloidal calcarenitic limestone 131.10
Moyadd Coal Formation Shale, siltstone & minor sandstone 30.29
Old Red Sandstone (undifferentiated) Red conglomerate, sandstone & mudstone 165.42
Porter's Gale Formation Sandstones, shales & thin limestones 84.55
Quinagh Formation lenticular mudstone & coarse siltstone 17.05
Rickardstown Formation Cherty often dolomitised limestone 31.77
Swan Sandstone Member lam inated dark-grey siliceous sandstone 11.69
Undifferentiated Ix)wer Carb Limestone Undifferentiated Limestone 521.43
Undifferentiated Middle Carb Limestone Undifferentiated IJmestone 171.14
Undifferentiated Upper Carb Limestone Undifferentiated Limestone 366.88
Waulsortian Limestones Massive unbedded fine-grained limestone 112.54

UNNAMED ROCK TYPES
Diorite Diorite 0.32
Dolerite Dolerite 2.06
Granite (undifferentiated) Granite (undifferentiated) 25.73

Table 2.3 - Formation names, descriptions, strati graphic ages and areas for 
the rocic types comprising the catchments of the Barrow River. 
(Page 2 of 2)
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metamorphosed bedrock (Maulin schists) only at the southwestern edge of the Blackstairs 

Pluton (Tietzsch-Tyler and Sleeman, 1994A). Along the margin of the Tullow Pluton, 

only a thin band (>5 km wide) of shales and siltstones separate the granite body from 

Carboniferous limestones.

To the west of the Barrow channel, surrounded by Carboniferous limestones, lies 

a dome of Westphalian sandstones and shales. At the center is the Westphalian Coolbaun 

Formation, a series of sandstones and shales interbedded with thin layers of coal 

(Tietzsch-Tyler and Sleeman, 1994A). Surrounding this core are concentric rings of 

sandstone and siltstone which grade outwards into wackestone/limestone and eventually 

to limestone. Among these is found the Cross Lake Formation, a mixture of quartzites, 

shales and slates.

For much of its length, the Barrow passes between this Westphalian sedimentary 

dome and the granites of the Leinster Batholith, flowing south. Its channel roughly 

parallels bands of carbonate rocks. Along its length it is fed by a number of small rivers 

flowing down from the highlands of the batholith. Eventually, the Barrow turns to the 

southeast across the southern end of the Tullow Pluton, and crosses over the outcropping 

Graiguenamanagh Granite Gneiss. The river briefly turns west to flow into an area of 

semi-pelitic schists (the Brownsford Member of the Maulin Formation), then swings back 

to the east into the Blackstairs Pluton. The majority of this pluton is made up of a Type II 

Equigranular Granite, with lesser outcrops of Type II Microcline Porphyritic Granites 

throughout. As the Barrow incises the Blackstairs Pluton, its channel briefly follows the 

contact between the Type II and a small outcrop of Type I Granite/Granodiorite.

As it flows south out of the Blackstairs Pluton, the Barrow briefly flows to the 

west of an outcrop of the Oldcourt Member of the Maulin Formation, a series of schists 

and garnet-rich quartzites containing coticules similar to those of the schist septa in the 

northern batholith. Farther to the west, a series of undifferentiated granite outcrops

53



(surrounded in places by Oldcourt Member mini-aureoles) trend southwest, a 

continuation of the Blackstairs Pluton. Finally the river flows south across Maulin rocks 

proper and into the less-metamorphosed slates and shales of the Ballylane Formation, at 

the southern end of which are found small dolerite outcrops. As it empties into Waterford 

Harbour, the river channel is bounded to the east and west by the slates and felsic 

volcanics of the Campile Formation, with minor conglomerates to the west. The Harbour 

itself is surrounded by a group of mudstones, sandstones and conglomerates with 

occasional volcanics.

The entire western portion of the Barrow System catchment is drained by the 

River Nore, which incises mostly limestone and Westphalian sedimentary rocks and does 

not touch on the Leinster Massif. The confluence of the Nore with the Barrow is in the 

Campile Formation, just upstream of the mouth of the Barrow.

As previously mentioned, much of the carbonate bedrock in southeast Ireland has 

undergone a process of dolomitization. This is especially true of the limestones along the 

western margin of the Massif, in a zone that runs subparallel to the course of the River 

Barrow (Hitzman et al., 1998). The dolomite rhombs (of a 50-100 //m size on average) of 

these formations would therefore be expected to occur in the river sediment.

In the Quaternary, the western portion of the Barrow Catchment would have been 

overrun with ice from the Central Dome of the Midlands ice (Warren, 1993). Along the 

south coast, however, the picture is less clear. Irish Sea sediment appears to have 

deposited on a raised beach at a period of higher sea level, followed by a regression and 

deposition by (probably) Midlands ice (Quinn and Warren, 1989). Ice movement 

direction in this area has been interpreted as largely from the north.

The major rivers draining the Leinster Batholith can therefore be characterized by 

the differing lithologies of their catchments. The Avoca and Vartry, and to a lesser extent
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the Slaney, each drain catchments that are composed primarily of piutonic and 

metamorphic rocks, with some siliciclastic sedimentary bedrock as well. The Barrow and 

the Liffey have much higher proportions of carbonate and shale bedrock in their 

catchments. As will be shown, these differences in bedrock lithology are reflected in both 

the heavy mineral suites and the solute load of each river.
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Chapter III 

Heavy Minerals and Garnet Geochemistry
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3.1 Introduction

Quartz and feldspar, which comprise the bulk of non-carbonate unconsolidated 

sediment, are “light”, compared to “heavy”, minerals. Heavy minerals are high-density 

constituents of siliciclastic sediments; they are either fundamental constituents of rocks 

(i.e., pyroxenes in gabbros) or, more commonly, accessory minerals such as tourmaline 

or zircons (and including metamorphic index minerals such as andalusite or sillimanite). 

The following chapter describes the heavy mineral assemblages of a variety of samples 

from throughout southeast Ireland, and establishes sedimentological signatures for the 

river catchments and the seabed based on these assemblages. This is followed by a 

statistical comparison of each area’s signature to determine the relationship between 

onshore sources and offshore basins. These results are then compared to geochemical 

analyses of detrital garnets; these analyses are used to support the heavy mineral 

signature results.

3.2 Heavy Minerals as Provenance Indicators

Heavy minerals can provide a “fingerprint” for detrital sediment, often allowing 

an investigator to both characterize a sediment’s source and to differentiate a sediment 

body from others in a basin (Mange and Maurer, 1992). These minerals provide insight 

into both the lithology of the source from which they are derived and the transport 

processes that led to the sediment’s deposition. Heavy minerals can also aid in the 

delineation of different sedimentological provinces (Behrends, 1998), and are 

economically useful, as they provide provenance information for valuable detrital 

material (i.e., diamonds), and can comprise economically viable deposits in their own 

right (Grosz, 1989; Grosz e ra /., 1989b)
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The application of heavy mineral suites as a provenance indicator is particularly 

useful in the analysis of unroofing of tectonically uplifted terrain (Girty and Armitage, 

1989; Mange and Maurer, 1992), as the heavy mineral assemblage of a sediment derived 

from  an uplifted area will reflect the lithology of the eroded material. The procedure can 

facilitate reconstruction of the lithological makeup of the paleocatchment (Mange- 

Rajetzky, 1983; Thornburg and Kulm, 1987).

In this study heavy mineral assemblages are used for two purposes. Firstly, the 

heavy mineral assemblages of river sands can distinguish source lithology, and secondly, 

by comparing onshore assemblages to those found in offshore sediment, one can 

determine whether the offshore material was derived from onshore sources. Beach 

samples are also analyzed, as beaches can act as a transition zone between the offshore 

and offshore zones. Beach sand can be derived from offshore sources, longshore transport 

of nearshore sediment deposited in river mouths and estuaries by rivers, and from direct 

erosion of coastal tills (Force, 1991; Li and Komar, 1992; Ockay and Hubert, 1995).

3.3 Methodology

119 samples were taken for laboratory analysis - 53 from the local rivers, 39 from 

the Irish and Celtic Sea seabeds, and 27 from beaches (Appendix I). Of the 53 river 

samples, 21 are from the River Slaney, 15 from the River Liffey, 8 from the River 

Barrow, 6 from the Avoca and 3 from the Vartry (the Vartry and Avoca Rivers are, in 

this study, treated as one river system as their catchment lithologies are similar). River 

samples were taken whenever possible from within the river channels; otherwise 

sampling was done on point or longitudinal bars. Beach samples are from the area of the 

high tide line, and were often taken from obvious heavy mineral lags in the beach sands 

(which may bias the total heavy mineral count). Samples labeled as “beach” were also
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taken from  bluffs along the coastline com posed o f glacial till. O ffshore sam ples, 35 from  

the eastern Irish Sea and four from  the Celtic Sea offshore o f W aterford, were provided 

by the Geological Survey o f Ireland. All offshore sam ples are surficial and were taken by 

grab sam pler. Offshore sam ples were chosen from  the GSI archives according to sand 

content, as the heavy m inerals analyzed in this study occur prim arily in the sand sized 

fraction o f sedim ents.

All sedim ent sam ples were analyzed granulom etrically. Each was divided into 

four subsam ples - larger than -10 (2 m m), between -1  and l0  (2 mm to 500 f i m ) ,  between 

1 and 40  (500 to 63 //m ) and sm aller than 40 (A ppendix 2) - by w et sieve. The m ass o f 

silt/m ud/clay (<40) was calculated as the m ass lost by w ashing each sam ple on a 63 //m  

m esh sieve. This procedure can lead to the exaggeration o f the percentage o f 

silt/m ud/clay in offshore sam ples, as the presence o f sea salt can add extra m ass that will 

be lost in sieving (Grosz, 1993).

Often in heavy mineral studies the granulom etry o f sedim ent sam ples is used as 

an adjunct provenance indicator along with m ineralogy, as grain size can also provide 

insight into source (M ange-Rajetzky, 1983). This study does not include a m ore robust 

granulom etric study, however, as the choices o f sam ples were biased from  the start. In 

the choice o f samples from  the Irish Sea, gravel- or m ud-rich sam ples were not analyzed, 

as they are unlikely to be rich enough in heavy m inerals to  provide a m eaningful 

signature. O ffshore sam ples also will not necessarily reflect seabed conditions as the 

sam pling m ethod, grab sam pler, can winnow finer m aterial from  a sedim ent sam ple as it 

is carried to the surface through the w ater colum n (Lew is and M cConchie, 1994). 

Sim ilarly, river samples were often chosen based on their proportion o f m edium  to fine 

grained sand. In some o f the rivers, sam ples were taken from  eddies, point bars or 

dow nstream  of obstructions, where sand would collect. These sam ples therefore may not 

necessarily reflect the granulom etry o f the average sedim ent carried as bedload in the
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river. Basic granulometric data have been included, however, for the purposes of 

comparison with heavy mineralogy (e.g., the relationship between fine-grained samples 

and zircon percentages, grains of which are generally smaller than those of other heavy 

minerals).

The gravel and coarse to medium sand fractions (all grains larger than 500 pim in 

diameter) were weighed and disposed of. The finer (smaller than 63 were, as stated 

above, washed away. The remaining material, that between 500 and 63 //m, was further 

analyzed for heavy mineral content, as this fraction has proved to provide the bulk of 

heavy minerals in previous studies (Mange-Rajetzky, 1983; Behrends, 1996; Behrends, 

1998). The finer silt fraction can also be-rich in heavy minerals (Mange-Rajetzky, 1983); 

however in this study the finer fraction was discounted since, in any attempt to correlate 

offshore sand bodies with onshore input, the ease of transport of finer sediment in 

suspension can lead to a wider distribution of material of more distal provenance 

(Behrends, 1998). Discounting this fraction can, however, lead to inaccurate counts of the 

total of particular heavy mineral species such as zircon (A. Grosz, pers. comm.). As the 

aim of the present study is to identify sediment fingerprints, not to establish resource 

potential, ignoring the finer fraction was found to be acceptable.

Subsamples of approximately 100 grams each were isolated and placed into glass 

funnels containing between 1 and 1.5 liters of lithium heteropolytungstate solution (LST). 

LST is a non-toxic heavy liquid, with a maximum density of 2.96 g/cm^(Central 

Chemical Consulting, 1997). Lithium heteropolytungstate is a tungsten compound that is 

highly soluble in water; as a solution LST is preferable to other organic heavy liquids as 

it is non-toxic, and preferable to other inorganic liquids due to its low viscosity and the 

fact that it is easily reclaimable. The liquid’s density (p) and viscosity (;/) are largely 

temperature-dependent; in this study the liquid was kept at approximately 20° C, which
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results in a density of ~2.88 g/cm^ and a viscosity of ~13 cP (Central Chemical 

Consulting, 1997).

Heavy liquids operate on a principle of segregating mineral grains from one 

another based on their specific gravity (density) (Mange and Maurer, 1992). Quartz (p = 

2.65) and feldspar (p ranging from 2.55 to 2.76) will float in a liquid of p > 2.80 g/ml 

(Deer et al., 1996). All heavy minerals are by definition of p > 2.90 g/cm^ (Deer et al, 

1996) and thus will sink. The heavy mineral suite, after sinking, can be funneled off. In 

this study, the liquid LST was separated from the heavy fraction using standard coffee 

filters, which retain the detrital grains but are porous enough to allow relatively rapid 

throughfiow of the LST. The heavy minerals were then cleaned ultrasonically to remove 

any film of hematite that may coat the grains. Finally, the minerals were dried and 

weighed to establish each sample’s overall heavy mineral percentage (Table 3.1).

Other separation methods were attempted in conjunction with heavy liquid 

separation. Panning, a common field method for separating heavy grains, especially gold, 

was tried on a series of raw sand samples following grain size analysis (Hutton, 1950). 

While panning did eliminate a large proportion of the lighter material it was not an 

effective enough technique to preclude the use of heavy liquid. The same was true of the 

of the use of a shaker table provided by the Athlone Institute of Technology -  shaker 

tables are essentially automated panners used for bulk separation (Stewart, 1986). 

Magnetic separation using a Franz Isodynamic Magnetic Separator (Muller, 1977) has 

been used by this researcher in previous heavy mineral studies (Malone, 1997) to isolate 

grains based on their magnetic susceptibility; this method is often used in place of heavy 

liquid separation as it precludes the use of toxic chemicals and can more easily be used in 

the field (Foley et al, 1995; Flinter 1959; Hillier and Hodson, 1997). In the present study, 

the small amount of sediment being analyzed ruled out magnetic separation as a 

separating technique.
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Offshore Sample % H.!
1-186 2.48
1-19-4 0.81
1-20-4 0.81
10-185 0.70
10-20-4 0.77
10-83-46 0.99
11-143 1.52
11-191 1.98
12-20-4 1.95
13-20-4 0.47
14-20-4 1.66
15-186 1.23
15-20-4 0.58
18-141 1.04
2-144 0.98
2-186 1.33
2-191 1.38
25-185 1.44
28-185 3.28
29-185 1.91
3-137 0.73
3-26-9 0.92
4-144 1.25
4-26-9 0.53
5-136 1.42
5-26-9 0.71
7-26-9 1.34
6-144 0.81
91-10 1.17
91-13 1.53
91-16 0.93
91-17 0.69
91-18 1.17
91-24 1.23
91-31 0.70

Offshore Sample % H.M.
91-49 0.85
91-52 1.10
91-57 0.94
91-71 0.68
91-72 0.87
91-75 0.76

Offshore Average 1.16

Beach Sample % H.M.
BCHOl 4.43
BCH02 0.45
BCH03 0.54
BCH04 0.87
BCH05 0.23
BCH06 0.93
BCH07 0.61
BCH08 0.61
BCH09 1.34
BCHIO 0.61
BCHll 0.56
BCH12 1.23
BCH13 1.18
BCH14 1.61
BCH15 1.04
BCH16 1.03
BCH17 3.40
BCH18 0.95
BCH19 0.92
BCH20 1.56
BCH21 1.36
BCH22 0.79
BCH23 5.17
BCH24 0.84
BCH25 0.40
BCH26 0.88

Beach Sample % H.M.
BCH27 1.54

Beach Average 1.30

Avoca Sample % H.M.
AVOl 26.45
AV03 49.50
AV04 32.36
AV05 12.06
AV06 29.51
AV07 3.11

Avoca Average 25.50

Vartry Sample % H.M.
VR02 46.07
VR03 13.89
VR04 9.85

Vartry Average 23.27

Slaney Sample % H.M.
SL03 2.99
SL04 5.70
SL05 8.38
SL06 6.41
SL07 5.65
SL08 10.13
SL09 3.37
SLIO 2.13
SLll 7.60
SL12 1.55
SL13 3.35
SL14 1.20
SL15 1.64
SL16 0.66
SL17 2.43
SL18 2.90

Slaney Sample % H.M
SL19 3.64
SL20 3.96
SL21 5.27
SL22 5.89
SL23 1.95

Slaney Average 4.13

Liffey Sample % H.M
LR02 0.30
LR03 1.66
LR04 3.61
LR05 1.92
LR06 4.01
LR07 2.06
LR08 1.37
LR09 1.92
LRIO 1.06
LRll 0.90
LR12 1.25
LR13 0.98
LR14 1.10
LR15 1.36
LR16 1.15

Liffey Average 1.64

Barrow Sample % H.M
BWOl 2.46
BW02 0.82
BW03 1.67
BW04 3.77
BW05 0.97
BW06 1.85
BW07 0.49
BW08 4.22

Barrow Average 2.03

Table 3.1 - Percentages of heavy minerals in the 150-65 jxm fraction of each sample.



Following a reconnaissance study of the first heavy mineral suites at the 

University of Oxford, it was decided to further separate the heavy mineral suites by grain 

size. A large number of “alterite” grains (unidentifiable polyminerallic grains (M. Mange, 

pers comm.)) and rock fragments were identified. These unidentifiable grains were on 

average larger than the heavy mineral grains. The samples were therefore subdivided into 

two subsamples -  one of grain sizes between 500 and 250 jxm, the other between 250 and 

63 fim. The coarser grained of these two subsamples was found to be almost exclusively 

alterites and rock fragments, and therefore all subsequent heavy mineral suites were 

similarly divided, with only the finer fraction used for later analysis. All heavy mineral 

suites referenced in this study, therefore, are taken from the 250-63 //m fraction of the 

sediment under examination; it is important to note that any subsequent references to a 

sample's “heavy mineral suite” or “heavy mineral assemblage” refers to the proportions 

of mineral species identified within this particular grain size range. It should not be 

inferred that the assemblage identified for each sample necessarily represents the entire 

range of heavy minerals within that sample.

It was decided for a variety of reasons that detrital carbonate minerals would not 

be included in the analyzed heavy mineral suite for any sample. Firstly, calcite and 

dolomite, the two carbonates most likely encountered in southeast Ireland, have densities 

close to that of the LST (ranging between 2.72 -  2.96 g/cm^ for calcite; ~2.86 g/cm^ for 

dolomite) (Deer et al, 1996). A separation of such mineral grains in a liquid of ~2.88 

g/cm^ could therefore result in the carbonate population being divided between the heavy 

and light fractions, which would lead to miscalculation of each carbonate mineral’s true 

proportion of the sediment. In addition, detrital carbonate grains have a wide variety of 

source material and abrasion resistances, which can obscure the true genesis of a 

sediment (Mange-Rajetzky, 1983). Carbonates were therefore not counted as part of the
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heavy mineral suites in this study; however, they are shown to be a possible provenance 

indicator for River Barrow and Celtic Sea sediment.

To eliminate carbonate grains, all heavy mineral suites following liquid separation 

were placed in a 10% acetic acid solution for ~48 hours each. The suites were then 

washed, cleaned ultrasonically and dried. The resulting fraction was then split according 

to the method described by Hutton (1950) which involves pouring the mineral grains into 

a cone and quartering them with a razor. This method precludes any bias by grain sorting. 

This subsample was then mounted onto a glass slide using Canada balsam (index of 

refraction = 1.538). The mounts were examined optically using a Nikon E400 

petrographic microscope, and 200 grains per mount were counted (Appendix 3) using the 

ribbon method (Galehouse, 1971).

Alterites and carbonates, as stated above, were not counted. An estimate of their 

proportion in each sample was however calculated by counting the number of each in 

each ribbon during point counting, and multiplying these numbers by the total number of 

ribbons counted. The same was done with opaque minerals. While opaque heavy 

minerals can be used as provenance indicators in the same way as transparent minerals 

(Schneiderman, 1995), their identification requires the use of either reflective light 

microscopy or visual estimation (Grosz et al, 1990). It was decided for this study that the 

transparent minerals would be sufficient to establish a sedimentological fingerprint for 

each sample.

3.4 River/Seabed/Beach Heavy Mineral Results

The heavy mineral suites found in each of the river catchments, the beaches and 

offshore are for the most part easily differentiated from one another, based on the 

proportions of certain diagnostic minerals that are largely related to bedrock lithology. In
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the following section, the heavy mineral assemblages of samples collected along each 

river are examined, and the resultant sedimentological signatures correlated to the 

catchment rocks.

These river signatures are then statistically compared to the assemblages of 

offshore samples. The seabed samples provide a common reference against which 

onshore samples can be compared; and since it is the provenance of the offshore samples 

that is under investigation, it is the relationship between sediment in river catchments and 

that of the Irish Sea that is of interest.

3.4.1 Avoca and Vartry Catchment Heavy Mineralogy 

3.4.1.1 Vartry Catchment

The catchment of the River Vartry is the smallest of those examined in this study, 

and contains the fewest number of different bedrock lithologies. The bulk of the bedrock 

of the eastern and southern portions of the catchment are Bray Group greywackes, shales 

and quartzites (the Bray Head and Devil’s Glen Formations) (Chapter 2). In the western 

and southern part of the Vartry catchment the bedrock is the metamorphic slates, phyllites 

and schists of the Maulin Formation. In the far south of the catchment outcrops of buff 

slate (Ballylane Formation) and silver micaceous schists (Wicklow Head Formation) are 

found.

Due to the size of the Vartry catchment and its limited variety of bedrock 

lithologies, only three samples were taken along its length. VROl (Fig. 3.1) was taken 

from the channel near its head, where it incises through Devil’s Glen greywacke. As is 

the case with all the Vartry samples, the heavy mineral assemblage of VROl is dominated 

by garnet (Table 3.2a). These garnet grains are for the most part rounded with dark cores
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VR02

AV07

AVOl VR03

AV04

AV06

A VOS

AV03

NORTHERN/LIFFEY VALLEY PLUTONS 

Type 1 granodiorite 

I I Type 2 equigranular granite

I I Type 2p microcline porphyritic granite

BRAY GROUP 

! ! □  Bray Head Fm.

I  I Devil's Glen Fm.

RIBBAND GROUP

Ballybeg Member 

I  OakJands Fm.

I Butter Mountain Fm.

(■’‘ v  I  Glenculien River Fm.

I Maulin Fm.

Moneyteige Member 

Roundwcxxi Member 

I Wicklow Head Fm. 

DUNGANNON GROUP 

I  Avoca Fm.

I Kilmacrea Fm. 

LUGNAQUILLA PLUTON 

I  Barravore Aplogranite 

I Carrawaystick Aplite 

I  Glendalough Adamellite 

I  Percy's Table Granodiorite 

SATELLITE GRANITES

Croghan Kinshelagh Granite 

UNNAMED ROCK TYPF^

F"1 Aplite

1 1Appinite

L J Diorite

U 1Dolerite

te_j Granite (undifferentiated)

Microgranite

1 1Quartzite

Serpentinite

I I Type 2 spjirsely porphyritic granite

Fig. 3.1 - Sample locations from the catchments o f the Avoca and Vartry Rivers
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Amp Anda Apa Epi Gar HB Kya Cli Ort Rut Sil Sph Sta Tou Zir
AVOl 0.50 1.00 0.50 1.00 87.00 0.00 0.00 0.50 1.00 0.50 0.00 0.50 6.00 1.50 0.00
AV03 0.00 0.00 1.50 0.00 90.50 0.00 0.00 1.00 0.00 0.00 0.00 0.00 2.50 4.50 0.00
AV04 0.50 3.50 1.50 0.00 82.50 1.50 0.00 1.00 1.50 2.50 1.00 0.50 1.00 3.00 0.00
AV05 1.96 0.49 1.47 0.00 84.80 0.49 0.00 3.43 0.49 0.00 0.98 1.47 3.43 0.98 0.00
AV06 0.00 0.00 1.00 0.00 91.00 0.00 0.00 4.00 0.00 0.00 0.00 0.00 1.00 3.00 0.00
AV07 0.33 5.54 6.51 0.00 64.17 0.98 0.33 7.49 1.95 0.33 0.65 0.00 1.30 9.12 1.30
VROl 0.46 0.91 0.91 2.05 83.60 0.00 0.00 6.15 0.46 0.00 0.23 0.91 1.37 2.73 0.23
VR02 0.00 0.50 0.00 3.00 91.50 1.00 0.00 0.50 0.50 0.00 0.50 0.00 1.50 1.00 0.00
VR03 0.50 0.50 1.00 1.50 86.50 0.00 0.00 3.00 0.00 0.00 1.00 3.00 1.50 1.00 0.50

Average 0.47 1.38 1.60 0.84 84.62 0.44 0.04 3.01 0.66 0.37 0.48 0.71 2.18 2.98 0.23
SD 0.60 1.88 1.91 1.12 8.33 0.58 0.11 2.54 0.70 0.82 0.44 1.00 1.64 2.60 0.44

Table 3.2a - Heavy mineral percentages for all Avoca & Vartry samples. Amp = amphibole (other than 
hornblende), Anda = andalusite, Apa = apatite, Epi = epidote. Gar = garnet, HB = hornblende, Kya = 
kyanite, Cli =clinopyroxene, Ort = orthopyroxene. Rut = rutile, Sil = sillimanite, Sph = sphene, Sta = 
staurolite, Tou = tourmaline, Zir = zircon.

Amp Anda Apa Epi Gar HB Kya Cli Ort Rut Sil Sph Sta Tou Zir
BW02 1.00 1.49 12.44 2.49 10.95 1.00 0.50 9.45 0.00 3.98 0.00 1.00 1.49 6.97 47.26
BW05 0.50 2.50 2.00 8.50 35.00 1.50 0.00 2.00 0.00 0.00 0.00 0.00 43.00 5.00 0.00
BW06 4.00 1.00 2.50 0.00 20.50 8.50 0.00 0.00 1.00 0.00 1.00 0.00 41.50 19.00 1.00
BW07 13.50 3.00 7.50 3.00 28.00 10.50 0.00 4.00 2.50 0.00 4.50 0.00 7.00 14.00 2.50
BW08 6.50 18.00 1.50 0.50 10.00 5.00 0.00 1.50 2.50 0.00 0.50 0.00 44.50 8.50 1.00

Average 5.10 5.20 5.19 2.90 20.89 5.30 0.10 3.39 1.20 0.80 1.20 0.20 27.50 10.69 10.35
SD 5.29 7.20 4.71 3.38 10.81 4.19 0.22 3.68 1.25 1.78 1.89 0.44 21.34 5.72 20.65

Table 3.2b - Heavy mineral percentages for all Barrow samples. Amp = amphibole (other than 
hornblende), Anda = andalusite, Apa = apatite, Epi = epidote. Gar = garnet, HB = hornblende, Kya = 
kyanite, Cli =clinopyroxene, Ort = orthopyroxene. Rut = rutile, Sil = sillimanite, Sph = sphene, Sta = 
staurolite, Tou = tourmaline, Zir = zircon.



(Plate 3.1); occasionally, however, they occur as clear anhedral garnet fragments. As will 

be shown later, geochemical analysis of these grains showed them to be mostly 

almandine (Fê "̂ Al2 (Si0 4 )3 ) to an almandine-spessartine (Mn3 Al2 (Si0 4 )3 ) solid solution, 

which is in keeping with a sedimentary or slightly metamorphosed bedrock source 

(Nesse, 1991).

VROl also includes 6.15% augite (a calcic clinopyroxene,

(Na,Ca)Fe^*,Fe^"^,Mg,Al lSi206|), a common constituent of ultramafic to intermediate 

igneous rocks (Deer et al., 1996). Augite presents an interesting puzzle throughout this 

study, since (as will be shown later) Irish Sea samples are defined by its abundance. 

Augite is also found with some frequency in the River Liffey drainage basin, and in the 

suites of isolated samples from the Slaney and Avoca Rivers’ catchments. Along with the 

heavy mineral assemblages of offshore samples, augite also dominates beach samples.

In addition to mafic sources, augite may be derived from more silicic rocks such 

as diorites or granodiorites (Nesse, 1991). Both of these rock types are found in the 

Leinster Batholith. Augite is not generally associated with contact metamorphism (Deer 

et al., 1996).

The catchment of the Vartry, however, contains none of the bedrock types that 

would account for the presence of augite. Only two possibilities exist to explain its 

occurrence in the Vartry catchment. Firstly, augite grains could be found in the 

greywackes and shales of the Bray Group rocks, and are being recycled into the present 

river systems. This is unlikely, however, as the morphology of the grains found in the 

Vartry (sub- to euhedral, with fairly distinct diagnostic “hacksaw” terminations of the 

ends of elongate grains) seems to preclude recycling, which would produce much more 

rounded grains.

A more likely explanation derives from the fact that during the last glaciation, ice 

from the Irish Sea and the Midlands converged on the northeastern margin of the Leinster
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Batholith, in the area of the Vartry catchment (Fig. 2.3). It is therefore possible that this 

“foreign” ice introduced grains from outside the Vartry catchment; this explanation 

becomes especially credible when it is considered that augite is found with some 

abundance in areas (the Liffey catchment, the Irish Sea) that would have been directly 

“up-ice” of the Vartry basin. Downstream from VROl, VR02 only shows one grain of 

pyroxene in 200 grains counted; VR03, closer to the river mouth and, like VROl, found 

in an area of Devil’s Glen bedrock, has an assemblage that is only 3.00% augite (less than 

half that of VROl).

High proportions of garnet are the defining characteristics of the Vartry samples. 

Even with the elevated augite percentages, the garnet percentage of the heavy mineral 

suite of VROl is still 83.60%. VR02 has an even higher percentage (91.50%). VR02 was 

taken from an area of entirely Maulin slate/schist/phyllite bedrock, just downstream of a 

well-incised gorge through the metamorphic rock. It is probable that this metamorphic 

bedrock provides the source of the garnets; an early study of the heavy mineralogy of the 

area (Smithson, 1923) showed that Maulin rocks contain numerous garnets, often 

rounded and with dark inclusions. Such garnets form the bulk of those found in sample 

VR02.

The one grain of pyroxene identified in VR02 was in fact not augite, but a clear 

clinopyroxene with a very small extinction angle (the augite identified in this study, in 

contrast, is almost universally honey-brown and has an extinction angle of ~40°). It is 

thought that this pyroxene is spodumene (Mange, pers. comm.), a lithium-rich mineral 

derived from lithium pegmatites (Deer et al., 1996). Such pegmatites do in fact outcrop in 

the area of the Leinster Batholith (O’Connor et al., 1991, McArdle and Kennan, 1987); 

however, no pegmatite-bearing rocks are mapped in the Vartry catchment. Pegmatites 

have been described along the southeast margin of the Leinster Granite in the area of the 

Tullow and Blackstairs plutons, as well as among the smaller satellite granites in the
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eastern Massif. Spodumene-bearing pegmatites have also been mapped on the east coast 

of County Dublin in the area of Killiney (A. Phillips, pers. comm.). It is unclear how 

spodumene grains could be found in the catchment of the River Vartry, as any tills 

introduced from outside the catchment would have come from the north or east (the 

pegmatites are found to the southwest). It is possible that alpine ice may have brought 

material into the catchment from the Avoca drainage basin.

Continuing downstream, sample VR03 (as stated, also taken in an area of Devil’s 

Glen bedrock) is also very rich in garnet, at 86.50%. Two grains of sillimanite (a 

metamorphically-derived Al2Si05 polymorph) were identified, one fibrous and one 

euhedral.

Other than the minerals mentioned above, the three samples of the Vartry 

catchment contain minute amounts of lesser heavy minerals. Small amounts of the 

epidote clinozoisite (Ca2Al.Al207.0H|Sl207||Si04|) are found, in keeping with a low- to 

medium-grade bedrock source (Mange and Maurer, 1992). Occasional grains of euhedal 

(but highly abraded) tourmaline (Na(Mg,Fe,Mn,Li,Al)3Al5|Si50,8|(B03)3(0H,F)4) also 

occur, as do well-weathered grains of hornblende (Ca2(Mg,Fe^^)4AlSiyA1022(OH2) and 

actinolite (Ca2Mg5Sig022(OH2) amphiboles. Staurolite ((Fe^^Mg)2(Al 

Fe^^)906|Si04|(0,0H)2), a product of low to medium-grade metamorphism, is also 

present in minute quantities.

3.4 . 1.2 Avoca Catchment

Six samples in total were taken in the Avoca catchment (Fig. 3.1); each river 

making up the Avoca system was sampled at least once. Similar to the samples from the 

Vartry catchment, Avoca samples are also very rich in garnet (ranging from 64. 17% in 

sample AV07 to 91.00%  in AV06). Sample AV07 was taken at the Glenmacnass
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waterfall, an abrupt change in elevation that marks the contact between the microcline 

porphyritic granite o f the Northern Pluton and the lower elevation contact aureole rocks 

o f the Maulin Formation. AV07 is distinct from the other samples o f the Avoca  

catchment in that it has a lower proportion o f garnet, and elevated proportions o f igneous 

heavy minerals. Tourmaline (9.12%), apatite (Ca5(P0 4 )3(F,0 H,Cl), 6.51%) and 

clinopyroxene (7.49%) make up the bulk o f the non-garnet fraction, along with the 

contact metamorphic mineral andalusite (another AljSiOg polymorph, 5.54%). One o f the 

pyroxene grains was found to be spodumene, again a problematic mineral as none o f the 

lithium pegmatites mapped are in this section o f the catchment. It is likely that these 

spodumene grains are derived from an as yet unmapped area o f lithium pegmatite in the 

granites o f the northern or eastern catchment. The remainder o f the clinopyroxenes is 

augites, possibly derived from Type I granodiorites to the northeast o f the granite/aureole 

contact.

The remainder o f the Avoca samples are entirely dominated by garnet, mostly in 

the form of rounded grains. AVOl, from the northern Avonmore channel in Maulin 

metamorphic rocks, is 6.00% staurolite. Occasional rutile (TiOj) also occurs; rutile is a 

common product o f plutonic igneous rocks (Deer et al., 1996). It is entirely absent in 

Vartry samples.

As with the Vartry, the presence o f such high proportions o f garnet is most likely 

due to river incision through the Maulin Formation, which comprises 48.86% of the total 

area o f the Avoca and Vartry Rivers' catchments (Table 3.2a). It is difficult to explain the 

high proportion of garnet in A V 07, however, since the area upstream o f the sample 

location is entirely granite. It is unlikely that these garnet grains could have been 

introduced glacially from anywhere else in the catchment, as the Glenmacnass Valley is a 

relict o f an alpine glacier that flow ed to the southeast.
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Another defining characteristic of samples from the Avoca and Vartry Rivers is 

the prevalence of a variety of rock fragments and polyminerallic grains (Plate 3.2), along 

with unidentifiable alterites. The grains are often iron-rich and as such constitute part of 

the heavy mineral suite, and are often found in sediments derived from shaly or pelitic 

bedrock (Malone, 1997). It is the extremely high proportion of these rock fragments and 

alterites that accounts for the high percentage of heavy grains in each sample (Table 3.1); 

in the case of sample A V 03 ,49.5% of the raw material placed into heavy liquid had a 

density greater than 2.88 g/cm^. These grains can obscure the true heavy mineral 

assemblage in a sample. In five of the six Avoca catchment samples, and in all of the 

samples from the Vartry, there are more than 20 fragment or alterite grains for every 

identifiable heavy mineral grain. While these fragments or alterites cannot be used as 

diagnostic heavy minerals, their presence are an identifiable characteristic of the heavy 

mineral suites of the Avoca and Vartry Rivers.

Only upstream samples -  AV07 and VROl -  have heavy mineral suites that are 

less then 10% by weight of the bulk sediment examined. Sediment from sample AV07 

has a percentage of heavy minerals an order of magnitude less than the other five Avoca 

samples (3.11%). This percentage is actually not entirely indicative of the raw sample, as 

a reconnaissance examination of AV07 showed a high proportion of mica flakes. This 

sample was sifted to remove flat micaceous minerals before examination, as micas are 

not included in final heavy assemblages due to their variable density.

3.4.2 Liffey Catchment Heavy Mineralogy

The River Liffey, unlike the Avoca and Vartry, carries sediment that is relatively 

low in heavy mineral percentages (Table 3.3). Liffey heavy mineral assemblages are 

bereft of the alterites and rock fragments found in samples from the Avoca and Vartry.
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Amp Anda Apa Epi Gar HB Kya Cli Ort Rut Sil Sph Sta Tou Zir
LR02 1.50 0.50 9.50 1.00 61.50 0.00 0.00 17.00 1.00 0.00 0.00 0.00 0.00 6.50 1.50
LR03 0.00 1.21 11.74 1.21 59.51 1.21 1.82 1.21 0.81 0.00 0.61 0.00 1.21 19.03 0.40
LR04 29.00 5.50 8.00 11.00 8.50 2.00 0.50 1.00 16.50 0.00 2.00 6.00 2.00 6.00 2.00
LR05 10.50 1.50 11.50 12.00 10.00 2.50 2.00 5.50 3.00 1.50 0.50 2.50 3.00 4.00 30.00
LR06 3.98 3.98 8.% 2.49 50.75 1.99 0.00 0.00 0.50 0.50 0.50 1.00 3.98 21.39 0.00
LR07 2.06 5.35 18.93 4.53 39.09 0.82 1.65 3.70 0.82 0.00 2.47 2.47 5.35 7.82 4.94
LR08 4.48 5.97 31.34 9.95 18.41 2.99 1.99 4.98 0.50 0.50 1.49 0.00 2.49 11.44 3.48
LR09 5.50 5.50 21.00 5.00 25.50 1.50 0.50 8.00 1.00 0.50 2.00 2.50 6.50 8.50 6.50
LRIO 9.45 6.97 24.88 6.47 12.44 1.99 0.00 10.45 3.48 0.50 0.00 0.50 0.00 13.43 9.45
LRll 3.50 3.00 16.50 4.00 18.00 1.50 0.50 12.50 4.50 1.00 1.50 0.50 0.50 13.00 19.50
LR12 2.00 10.50 18.00 13.50 37.00 0.00 0.00 7.00 0.50 0.50 0.50 0.00 1.50 6.50 2.50
LR13 4.50 5.50 23.00 6.50 28.00 3.50 0.00 4.50 0.50 1.00 1.50 0.00 5.00 8.50 8.00
LR14 5.00 5.00 16.00 6.50 18.00 3.50 0.00 10.50 2.50 1.50 1.00 0.00 1.50 12.00 17.00
LR15 7.50 2.50 25.50 3.00 20.00 1.00 0.00 7.00 5.00 0.00 0.50 0.50 0.00 11.50 16.00
LR16 3.96 6.44 22.77 2.48 28.71 1.49 0.50 11.39 0.50 1.49 0.50 0.00 3.96 8.42 7.43

Average 6.20 4.63 17.84 5.97 29.03 1.73 0.63 6.98 2.74 0.60 1.00 1.06 2.47 10.54 8.58
SD 6.92 2.59 6.97 3.99 17.18 1.08 0.80 4.76 4.11 0.57 0.77 1.68 2.10 4.81 8.54

Table 3.3 - Heavy mineral percentages for all Liffey samples. Amp = amphibole (other than 
hornblende), Anda = andalusite, Apa = apatite, Epi = epidote. Gar = garnet, HB = hornblende, Kya = 
kyanite, Cli =clinopyroxene, Ort = orthopyroxene. Rut = rutile, Sil = sillimanite, Sph = sphene, Sta = 
staurolite, Tou = tourmaline, Zir = zircon.



Like the A voca, the upstream sam ples taken from the L iffey catchm ent lie 

directly atop granites o f  the Leinster Batholith, and as such these sam ples have similar 

heavy mineral suites. LR02 was taken from the L iffey  channel where it incises the 

Northern Pluton, at the contact between T ype II equigranular and m icrocline porphyritic 

granites, w hile LR03 was taken from  the center o f  the Upper L iffey V alley  Pluton, which  

is m ostly com posed o f  T ype II equigranular granite (Fig. 3 .2). Both sam ples are enriched  

in garnets, with lesser igneous minerals such as tourm aline (possibly from the local Type  

1 granodiorites) (Plate 3 .3) and apatite. Such an assem blage c losely  m atches that o f  

A V 07 , also taken from  a channel incising granite. Both sam ples also are especially  low  in 

total heavy mineral percentages, again sim ilar to A V 07. The high garnet counts are 

accounted for by the presence in the area o f  the Aghfarrell and Butter Mountain  

Form ations, com posed o f  siltstone/slate and schist/quartzite/coticule, respectively. LR02, 

which has a very high proportion o f  clinopyroxene (17.00% ), also appears to contain  

numerous spodum ene grains. A gain , the genesis o f  these grains is d ifficult to determine.

LR04, taken from the K ing’s River, is anom alous in com parison to other 

sam ples from the L iffey catchment. T w enty-nine percent o f  the LR 04 heavy mineral suite 

is am phibole, alm ost entirely trem olite and actinolite. Hornblende, another am phibole, is 

counted separately throughout this study as it is more easily  identifiable and 

differentiated from other am phiboles in detrital form; hornblende counts in LR04, at 

2.00% , are not substantially different from  other L iffey  sam ples. O rthopyroxenes -  

m ostly hypersthene (Fe^^Mg)2 |S i2 0 6 l) also form a large proportion o f  the assem blage  

(16.50% ), as do epidote grains (11.00% )

The reason for such a high am phibole count in this sam ple is not entirely clear. 

A ctinolites are derived from contact metamorphic rocks (M ange and Maurer, 1992) and 

therefore m ost likely com e from  the local schist septa. Trem olite is a product o f  the 

contact or regional metamorphism o f  dolom ites, which do not outcrop in the area. The
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Fig. 3.2 - Sample locations from the catchm ent o f the River Liffey.
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detrital nature o f  the am phibole grains in LR 04 makes differentiation between actinolite 

and trem olite extrem ely difficult.

The K ing’s River has its headwaters in the D ow ery Hill M ember o f  the Aghfarrell 

Formation, a unit o f  andesitic breccia and shale that is found nowhere else in the L iffey  

catchm ent. This outcrop explains the high proportion o f  hypersthene, which is a product 

o f  a variety o f  intermediate igneous rocks and is often found as phenocrysts in andesitic 

rocks (N esse , 1991). T he brecciated nature o f  the bedrock upstream also may explain the 

angular euhedral nature o f  the minerals found in this sam ple. The proportion o f  

hypersthene fa lls o ff  rapidly in LR05, which w as taken directly downstream  o f  the 

L iffey /K ing’s River confluence. LR05 still show s elevated levels o f  am phiboles 

(10.50% ), but is characterized by a high percentage o f  zircon (ZrSi0 4 , 30.00% ). This is 

m ost likely due not to bedrock lithology (although zircons w ould certainly be expected in 

a granitic terrain) but to the fine-grained nature o f  the sam ple. Zircon grains are generally  

sm aller than other heavy mineral species. In com parison, LR12, taken in an area o f  

Carboniferous bedrock, has a relatively coarse heavy mineral fraction (i.e ., the sam ple’s 

mean grain size is closer to 2 50  than 65 //m ) and as such has a low  zircon count 

(2.50%  vs. an average for all the L iffey sam ples o f  8.58% )

Another defin ing characteristic o f  LR05 is the appearance o f  a v iolet-colored  

m ica, thought to be lepidolite (K (L i,A l) 3 (S i,A l) 4 0 |o(F,OH)2 ), a lithium -bearing mineral 

associated with spodum ene and lithium-bearing pegm atites. T he presence o f  both 

spodum ene grains (particularly in sam ple LR 02) and detrital lepidolite suggest the 

presence, as in the A voca  catchm ent, o f  unmapped lithium pegm atites am ong the granites 

o f  the Northern or Upper L iffey V alley  Plutons.

It is interesting to note that the signature o f  the K ing’s River, characterized by 

am phibole and orthopyroxene, is lost quickly downstream  from  its confluence with the

76



Liffey. The Pollaphuca Reservoir appears to act as a sink for upstream sediment since 

few of the defining characteristics of sediment from the batholith are in evidence 

downstream of the reservoir. LR06, taken from the Liffey channel ~5 km downstream of 

the outlet point from the reservoir, shows high garnet counts (50.75%), in keeping with 

the greywackes and shales that comprise its bedrock. This high garnet proportion drops 

off rapidly in downstream samples, averaging 24.90% in the nine samples taken between 

LR06 and the Liffey mouth.

While the proportions of mineral species vary as the Liffey channel moves 

downstream through siliciclastic and into carbonate bedrock, the overall pattern remains 

relatively stable: lower counts of amphibole in samples below the Pollaphuca Reservoir 

(samples LR06 through LR16) than those found upstream of the Pollaphuca (maximum 

of 9.45% in LRIO), higher average percentages of apatite (20.63%), and an average 

proportion of garnet lower than that of the initial upstream samples, but much higher than 

that of LR04 and LR05 (26.90%). Tourmaline counts, also high relative to those of other 

rivers in the study area, remain relatively stable in samples taken from the Liffey channel 

downstream of the Pollaphuca Reservoir (11.14%, standard deviation of 4.11%). Zircon 

grains are abundant (average in downstream samples of 8.62%) but their proportions vary 

much more than the other minerals (6.34% standard deviation).

The abundance of tourmaline and zircon is most likely due to their stability and 

resistance to weathering. Together with rutile, these two minerals form the ZTR index, a 

measurement of the maturity of a sedimentary rock based on its proportion of zircon, 

tourmaline and rutile vs. other heavy minerals, since other minerals will weather out 

sooner (Hubert, 1962). The zircon and tourmaline are derived both from the batholith and 

(probably) recycled from the siliciclastic bedrock of the Kilcullen Group, and as the river 

incises into Carboniferous limestone downstream, bedrock barren of heavy minerals, the 

zircon and tourmaline proportions remain stable. This is not to say that the sediment of
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the River Liffey is necessarily enriched in zircon or tourmaline with respect to other 

rivers in the area; the absence of a wide contact aureole in the area (which would 

contribute metamorphic heavy minerals) or large areas of metapelites (which would 

further increase the garnet percentage) results in elevated proportions of the remaining 

heavy minerals. It is interesting to note that while the Liffey has higher percentages of 

certain minerals than other rivers, the overall percentage of heavy minerals in River 

Liffey sands is, at an average of 1.64%, the lowest in the area studied.

A large number of grains from the heavy fraction of the Liffey sediment were not 

counted in the final heavy mineral count. These include micas (due to variable density), 

unidentifiable detrital grains, polyminerallic/fragmented grains, and alterites. Also of note 

is increasing numbers (estimated) of carbonate rhombs in progressively downstream 

samples. As all Liffey heavy mineral fractions were left in acetic acid for 48 hours after 

separation and cleaning, these grains are almost certainly dolomitic, and are probably 

derived from dolomitized limestones in the area such as the Rickardstown Formation.

Overall, therefore, the Liffey is characterized by high proportions of (in 

decreasing order) garnet, apatite (Plate 3.4), tourmaline and zircon. The signature of the 

King’s River, dominated by locally-derived amphiboles and orthopyroxenes, is 

effectively filtered by the sediment sink of the Pollaphuca Reservoir. The overall heavy 

mineral suite is in keeping with an igneous source, with the exception of abnormally high 

proportions of garnet. As will be shown later, the source of this garnet may be from 

outside the Liffey drainage basin, as the geochemical signatures of the local garnet grains 

do not match those of batholith-derived garnets. As the river flows across carbonate 

bedrock the local lithology is reflected by an increase in dolomite rhombs.
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3.4.3 Barrow Catchment Heavy Mineralogy

The River Barrow presents an interesting problem in that its high proportion of 

fine-grained sediments makes the isolation of material suitable for heavy mineral analysis 

extremely difficult. As such, only eight viable samples were obtained from the Barrow 

system, including both the main channel and minor tributaries draining the western 

margin of the Leinster Batholith. An additional seven samples were acquired, but were 

discarded as they contained insufficient numbers of grains in the 250 to 65 fim size 

fraction.

The Barrow catchment, although the largest of the catchments studied, drains a 

small area of the Leinster M assif relative to the other rivers. The Barrow itself drains the 

eastern part of the catchment, which includes the western margin of the Leinster Massif, 

while the River Suir drains the majority of the western basin (Fig. 2.8). Only the Barrow 

channel and its tributaries to the east were therefore sampled.

One of the defining characteristics of the Barrow catchment is the large 

proportion of dolomitized bedrock in the area (Fig. 2.2). The Barrow’s path roughly 

parallels the band of dolomite for much of its upstream length, incising the carbonate 

bedrock in a narrow region between Westphalian and Namurian sand/siltstones and 

limestones to the west and the Leinster Batholith to the east.

An initial analysis of the heavy mineral fractions of all Barrow sediment showed 

an unusually high proportion of carbonate rhombs compared to the other rivers studied. 

As is standard procedure, the heavy mineral suites from each sample were immersed in a 

10% acetic acid solution for 48 hours. Following this immersion the number of rhombs 

had not been appreciably reduced, as would be expected with grains of pure calcium 

carbonate. These grains are therefore identified as dolomite rhombs (Plate 3.5).
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Dolomite is found in such quantities in the Barrow catchment only in samples 

taken from the Barrow channel itself; samples from tributaries incising the Leinster 

Granite show no such carbonate signature. Such high quantities of dolomite in Barrow 

samples precluded accurate counts of other heavy minerals in three of the eight samples 

examined, since, as previously mentioned, carbonates were not included as part of the 

heavy mineral suite due to their variable density. Samples BWOl, BW03 and BW04 are 

not therefore included in later statistical analyses of heavy mineral assemblages.

These samples do, however, contain other provenance information besides their 

high dolomite counts. BWOl was taken from a site on the upper Barrow upstream of any 

Leinster M assif input (Fig. 3.3), with the hope that it could be used to establish a 

“background” signature against which Leinster Massif sediment input could be 

compared. The vast bulk of the bedrock upstream of the BWOl location is carbonate, 

with some limestone/shale lithologies. The exception to this is the Silurian-age 

conglomerates, sandstones and greywackes of the Kildare Inlier. Along with numerous 

dolomite rhombs, BWOl contains rounded yellow rutile grains (denoting a low Fe 

content) along with subhedral small zircon grains. Such an assemblage suggests input 

from a mature sedimentary source, such as the rocks of the Kildare Inlier.

BW02 was taken further downstream, close to the first outcrops of the Leinster 

Batholith in the Barrow catchment. As such this sample has enough non-carbonate input 

that it has a viable heavy mineral suite (Table 3.2b). The suite is dominated by zircon, at 

47.26%. The majority of these zircon grains are euhedral to subhedral, and in some cases 

are exceptionally large (>150 pim). These facts suggest a nearby source (grains from 

more distal sources would be more rounded or abraded); most likely the zircons are 

derived from the granites and granodiorites of the Tullow Pluton directly to the east of 

the sample site. This supposition is supported by high proportions of apatite (12.44%), 

euhedral prisms of tourmaline (6.97%) and clinopyroxene (9.45%), especially diopside
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Fig 3.3 - Sample locations from the catchment of the River Barrow. (The vertical line 
bisecting the catchment is a result of the combination of two maps of differing 
detail using ESRI Arcview®).
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(Ca(M g,Fe)|Si206|). There does seem to be input from upstream, however -  3.98% of the 

heavy mineral assemblage is yellow rutile. Garnet (10.95%) is ubiquitous. Samples 

BW03 and BW04 are flooded with dolomite.; both samples were taken from the Barrow 

channel in an area of carbonate bedrock. BW04 was obtained from just upstream of 

where the Barrow begins to incise the Tullow Pluton. Only grains of garnet and, again, 

yellow rutile are found in these samples with any frequency -  it appears, therefore, that 

the zircon-dominated signature of the Barrow found in sample BW02 is quickly lost 

downstream.

Sample BW05 was from the Barrow channel well downstream of where the river 

incises into the rocks of the Leinster Massif. The area surrounding the sample comprises 

both igneous (granites and granodiorites) and metamorphic (schists, gneisses and 

coticules) rocks. The metamorphic rocks, including the Maulin Formation, control the 

heavy mineral suite of BW05. Staurolite and garnet make up the bulk of the fraction, at 

43.00% and 35.00%, respectively. These staurolite grains are coarser than other 

staurolites in the study area (> ~150 p i m ) ,  and the garnets are mostly clear, large and have 

etched faces, which implies that the grains of both are relatively “fresh” (Mange and 

Maurer, 1992). Tourmaline grains (5.00%) are also euhedral and therefore locally derived 

(Plate 3.6), as are clinozoisite (epidote) grains (8.50%).

Samples BW06, BW07 and BW08 are all from tributaries draining the highlands 

of the western batholith into the Barrow proper. It appears that the heavy mineral 

assemblages of each of these samples are largely controlled by their proximity to contact 

aureole rocks. BW08 is from the Mountain River, whose catchment roughly parallels the 

contact between the Tullow and Blackstairs Plutons, and contains septa of Maulin 

Formation schists and phyllites along with andesitic amphibolites. The heavy mineral 

assemblage of BW08 matches this lithology, being rich in staurolite and garnet (41.50% 

and 20.50%, respectively) related to the schists, and in hornblende and other amphiboles

82



(8.50% and 4.00%, respectively) reflecting amphibolite input. BW08 was, however, 

taken from an area where the Mountain River incises granite; this is reflected in a high 

proportion of euhedral tourmaline (19.00%). This pattern also holds true for sample 

BW06, which was obtained from the Pollymouney River at the southern edge of 

Blackstairs Pluton. High counts of staurolite (44.50%), amphiboles (including 

hornblende, 11.50%), garnet (10.00%), and tourmaline (8.50%), are similar to those of 

BW08 and are due to the close proximity of aureole schists and phyllites. One difference, 

however, is a high percentage of andalusite (another metamorphic AljSiOg polymorph, 

18.00%), possibly due to outcrops of coticules/quartzites upstream.

Between these two sample locations lies BW07, unique among the three in that it 

was not taken near any metamorphic outcrops. It therefore has a markedly different 

signature, characterized by higher hornblende (10.50%) and other amphibole (mostly 

actinolite) (13.50%) counts. Proportions of apatite (7.50%) and tourmaline (14.00%), 

along with the very euhedral nature of these grains, is indicative of their local granitic 

origin. Among the 4.00% clinopyroxene fraction, augite, spodumene and enstatite were 

all identified.

The sediment of the River Barrow, therefore, is characterized primarily by high 

proportions of detrital dolomite. The ubiquity of these dolomite grains prohibits a 

statistical analysis of some of the samples’ heavy mineral suites, but the fact that the 

source of the dolomite is identifiable allows it to be used as a sedimentological signature. 

The samples taken from directly atop the batholith or contact aureole show mineral 

assemblages that would be expected from such bedrock lithologies.
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3 .4 .4  Slaney Catchm ent H eavy M ineralogy

The Slaney catchm ent, although sm aller than that o f  the Barrow, actually drains 

the largest area o f the Leinster M assif o f  any o f  the rivers studied. T w enty-one sam ples 

were taken along the length o f  the Slaney and from its major tributaries (Fig. 3.4 .).

SL 22 and SL23, the sam ples taken furthest upstream, are from the region o f  the 

Lugnaquilla Pluton at the northernmost extent o f  the catchment. Both were taken very 

c lose  to the contact between the pluton itself, which in this area consists o f  G len o f  Imail 

quartz-diorite and Percy’s Table granodiorite, and the schist septa o f  the Butter Mountain 

Formation. Both sam ples have heavy mineral assem blages that reflect these tw o inputs -  

SL 22 and SL23 have very high percentages o f  garnet (56.00%  and 50.50% , respectively), 

m ost likely spessartine (M n3A l2|S i0 4 l3) derived from the coticules o f  the Butter Mountain 

schists. Both sam ples are a lso  high in andalusite counts (19.50%  in SL22, 14.00%  in 

SL 23), also from the local metamorphic rocks. Input from  igneous sources is represented  

by moderate proportions o f  tourmaline (5.00%  in SL 23, 10.00%  in SL 22) and, at least in 

the case o f  SL 23, zircon, which at 11.50% is the highest percentage o f  zircon in any 

Slaney sam ple. Like all other river sam ples from the highlands o f  the batholith, all grains 

are largely euhedral.

Farther downstream , as the river incises the Butter M ountain schists and local 

andesites, its heavy mineral signature begins to change. Garnet counts decrease w hile the 

proportions o f  other metamorphic m inerals increase, including hornblende (along with 

other am phiboles (Table 3 .4)), sillim anite, staurolite and especia lly  andalusite. This 

pattern holds even  after the river m oves from  schistose bedrock into the T ullow  Pluton.
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Amp Anda Apa Epi Gar HB Kya Cli Ort Rut Sil Sph Sta Tou Zir
SL23 3.50 14.00 2.50 0.00 50.50 3.50 0.00 1.00 1.00 0.00 0.00 0.00 7.50 5.00 11.50
SL22 3.00 19.50 2.00 0.00 56.00 2.00 0.00 1.00 0.00 0.00 2.50 0.00 3.50 10.00 0.50
SL21 L50 14.50 1.50 0.50 63.50 3.50 0.00 0.00 0.00 0.50 3.50 0.00 4.50 4.00 2.50
SL20 4.00 25.00 2.00 0.50 35.50 7.00 0.00 1.50 1.00 0.00 10.00 0.50 5.00 4.50 3.50
SL19 12.94 23.88 1.99 0.50 32.84 13.43 0.00 1.49 1.00 0.00 1.99 0.00 6.47 1.00 2.49
SL18 19.00 23.00 1.50 0.00 27.00 7.00 0.00 2.50 1.50 0.50 4.00 0.00 6.00 3.00 5.00
SL17 20.50 33.50 1.00 1.50 14.00 7.50 0.00 1.50 0.00 0.00 6.50 0.00 6.50 2.50 5.00
SL16 7.46 14.93 10.95 0.50 29.85 15.92 0.00 1.99 3.48 1.00 1.99 0.00 4.48 3.98 3.48
SL15 15.50 38.00 7.50 0.50 17.50 2.50 0.00 3.50 1.50 0.00 1.50 0.00 6.00 2.50 3.50
SL14 12.50 28.00 10.00 0.00 22.00 12.00 0.00 3.00 2.00 0.50 2.00 0.00 4.00 1.50 2.50
SL13 6.50 5.00 4.00 0.50 50.50 18.50 0.00 0.50 1.00 0.00 0.00 0.50 7.00 5.50 0.50
SL12 10.50 8.00 4.00 3.50 28.00 11.00 0.00 3.50 6.50 1.00 1.50 0.50 9.00 4.00 9.00
SLll 1.50 24.00 1.50 2.50 22.00 5.00 0.00 1.00 2.50 0.00 5.00 0.00 21.50 12.50 1.00
SLIO 6.00 18.50 4.00 0.50 29.50 9.00 0.00 1.00 3.00 0.00 4.00 0.50 19.00 4.00 1.00
SL09 8.00 19.00 5.00 1.00 24.00 8.50 0.50 0.00 4.00 0.50 4.50 2.00 15.50 6.50 1.00
SL08 10.50 20.00 3.00 1.00 22.50 6.00 0.00 3.50 10.00 0.00 3.00 1.00 14.00 0.50 5.00
SL07 4.00 19.50 3.00 0.00 39.00 5.00 0.00 0.50 4.00 0.50 2.00 0.50 17.50 3.00 1.50
SL06 1.50 16.50 2.50 2.50 14.50 1.50 0.00 1.50 1.50 0.00 3.00 1.00 46.00 7.00 1.00
SL05 0.00 11.00 1.00 4.50 20.50 1.50 0.50 2.50 2.50 0.50 2.50 3.00 40.50 8.00 1.50
SL04 5.50 14.00 5.50 4.50 14.50 10.50 0.50 5.00 4.00 1.00 3.50 0.50 20.50 6.50 4.00
SL03 1.50 10.50 3.50 0.00 18.00 4.50 0.00 15.00 2.00 2.00 3.50 0.50 9.00 11.00 19.00

Average 7.40 19.06 3.71 1.17 30.08 7.40 0.07 2.45 2.50 0.38 3.17 0.50 13.02 5.07 4.02
SD 5.94 8.07 2.77 1.46 14.35 4.77 0.18 3.16 2.36 0.52 2.20 0.76 11.62 3.23 4.41

Table 3.4 - Heavy mineral percentages for all Slaney samples. Amp = amphibole (other than 
hornblende), Anda = andalusite, Apa = apatite, Epi = epidote. Gar = garnet, HB = hornblende, Kya = 
kyanlte, Cli =clinopyroxene, Ort = orthopyroxene. Rut = rutile, Sil = sillimanite, Sph = sphene, Sta = 
staurolite, Tou = tourmaline, Zir = zircon.



Samples from tributaries of the Slaney have distinct signatures. SL16 is from the Derreen 

River approximately 5 km upstream from its confluence with the Slaney, which mostly 

incises through the Tullow Pluton, similar to the Slaney itself in this part of the 

catchment. Yet SL16 has only half the percentages of both amphiboles (other than 

hornblende) and andalusite of samples from the Slaney proper taken from locations with 

similar bedrock, and twice as much hornblende. In sample SL15, which is from the 

Slaney channel downstream of its confluence with the Derreen, the high 

andalusite/amphibole signature that characterizes the Slaney proper to this point is 

restored, obliterating that of the Derreen.

A similar situation occurs with sample SL13, from the Derry River again 

approximately 5 km upstream of its confluence with the Slaney. Draining almost 

exclusively the psammitic schists of the Ballybeg Member of the Maulin Formation,

SLI3 does not share the signature of the Slaney but is very high in garnet (50.50%) and 

hornblende (18.50%). In this case, the signature of the Derry appears to affect the 

mineralogy of River Slaney sediment, if only briefly -  the levels of andalusite and 

amphibole of SL12, taken in the Slaney just downstream of its confluence with the Derry, 

are lower than other Slaney samples in this area, and its proportions of garnet and 

hornblende are slightly elevated. SL12 also has an inordinately high zircon count for this 

river catchment (9.00%), probably due to the fine-grained nature of the sample.

SL l I, from the River Clody, is from the contact between the psammitic schists 

and the phyllitic schists of the Maulin Formation, and therefore has an assemblage 

dominated by metamorphic minerals - primarily andalusite (24.00%), garnet (22.00%) 

and staurolite (21.50%). SL l I is 12.50% tourmaline, most likely derived from the Clody 

headwaters, where it drains the edge of the Blackstairs Pluton. This assemblage is fairly 

constant through all the remaining samples to Wexford Harbour. Large grains of 

staurolite (reaching proportions as high as 46.00% in SL06) are interspersed with slightly
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smaller (on average) grains of andalusites (Plate 3.7), and purplish etched garnet grains. 

Other mineral proportions vary widely. While the upper reaches of the Slaney show a 

variety of different signatures due to tributaries’ inputs, the large expanse of the contact 

aureole in the Slaney catchment produces a metamorphic signature that characterizes the 

sediment being carried to the sea.

3.4.5 Irish Sea Heavy Mineralogy

39 samples were examined from the Irish Sea floor. Of these, 35 were from along 

the eastern Irish coastline, within approximately 20 km from shore (Fig. 3.5). The 

maximum water depth from which a sample was obtained was 46 m for sample 91-52, 

offshore of Wexford Harbour.

As previously mentioned, the pyroxene augite is the defining mineral species of 

Irish Sea samples (Table 3.5). For the purposes of point counting, all clinopyroxenes 

identified are grouped together, due to the difficulty of differentiating between species in 

detrital form. In offshore samples, however, virtually all mineral grains listed as 

clinopyroxene are in fact augite grains. These augites come in a variety of forms, ranging 

from subhedral/euhedral elongate grains displaying characteristic “hacksaw” terminations 

(Plate 3.8) to rounded, smooth grains. All have characteristic pleochroism (mostly green 

to brown, but with occasional grains showing purple pleochroism, denoting higher 

titanium content (Deer et al., 1996)), cleavages (87°) and extinction angles, which 

commonly range between 0° to 21° (Mange and Maurer, 1992). In the grains examined 

from Irish Sea samples the extinction angles tended to be high for augite, in the 15° to 

19° range (although such a measurement should be treated with caution, as it is highly 

dependent on the orientation of the detrital grain within the mounting medium).

88



O 14-20-4
1-19-4 

18-141

O 1-20-4

15-20-4

3-20-4

112-20-4

0-20-4

0  6-144

O 15-186 
O 10-185 

1-191 ^2-191
^91-70

O ft 0  91-71 
‘̂ O  91-72

-  9

29-85

28-85

25-185 -  86
2 - 4 4

•  91-75 
O 4-144

2-186

91-13
091-10 

0  91-57 

O 91-49 

0  91-529 - 6

91-24 91-18

O 7-26-9
4-26-9 0  0  5.26.9

3-26-9

40 km

3-137
9
#  S-136 010-83-46 

’•
11-143

Liffey Catchment 

Avoca & Vartry Catchments 

Slaney Catchment 

Barrow Catchment

Fig. 3.5 - I^ a tio n s  of all seabed samples, along with catchment boundaries.

89



Amp Anda Apa Epi Gar HB Kya Cli Ort Rut Sil Sph Sta Tou Zir
1-186 1.00 3.48 6.47 1.00 22.39 2.99 1.99 25.37 1.99 1.99 0.00 2.99 5.47 4.48 18.41
1-19-4 2.49 5.97 0.50 1.99 16.92 0.50 0.00 35.82 0.00 1.49 0.50 0.00 4.48 12.44 16.92
1-191 0.00 4.50 9.00 0.00 20.50 2.00 0.00 39.00 0.00 0.00 0.00 0.00 2.50 9.50 13.00
1-20-4 1.00 10.50 1.50 0.50 11.50 2.00 0.00 49.50 0.00 1.00 0.50 1.50 6.50 10.00 4.00
10-185 2.50 7.00 2.00 0.50 14.00 3.00 0.00 36.50 1.50 3.50 0.00 2.00 8.00 7.50 12.00
10-20-4 0.50 11.00 4.50 0.00 14.00 3.50 1.00 36.50 0.50 0.00 1.00 1.00 10.50 10.00 6.00

10-83-46 0.00 9.00 2.50 0.50 24.50 2.50 0.00 30.00 2.00 1.00 0.00 0.50 4.00 6.00 17.50
11-143 0.00 13.50 0.50 0.50 23.50 2.50 0.00 44.00 0.50 0.00 0.00 1.50 4.00 6.50 3.00
11-191 2.00 7.50 1.00 0.00 20.00 2.00 0.00 32.00 0.50 1.00 0.00 1.50 3.00 4.00 25.50
12-20-4 2.00 4.00 2.00 1.00 22.00 0.50 0.00 31.50 3.50 2.00 0.00 0.50 2.50 7.00 21.50
13-20-4 1.00 11.00 2.00 1.50 17.00 4.50 0.00 35.50 0.00 1.50 0.00 4.50 6.50 7.00 8.00
14-20-4 2.00 9.00 3.50 1.00 14.00 1.50 0.00 39.00 0.00 2.00 0.00 1.00 9.00 7.00 11.00
15-186 2.50 3.00 9.50 1.50 19.00 0.50 1.50 31.00 1.00 2.00 0.00 1.00 4.50 10.00 13.00
15-20-4 0.00 3.48 8.96 3.98 6.47 3.48 0.50 43.78 0.00 0.50 0.50 5.97 5.47 13.43 3.48
18-141 1.00 6.50 1.00 0.00 10.00 4.00 0.00 52.00 2.00 0.50 0.00 0.00 7.50 11.00 4.50
2-144 2.99 2.99 2.49 0.50 20.90 1.49 0.00 23.88 0.50 1.00 0.00 0.00 3.48 4.98 34.83
2-186 4.98 7.46 1.49 1.00 19.90 1.00 0.00 37.31 0.50 1.00 0.00 1.49 8.46 5.47 9.95
2-191 6.50 10.00 2.50 2.00 8.00 3.00 0.00 44.00 0.00 1.00 0.00 1.00 6.50 9.50 6.00

25-185 3.47 8.42 0.99 0.50 23.27 0.99 0.00 29.21 0.00 0.50 0.00 1.49 4.95 5.94 20.30
28-185 3.00 10.00 3.50 4.50 17.00 2.00 0.00 32.00 1.50 0.50 0.00 0.00 12.00 7.00 7.00
29-185 3.00 4.00 11.00 2.00 26.50 1.00 0.00 33.00 0.50 1.00 0.00 6.50 2.00 3.00 6.50
3-137 2.50 5.50 2.00 2.50 18.50 2.00 0.00 33.00 0.00 2.00 0.50 3.00 3.00 6.50 19.00
3-26-9 2.50 9.00 0.50 0.00 28.50 0.00 0.00 24.50 1.00 0.50 0.50 0.00 15.00 4.00 14.00
4-144 0.50 1.50 0.00 2.00 35.00 1.00 0.00 19.00 0.50 1.00 0.00 0.50 5.50 2.00 31.50
5-136 1.50 2.00 3.00 0.00 26.00 4.00 0.00 15.50 0.50 2.00 0.00 0.00 3.00 1.50 41.00
6-144 1.50 7.00 1.00 3.00 24.50 2.00 0.00 39.50 0.00 0.50 2.00 1.50 6.00 10.00 1.50
91-10 1.98 10.89 3.47 0.50 22.77 0.99 0.00 28.22 0.99 1.98 0.50 1.49 8.42 5.94 11.88
91-13 3.50 7.00 4.00 3.50 16.00 3.00 0.00 19.50 0.00 3.50 0.00 2.50 8.50 5.50 23.50

Table 3.5 - Heavy mineral percentages for all offshore samples. Amp = amphibole (other than hornblende), 
Anda = andalusite, Apa = apatite, Epi = epidote, Gar = garnet, HB = hornblende, Kya = kyanite, Cli = 
clinopyroxene, Ort = orthopyroxene. Rut = rutile, Sil = sillimanite, Sph = sphene, Sta = staurolite,
Tou = tourmaline, Zir = zircon.



Amp Anda Apa Epi Gar HB Kya Cli Ort Rut Sil Sph Sta Tou Zir
91-16 1.00 11.00 0.50 1.50 17.00 2.50 0.00 24.50 1.50 1.00 0.00 1.50 7.50 6.00 24.50
91-17 3.00 9.00 1.50 1.50 19.50 0.00 0.00 28.50 1.00 1.50 0.00 0.50 7.00 10.00 17.00
91-18 2.50 15.50 1.00 1.00 12.50 3.50 0.50 35.50 1.00 0.50 0.50 3.00 10.50 7.50 5.00
91-24 1.00 14.00 1.00 0.00 23.50 4.00 0.50 35.00 0.00 0.50 0.50 0.00 9.00 7.50 3.50
91-31 2.50 4.00 1.50 0.00 18.50 5.00 0.00 36.50 1.00 0.50 0.00 0.00 5.50 9.00 16.00
91-49 0.00 1.99 9.45 1.49 21.89 1.99 1.49 33.83 1.49 0.50 3.48 4.48 6.97 5.97 4.98
91-52 1.50 5.00 2.50 3.00 20.00 0.00 0.00 39.00 0.00 3.00 0.00 0.50 9.50 4.50 11.50
91-57 0.00 9.45 1.00 0.00 17.41 1.99 0.00 45.27 0.00 0.00 0.50 0.00 3.48 7.96 12.94
91-71 1.50 7.00 1.00 0.00 16.50 3.00 0.00 44.50 1.00 0.50 0.00 0.00 13.00 6.00 6.00
91-72 1.00 9.00 2.00 1.00 9.50 4.00 0.00 55.00 0.50 0.50 0.00 0.00 8.50 7.00 2.00
91-75 1.00 16.00 2.00 0.00 14.00 4.00 0.00 33.50 0.00 2.00 0.00 0.50 11.00 12.00 4.00

Average 1.82 7.62 2.93 1.17 18.79 2.25 0.19 34.65 0.69 1.17 0.28 1.38 6.74 7.20 13.13
V r\ SD 1.41 3.73 2.89 1.20 5.86 1.35 0.48 8.78 0.79 0.91 0.65 1.66 3.13 2.77 9.48

Table 3.5 - Heavy mineral percentages for all offshore samples (cont.). Amp = amphibole (other than hornblende), 
Anda = andalusite, Apa = apatite, Epi = epidote. Gar = garnet, HB = hornblende, Kya = kyanite, Cli = 
clinopyroxene, Ort = orthopyroxene, Rut = rutile. Si! = sillimanite, Sph = sphene, Sta = staurolite,
Tou = tourmaline, Zir = zircon.



Augite comprises on average 33.75% of Irish Sea samples, with a standard 

deviation of 9.54%. The sample with the highest proportion, 91-72 (approximately 12 km 

east-northeast of Cahore Point), is 59.00% augite. Sample 5-136, just offshore of the 

mouth of the Vartry, has the lowest augite percentage, at 15.50%. This low proportion of 

augite in 5-136 could be due to a relatively fine-grained heavy mineral fraction, 

demonstrated by its high percentage of zircon (41.00%), the highest of any Irish Sea 

sample (5-136 has a bimodal grain size distribution, rich in both pebbles and fine sand 

(Appendix 2)).

The source of these augite grains is unclear. Augites are some of the main 

constituents of basic or ultramafic rocks, being commonly found in basalts and gabbros 

(Deer et al., 1996). They can also be derived, as stated earlier, from diorites or, less 

frequently, intermediate igneous rocks and andesites (Nesse, 1991). The presence of 

augite grains in some of the upstream reaches of the rivers in this study show that there 

are in fact augite-producing rocks in the Leinster Batholith granites and granodiorites. 

There is no obvious optical difference between the augites in the river catchments and 

those of the Irish Sea samples, other than perhaps a greater proportion of rounded grains 

in the offshore sands. However, the high proportions of augite in offshore samples 

compared to the relatively low percentages found in the river catchments is indicative of 

a source for this sediment other than the Leinster Massif.

Another possibility is that the augites were derived from onshore sources, and 

their enrichment in offshore samples is due to the differential weathering of other mineral 

species as the sediment is carried out to sea, thereby increasing the relative proportion of 

augite. Offshore samples do have lower average total heavy mineral percentages. This is 

however unlikely, as pyroxene is less “persistent” under physical weathering than other 

mineral species encountered in this study (Mange and Maurer, 1992).
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There is no readily apparent geographical trend in the proportions of most of the 

minerals taken from offshore samples, at least along the southeast coast of the Irish 

landmass. Percentages of andalusite vary widely (Fig. 3.6b), with an average of 7.88% 

and standard deviation of 3.88%; there appears to be a slight overall increase towards the 

south, as would be expected with input from the andalusite-rich sediment of the Slaney. 

However, the lowest percentage of andalusite (1.99%) is in sample 91-49, taken only 10 

km directly offshore of Wexford Harbour, the mouth of the River Slaney. The highest 

andalusite percentage (at least along the east coast) is from 91-75, more than 30 km 

northeast of the Slaney mouth.

Staurolite, another mineral diagnostic of the Slaney, shows little geographic 

variation along the east coast (Fig. 3.6d). The highest percentages of staurolite are found 

in samples (29-185, 12.00%; 91-71, 13.00%) that were taken offshore of Cahore point, 

well to the north of Wexford Harbour. There is no apparent trend of increasing staurolite 

to the south.

In the four Celtic Sea samples (3-26-9, 4-26-9, 5-26-9 and 7-26-9), however, both 

andalusite and staurolite are found in greater relative abundance than in Irish Sea samples 

(Table 3.5). Staurolite is especially common in these samples -  this indicates a definite 

Barrow input, as staurolite is the defining heavy mineral of samples taken from the 

Barrow in the downstream regions of the Blackstairs Pluton and surrounding aureole. The 

proportions of both augite and tourmaline (average of 6.78% for all offshore samples) are 

lower in the Celtic Sea samples; in fact both minerals show definite trends towards lower 

proportions to the south (Fig. 3.6f, Fig. 3.6c), and tourmaline is virtually absent in sample 

4-26-9. It is interesting to note that much of the tourmaline identified is schorl, an Fe-rich 

variety that denotes a granitoid source (Mange and Maurer, 1992).

More importantly, the Celtic Sea samples contain large numbers of carbonate 

rhombs. After treatment in acetic acid, which failed to dissolve these grains, they were
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identified as dolom ite. The presence o f  dolom ites, along with elevated levels o f  Barrow  

index minerals staurolite and andalusite, indicates a Barrow source for these C eltic Sea  

sam ples.

Garnet (average 19.63% , standard deviation 6.28% ), on the other hand, becom es 

more com m on to the south (Fig. 3.6a), reaching its peak in sam ple 4 -1 4 4  (35.00% ), 

which is to the south o f  the mouth o f  the A voca  River. Garnet is also abundant in sam ples 

taken from directly offshore the mouth o f  the Vartry (10 -8 3 -4 6 , 24.50% ; 5 -136 , 26.00% ;

11-143, 23.50% ). The A voca and Vartry, as stated in Section 3 .4 .1 , carry sedim ent 

strongly enriched in garnet. The four Celtic Sea sam ples also show high garnet 

percentages (although this could be due to their relative starvation o f  clinopyroxene and 

tourm aline).

A m phibole counts never exceed  6.50%  o f  any sam ple (Fig. 3 .6e). M uch o f  this 

am phibole fraction is made up o f  glaucophane (N a 2 M g3 A l2 Sig0 2 2 (0 H )2 ), an alkali 

am phibole used as a high-pressure metamorphic index mineral, often derived from  the 

metamorphism o f  basalts (M ange and Maurer, 1992; D eer et al., 1996). It is interesting to 

note that no glaucophane is found in any o f  the onshore sam ples.

In summary, sam ples from the seabed o f  the Irish and Celtic seas show a 

clinopyroxene/garnet assem blage. T his fact, along with the presence o f  glaucophane, 

differentiate these sam ples from any o f  the river catchm ents.

3 .4 .6  Beach and C oastline B lu ff H eavy M ineralogy

A long the coastline o f  southeast Ireland 27 sam ples were taken, 23 from  beaches 

and 4  from coastal bluffs com posed o f  till (Fig. 3 .7). Each beach sam ple was taken in the 

region o f  the high tide line; in cases where heavy mineral lags were observed in the sand
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the samples were taken from these lags. Although one would expect these lags to gamer 

high percentages of heavy minerals, the proportions of total heavy minerals in beach 

sands is not appreciably higher than the proportions in offshore samples (Table 3.6).

The beach samples appear to be largely derived from the Irish Sea sands and not 

from the rivers. This conclusion is supported by the high percentages in the beach 

samples of clinopyroxene, nearly all of which is augite similar to that found offshore. The 

average of clinopyroxene in all beach samples (34.02%) is extremely close to that of the 

mineral in offshore samples (33.75%). Along with augite, the amphibole glaucophane (a 

mineral found in offshore samples but not in any of the river catchments) is found in 

several beach samples (BCH l 1, BCH13, BCH22, BCH23).

Other mineral species show geographic variations in the beach and bluff samples 

that closely parallel the variations of these species in offshore samples. Clinopyroxene 

(Fig. 3.8a) percentages decrease from north to south, just as they do offshore; staurolite 

percentages (Fig. 3.8a) increase to the south, again mirroring the offshore pattern. Other 

minerals show no discernible geographic trends.

The modern river systems do however contribute some material to the beaches 

-  spodumene grains were found in two beach samples, BCH03 (Plate 3.9) and BCH22. 

No spodumene was identified in offshore samples. The percentages of garnet in beach 

samples also seem to indicate some catchment input -  garnet proportions are at their 

highest in beach samples taken directly south of the mouths of the River Vartry (BCHOl, 

46.00% garnet) and River Avoca (BCH24, 37.00% garnet) (Fig. 3.8b). Both of these 

rivers have been shown to have an overwhelmingly gamet-rich heavy mineral 

assemblage. Qualitatively, however, it appears that the majority of sediment found on the 

beaches along the southeast coast is of Irish Sea derivation.

Samples BCH06, BCH07 and BCH09, each of which was taken from till bluffs 

along the Irish Sea coastline, all show the elevated clinopyroxene levels indicative of
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Amp Anda Apa Hpi Gar HB K\a Cli Ort Rut Sil Sph Sta I'ou Zir
BCHOI 0.50 8.00 2.00 0.50 44.(K) 4.(X) 0.00 26. .50 0.00 0.00 3.50 0.50 6.(X) 4.00 0.5(i
BCH02 0.00 14.00 I..50 0.(K) 10..50 7,(K) 0.00 43.00 0,00 1.00 4.00 1.50 7.50 8.00 2.00
BCH03 2.(K) 14.00 0..50 0.(X) 6.50 2.50 0.00 53.50 0.00 0.00 2.00 1.50 8.(K) 8..50 l.(iC<
BCH04 0.50 7.50 2.00 0.(X) 24.50 4.50 0.00 35.50 I.CK) 0.00 0.00 1.00 8.50 5.50 9.50
BCH05 5.00 12..50 3..50 1.50 4.00 11.50 0.00 35.50 1.00 0.50 3.50 1.50 9.(X) 9.00 2.00
BCH06 1.49 8.46 2.99 1.99 10.95 3.98 0.50 41.29 I.CK) 1.00 1.00 1.99 4.98 10,95 7.46
BCH07 1.50 5.50 1.00 1.00 7.50 3.(X) 0.50 50.00 1,(K) 2..50 0,00 1..50 6.(K) 4.50 14.50
BCHOX 1.00 13.50 1.00 1.50 7.00 7,(X) 0.00 51.50 0.50 0.(X) 1.00 1.00 5.50 7,50 2.0(i
BCH09 1.00 1.49 7.46 1.00 4.98 6.47 0.50 29.85 0.50 3.48 0.50 1.00 3.48 5.97 32.34
BCHIO 3.00 21.00 1.50 0.50 21..50 2.(X) 0.50 39.50 1.00 0.00 1.50 1.00 2.(X) 5.00 0.00
BCHI 1 8..50 3.50 3.00 3.(X) lO.tX) 5.(X) 0.00 47.00 3.50 0.00 0.00 5.00 2.(X) 2.50 7.(i0
BCHI2 4.00 1.50 4. .50 1,(X) 7.00 6.50 0.00 50.(K) 2.50 2.00 0,00 6.50 2.(X) 6.00 6.50
BCHI 3 2.50 3.00 6..50 7.50 lO.(K) 7.50 0.50 29.50 0.50 3.00 0,00 1.00 3.50 6.50 18.50
BCHI4 2.50 3.50 2..50 4.(X) 18.00 l.(X) 0.00 45.50 2.00 0.50 0.00 8.50 l.(X) 2..50 8.50
BCHI 5 5.00 8.50 5.00 0.(H) 17.(X) 3.50 0.00 14.(K) 1.50 0.50 0.50 0.00 21.00 9.50 14.00
BCHI 6 6.97 9.45 3.48 0.(X) 9.45 2.99 0.00 25.37 4.48 0.00 1.00 0.00 15.42 7.46 13.93
BCHI7 6.97 11.94 2.99 l.(X) 14.93 1.99 0.00 16.92 0.00 0.50 1.00 0.00 23.88 7.46 10.45
BCHI8 1.50 7.00 0.00 0.00 21.00 6..50 0.00 40.50 1.00 0.00 0.(K) 0.00 I.3..50 8.00 1.0(
BCHI9 30.50 6.00 1.00 0.50 13.(X) 2.50 0.00 15.50 3,00 0.(«) 0.50 0.00 10.00 3.50 14.')o
BCH20 11.50 5.50 1.00 10.00 5.00 28.00 0.00 0.00 3,00 1.00 1.50 1.00 8.(K) 3.50 21.00
BCH2I 3.50 8.00 0..50 0.50 22.00 5..50 0.00 33.00 0.50 1.00 0.50 0.00 9.(X) 3.00 13.00
BCH22 2.00 6.00 2.50 9.50 12.(X) 5.50 0.00 26.00 2.CK) 1.00 1,50 0.00 5.(X) 8.50 18.50
BCH23 1.00 9.00 0.00 l.(X) 25.(X) 1.00 0.00 35.(K) O.W) 0.00 0,(H) 0.50 14.50 7.50 5.50
BCH24 0.(X) 5.50 0.50 0.50 37.(X1 0.00 0.00 29.50 0.50 0.00 0,00 0.00 9.(X) 3.00 14.50
BCH25 3.50 8.00 2.50 0.(X) 12.50 4.50 0.00 55.(K) O.SO 0.00 1,00 0.00 5.(X) 2.50 5.00
BCH26 8.50 10.50 2.50 l.(X) 3.00 6.50 0.00 25.50 2.00 2.00 0,00 2.50 14.50 4..50 17.00
BCH27 0..50 11.00 0..50 0.(X) 33.50 0.50 0.00 22.00 1.00 0.50 0,00 0.50 21.00 5.50 3.50

Average 4.26 8.29 2.31 1.76 15.25 5.22 0.09 33.94 1.26 0.76 0.91 1.41 8.86 5.94 9.75
SD 6.03 4.39 1.89 2.80 10.48 5.24 0.20 13.61 1,19 1.00 1.16 2.08 6.16 2.42 7.77

Tabic 3.6 - Hcasy mineral percentages for all beach samples. Amp = amphibole (other than 
hornblende), Anda = andalusile, Apa = apatite, Epi = epidote. Gar = garnet. HB = hornblende. Kya = 
kyanite, C’li =clinopyroxcne, Ort = orthopyroxene. Rut = rutile, Sil = sillimanite, Sph = sphene, Sta = 
staurolite. Fou = tourmaline, Zir = zircon. I ill samples are BCH06, BCH07, B('H()9 and BCH20.
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offshore sands. BCH09 has a lower proportion of clinopyroxene than the average beach 

sample, at 29.85%; this could, however, be due to the fact that BCH09 is extremely fine

grained, and as such has a disproportionately high zircon count (32.24%, the highest of 

any beach sample).

BCH20, taken from a till bluff along the southern coast, is the only “beach” 

sample that is obviously not derived from an Irish Sea source. BCH20 is the only 

coastline sample that contains virtually no clinopyroxene. It is dominated by amphiboles 

(including hornblende) and, to a lesser extent, epidote and staurolite. Such an assemblage 

is in keeping with the local lithology of the Rosslare Complex, a series of paragneisses 

and other metamorphic rocks. The Greenore Point Group is characterized by a sequence 

of green amphibolites (Tietzsch-Tyler and Sleeman, 1994b), which could explain the 

high amphibole proportion of the sample.

The tills from which BCH06, BCH07 and BCH09 were taken appear to 

have been deposited by Irish Sea Lobe ice, which (as shown in Chapter 2) moved along 

the southeastern coast during the maximum of the last glaciation. These tills (and the 

beach samples adjacent to them) therefore show a signature virtually identical to that of 

Irish Sea sediment. BCH20, however, is from a till that is not from the Irish Sea Lobe.

The signature of this sample matches bedrock lithology to the north, so the till must have 

been deposited by ice of terrestrial origin moving southwards.

3.5 Statistical Analyses

The null hypothesis (Hq) for the provenance portion of this study is that there is no 

difference in the mineralogy of the heavy mineral suites from sample to sample. That is, 

based on the mineral data a sample from, for example, the Liffey would be 

indistinguishable from an offshore sample. A cursory examination of the data shows this
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to be false based on single variables. The percentages of various minerals shows distinct 

populations- Avoca and Vartry river samples are recognizable by their garnet proportions 

alone, and it is abundant clinopyroxene that characterizes offshore and beach samples. If 

populations can be differentiated based on single variables, this could preclude the need 

for multivariate analysis (Swan and Sandilands, 1995).

In this study, however, multivariate methods were chosen to describe each distinct 

population, and to describe population differences, for a variety of reasons. Firstly, 

multivariate statistics allow these differences to be quantified and therefore reduce the 

subjectivity of grouping samples together based on one or two variables. Multivariate 

analysis addresses the “simultaneous relationships between variables” (Dillon and 

Goldstein, 1984). Also, while a population may be defined by its proportion of a single 

variable, less important (or less defining) variables may describe geographical variation - 

for example, while offshore samples are defined and dominated by clinopyroxene, 

variations within the population may give insight into the relative input of different 

catchments. Finally, multivariate methods aid in the identification of oudiers within a 

population that would not be evident in a simple one or two variable grouping of 

populations.

There exists an intrinsic problem in the multivariate analysis of data such as those 

in this study, however. The data collected are “closed”; that is, as percentages, they are 

not inherently independent (Swan and Sandilands, 1995). An increase in the value 

(proportion) assigned to clinopyroxene in a sample, for example, will inevitably lead to a 

decrease in the values (proportions) for other minerals. This decrease is not necessarily 

indicative of an underlying geological truth. Closed data can therefore present apparent, 

yet spurious, correlations between variables that do not reflect what is occurring in 

reality.
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There are a variety of methods that can lessen the impact of closed data. The most 

common is the use of ratios, which involves dividing the value of each variable by the 

value of the dominant variable (Swan and Sandilands, 1995). In this study, for example, 

this would involve dividing the value for each mineral from the Irish Sea by the value for 

clinopyroxene. There are two inherent problems in this approach: firstly, the dominant 

variable changes from locality to locality and therefore the variable controlling the ratio 

would be different in each area. This makes any subsequent comparisons of the data 

between localities spurious. Also, using the dominant mineral for each area as the ratio 

denominator can lead to spurious positive correlation -  as the dominant variable’s value 

decreases the value of the dependent variable appears to increase.

To counter these problems, often another variable is chosen that is ubiquitous 

throughout the area of study. This variable is optimally “independent of the major 

‘diluting’ components and the geological process being investigated” (Swan and 

Sandilands, 1995). In this study, however, no such variable exists. Each of the major 

constituent minerals is in some way representative of one or more of the localities (i.e., 

clinopyroxene in Irish Sea samples, apatite in Liffey samples, staurolite in samples from 

the Slaney and the Barrow), which could bias the results. The minor minerals will often 

have values of zero in some samples and therefore cannot be used as the denominator of a 

ratio.

Other methods used in the transformation of closed data proved equally fruitless; 

many alternative methods investigated are variations on ratios, which can not be used for 

the reasons stated above. The conceptualization of an original open data matrix (basis) 

has also been used in the past, but has in recent years been discredited as too subjective 

(Swan and Sandilands, 1995).
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3.5.1 Principal Com ponents A nalysis

Swan and Sandilands (1 9 9 5 ) suggested the use o f  principal com ponents analysis 

(PC A ) in dealing with closed  data when ratios are not applicable. PCA is a “data 

reduction technique where the primary goal is to construct linear com binations o f  the 

original variables that account for as much o f  the (original) total variation as possible.

T he su ccessive linear com binations are extracted in such a w ay as they are uncorrelated  

with each other and account for su ccessively  sm aller amounts o f  the total variation” 

(D illon  and G oldstein, 1984). The goal o f  PCA is to describe as much o f  the variation as 

possible using the m inim um  number o f  these com binations, known as principal 

com ponents (Jambu, 1991). It is especially  useful in plotting data in a tw o-dim ensional 

format, in which com parisons can be made between com ponents that describe a majority 

o f the total variance (Everitt, 1993).

The first principal com ponent (C l)  that is extracted from the data w ill explain the 

largest proportion o f  the variance. W eights (w ,d,, w(„2 ...w„)p) are assigned to each o f  the 

variables, and are chosen to m axim ize the ratio o f  C l to the total variance (D illon  and 

G oldstein, 1984). Each variable (X ,, X 2 , . . .  Xp) is m ultiplied by its corresponding weight.

T he larger the values o f  the w eights, the greater the variance o f  the com ponents w ould  

appear (Sw an and Sandilands, 1995). The m odel therefore constrains the values by 

creating weights o f  which the sum o f  squares is equal to 1;

Cl = W(,),X, + WdjjX  ̂+ .. .  + W(,)pXp e q . (3 .1)

W",i), +  W^(l)2+ . . . + W^(,)p= 1 eq. (3 .2 )
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The w eights for the data in this study are derived from a covariance matrix (correlation  

matrices are more com m only used to generate w eights because they are scale-invariant 

(Sw an and Sandilands, 1995). A s all the data here are percentages, the covariance matrix 

is an acceptable substitute.

Cl therefore will account for the largest value o f  variance within the entire 

original data set. Subsequent principal com ponents w ill account for progressively less  

variance, and w ill be uncorrelated with the preceding com ponents. Com ponent n would  

be written as:

c„  =  + w,„)2 X 2  +  . . .  +  w,„)pXp eq. (3 .3)

The number o f  principal com ponents could in theory match the number o f  variables 

(D illon  and G oldstein, 1984); the goal how ever is to account for the largest amount o f the 

variation with the few est possib le principal com ponents.

PCA is useful for the analysis o f  closed  data since it is theoretically possible to 

identify com ponents that represent the correlations caused by the closed  nature o f  the 

data sets (Sw an and Sandilands, 1995). A com parison o f  the com ponents used to plot the 

data (com ponents 1 and 2  for each sam ple) w ith the data them selves show s that each  

com ponent is dominated by the variables that define each catchm ent (i.e ., garnet in the 

A voca  sam ples, clinopyroxene in Irish Sea sam ples). T hese com ponents are therefore 

dependent on real trends within the data, not correlations brought about by the data’s 

closed  nature. Subsequent graphs (F igs. 3 .9, 3 .11 , 3 .13 , 3 .15 , 3 .17 , 3 .18) o f  com ponent 1 

vs. com ponent 2  for each sam ple a lso  show  vectors show ing both the “direction” in tw o- 

dim ensional space and the absolute value o f  the w eights, or “ loadings” (coefficients  

ascribed to each major variable to account for the greatest amount o f  variance).
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PCA is used in this study in any case not to identify the correlations between 

variables but to describe the differences between localities and identify the variables 

responsible for those differences. The aim is both to describe the characteristics of each 

locality’s heavy mineral assemblage, and to create a statistical model that could be used 

to ascertain the provenance of future samples. The PCA analyses shown here accomplish 

these goals -  each locality has its own signature, and the mineral species that characterize 

these signatures are given. Subsequent samples taken in the region can be plotted with 

respect to the major catchments and the Irish Sea/beach samples.

PCA was for these reasons chosen as the primary statistical method for this study; 

however, the data were also subjected to a series of cluster analyses as an adjunct to the 

PCA results.

3.5.2 Cluster Analysis

Cluster analysis is a method by which individual data points, in this case samples 

characterized by a series of variables, are placed in groups, or “clusters”, based on the 

similarity of one data point to the next (Dillon and Goldstein, 1984). The relationships of 

these data points are graphically represented as a dendrogram. It is therefore not strictly 

speaking a statistical procedure. The results are somewhat subjective as different methods 

of clustering produce different dendrograms (the graphic representation of clusters and 

their relationships) from the same data sets. Also, the introduction of new data to a cluster 

analysis will often fundamentally change the results, as new clusters will be formed and 

old clusters redefined (Swan and Sandilands, 1995) For these reasons, the cluster analysis 

undertaken in this study is done so primarily as an adjunct to PCA.

Cluster analysis is also used here to highlight the relationships between individual 

samples. In this study PCA is used to distinguish between whole populations and to
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identify the mineral species responsible for population differences. Cluster analysis, on 

the other hand, is used to determine the relationships between individual samples, in 

other words which samples are most similar to one another. PCA tells us which 

populations are different and why, cluster analysis tells us which individuals are similar.

The method of agglomerative hierarchical clustering (AHC) was chosen for this 

study. AHC is an iterative process, which partitions the data into a series of groupings,

C„, Cn i, Cn_2 , - C|. C„ consists of n clusters, each of which contains a single individual, 

while C, is one cluster containing the entire population. At each increment in the process, 

individuals (and subsequently groups of individuals) are linked together based on their 

“proximity” or similarity (Everitt, 1993).

There are a variety of algorithms within AHC used to determine the proximity of 

samples to one another. It is a subjective choice on the part of an investigator as to which 

method best suits the data at hand. The algorithm chosen for these data was Ward’s 

hierarchical method, which uses the error sum of squares for each cluster as the 

separation criterion. That is, at each step in the process every possible clustering pair is 

analyzed by the algorithm, and the two clusters whose combination together results in the 

smallest possible increase in “lost information” are then combined.

Cluster analysis produces two-dimensional dendrograms, which illustrate the 

fusions between groups at different points through the analysis. Clusters are linked 

together at varying “heights”, or distances, from one another. These distances denote the 

mathematical difference between points; in Ward’s method the distances are Euclidean. 

Euclidean distance is the hypotenuse of a triangle linking to Cartesian coordinates X and 

Y, the shortest distance between these two points; within cluster analysis it is the distance 

between two points in «-space, n being the number of variables under examination. The 

greater the distance of joining between clusters, the greater the difference between them 

in multidimensional space (Swan and Sandilands, 1995). It is important to note that these
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distances are dimensionless, and are used here simply to compare qualitatively the 

relationships between samples

Different clustering techniques have different proponents, and there is no 

common accepted “optimal” method. W ard’s method has been shown to perform well 

(that is, provide a series of clusters that closely match groupings actually found in nature) 

in situations where data have been shown to group in discrete populations with 

occasional individuals lying between the populations (referred to as “noise” points), as 

opposed to with data sets that have genuine oudiers (Everitt, 1993). PCA results show, as 

will be seen, that in this study there are definite population groupings based on the origins 

of the samples. The determination as to whether a data point is truly an outlier is 

subjective; it was decided in this study after initial PCA analyses that at most a few of the 

data points examined truly qualified as outliers (except among beach samples, as will be 

seen), as nearly all samples from a particular locality shared similar values in at least one 

of the major variables. Cluster analysis is, however, a largely subjective technique and 

the results should be considered with this in mind.

3.5.3 Results of Statistical Tests for River. Beach and Offshore Samples

Each catchment’s heavy mineral results, as well as those from beach and bluff 

samples, were compared statistically with those of the offshore samples. As stated 

previously, this was done both to give all the catchment data a common point of 

reference, and to shed light on any river catchment sediment contribution to the seafioor. 

PCA results, along with the variable coefficients (“loadings”) that determine the 

component values, are shown here as plots of component 1 vs. component 2 (Figs. 3.9,

3 . II,  3.13, 3.15, 3.17), and cluster analyses are shown as dendograms (Figs. 3.10, 3.12, 

3.14, 3.16). All samples are then plotted on a PCA plot (Fig. 3.18), and river catchment
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samples are compared with offshore samples on a dendogram (Fig. 3.19) Beach samples 

are not included in this cluster dendrogram, due to the fact that they are indistinguishable 

from offshore samples.

3.5.3.1 Avoca and Vartry vs. Offshore Samples Statistical Results

The results from the Avoca and Vartry Rivers are perhaps the most easily 

statistically distinguishable from offshore samples of any of the rivers studied. Avoca and 

Vartry samples group very closely together, based almost entirely on their high 

proportions of garnet (Fig. 3.9). Only AV07 lies outside of this tight group, due to this 

sample's wider range of mineral species, which in turn is due to its location atop the 

Leinster

Granite. The other samples from these rivers were taken in mosdy uniform 

metasedimentary bedrock, and therefore share a common heavy mineral assemblage.

Variance in offshore samples, on the other hand, is statistically dominated by (in 

this case) two mineral types, clinopyroxene and zircon. In terms of component 1, the 

loadings are controlled by opposite and large coefficients for garnet and clinopyroxene. 

This is reflected in the component 1 vs. component 2 plot; along the component 1 (X) 

axis, the river and seafloor samples fall within relatively narrow and very discrete value 

spreads. Avoca and Vartry samples are have component 1 values of approximately -0 .3 , 

while all the offshore samples have values between 0.0 and +0.1.

Component 2, however, is very different. Along the component 2 (Y) axis, Avoca 

and Vartry samples are again closely grouped. Offshore samples, however, show a wide 

spread of component 2 values, ranging from -0.45 to +0.3. Component 2 has relatively 

large loadings for the minerals zircon and clinopyroxene; this is reflected in the wide 

range of component 2 values within offshore samples. Sample 91-72 has the highest
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clinopyroxene value and lowest zircon value of any offshore sample (Table 3.5), which 

gives this sample a large positive component 2 value. 5-136 is the polar opposite of 91-72 

in terms of clinopyroxene and zircon values, and therefore has a large negative 

component 2 value. The Avoca and Vartry samples have low counts of both minerals, 

which explains these samples’ uniform component 2 values.

The cluster dendrogram results closely mirror those of the PCA (Fig. 3.10). The 

dendogram is based on the entire mineral suite of each sample instead of weighted 

components. AV07 stands off somewhat from other Avoca and Vartry samples, but is 

still closer to them than any offshore sample. Samples 91-72 and 5-136 are again distant.

Samples from the Avoca and Vartry catchments can therefore be easily 

distinguished from those from the offshore. In fact, this distinction can be made based on 

the values from only one component that is dominated by garnet and clinopyroxene.

3.5.3.2 Barrow vs. Offshore Samples Statistical Results

The differences in the bedrock lithologies of the Barrow catchment account for a 

wide statistical spread in the Barrow results. Samples BW05, BW06 and BW08 all group 

together with positive values for both components 1 and 2 (Fig. 3.11); both components 

assign relatively high positive loading coefficients for the mineral staurolite, which these 

samples have in abundance, due to their proximity to aureole metamorphic rocks. BW07, 

however, is from an area of uniformly granitic bedrock (Fig. 3.3), and as such has an 

assemblage lower in metamorphic species. BW07 therefore has lower component 1 and 2 

(positive = staurolite-rich) values.

As in the Avoca/Vartry vs. offshore PCA, the components are largely 

differentiated by clinopyroxene and zircon values, both of which are negative. This again 

results in a spread is component values, this time along both axes. A high zircon value
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places sample BW02 well away from the other Barrow samples, close to the zircon-rich 

offshore sample 5-136; BW 07’s component 2 (zircon-driven) value, at <-0.4, is the 

lowest of any sample. Barrow samples are all, however, easily differentiated by their 

component 1 (clinopyroxene driven) values, which are all higher than those of any 

offshore sample.

It is very important to note that three of the Celtic Sea samples were not included 

in the statistical analyses of all samples. Samples 4-26-9, 5-26-9 and 7-26-9 were all so 

rich in dolomite that it was impossible to count the necessary 200 individual grains to 

make these samples’ results statistically significant. The percentages of each mineral 

species in these samples were included in tables, to demonstrate which minerals appeared 

to be dominant in the area, but only 3-26-9, which was counted for a full 200 points, was 

statistically analyzed.

The cluster analysis of the Barrow vs. offshore results give results that closely 

match those of the PCA (Fig. 3.12). Samples BW05, BW06 and BW08 cluster together 

completely independently of all other samples. BW02 groups with offshore samples rich 

in zircon, while BW07 remains (relatively) independent, grouping first with a cluster of 

heterogeneous offshore samples.

3.5.3.3 Liffey vs. Offshore Samples Statistical Results

Liffey samples can largely be differentiated from offshore samples by component 

1, which is characterized by a large negative loading of clinopyroxene (Fig. 3.13). Liffey 

samples all have values of component 1 between + 0.1 and + 0.3, which is higher than 

any offshore sample. Component 1 is also dependent on garnet and apatite values; Liffey 

samples have much higher average percentages o f both species (Table 3.3).
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In terms of component 2, however, samples from the Liffey show a much wider 

spread. This component is based on zircon and, again, garnet percentages. Liffey samples 

have a wide range of proportions of both these species; garnets average 29.03% of Liffey 

heavy mineral suites, with a standard deviation of 17.18%, while zircon averages 8.58% 

with a standard deviation of 8.54%. This results in a wide range of values of component 

2. Samples LR02 and LR03 have high garnet and low zircon percentages (resulting in a 

large positive component 2 value) while LR05 has the opposite. LR04 has a negative 

component 2 value due to its high amphibole percentage (component 2 has a negative 

loading for amphibole). Again, zircon-rich offshore samples (4-144, 2-144, 5-136) are 

farthest from the centroid of the offshore population.

For all their variation in component 2 of the PCA, Liffey samples group together 

very well in a cluster analysis (Fig. 3.14). Upstream samples LR02, LR03 and LR06 

group together nicely, while LR05 and LR04 also group together but are closer to the 

main body of the sample cluster. This denotes the sudden change in river sediment 

signature due to the input of sediment from the King’s River, which enters the Liffey 

upstream of where sample LR04 was taken. The loss of this signature in the Pollaphuca 

Reservoir is indicated by the similarity between LR06 (downstream, of the reservoir) and 

the headwaters samples LR02 and LR03 (above it).

3.5.3.4 Slaney vs. Offshore Samples Statistical Results

Like the samples from the Liffey catchment, there is a definitive difference 

between samples from the Slaney catchment and offshore samples based on differing 

values of component 1 (Fig. 3.15). This difference is explained by a high negative 

loading for clinopyroxene in this component. Only sample SL03 falls close to the values 

for component 1 found in the offshore samples; this is due to its high clinopyroxene
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proportion, which is in turn due probably to its proximity to the Slaney mouth and 

possible input of offshore sediment by storm tides.

The Slaney samples also show a wide spread of values for component 2, which in 

this case is dominated by garnet, zircon and (to a lesser extent) staurolite and andalusite. 

Staurolite and andalusite both have positive coefficients in component 2, which explains 

the positive values for component 2 of the majority of Slaney samples. However, 

variability in mineral assemblages along the river’s length means that some samples are 

lower in these minerals but enriched in garnet or zircon, resulting in negative component 

2 values.

A similar pattern is found in the cluster dendogram (Fig. 3.16) -  all Slaney 

samples occupy a single independent cluster, save SL03 which groups in among all 

offshore samples due to its high clinopyroxene count.

3.5.3.5 Beach vs. Offshore Samples Statistical Results

Beach samples, as previously stated, have roughly the same average 

clinopyroxene values as offshore samples (34.76% vs. 34.65%), but with a wider spread 

of values (standard deviation of 13.82% for beaches vs. 8.78% for offshore samples). 

Clinopyroxene is therefore again the dominant coefficient of component I, but in this 

case component I does very little to show differences between populations (Fig. 3.17).

Beach samples also match closely with offshore samples in component 2, though 

with a slighdy higher occurrence of negative values (explained by the fact that beach 

samples have a slightly lower average garnet proportion (15.01%) than offshore 

(18.79%), garnet being the species with the highest loading value in component 2). Three 

beach samples show large positive values of component 2 due to elevated garnet levels; 

two of these, BCHOl and BCH24, are found close to the mouths of the Vartry and Avoca
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respectively. The positions of these two samples imply a riverine input. BCH20, which 

has no clinopyroxene and is enriched in amphiboles, is an outlier along both axes; this 

sample, as shown, was taken from the Kilmore Quay till that was most likely derived 

from Midlands, not Irish Sea, ice.

The presence of such outliers, coupled with the fact that on the whole the two 

populations appear to have very little to differentiate them, precluded a cluster analysis.

3.5.3.6 Total of All Samples Statistical Results

A PCA incorporating all samples collected and analyzed (with the exception of 

those from the Barrow and Celtic Sea whose high dolomite levels prevented counts to the 

necessary 200 points) was conducted, and components 1 and 2 results are plotted in 

figure 3.18. Avoca and Vartry samples again group together due to their proportions of 

garnet; garnet is the most heavily weighted of the coefficients of component 1. 

Clinopyroxene is the second most important species and has a positive loading. Slaney 

samples show a wide range of values in component I, all of which (bar SL03) are less 

than 0.0 (denoting low clinopyroxene). In component 2, dominated by clinopyroxene 

and staurolite, the Slaney again shows a wide spread. Liffey samples lie closer to the 

offshore samples than do those of the Slaney.

The Barrow samples show a wide spread of values, but for the most part group 

well with the Slaney samples due to both rivers’ high proportions of staurolite and garnet. 

Beach samples group for the most part with those from the offshore; a few samples, 

notably those from the coast of the Celtic Sea, plot closer to samples from the Liffey and 

Slaney due to low clinopyroxene counts.

The cluster analysis using all samples is not as clearly defined as previous clusters 

of single rivers vs. the offshore (Fig. 3.19). (Beach samples were not included in this
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analysis, since, as previously stated. W ard’s method is less effective with populations 

that have outliers). Most river samples group together, similar to the results from PCA. 

Slaney samples occupy a discrete cluster, except for clinopyroxene-rich SL03, which is 

placed within an offshore sample cluster.

Individual Barrow samples are separated from one another in different groupings. 

BW05, BW06 and BW08 group with SL05 and SL06; all of these samples have 

inordinately high staurolite percentages. Sample BW02, with a very high zircon 

proportion, groups with other zircon-rich samples (LR05, 5-136, 2-144,4-144), while 

BW07 groups among Slaney samples.

An interesting aspect of the cluster analysis is the presence of a single cluster 

consisting of a few samples from the Slaney, the Liffey and one from the Avoca (the 

bottommost cluster of Fig. 3.19). All of these samples were taken from directly atop the 

granitic rocks of the Northern or Lugnaquilla plutons in the Leinster Batholith (save 

S L l3, taken from the Slaney tributary the Derry Water, which has its headwaters in the 

northern region of the Tullow Pluton). Also interesting to note is that samples taken from 

the southern Tullow or Blackstairs Plutons do not match this signature -  neither BW07, 

from the center of the Blackstairs Pluton, nor SLl 1, from the eastern Blackstairs Pluton, 

show similar signatures. For the samples in this cluster, it appears that bedrock lithology 

is more important than catchment in determining heavy mineral suite. In each case, this 

headwaters signature is lost downstream (in <10 km) as the rivers enter the aureole and 

sedimentary rocks that eventually provide them with their ultimate downstream heavy 

mineral signature. This grouping of upstream samples, however, proves the efficacy of 

this kind of analysis in correlating a heavy mineral suite to a particular bedrock lithology.
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3.6 Garnet Geochemistry

As an adjunct to the heavy mineral analysis, a geochemical analysis of detrital 

garnet grains was undertaken to determine if there was any geographic variation within 

the garnets that could be linked to provenance. Previous work by Malone (1997) has 

shown that heavy mineral provenance results can be independently confirmed using 

variations in the chemistry of a single mineral species (in the previous study detrital 

ilmenite (FeTiOj) grains were used). Detrital garnets have been used in the North Sea to 

determine sandstone provenance (Morton, 1985), correlate petroleum-bearing source 

rocks (Morton, 1987a) and measure diagenetic effects (Morton, 1987b).

3.6.1 Methodology

Seven samples from the Irish Sea were chosen, ensuring a wide geographic 

spread, along with a single downstream sample from each of the five rivers (Fig. 3.20). 

The 250-63 //m fraction of the heavy mineral suite of each sample, after heavy liquid 

separation, was run through a Franz Isodynamic Magnetic Separator. It was found after 

repeated tests that the bulk of the detrital garnet fraction could be isolated by the 

separator at currents between 0.2 and 0.5 amperes. This magnetic fraction was then 

analyzed optically, and 100+ individual garnet grains were picked out by hand.

These grains were then placed in a mounting medium and deposited in plastic 

plugs; the surface exposing the grains, after drying, was then polished repeatedly until 

polished surfaces of 50+ grains were exposed. These plugs were then carbon coated, 

which reduces their conducting capacity when subjected to a beam of concentrated 

electrons, as in a scanning electron microscope (SEM).
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The garnets were analyzed using a Hitachi S-3000N Variable Pressure SEM, 

which allows for up to 3.5 nanometer resolution (Hitachi, 1998). The SEM works as both 

a backscatter electron photographic unit and as an electron microprobe, conducting 

electron dispersive spectroscopy (EDS) on substances, which provides semi-quantitative 

data on elemental constituents. In the case of the garnets analyzed, each grain was 

analyzed for its proportions of Mn (a high proportion of which denotes spessartine 

garnet), Fe (almandine), Mg (pyrope) and Ca (grossular).

50 grains were analyzed by EDS per sample; the electron beam was focused on 

each grain for a minimum of 100 seconds. In each case, the SEM identified the elements 

of each garnet grain along with elemental proportions. Elemental proportions of Mn, Mg, 

Fe and Ca are given in Appendix 3.

3.6.2 Results

Virtually all the garnets examined, from all 12 samples, were almandine-rich. 

Almandines are the most common garnet varietal type found in sedimentary rocks 

(Mange and Maurer, 1992). Ternary diagrams of each sample locality, graphing each 

individual garnet grain on almandine vs. any combination of spessartine, pyrope and 

grossular, showed a random spread of plots.

However, after normalizing all garnet results for Fe, and plotting the adjusted 

results on ternary diagrams with Ca, Mg and Mn axes, a strong division in garnet 

chemistry between onshore and offshore samples can be seen (Fig. 3.21a,b). Offshore 

samples have what appears to be either a random or possibly bimodal spread of garnet 

chemistries - bimodal in that the garnets appear to be either Mn-rich, or M n-poor and 

evenly distributed in their Ca and Mg proportions (i.e., sample 10-185).
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River samples, on the other hand, are for the most part almost exclusively Mn- 

rich. Garnets from the Barrow, Slaney, Avoca and Vartry all cluster together in the Mn- 

rich portion of the ternary plots. This is due to the input of garnet grains from the contact 

aureole around the Leinster Granite, and especially from the spessartine-rich coticules 

concentrated in the area of the Lugnaquilla Pluton (Kennan and Kennedy, 1983). It 

appears that the vast majority of terrestrial garnets in southeast Ireland are derived from 

these source rocks.

The River Liffey, however, has a somewhat different garnet signature. While the 

majority of local detrital garnets are Mn-rich, just as those found in other catchments, 

there are a number of Mn-poor grains as well. This is most likely due to glacial input of 

sediment containing exotic garnet grains by ice flowing south into the area of the Leinster 

Batholith. The location of LR16, from which these garnets were extracted, is to the east 

of the supposed boundary between the Midlands and Irish Sea Ice Lobes (Fig. 2.3), and 

therefore would have been subject to deposition of tills containing extrabasinal garnet 

grains.

In order to ascertain if there is in fact a quantifiable difference between the 

populations of offshore and river garnets, the elemental percentages of garnets from each 

Location were subjected to a Kolmogorov-Smirnov (KS) statistical test. This test is used 

to determine if two distributions differ significantly.

A cursory examination of the garnet data ternary plots show that the percentages 

of Mn in river and offshore samples appear to be the defining difference between the two 

populations. Therefore it is the Mn percentages of garnets from each location that are 

compared using the KS test.

The test is a measurement of the maximum difference between the cumulative 

relative frequencies of two populations. Comparing this maximum difference with a 

calculated critical value allows one to determine whether two datasets are derived from
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the same parent population; in this case, the test is used to determine whether the garnets 

from rivers and offshore are from the same source based on each groups’ Mn 

percentages. The KS test has the advantage of being insensitive the normality of the data, 

useful since the distributions of Mn percentages in the river and offshore garnet 

populations are not normal. The KS test also has the advantage in that it is not dependent 

on any single statistical parameter of the data, but compares the cumulative distribution 

functions of the datasets as a whole. The null hypothesis (H^) which is being tested in this 

case is that the river and offshore garnets are from the same population, based on their 

Mn proportions.

The critical value for the D statistic at 98% confidence is calculated as:

D = l.6 3 * (n e ‘'^)' eq.Q

In which n̂  is defined as the effective number o f data points, derived from the n values 

for both datasets:

(niXn̂ )

He= ---------  eq. 0

(n,+n2)

Applying the n values for the Mn percentages of river and offshore garnets (n = 

250 and n=350, respectively), the effective number of data points for the two datasets is 

145.83. The critical value for the D statistic in this case, therefore, is 0.135.

To compute the maximum difference between the two datasets under examination 

here (D,), each is expressed as a cumulative distribution function (Fig. 3.22). D, is merely 

the maximum vertical (Y-axis) distance between the two distribution curves. The
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computed maximum difference (D,.) between the cumulative distributions of river garnet 

Mn percentages (n=250) and offshore garnet Mn percentages (n=350) is 0.4<K), compared 

to the critical value derived above of 0.135. The calculated value therefore is greater than 

the critical value, and Hg can be discounted. Thus the two populations of Mn percentages 

can be said to differ significantly, with 95% confidence. As Mn percentages are a 

fundamental property of the detrital garnets from both localities, it can therefore be stated 

that the populations of garnets from offshore and river locations are not derived from the 

same source.

While some offshore samples also show concentrations of Mn-rich garnets, it is 

unclear as to whether these grains are derived from the rivers of the Leinster Massif, or 

brought in by ice from other spessartine-rich terrains. It is certain, however, based on 

these geochemical results that the seabed sediment of the Irish Sea does not show a 

significant similarity to sediment from the rivers of southeast Ireland

Photomicrographs of detrital garnet grains show a variety of morphologies (Plates 

3.10, 3.11, 3.12), ranging from rounded to euhedral and etched (all photomicrographs 

show relatively smooth surfaces normal to the lens axis, as each sample was polished to 

provide as flat a surface as possible). Offshore samples are more likely to contain small 

“blebs” of pure SiOj; the reason for this difference is unclear.

In summary, the major rivers of the Leinster Batholith show heavy mineral suite 

and garnet geochemical signature results that largely match their catchment lithologies. 

The seabed sediment of the Irish Sea, and the sediment of the beaches along the southeast 

coast of Ireland, show a heavy mineral signature and garnet geochemical signature 

significantly different than any found in onshore sediment (Fig. 3.23). Therefore it is 

likely that the sediment of the Irish Sea seabed is derived from a source other than 

southeast Ireland, and the sediment of the local beaches are derived from seafloor
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Avoca / Vartry
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Barrow Catchment

Figure 3.23- Absolute proportions of various heavy mineral species in the bedload sediment of each river and 
on the Irish Sea floor. Am = Amphibole, An = Andalusite, Ap = Apatite, CP = Clinopyroxene (augite), 
Ep = Epidote, Gt = Garnet, MM = metamorphic aluminosilicates, St = Staurolite, Tm = Tourmaline, 
Zr = Zircon, Ot = other heavy mineral species.
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sediment. Similarities in heavy mineral suite or garnet geochemistry between offshore 

and onshore sediments are most likely due to the introduction of extrabasinal material 

into the catchments of local rivers by glaciation.
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Plate 3 .1 - Garnet grains (G) from sample AVOI. Garnets in the Avoca and Vartry catchm ents 
are for the most part anhedral or very rounded, and often have dark cores.

Plate 3.2 - "Alterites" (A) from sample VR04. Grains shown include polym inerallic 
grains and rock fragm ents which were term ed in this study "alterites".
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Plate 3.3 - Tourmaline (T) grain from sample LR16. (An = andalusite grain).

Plate 3.4 - Apatite grain (Ap) from sample LR14.
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Plate 3.5 - Dolomite rhomb (D) from sam ple BW02.

50 um

Plate 3.6 - Euhedral tourmaline grain from sam ple BW 08. The dark color and 
pleochroism of this grain suggest it to be schorl, an Fe-bearing 
tourmaline species. St = staurolite grain.
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Plate 3.7 - Andalusite (An) and Staurolite (St) grains from sample SLI2.

Plate 3.8 - Augite (clinopyroxene) (At) grain from  sample 5-136 exhibiting diagnostic 
"hacksaw" term inations at the grain edges.
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Plate 3.9 - Spodumene (lithium clinopyroxene) grain (S) from beach sample BCH18.

0 0 7 0 8 3  WD19.7:

Plate 3.10 - Photomicrograph of detrital garnet from sam ple 1-191. B =  Blebs of pure silica.



Plate 3.12 - Photomicrograph of detrital garnet from sample AV05.

Plate 3.12 - Photomicrograph of detrital garnet from sample SL03. B = Blebs of pure silica.



Chapter IV

Solute Geochemistry and Catchment Lithology
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4.1 - Introduction

The heavy mineral assemblage of a sediment body can give insight into that 

body’s original source area; it cannot, however, provide information on the flux of 

sediment being carried out of a basin. Heavy minerals are concentrated in a river’s 

bedload, the coarsest fraction of the material mobilized by a river. Largely comprised of 

sand and gravel, bedload is transported either by rolling along the river bottom, or by 

saltation (whereby grains are intermittently raised into and carried by the river flow). The 

percentage of a river’s flux that is carried as bedload is exceptionally difficult to measure, 

as the amount of bedload transport varies both within a river channel itself (with the 

majority of transport taking place within a narrow region of the river’s cross section) and 

over time (often the bulk of transport will take place during discrete higher flow events). 

In studies of sediment transport in rivers such as those of southeast Ireland, a common 

assumption is that the mass of material carried as bedload is less than 10% of the mass of 

the total flux of detrital material, although this assumption does not necessarily hold true 

in higher energy mountainous streams (Gaillardet et al., 1995; Emmett, 1984).

Suspended load is defined as detrital material carried entirely within the water 

column by turbulent fluid flow; it comprises mainly finer grain sized sediment (silts and 

clays), although during floods sand-sized particles can be included in the suspended load. 

Solute (or dissolved) load is material carried as dissolved ions. Together with bedload, 

solute and suspended loads make up the total flux of material carried out of a catchment.

The following chapters are concerned with two objectives. First, an analysis of the 

solute loads of four of the rivers in southeast Ireland -  the Avoca, Slaney, Liffey and 

Barrow- over a period of 10 months was undertaken. In each case, the concentrations of a 

variety of solute constituents are computed. The results for each catchment are then
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compared to the lithology of each drainage basin, which allows for semiquantitative 

estimates of the different rates of weathering within drainage basins.

Secondly, the mass of total dissolved solids (TDS) was calculated for each river at 

varying flows throughout the same 10 month period. These results, along with similar 

results for the major and minor cations and anions examined, are compared to water 

discharge values for each river at the time each sample was taken, in an attempt to 

develop rating curves that can be used to predict TDS and individual cation/anion loads at 

any water discharge levels. The TDS results are then combined with suspended sediment 

results to estimate the total flux of material being carried to the sea by the rivers of 

southeast Ireland.

4.2 - Methodology and Solute Species

Water samples were taken from the Avoca, Barrow, Liffey and Slaney rivers. 

These samples are from sampling stations used regularly by Irish government bodies 

responsible for monitoring of each river. Different agencies of the Irish government are 

responsible for calculating discharge for these rivers -  the Slaney, Barrow and Rye Water 

(a tributary of the Liffey) are administered by the Office of F^iblic Works; the Avoca by 

the Environmental Protection Agency; and the Liffey proper by the Electricity Service 

Board. All discharge data reported later in this chapter were provided by the relevant 

agencies.

The sampling stations chosen for each river were as close to the river mouths as 

possible. Ten water samples were taken from the Avoca, Slaney and Barrow over ten 

months, while nine were taken from the Liffey over the same period. Each sample is an 

amalgam of three surface samples (taken with a bucket and rope from bridges at each 

station) from the center of each channel. It was assumed that the concentrations of solutes
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w ere uniform  throughout the w ater colum n and therefore a sam ple from  each river’s 

surface represents the river's average solute concentration (W alling, 1984).

On three sam pling trips, pure de-ionized w ater was placed into sam pling 

containers identical to those used for the river sam ples and carried along with the river 

sam ples them selves. These control sam ples were subjected to the same transport and 

storage conditions as all river sam ples, as well as to the sam e analytical procedures. The 

results o f these procedures fo r the control sam ples are reported along with river sample 

results.

4.2.1 - D eterm ination and Origin o f M ajor and M inor Cation Concentrations 

4.2.1.1 -IC P -M S  A nalvsis

Subsam ples o f each river sam ple were filtered though 4  f im cellulose filters. 

T hese subsam ples (on average approxim ately 50 ml in volum e) were sent to the Irish 

Central Fisheries Board for inductively coupled m ass spectrom etry (IC P-M S) analysis. 

ICP-M S is a m ulti-elem ent analytical tool used prim arily for the detection and 

concentration m easurem ent o f trace elem ents. Sam ples o f w ater are introduced to  a high 

tem perature A r plasm a (~6000° to 10000 K), which ionizes all solute elem ents in the 

sample. These ions, and their concentrations, are then identified by m ass spectrom etry 

based on their m ass/charge ratio (Spath, 2000). ICP-M S system s can provide precise and 

accurate m easurem ents o f trace elem ents in solution fo r more than 20 elem ental species 

at a time.

The ICP-M S analysis fo r this study provided concentrations fo r 30 different 

cations. O f these, the results for 14 cations, four m ajor and 10 m inor, were chosen for 

further analysis (the designation m ajor or m inor is dependent on w hether results are
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reported in mg/l or //g/1, respectively). The major cations selected are Ca^^, K^, and 

Na^. The minor cations are Al, Ba, Co, Cu, Fe, Mn, Ni, Pb, Sr and Zn. Concentrations of 

these ions are calculated for each sample and later compared to discharge data. Ca"̂ "̂ , K ,̂ 

Mg"̂ "̂  and Na"̂  are recognized as the dominant cations in fluvial systems globally 

(Meybeck, 1987, Meybeck, 1994, Gaillardet et al., 1995) and are dominant elements in a 

majority of mineral systems.

4.2.1.2 - Origin of Major and Minor Cation Species

As water travels over the land surface, its chemical composition is modified by a 

variety of agents, including reactions with organic matter, introduction of ions from 

aerosols, and anthropogenic effects. Chief among the factors controlling the chemistry of 

river water is the input of materials derived from the weathering of rocks (Walling,

1984). This fact, coupled with the effects that precipitation and evaporation have on river 

chemistry, allows for a classification of rivers based on the relationship between TDS and 

a cationic ratio (Na^ /lNa* + Câ " |̂) (Gibbs, 1970). River waters with a high cationic ratio 

but low TDS are termed precipitation controlled', rainwater both introduces Na^ ions and 

dilutes the river water, lowering the concentration of TDS. In arid climates, river waters 

will often show a high cationic ratio (due to the precipitation of calcite and subsequent 

loss of Ca^  ̂in solution) along with correspondingly high TDS concentrations caused by 

evaporation. Such rivers are termed here as evaporation controlled. In between these two 

types are rock weathering controlled river waters, the chemistry of which is a function of 

the weathering of rocks within catchments. TDS values in these waters are higher than 

those in precipitation controlled river waters but lower than those of evaporation 

controlled waters, and the cationic ratios are lower then those found in both evaporation 

and precipitation controlled waters.
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Gibbs ( 1970) plotted a variety of global rivers in terms of these variables. The 

rivers in this study all fall in the area of rock weathering controlled waters, with the 

Avoca and to a lesser extent the Slaney ranging between rock weathering and 

precipitation dominated (the results used for these plots and the methods by which these 

results were obtained are to follow) (Fig. 4 . 1). The Barrow and Liffey are completely 

rock weathering dominated, similar to other rivers of higher northern latitudes such as the 

Volga or Yukon. The Avoca and the Slaney are slightly more precipitation controlled, 

possibly due to lower occurrence of calcareous bedrock in their catchments, and plot 

closer to tropical rivers but still within the limits of rock weathering control. Samples 

from the Avoca, as will be shown, are especially likely to have a higher cationic ratio due 

to elevated Na^ levels introduced by ocean aerosols. Therefore the chemistries of the 

rivers in this study can be considered to be dominated by the weathering of the bedrock in 

their respective catchments.

The introduction of sulfuric acid, derived in part from the oxidation of sulfides 

such as pyrite (Meybeck, 1987), and carbonic acid, from both atmospheric and soil- 

derived CO2, results in the weathering of minerals and release of ions into fluvial 

environments. These acids are formed by reactions such as these:

CO2 + H2O —> CO2 + H2 CO3 eq. (4 .1)

(carbonic acid)

4FeS2 + I5O2 + 8H2O —> 2Fe203 + 8H2SO4 eq. (4 .2)

(pyrite) (sulfuric acid)
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Fig. 4.1 - Model (adapted from Gibbs, 1980) plotting TDS vs. the cationic ratio Na / Na + Ca 
for the rivers from this study, along with select global rivers. The Liffey and Barrow 
(and to a lesser extent the Slaney) chemistries are controlled almost entirely by chemical 
weathering of catchment bedrock, while the Avoca shows a chemistry controlled by both 
bedrock weathering and precipitation, similar to tropical rivers such as the Congo and 
Orinoco. Cation data used for this plot are found in Section 4.3, TDS data are found in 
Chapter 5.
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Reaction o f  catchm ent rocics with such acids results in the creation o f  metal 

cations, bicarbonate and silica  (all in solution) along with clay m inerals (presum ably in 

suspension). Sodium  ions (along with bicarbonate anions and clays) can be thus derived  

from  feldspars (eq. 4 .3 ) by interaction with water and COj, w h ile m agnesium  can be 

separated from pyroxene (enstatite) by interaction with either o f  the com m on acids (eq.

4 .4 , 4 .5); carbonic acid and water also causes the carbonation o f  calcite to produce both

calcium  ions and bicarbonate (eq. 4 .6 )

4 CO 2 +  6 H2O + 4 N aA lS i3 0 g — >  eq (4 .3 )

(albite)

4Na" + 4 HCO 3 +  8 S i0 2  +  4 H4Si0 4

(bicarbonate) (kaolinite)

M gSiO j +  H2O — >  2 HCO 3 +  Mg^^ +  H4Si0 4  eq. (4 .4 )

(enstatite) (bicarbonate) (silicic acid)

+  M gSi0 3 + H P  — >  SO 4 +  Mg^^ +  H4 Si0 4  eq. (4 .5)

(enstatite) (silicic acid)

CaC 0 3  +  H P  + CO 2 o  Ca^  ̂ +  2 HCO 3 eq. (4 .6)

(calcite) (bicarbonate)

T hese and sim ilar reactions result in the release o f  ions into fluvial system s; these  

ions com prise a large proportion o f  the total d issolved  solids in rock weathering  

controlled river waters (G ibbs, 1970; Stumm and Morgan, 1996). T o  varying degrees, 

m ost com m on minerals are susceptible to these kinds o f  reactions, and the proportions o f

2 H 2 C O 3  +  

(carbonic acid)

H2SO4 

(sulfuric acid)
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these ions in river water are therefore related to the lithologies o f  the river catchment 

(M eybeck, 1987).

The cations under exam ination are, for the m ost part, ultim ately derived from the 

weathering o f  com m on rock-form ing minerals (Stum m  and Morgan, 1996). A m ong the 

major cations, ion concentrations are the result o f  the weathering o f  silicate minerals, 

w hile Ca^  ̂and Mĝ "̂  cations are derived from either carbonate or silicate minerals. Na"̂  

ions can be derived from a variety o f  sources. A s show n in equation 4 .3 , the weathering  

o f  silicate minerals (in this case anorthite feldspar) releases Na^ ions. A erosols from the 

sea w ill also introduce NaCl from  seawater; it is the Na^ ions from rainwater that define 

the high cationic ratio demonstrated by precipitation controlled river waters. For 

exam ple, the Na^ ions in solution in the A voca, which w as show n in Fig. 4.1 to be more 

precipitation controlled than the other rivers in this study, are m ost likely largely derived  

from ocean aerosols.

A m ong the minor cations, A1 ions are derived largely from the weathering o f  

silicate minerals. Som e o f  the most com m on mineral species in all rock types are Al-rich; 

certain metamorphic grades are defined by the presence o f  alum inosilicate species. 

M anganese in minerals is also largely ubiquitous; in southeast Ireland it is the principal 

elem ental signature o f  local garnets (Section  3 .6 .2). The spessartine-rich coticules along  

the margins o f  the Leinster Batholith are m ost likely one o f  the ch ief sources o f  Mn ions 

in local rivers. Pb, Zn and Cu ions are com m only found in the solute loads o f  rivers 

draining catchm ents with outcropping m assive sulfide deposits, porphyry copper deposits 

and hydrothermal veins (Stum m  and Morgan, 1996).

Iron, both as Fe^'^and Fê "̂ , is also largely associated with deposits rich in pyrite 

(FeS 2) or pyrrhotite (FeS). U nlike Pb, Zn and Cu, how ever, Fe also  occurs in a w ide  

variety o f  oxide and silicate m inerals, and Fe su lfides and sulfates are found in a w ide  

variety o f  rock types. Including hydrothermal veins, m afic intrusions and contact
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metamorphic rocks. Pyrite can form diagenetically in seafloor muds and in dolomites 

(Deer et al., 1996). Iron can be found in rivers both as dissolved ferrous and ferric iron, 

and more commonly as colloids of ferric hydroxide (Brownlow, 1996). Ionic iron 

concentrations in aerated (free-flowing) waters are exceptionally low compared to the 

occurrence of iron as particulates or colloids (Wetzel, 1983). Colloids are intermediate in 

size between the molecular solutes in true solutions and the larger grain sized suspended 

material; often colloids are submicron in size and as such are not retained by standard 

membrane filters such as those used in this study (Stumm and Morgan, 1996). Mn oxides 

and aluminum silicates are also commonly transported in fluvial systems in colloidal 

form (Stumm and Morgan, 1996).

The sources of four of the trace solute cations examined in this study, Ba, Co, Sr 

and Ni, are more difficult to establish. The principal ore of Ba is barite (BaS0 4 ), which 

commonly occurs both as vein and cavity-filling concretions in limestones, sandstones 

and shales, and as a surficial residue of limestone weathering (Deer et al., 1992). Barite 

exists in a solid solution with celestine (SrS0 4 ), the principal mineral source of Sr, which 

like barite occurs in cavities, mostly in dolomites or dolomitic limestones (Deer et al., 

1992).

Sr and Ba also coexist in carbonate forms as strontianite (SrCOj) and witherite 

(BaCOj), both of which occur as vein fillings. Both minerals are associated with 

sedimentary bedrock lithologies. In addition, Sr has been shown to substitute for C a^  in 

apatite (Barthelmy, 2CXX)).

Like Sr and Ba, Co and Ni share substitution in a common mineral type. Both 

elements can substitute for Fe in pyrite (FeS2) to form vaesite (NiSj) and cattierite (C0 S2). 

The principal ore of Ni is pentlandite (Fe, Ni)9Sg, another Ni for Fe substitution, in this 

case in the form of pyrrhotite. Both pyrite and pyrrhotite are widely occurring minerals, 

found primarily in vein deposits, igneous intrusions (in the case of pyrrhotite, primarily in
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ultram afic and mafic rocks) and sedim entary rocks (D eer et al., 1992). Pyrite is the main 

iron sulfide found along with Pb-Zn deposits.

4.2.2 - D eterm ination and Origin o f Silica C oncentrations

Unlike the solute constituents listed above, silicon (Si) is not carried as charged 

cations but as silica (SiO j). Silica is a prim ary constituent o f a  large proportion o f rock- 

form ing m inerals, the silicates, am ong which are included m ost rock-form ing m inerals 

Including quartz, feldspars, am phiboles, pyroxenes and a m ajority o f m etam orphic 

minerals.

4.2.2.1 - M easurem ent o f Dissolved Inorganic Silicate Concentrations

The determ ination o f the concentration o f dissolved inorganic silicate is based on 

the intensity o f the change in color o f a silica-containing solution when it is treated with a 

m olybdate solution (G rasshoff et al., 1999). In the m ethod used for this study, 5 .0  ml 

(filtered through a cellulose filter) o f each sam ple was com bined with 5.0 ml o f a known 

concentration silicate solution standard (actually 6 standards were used, at 0.0, 0.1, 0.25, 

0.5, 1.0 and 2.0 mg/1 Si concentrations). T o this m ixture is then added a m olybdate 

reagent, prepared by com bining 38 g o f am m onium  heptam olybdate tetrahydrate 

((NH4)Mo7024*4H20) with 300 ml water. T his solution is then added to 300 ml of 

sulfuric acid. A fter 15 m inutes 0.2 ml o f oxalic acid is added (10 g o f oxalic acid 

dihydrate ((C 0 0 H)2*2 H2 0 ) in 100 ml deionized water).

The com bination o f the silica solution with the above m olybdate reagent creates 

an intensely blue silicicom olybdic com plex that is stable for several hours. M easuring the 

intensity o f this color (by m easuring the absorbance o f light at 810 nm ) provides a
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measurement o f  the concentration o f  d issolved  silicate in the original sam ple. S ilicates in 

colloidal form are a lso  detectable by this technique and are included in the final 

concentration m easurement (G rasshoff et al., 1999).

4 .2 .2 .2  - Origin o f  Silicate

S ilica is found in fresh water in tw o form s. The first is d issolved  silic ic  acid, 

form ed by the hydrolysis o f  S i0 2 :

SiO^ +  H P  — >  H4Si0 4  Eq. (4 .7)

It is also present as particulate silica, which is either a constituent o f  biotic 

material (especially  diatom s) or in abiotic com plexes with iron and aluminum  

hydroxides. The vast majority o f  river-borne silica is derived from the denudation o f  

alum inosilicate rocks, a fact reflected by the relationship between silica  concentrations in 

groundwater and aquifer lithology (W etzel, 1983). T he general rule is a decrease in o f  

solute silica  concentration in groundwater in aquifers com posed o f  volcanic >  plutonic >  

feldspar and volcanic fragment-rich sedimentary >  carbonate rocks (W etzel, 1983).

S ilica differs from other major solute constituents o f  river water in that variations 

in its concentration depend less upon changes in discharge and more due to diurnal 

variation and, in lakes, seasonal variation related to the uptake o f  d issolved  silica  by 

diatom s (W etzel, 1983). During the early winter and spring diatom form ation and thermal 

stratification o f  lakes can result in silica concentrations at the surface that are 

undetectable analytically (W etzel, 1983). M eybeck (1994) show s that in tributaries o f  the 

M acK enzie River in western North A m erica the S i02  level is less than half that o f  regions
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with similar catchment lithologies and climates, most likely due to the high uptake in the 

many lakes of the MacKenzie basin.

The ratio of dissolved silica to total silica transported in a fluvial system is also 

highly variable and largely dependent on the amount of bedload and suspended sediment 

carried by the system. In regions of high gradient and therefore high mechanical erosion, 

the ratio can be as low as 0.3%, while in lowlands with less bedload and suspended 

transport it can be up to 40% (Meybeck, 1994).

4.2.3 - Determination and Origin of Anion Concentrations

In a study of pristine streams draining sands in southwestern France, Meybeck 

(1994) showed that the concentration of NaCl declined rapidly from the coastline to 

20km inland, then decreased at a lower rate from 20 km to 100 km inland. The 

concentrations of other major cations (specifically Mg"̂ ,̂ and K^) in the study 

decreased from a peak at the coastline to a low at 20km inland, and then steadily 

increased from 20km to 100km from the coast (this increase may be partly due to other 

aerosol effects including those produced by pine forests) (Meybeck, 1994). For the rivers 

studied here, the sampling locations for the Slaney and the Barrow were farther than 

20km inland and the concentrations of cations measured in each therefore should not be 

greatly affected by ocean-derived aerosols. The Liffey sampling location is 

approximately 15km from the river mouth; however the Liffey debouches not directly 

into the ocean but into Dublin Bay and as such the aerosol effects may be somewhat 

mitigated but not entirely absent. The sampling station for the Avoca is less than 10km 

from the coastline and therefore these effects must be taken into account. It is possible 

that the measured concentrations of Na"̂  and Cl ions in the Avoca and Liffey may be 

elevated by ocean-derived aerosols.
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For this reason, chloride, a common fresh water anion, was not measured as part 

of this study. Chloride has not been shown to be present in significant concentrations in 

waters draining bedrock such as that o f the Leinster batholith (granite, schist/gneiss, 

volcanics, sandstone and carbonate) (M eybeck, 1994); o f local rock types only marine 

siltstones and slates would be expected to yield elevated Cl levels. As such, most o f the 

dissolved chloride in at least two o f the rivers studied (the L iffey and the Avoca) would 

most likely be derived from atmospheric aerosols. The determination o f anions in the 

river waters was therefore limited to a determination o f alkalinity (M acKereth et al., 

1978).

Carbonate species in solution are among the major anions found in solute 

concentrations and their occurrence largely relies on a variety o f external conditions. 

Along with basin denudation, carbon in solution (as H C O 3  , COj^ or C O 2 ) is introduced 

to a river’s solute load by atmospheric precipitation, which in turn is initiated by volcanic 

activity, the combustion o f fossil fuels and the oxidation o f organic matter (Stumm and 

Morgan, 1996). The measurement o f carbon in solution is dependent on the form in 

which carbon is present; therefore the question o f origin must be addressed before 

describing the method used to determine concentration.

4.2.3.1 - Origin o f Carbonate Anions

The percentages o f the three carbonate species found in solution in fresh waters 

are dependent on the waters’ pH: at low (<  4 ) pH all carbonate is in the form  o f H 2 C O 3 , 

or carbonic acid, formed by the reaction o f aqueous carbon dioxide and water (eq. 4.8). 

The reaction o f carbonic acid with hydroxyl ions ( O H ) results in the acid’s breakdown 

(eq. 4 .9 ) and the creation o f H C O 3 :
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H P  + C 02 (a q ) S R  H^COj e q . (4 .8)

H 2 CO 3 + OH S R  HCO 3  +  H 2 O eq. (4 .9)

T herefore at higher pH, carbonate is found more as bicarbonate (HCO3). A t a pH o f  6.35  

(and a temperature o f  25°C , pressure o f  1 atm) the proportions o f  bicarbonate and 

carbonic acid in solution are equal (B row nlow , 1996). A t a pH o f  ~ 8 .6 , all the carbonate 

in solution is in the form o f  HCO3, and at higher pH values the concentrations o f  CO% 

and bicarbonate are the same. There is a gradational shift therefore from carbonic acid to 

bicarbonate to carbonate anions with rising alkalinity; for exam ple, at a pH o f  9 , 95%  o f  

the carbonate in solution w ill be HCO3 and 5 % w ill be C 0%  (B row nlow , 1996). H ence, 

at the pH values found for the river sam ples exam ined in this study (Fig. 4 .2 , Table 4 .1 ), 

the vast majority o f  carbonate identified is in the form o f  HCO3 .

Previous studies (H olland, 1978, Berner at al., 1983, M eybeck, 1987) have 

established that, on a global scale, bicarbonate originates ch iefly  from atm ospheric 

C O 2  (70%  on average), with the remaining bicarbonate derived from mineral weathering. 

A t the measured levels o f  pH and carbonate concentrations (tables 4 .4 ,4 .8 ,4 .9 ,4 .1 4 )  in 

the sam ples studied it w as assum ed that the bicarbonate found is largely due to 

weathering o f  carbonate bedrock (N . A llott, pers. com m .). M odels from previous studies 

have estim ated that over 60% o f  the non-atm ospherically derived bicarbonate in global 

river waters com es from the weathering o f  carbonate bedrock (M eybeck, 1987). These  

assum ptions are, as to be shown later, borne out by the relationship between river HCO 3  

concentrations and catchm ent bedrock lithologies.
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Fig 4.2 - pH values for all river water samples. Avoca waters are the m ost acidic while Barrow waters the least. 
Sam ple LR W 04 becam e algae-rich during storage, thereby reducing its pH from  its original value.



Avoca*
Samole MsSO.fmn dH
AVWOl 0.035 6.51
AVW02 0.000 5.06
AVW03 0.014 5.66
AVW04 0.032 6.38
AVW05 0.027 6.16
AVW06 0.030 6.31
AVW07 0.025 6.09
AVW08 0.038 6.64
AVW09 0.037 6.57
AVWIO 0.045 6.91

Mean pH= 6.23

Barrow
Samole MgSO,(ml) pH
BWWOl 7.324 7.10
BWW02 10.214 8.03
BWW03 13.150 8.97
BWW04 12.600 8.79
BWW05 11.494 8.44
BWW06 9.078 7.66
BWW07 13.348 9.04
BWW08 13.446 9.07
BWW09 9.248 7.72
BWWIO 10.522 8.13

Mean pH= 8.29

Slaney
Sample MsSO. fml) dH
SLWOl 2.962 7.69
SLW02 3.336 7.62
SLW03 3.956 7.49
SLW04 3.430 7.60
SLW05 4.260 7.43
SLW06 4.338 7.41
SLW07 3.688 7.54
SLW08 3.406 7.60
SLW09 3.272 7.63
SLWIO 2.878 7.71

Mean pH= 7.57

Liffey
Sample MgSO.fmn pH
LRWOl 7.660 7.12
LRW02 13.654 8.42
LRW03 13.624 8.41
LRW04 2.304 5.96
LRW05 8.626 7.33
LRW06 11.974 8.05
LRW07 10.990 7.84
LRW08 12.100 8.08
LRW09 11.776 8.01

Mean pH= 7.69

Table 4.1 - Initial pH values for all samples.
* - Avoca samples all titrated using Gran titration method (see text) 
** Sample LRW 04 was contaminated by algae during storage
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4.2.3.2 - Measurement o f Bicarbonate Concentrations

Determining the concentration o f bicarbonate in the rivers involves a simple 

titration of each sample with a .001 mol/1 solution o f magnesium sulfate (M gS 0 4 ). A  

subsample o f each river sample is filtered. After determining the initial pH o f each 

sample, 50 ml o f the sample are isolated and sulfuric acid solution added incrementally 

until the sample pH is reduced to 4.5. The volume of the acid used to titrate the sample 

(in ml) is equal to the concentration (in mg/1) o f carbonate. This method is unable to 

differentiate between the three forms of carbonate in solution, but as has already been 

shown at the pH values recorded it is assumed that the bulk o f carbonate is in the form of 

HCO3.

Samples from the Avoca, however, are at pH levels more in keeping with the 

presence o f a substantial minority concentration of carbonic acid. Such a situation 

requires a Gran titration  , which involves incremental titrations o f a sample with discrete 

quantities o f sulfuric acid. The sample is titrated with acid solution until a pH of 4 .4 , then 

.150 ml o f acid solution are added, and resulting pH recorded, in two subsequent 

intervals. These results are then subjected to a graphical procedure based on the 

assumption that added increments o f acid result in a linear decrease in alkalinity (Stumm  

and Morgan, 1996). The point o f equivalence between HCO 3  and the acid solution is 

located along a line determined by the empirically derived plots o f the three titrations. 

The necessary calculations were conducted using a Microsoft Excel© script written by 

Norman Allott o f the Trinity College Centre for the Environment. The results o f these 

Gran titrations o f Avoca samples, as will be seen, show low HCO 3  values, as would be 

expected in waters with such low pH.
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4.3 - Solute Geochemistry and River Catchment Lithology

The solute constituents identified and measured in this study, therefore, consist of 

major and minor cations, Si02, and bicarbonate. Each corresponds to one or more mineral 

source. The results of the analytical methods described above were then compared to the 

bedrock lithologies of each river catchment.

The chemistry of material being carried as solute load within a river is related to 

the lithology of the bedrock of the river’s catchment (Meybeck, 1987). This is not to say, 

however, that the concentrations of individual solutes (or for that matter the concentration 

of total dissolved solids) are entirely due to chemical weathering (Walling, 1984). Ions 

are added to the total solute load of surface waters naturally by atmospheric inputs, plant 

and soil activity, and groundwater. These are compounded by anthropogenic inputs from 

both agricultural and industrial sources; these sources are especially pertinent in southeast 

Ireland, an area of intensive farming. A common assumption in studies such as this is that 

less than half of the total solute load of rivers is derived from denudational sources 

(Walling, 1984). This rule of thumb varies with different bedrock lithologies; in areas of 

non-carbonate bedrock, such as the catchments of the Avoca and Slaney, bicarbonate 

may be entirely derived from non-denudational sources (Walling, 1984).

Solute concentrations can be used to gain insight into the rates of denudation 

within catchments of heterogeneous bedrock lithologies. Previous studies have 

established relationships between the concentrations of particular ions in solution and the 

bedrock lithologies of the rivers’ catchments. Meybeck (1986) conducted a study in 

which the solute loads of a group of French rivers were analyzed. The rivers studied were 

chosen on the basis of each being: a) perennial; b) relatively unpolluted, which 

necessitated disallowing any river the catchment of which contains any village, farm or 

paved road that may be salted for de-icing; c) greater than 150 km from the sea, thereby
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minimizing the effect of ocean aerosols; and d) associated with a monolithological 

catchment.

Obviously the four rivers analyzed in this study do not match all of these criteria. 

Each is perennial, but the catchments of all four are heavily agricultural and populated 

(although the Irish climate precludes the necessity of de-icing roads), and none of the 

sampling sites are greater than 50 km from the ocean. Most importantly, each catchment 

comprises a variety of bedrock types.

Nonetheless the model developed by Meybeck is applicable in southeast Ireland. 

Based on the results of the 1986 study Meybeck created the Temperate Stream Model 

(TSM). The model used the compositions of the different French rivers (that is, the 

proportions of the various solute concentrations in each) to establish a representative river 

chemistry for each rock type (since in the study the lithology of each catchment was the 

only major variable affecting solute chemistry). The proportions of the various rock types 

outcropping on the world’s continents were ascertained. These data were then used to 

create a theoretical average global river chemical composition, based on the weighting of 

the relative contributions of the various rock types on the Earth’s surface. The theoretical 

averages of solute constituents predicted by the TSM were then compared to the actual 

measured values in rivers worldwide, and were found to closely match the empirically 

derived values - for example, Mg^^ concentrations in a variety of rivers studied by 

Meybeck (1987) average 259 while the predicted value is 268 ;/eq/l. Similarly, Na^ 

concentrations were found to be 154 //eq/1 as compared to a predicted concentration of 

159 //eq/1. This process therefore allowed the author to determine just how much of a 

given dissolved element was being derived from what bedrock or mineral source 

(Meybeck, 1987).

The values obtained from this global average solute load (the percentages of 

global solutes that are derived from different bedrock lithologies) can then be applied to
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individual catchments with heterogeneous catchment lithologies. One can therefore 

determine how much of a particular solute species is derived from a particular bedrock 

type. Instead of applying the TSM to the entire heterogeneous surface of the Earth to 

obtain a global average solute load, one can apply the model to a single heterogeneous 

catchment, and the difference between the catchment's solute load and the global average 

solute load should (all else being equal) be due to the proportions of different bedrock 

lithologies.

For example, the TSM shows that crystalline bedrock (that is, granite, gabbro, 

metamorphic rocks, volcanic rocks, etc.) comprises 33.9% of global outcrop, but that 

only 11.6% of solutes in the global average are derived from crystalline rocks (Meybeck, 

1987). Conversely, evaporites comprise 1.25% of global bedrock but account for 17.2% 

of global solute load. These same proportions hold true within individual catchments - a 

river whose basin is composed of equal amounts of halite and gabbro outcrop would 

carry a solute load rich in Na^, and of the concentration Na"̂  substantially more would be 

derived from halite than gabbro. The TSM-derived values of the contribution of each of 

these rock types to the global Na"̂  concentration can be applied to this theoretical 

halite/gabbro catchment to ascertain the relative contributions of each rock type to the 

Na^ concentration in that river.

There are of course assumptions inherent in this model. For example, it must be 

assumed that the total water draining each bedrock type is in proportion to the area of its 

outcrop. This is of course not always true among different climatic zones. However, in 

the case of southeast Ireland this is most likely a safe assumption since all four 

catchments occupy the same climatic area. The influx of pollutants in the catchments 

studied is unknown, but for the purposes of this study the bulk of pollutants was assumed 

to be nitrates and other products of agricultural activity (M. MacCarthaigh, pers. comm.), 

not any of the ions under examination . As for the introduction of salts via oceanic
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aerosols, as previously stated, the proximity of the catchments to the Irish and Celtic Seas 

makes the validity of Cl results highly suspect. cations are considered to be 

somewhat greater than would be expected by the weathering of bedrock alone, although it 

is difficult to quantitatively constrain just how much Na^ is from non-denudational 

sources.

Table 4.2 and figure 4.3 shows the TSM-derived percentages of different major 

solute constituents (SiOz, Ca^ ,̂ Mg^^, Na"̂ , HCO 3 ) from various bedrock types, along 

with the percentage of each rock type of the total continental surface. Also shown are 

Meybeck's (1987) relative chemical erosion rates (RER) for all major global rock types. 

The rates are reported as ratios compared to granite, the most resistant to chemical 

weathering of the major rock types, and are computed by a simple formula:

RER = (% C W rt)(%  O rt) / (% C W g)(% O g) eq (4.10)

In which RER is the relative chemical erosion rate, C W r̂  ̂ is the percentage of the total 

major cations derived from a given rock type, O rj is the outcrop of that particular rock 

type as a percentage of the total continental surface area, C W q is the the percentage of the 

total major cations of cations derived from granite, and O q is the percentage of outcrop of 

granite.

O f the rock types listed, four -  gypsum, rock salt, gabbro and miscellaneous 

metamorphic rocks (serpentinite, marble, etc.) -  do not outcrop with any appreciable 

frequency in the catchments examined in this study. As shown in Table 4.2, therefore, the 

ratios of erosion rates for southeast Ireland range between 1 for granite to 12 for 

carbonates. Shales, it must be noted, have a relatively high rate of chemical erosion due 

to the easily weathered nature of calcareous and pyritic shales, which comprise roughly 

12% of global shale outcrop (Meybeck, 1987).
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Rock Type RER Si02 Ca^^ Mg^^ Na^ HCO3 Outcrop %

Granite 1 10.90% 0.60% 1.20% 5.90% 4.90% 1.60% 10.40%
Gneiss & Schist 1 0.75% 0.00% 1.10% 0.00% 0.00% 0.30% 0.60%
Gabbro 1.3 11.70% 1.10% 2.80% 6.60% 8.20% 2.00% 12.70%
Misc. Meta.* 1.3 1.50% 4.70% 3.20% 0.30% 1.60% 4.70% 2.30%
Volcanics 1.5 11. 10% 1.80% 4.90% 5.40% 6.60% 4.20% 7.90%
Sandstone 2.5 16.60% 2.10% 3.80% 5.20% 19.60% 2.30% 15.80%
Shale 5 35.10% 19.90% 30.70% 22.60% 41.00% 22.50% 33.10%
Carbonates 12 11.30% 60.40% 39.30% 3.50% 13.10% 59.50% 15.90%
Gypsum 40 0.50% 7.20% 7.20% 4.90% 1.60% 1.70% 0.75%
Rock Salt 80 0.40% 2.20% 5.80% 45.60% 3.30% 1.20% 0.50%

Table 4.2 - Origin of solute constituents by rock type (% of total solute). 
RER is the relative chemical erosion rates by rock type; outcrop % 
is the percentage of each rock type at the continental surface. 
Adapted from Meybeck (1987).
* Misc. Meta, includes marble, serpentinite, etc.
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* Misc. Meta, includes marble, serpentinite, etc.
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The TSM was applied to the river catchments in this study. In each case, the 

proportions of the various bedrock types in each river’s catchment were computed using 

ESRI Arc/Info© Geographic Information Systems software. These data were then 

compared with the average concentrations of the major and minor ions, silica and 

bicarbonate. Using the TSM, the proportions of each concentration that is derived from 

each different bedrock type were then estimated, and these results compared to average 

concentrations of the minor cations. While the TSM is not applicable to minor cation 

data, the relative proportions of these cations within each river can be compared to each 

catchment lithology.

4.3.1 - River Catchment Lithology Percentages

As is shown in Table 4.3 and Figure 4.4, the four rivers studied fall into two 

categories. The Avoca and Slaney catchments are largely composed of plutonic or 

metamorphic rocks, with little in the way of either carbonate or siliciclastic sedimentary 

bedrock. This may be somewhat oversimplifying the catchment lithologies, however -  

each formation mapped was classified based on its primary rock type, despite the 

presence of more than one lithology in some formations. For example, many of the 

Ribband Group rocks in the catchment of the Slaney comprise both slates and silt- or 

sandstones (Fig. 2.7), but as they are listed primarily as slates these formations are 

categorized as metamorphics.

The Barrow and the Liffey, on the other hand, are characterized by high 

proportions o f sedimentary rocks, primarily carbonate. The Liffey has a higher proportion 

of granite than the Barrow, and virtually no metamorphic outcrop. It is important to note 

that the limestone outcrops in both rivers’ catchments contain a high proportion of 

dolomite, as shown in Chapter 2. The exact ratio of dolomite to limestone among the
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Avoca
Bedrock Type______
Granite
Volcanics
Schist/Slate/Quartzite
Sandstone

Total =

Arearkm^'t Percent
170.41 32.74%
21.51 4.13%

305.09 58.62%
23.45 4.51%

520.46

Liffey
Bedrock Type Areafkm^) Percent
Granite 322.84 21.79%
Limestone 690.32 46.60%
Sandstone 115.73 7.81%
Shale 352.60 23.80%

Total = 1481.50

Barrow
Bedrock Type Area (^m") Percent
Granite 412.06 8.22%
Limestone 2897.73 57.79%
Sandstone 579.27 11.55%
Schist/Slate/Quartzite 449.35 8.96%
Shale 655.44 13.07%
Volcanic 20.46 0.41%

Total = 5014.32

Slaney
Bedrock Type Area (km^) Percent
Granite 680.60 34.25%
Limestone 0.53 0.03%
Sandstone 24.75 1.25%
Schist/Slate/Quartzite 989.84 49.82%
Shale 18.55 0.93%
Volcanics (& Slates) 272.65 13.72%

Total = 1986.92

Table 4.3 - Proportions of each catchment occupied by each of 
the TSM bedrock categories.

163



Pe
rc

en
ta

ge
 

Pe
rc

en
ta

ge

60

50

40

30

20

10

0

w
'c
2

O

u
cdCOx>ua

U
co
V5•oc

c/5

c/5
■;:5 N

t: 
^  § 
c>5 a

Lithology

Lithology

Barrow

c«
C/5

ccd
o
>

0>W)
s
c
O
OCu

Avoca

Lithology

50

40<D 01)
CC

§ 30

I
20

10

0

2
O

c

Urna
U

Vco
c/3■oc
C3

C /5

<u

s
C3
3

a
D
CO

c/5

C/3

o
c/5

Lithology

Slaney

c
_o
o
>

_ «
cS

J ZOD

Fig 4 .4  - Percentages w ithin each river catchm ent o f the lithology types used in the Tem perate Stream  M odel (TSM ) 
(M eybeck, 1987) to calculate the origins o f the m ajor solute constituents (Ca^^, Mg''” ,̂ N a t  K t S i0 2 ,  H C O j ). 
The A voca and Liffey catchm ents are com posed o f only four of the ten rock types considered by the TSM , 
and are dom inated by m etam orphics and carbonate/shale, respectively. The Slaney and Barrow both contain 
six o f the ten TSM  rock types, but differ in that the Slaney catchm ent is dom inated by crystalline rocks, the 
Barrow by carbonates.



carbonates along the western edge of the Leinster Batholith is unknown, but the presence 

of this dolomite must be taken into account in any analysis of Barrow and Liffey solute 

chemistry.

To determine the contributions of each bedrock type in a river catchment to that 

river's load of a particular solute constituent, the TSM global origin data was adapted. 

Firstly, the ratio of each solute constituent (as a percentage, Q ) to the rock type from 

which it's derived (as a percentage of the total continental surface, A„) was computed (eq. 

4.4). For example, 5.9% of the global load of Na^ is derived from granites, which 

comprise 10.4% of the continental surface (Table 4.2). The ratio in this case of Q  to Ag = 

0.059 * 0.104 = 0.57.

R = Q / A g  eq .(4 .4)

This ratio (R) is a measurement of how much of a particular solute constituent 

comes from a particular rock type, regardless of how much area that rock type occupies. 

This ratio was then multiplied by the percentage of that rock type that makes up a 

particular catchment (A J, resulting in a value D (which is the percentage of a constituent 

due to that rock type if all rock types in the catchment contributed equally) (eq. 4.5).

D = R * A, eq. (4.5)

Again continuing with our example, the R value for granite-derived Na^ (0.57) is 

multiplied by the percentage of a catchment, in this case the Slaney, that is composed of 

granite (Ag). The Slaney catchment is 34.25% granite; therefore R in this case = 0.57 * 

0.3425 = 0.1952 (D).
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These D values are computed, as stated, for each solute constituent by each rock 

type, and are then normalized to 100%. This provides the percentage of the total 

concentration of that solute constituent that is derived from each rock type.

With the Slaney Na* values, after computing the D value for granite-derived Na+, 

the same is done for all the other rock types occurring in the Slaney catchment. Rock 

types that are listed in the TSM but are not found in the Slaney catchment, such as 

gabbro, are ignored (since the D values for such rock types would be by definition zero). 

Listed below are the values for this example:

Rock Tvpe C ^ A. R_ Slanev Area D

Granite 5.90% 10.40% 0.57 34.25% 0.19

Schist/ 6.60% 12.70% 0.52 49.82% 0.26

Gneiss

Volcanics 5.40% 7.90% 0.68 13.72% 0.09

Sandstone 5.20% 15.80% 0.33 1.25% 0.004

Shale 22.60% 33.10% 0.68 0.74% 0.006

Carbonates 3.50% 15.90% 0.22 0.03% 0.00006

Each of these D values is than normalized to 100% to find the percentage of Na"̂  

in the Slaney solute load (Q ) that is due to each rock type (eq. 4.6):

Q  = ( D / 2 D )  * 100 eq. (4.6)

Applying the above to Na"̂  concentrations in the Slaney, results show that gneiss 

and schist, along with granite, are responsible for the bulk of (Table 4.14). 

Carbonates are responsible for I/IOOO"' of the Na^ in the Slaney, due to both the fact that
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carbonates in general supply very little Na^ to the world's rivers, and that there is very 

little carbonate outcrop in the Slaney catchment..

T he Q  values for each o f  the major solute constituents, by rock type, were 

calculated and are reported in the fo llow in g  sections. The results o f  the adapted TSM  

show  values for the percentage and actual amount o f  a solute constituent in a river that 

are due to the weathering o f  a particular bedrock type. T hese values are what would be 

predicted in a “c lo sed ” system , in which all solute is the product o f  denudation. This is 

obviously  not the case; as previously stated, up to 70%  o f the bicarbonate is o f  

atm ospheric derivation, and o f  the remaining constituents fu lly  half may be derived from  

som e source other than bedrock denudation. T hese values should be kept in mind during 

discussion  o f  the T SM  results from  the rivers in this study.

4 .3 .2  - The O rigins o f  River A voca  Solutes

4.3.2.1 - A voca Major Cation. S ilica and Bicarbonate Concentrations and 

Origins

T he A voca  has the low est average concentrations o f  each o f  the major cations 

(S iO j, Ca^^, Mg"̂ ,̂ Na^, K^, HCO 3 ); o f  all solute constituents accounted for by the TSM  

only silica is found in higher concentrations in the A voca  than in other rivers. The 

catchm ent o f  the A voca  lacks any carbonate outcrop; as such the A v o ca ’s solute load has 

relatively low  average concentrations o f  both Ca"̂  ̂and bicarbonate (Table 4 .4 , Fig. 4 .5). 

The bulk o f  both these constituents are derived from the plutonic and metamorphic rocks 

in the catchm ent. C a^  ions are introduced to the river by the weathering o f  calc-alkaline  

granitic rocks. Very little carbonate is present in these rocks, and o f  the measured value 

approxim ately 70%  w ill have been introduced by atm ospheric sources (M eybeck, 1987).
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Ca (mg/n K(m g/n Mg (mg/H HC0 3 (mg/n SiO^frng/n
AVWOl 9.00 1.20 3.69 9.84 0.70 2.39
AVW02 9.47 1.38 4.25 11.31 -0.04 2.60
AVW03 6.78 1.23 3.06 10.05 0.29 2.25
AVW04 7.20 1.19 3.38 9.62 0.64 2.20
AVW05 8.68 1.06 4.26 9.57 0.53 2.42
AVW06 10.28 1.18 4.69 11.99 0.60 2.57
AVW07 6.90 0.86 3.25 8.63 0.50 2.02
AVW08 7.35 1.05 3.55 10.01 0.76 1.82
AVW09 8.77 1.69 1.56 5.19 0.73 1.43
AVWIO 8.25 0.86 2.50 7.79 0.90 2.25

Average 8.27 1.17 3.42 9.40 0.56 2.19
Stan. Dev. 1.18 0.24 0.92 1.90 0.27 0.36

Table 4.4 - Concentrations in mg/1 of major cations, bicarbonate and silica 
in River Avoca samples.
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Avoca Barrow Liffey Slaney Avoca Barrow Liffey Slaney

12

Avoca Barrow Liffey Slaney

Avoca Barrow Liffey Slaney

Avoca Barrow I .iffey Slaney

250

U 100

Avoca Barrow Liffey Slaney

Fig. 4.5 - Average percentages of the major cations, silica and bicarbonate for each river. The 
bicarbonate percentage for the River Avoca is <1.0 %. The Barrow and Liffey have the 
highest values for each constituent except for silica.
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The remainder is derived primarily from the metamorphic rocks of the contact aureole. 

The small input of bicarbonate from these source rocks accounts for the A voca’s 

bicarbonate load being more than two orders of magnitude less than the other rivers 

studied.

The lack of outcropping carbonates also explains, in part, the low Mg"̂ "̂  

concentration values (according to the TSM, carbonate bedrock would account for 

45.17% of any Mg"̂  ̂found in rivers draining bedrock such as that found in southeast 

Ireland) (Table 4.5, Fig. 4.6). What Mg"̂ ,̂ Na"̂  and are found in the Avoca solute load 

are predicted by the TSM to be mostly the result of weathering of metamorphic rocks., 

although the Na"̂  value as a whole is probably exaggerated by aerosol effects.

The most interesting major constituent solute results are those for silica. The 

Avoca shows an average for silica similar to those of the other rivers; however,the 

Slaney, Liffey and Barrow have virtually no silica in several of their samples, while silica 

contents are fairly uniform through all Avoca samples (Table 4.4).

The reason for this discrepancy is not immediately evident. Wetzel (1983) 

described variations in silica concentrations within lakes that are both seasonal and 

spatial. As previously stated, lake silica concentrations show a dramatic decrease in the 

early winter and spring months; in the water column of eutrophic lakes the silica 

concentration at the surface can often be undetectable analytically (Wetzel, 1983). 

Diatoms, as stated earlier, are the major sink of silica in lake waters.

One of the major hydrographic differences between the Avoca and the other three 

rivers studied is the presence of multiple weirs on the Barrow, Slaney and Liffey that are 

not found in such numbers along the Avoca. While these three rivers are by no means 

standing bodies of water, along their length each has areas of standing water behind 

weirs. In addition, monitoring stations along the Liffey, Barrow and Slaney are placed
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Granite
Gneiss & Schist
Volcanics
Sandstone

Granite
Gneiss & Schist
Volcanics
Sandstone

Granite
Gneiss & Schist
Volcanics
Sandstone

% solute derived 
from rock type

Total solute derived 
from rock type (mg/1)

Ca
22.21%
59.69%
11.07%
7.04%

K"

24.75%
60.74%
5.54%
8.97%

18.57%
63.51%
12.60%
5.33%

++

Total =

Total =

Ca
1.84
4.94
0.92
0.58
8.27

K"

0.29
0.71
0.06
0.10
1.17

Total =

Mg
0.63
2.17
0.43
0.18
3.42

++

Granite
Gneiss & Schist
Volcanics
Sandstone

Granite
Gneiss & Schist
Volcanics
Sandstone

Granite
Gneiss & Schist
Volcanics
Sandstone

% solute derived 
from rock type

Na
34.82%
57.11%
5.30%
2.78%

Si02
34.71%
54.63%
5.87%
4.79%

HCO,
29.42%
53.92%
12.83%
3.83%

Total solute derived 
from rock type (mg/1)

Total =

Total =

Total =

Na
3.27
5.37
0.50
0.26
9.40

SiOj
0.76
1.20
0.13
0.10
2.19

HCOj-
0.16
0.30
0.07
0.02
0.56

Table 4.5 - Origins of major solute constituents in the River Avoca and solute contributions from each rock type 
predicted by the TSM.
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alongside man-made obstructions, while along the Avoca and its tributaries these stations 

are attached to naturally-occurring rock outcrops that do not significantly interrupt flow 

(MacCarthaigh, 1995). The Liffey is actually dammed in two places and as such empties 

into two large reservoirs along its length.

These areas of slow-moving water may act as sinks for silica. It is interesting to 

note that, firstly, the low concentrations of silica only occur in the rivers along whose 

lengths can be found areas of low flow. Secondly, these low concentrations are found in 

samples taken in both December and in April and May, agreeing with W etzel’s assertion 

that low silica values are conspicuous during the early winter and spring. A possible 

scenario involves two processes. Silica is taken up in the reservoirs and large areas of 

standing water along the Liffey, Barrow and Slaney by biological activity. Concurrently, 

the stratification of the standing waters that occurs in the early winter and spring results 

in low to nonexistent silica concentrations at the rivers’ surface. Weirs by their nature 

only allow surficial waters to pass over them to continue downstream; therefore these 

weirs could be acting as barriers to the flow of water with higher silica concentrations 

found at depth in these three rivers. The unfettered Avoca would not be subject to either 

of these effects; in general this river would in any event have relatively higher silica 

values than the other rivers due to its higher proportions of granites and metamorphic 

bedrock within its catchment, which according to the TSM together account for a quarter 

of worldwide silica solute production.

It is important to note that the silica values for the control samples, which are 

ostensibly entirely deionized water, are well above zero and are in fact higher than many 

of the measured sample results (Table 4.6). The reasons for this are unclear. It is possible 

that the margin for error of the silica measurement is greater than the values recorded for 

the control samples. This does not, however, explain the repeated measurements of zero 

silicate in the Liffey, Barrow and Slaney, nor the seasonal variation evident in each river.
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Ca^^(mg/1) K^(mg/n Mg^ (̂'mg/1~) Na^(mg/1)
Control 1 1.37 0.14 0.13 0.33
Control 2 0.27 0.08 0.06 0.27
Control 3 0.56 0.09 0.06 0.47

HCO:i (mg/n SiO-) (mg/n AKwa/l) Ba(/<g/l
Control 1 3.96 0.24 5.70 15.44
Control 2 2.24 0.66 6.87 10.27
Control 3 2.56 1.18 5.53 6.53

Co(us./\)____ Cu(/^g/l)____ Fe(^g/I) Mn(^g/I)
Control 1 0.13 8.86 27.36 0.71
Control 2 0.14 8.96 33.45 1.03
Control 3 -0.15 10.46 8.78 1.01

Ni(/<g/l) Pb(/<g/l) Sr(^g/1) Zn(^g/n
Control 1 0.04 0.69 1.91 36.30
Control 2 -0.32 1.16 0.77 14.11
Control 3 -0.04 0.43 0.57 14.08

Table 4.6 - Concentrations of all solute constituents in control samples.
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A more likely explanation is that the deionized water used for the control samples does 

contain some silica, which does not in fact occur as a charged ion.

4.3.2.2 - Avoca Minor Cation Concentrations and Origins

The TSM does not account for minor cations; however an inspection of the 

proportions of the minor (measured in p im lV ) solute constituents shows variations between 

river catchments that match well with certain catchment characteristics. The Avoca 

differs from the other three rivers in the average concentrations of nearly every minor 

cation.

Aluminum, as previously stated, is almost entirely derived from the weathering of 

silicate minerals. Metamorphic rocks are often rich in aluminosilicate (AlzSiOg) mineral 

species, while carbonate rocks are low in Al (Meybeck, 1987). Consequently the Avoca, 

with a high percentage of granitic/metamorphic bedrock and virtually no carbonate, 

shows a much higher proportion of Al in its solute load than the other three rivers (Table 

4.7, fig 4.7a), between four and 20 times greater than the Liffey and Barrow, respectively.

Along with Al, the Avoca is also characterized by higher proportions of Fe and 

Mn (Fig. 4.7A,B). These two metals behave in a manner similar to silica. The Avoca has 

the highest average percentages (by a factor of 30 and 4 for Mn and Fe, respectively) and 

of all rivers is the only to not show any values of <1 mg/1 for either cation. In terms of Fe 

concentrations, the Avoca matches the Barrow and Slaney in seasonal variations if not 

total values. Mn concentrations, however, are the opposite in the Avoca from the other 

three rivers.

The origin of these high Mn concentrations in the Avoca may be related to the 

high occurrence of Mn-rich minerals in the river’s catchment, particularly spessartine
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AK^s/n Ba(/^^/l) Co(ws/l) Cuipi l̂X) FefjWg/n
AVWOl 144.83 8.61 0.31 11.08 106.35
AVW02 287.17 10.31 1.07 18.23 115.94
AVW03 326.91 11.84 0.27 13.78 91.08
AVW04 176.05 6.64 0.00 10.40 100.67
AVW05 138.78 27.74 0.98 7.51 75.49
AVW06 94.52 17.67 1.27 8.38 110.64
AVW07 263.45 27.39 0.73 11.71 203.81
AVW08 222.96 32.17 0.81 12.22 207.48
AVW09 283.09 79.10 1.38 9.43 378.41
AVWIO 170.89 14.99 1.88 16.27 166.70

Average 210.86 23.64 0.87 11.90 155.66
Stan. Dev. 76.97 21.40 0.57 3.39 90.92

Mn(//g/l) Nif;<g/n Pb(//g/l) Zn(^g/I)
AVWOl 61.74 2.69 1.50 27.04 206.53
AVW02 109.08 3.39 2.59 29.30 271.35
AVW03 61.10 1.93 2.77 22.01 197.59
AVW04 2.05 0.96 1.48 24.35 94.94
AVW05 92.02 0.95 1.18 24.51 169.57
AVW06 90.24 1.61 1.42 25.76 187.04
AVW07 73.93 1.48 2.69 18.61 144.07
AVW08 97.80 1.53 2.53 21.88 172.29
AVW09 9.39 2.26 1.35 17.31 104.05
AVWIO 69.91 0.76 1.80 20.65 90.86

Average 66.73 1.76 1.93 23.14 163.83
Stan. Dev. 35.81 0.83 0.64 3.75 56.96

Table 4.7 - Concentrations in piglX of minor cations in the River Avoca
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garnets (Chapter 2). As previously shown, the bulk of the heavy mineral suite of both the 

Avoca and Vartry rivers were composed of Mn-garnets. The reason for the variation in 

Mn concentrations may be due to its utilization in photosynthetic activity (Wetzel, 1983), 

which may in turn be related, like silica, to large areas of slow moving or standing along 

the Barrow, Liffey and Avoca. The cyclicity of both Mn and Fe is dictated by the 

oxidation-reduction conditions of lakes (Wetzel, 1983).

Fe can come from a variety of sources, including iron sulfides, oxides and silicate 

minerals. Such minerals occur primarily in plutonic, metamorphic or non-carbonate 

sedimentary bedrock; as such the Avoca catchment is entirely made up of rocks that at 

least in principle can contain numerous Fe-bearing minerals. More importantly, iron 

minerals (such as pyrite) are commonly associated with sulfide deposits. Such deposits 

occur along the eastern edges of the Northern and Lugnaquilla plutons of the Leinster 

Granite (O ’Connor and Reimann, 1992). The presence of these deposits explains the 

relatively elevated concentrations of iron in the River Avoca.

These sulfide deposits also explain the fact that the Avoca has higher 

concentrations of copper, zinc and lead. Each of these elements is found in mineral form 

primarily as chalcopyrite, sphalerite and galena, respectively (McConnell and Philcox, 

1994). The sulfide deposits mentioned above outcrop throughout the upstream reaches of 

the Avoca system along the margin of the Leinster Granite. Lead deposits stretch along 

the margin for approximately 45km through the northern reaches of the Avoca catchment 

perpendicular to the courses of the Avoca and its tributaries, and have been mined 

extensively for two centuries (McConnell and Philcox, 1994). Associated copper 

deposits, especially in the upper reaches of the Avonmore River at Lough Dan, have also 

been mined. Sphalerite occurs in abundance in each locality.

The Avoca therefore carries a solute load that would be expected of a river that 

drains a catchment primarily composed of granitic and metamorphic rocks, lacking in
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carbonate outcrop. The application of the TSM to the concentrations of ions and silica 

provide insight into the relative contributions of the different lithologies within the Avoca 

catchment to the solute load.

4.3.3 - The Origins of Barrow and Liffey Solutes

The lithologies of the Rivers Barrow and Liffey are broadly similar (Table 4.3), 

dominated by limestone with lesser siliciclastic sedimentary bedrock. The major 

difference between the two catchments is that, as a percentage of total catchment area, the 

Liffey has two and a half as much granite in its catchment. The two rivers drain basins, 

however, that are similar enough that they are examined here in concert.

4.3.3.1 - Barrow and Liffey M ajor Cation. Silica and Bicarbonate 

Concentrations and Origins

The Barrow and the Liffey both show uniformly similar average concentrations of 

all of the major cations, as well as for silica and bicarbonate, that are uniformly the same 

order of magnitude (Table 4.8, Table 4.9, Fig. 4.5). The higher overall proportion of 

limestone in the Barrow accounts, according to the TSM, for the higher average 

concentrations of both bicarbonate and Ca^^ ions (Table 4.10). The same is also true of 

Mĝ "̂  ions, the high proportions of which in both catchments (Table 4.10, Table 4.11, Fig. 

4.8, Fig. 4.9) are due to the dolomitization of limestones along the western margin of the 

Leinster Batholith.

The Barrow and Liffey are also enriched in both potassium and sodium with 

respect to the Avoca, although in each case all three rivers have concentration values
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Ca'*'tm^/1) Ktmg/1) Mg^tmg/1) Natmg/1) HCOffme/n SiO^fmj
BWWOl 78.53 4.13 11.15 11.69 146.48 0.03
BWW02 97.77 4.45 9.03 10.81 204.28 2.47
BWW03 139.11 4.40 12.83 13.37 263 3.24
BWW04 137.66 4.63 12.19 13.31 252 2.65
BWW05 113.87 3.47 13.82 13.39 229.88 0.00
BWW06 95.92 4.50 14.47 13.80 181.56 0.03
BWW07 146.49 4.79 14.58 14.19 266.96 2.96
BWW08 135.83 5.83 14.35 14.03 268.92 2.90
BWW09 76.15 4.64 8.20 9.16 184.96 3.04
BWWIO 87.03 4.37 8.37 9.22 210.44 3.07

Average 110.84 4.52 11.90 12.30 220.85 2.04
Stan. Dev. 27.14 0.59 2.57 1.95 42.18 1.41

Table 4.8 - Concentrations in mg/1 of major cations, bicarbonate and silica 
in River Barrow samples.
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C atm g/n  K^(mg/1) Mg (mg/H Na^(mg/I) HCO^(rng/n ^‘Q2(mg/I)
LRWOl 99.99 2.74 8.35 11.81 153.2 0.14
LRW02 154.43 4.11 11.04 17.12 273.08 3.49
LRW03 148.60 3.75 10.75 16.86 272.48 3.06
LRW04 20.37 2.68 9.64 18.49 46.08 0.07
LRW05 97.09 2.83 10.69 16.31 172.52 0.00
LRW06 132.07 3.48 10.37 17.11 239.48 1.81
LRW07 117.18 3.05 10.13 13.92 219.8 1.66
LRW08 99.75 3.96 7.78 14.09 242 3.10
LRW09 94.40 3.26 7.48 11.69 235.52 2.94

Average 107.10 3.32 9.58 15.27 206.02 1.81
Stan. Dev. 39.65 0.54 1.36 2.47 72.35 1.43

Table 4 .9  - Concentrations in mg/1 o f major cations, bicarbonate and silica 
in River Liffey samples.
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% solute derived Total solute derived
from rock type_____from rock type (mg/1)

% solute derived 
from rock type

Total solute derived 
from rock type (mg/I)

Ca^^ Ca""̂ Na^ Na^
Granite 0.21% 0.23 Granite 13.30% 1.64
Gneiss & Schist 0.34% 0.37 Gneiss & Schist 13.29% 1.63
Volcanics 0.04% 0.04 Volcanics 0.80% 0.10
Sandstone 0.67% 0.74 Sandstone 10.85% 1.33
Shale 3.41% 3.78 Shale 25.47% 3.13
Carbonates 95.34% 105.67 Carbonates 36.30% 4.46

Total = 110.84 Total = 12.30

K" Si02 S1O2
Granite 4.39% 0.20 Granite 10.19% 0.21
Gneiss & Schist 6.56% 0.30 Gneiss & Schist 9.77% 0.20
Volcanics 0.39% 0.02 Volcanics 0.68% 0.01
Sandstone 16.26% 0.73 Sandstone 14.36% 0.29
Shale 18.37% 0.83 Shale 16.40% 0.33
Carbonates 54.02% 2.44 Carbonates 48.60% 0.99

Total = 4.52 Total = 2.04

Mg^^ Mg^^ HCO3- HCO,
Granite 0.59% 0.07 Granite 0.55% 1.22
Gneiss & Schist 1.23% 0.15 Gneiss & Schist 0.61% 1.36
Volcanics 0.16% 0.02 Volcanics 0.09% 0.21
Sandstone 1.73% 0.21 Sandstone 0.73% 1.62
Shale 7.53% 0.90 Shale 3.87% 8.54
Carbonates 88.77% 10.56 Carbonates 94.14% 207.91

Total = 11.90 Total = 220.85

Table 4.10 - Origins of major solute constituents in the River Barrow and solute contributions from each rock type 
predicted by the TSM.



Granite
Sandstone
Shale
Carbonates

Granite
Sandstone
Shale
Carbonates

Granite
Sandstone
Shale
Carbonates

% solute derived Total solute derived
from rock type from rock type (mg/1)

% solute derived 
from rock type

Total solute derived 
from rock type (mg/1)

Ca
0.65%
0.54%
7.39%
91.42%

K"
11.69%
11.03%
33.57%
43.71%

1.78%
1.33%

15.59%
81.31%

Total =

Total =

Ca
0.70
0.57
7.92

97.91
107.10

K"
0.39
0.37
1 . 1 1
1.45
3.32

Total =

Mg
0.17
0.13
1.49
7.79
9.58

++

Granite
Sandstone
Shale
Carbonates

Granite
Sandstone
Shale
Carbonates

Granite
Sandstone
Shale
Carbonates

Na"^

29.83%
6.20%

39.21%
24.75%

SiOj
25.55%
9.18%
28.23%
37.04%

HCO3-
1.72%
0.58%
8.30%

89.40%

Na
4.55
0.95
5.99
3.78

Total = 15.27

Si02

0.46
0.17
0.51
0.67

Total = 1.81

HCO3-
3.54 
1.20 

17.09 
184.19 

Total = 206.02

Table 4.11 - Origins of major solute constituents in the River Liffey and solute contributions from each rock type 
predicted by the TSM.
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within the same order of magnitude. Potassium, along with silica, is commonly 

associated with the weathering of silicates, especially orthoclase feldspar and potassium 

micas (Meybeck, 1987). The Avoca has a much higher proportion of its catchment 

composed of bedrock that would be rich in such minerals -  90% of its area is made up of 

either granite or schist/slate - but has a relatively low average value (1.17 mg/1 to the 

Barrow’s 4.52 mg/1 and the Liffey’s 3.32 mg/1). According to the TSM, however, the 

bulk of is derived from shales and sandstones; the Avoca’s catchment is less than 5% 

sandstone and shale is virtually absent, while shale and sandstone make up ~25% of the 

Barrow’s catchment and more than 30% of that of the Liffey.

Shale also accounts for the higher Na"̂  concentration values of the Liffey and 

Barrow, as the TSM predicts that 45.66% of Na"̂  derived from the Leinster Batholith 

would be shale-derived. Both rivers have higher Na^ concentrations despite the fact that 

the sampling location for the Avoca is much closer to open sea and therefore would be 

more susceptible to the effects of ocean aerosols.

As mentioned previously, the presence of weirs and dammed areas along both the 

Barrow and Liffey probably accounts for the seasonal variation of silica in each river. 

Both rivers, although having lower average silica concentrations than the Avoca, show 

higher concentrations in individual samples than any Avoca sample; Liffey sample 

LRW02 has a silica concentration of 3.48 mg/1 while Barrow sample BWW03 has a 

concentration of 3.24 mg/1. It is interesting to note that these silica values, the highest for 

each river, are from samples taken in early February. Again it is shales in both 

catchments that account for the high counts of silica -  according to the TSM , almost half 

(48.31%) of the Liffey’s silica load is derived from shales compared to 31.56% of the 

Barrow’s. O f the Barrow’s silica, 42.86% is derived from carbonates, but this is less a 

function of the silica input of carbonate to solute loads (11.42% in areas of Leinster
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Batholith-type lithology) than to the fact carbonate comprises the bulk (57.79%) of the 

Barrow catchment’s bedrock.

4.3.3.2 - Barrow and Liffey Minor Cation Concentrations and Origins

Without the presence of substantial sulfide deposits in the catchments of either 

river (except for a pair of zinc-rich localities in the Liffey basin within the Allenwood 

Formation (McConnell and Philcox, 1994)), the concentrations of zinc, copper and lead 

are all an order of magnitude lower in the Liffey and Barrow solute loads than in those of 

the Avoca (Table 4.12, Table 4.13, Fig. 4.6). The small areas of granite outcrop in the 

Liffey and Barrow, and the virtual absence of metamorphic rocks in the Liffey, also 

accounts for the large differences in aluminum concentrations between these solute loads 

and that of the Avoca. The Liffey does show a higher average Al value than that of the 

Barrow due to the fact that the Liffey has three times as much granite outcrop as the 

Barrow. In both these cases, the ratio of carbonate to plutonic/metamorphic rocks 

between the catchments is seen in the solute concentrations.

This carbonate/plutonic & metamorphic discrepancy between the Avoca and the 

Liffey/Barrow is also manifested in the proportions of Ba and Sr. Both the Liffey and 

Barrow are much higher (up to 10 times for Sr) in concentrations for these two elements. 

This is most likely due to the presence of Ba and Sr sulfates within limestones (Ba) and 

dolomites (Sr), as well as the common Ba and Sr carbonate minerals that occur as vein 

fillings. Barite, as previously stated, is a common surficial weathering product of 

limestones and as such would be especially susceptible to weathering and transport by 

rivers.

Both iron and manganese occur in the Liffey and Barrow at much lower 

concentrations than in the Avoca. In both cases, the range of values over the course of ten
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AKjUg/n Ba(jMg/n Co(/ig/n Cuf/^g/l) Fe(jUg/n
BWWOl 13.07 62.23 0.42 3.86 0.00
BWW02 22.04 72.01 0.36 5.98 17.19
BWW03 18.05 86.47 0.44 4.58 0.00
BWW04 10.75 100.93 0.00 2.13 57.97
BWW05 5.50 78.91 0.34 1.84 27.82
BWW06 3.63 61.25 0.36 1.05 3.03
BWW07 5.74 69.45 0.55 1.01 58.26
BWW08 9.38 68.90 0.27 2.39 36.50
BWW09 35.35 55.99 0.79 7.82 81.02
BWWIO 24.43 73.57 0.82 2.16 108.46

Average 14.79 72.97 0.43 3.28 39.02
Stan. Dev. 10.11 13.21 0.24 2.25 36.91

Mn(//g/l) Ni(/<g/l) Pb(jMg/n Sr(//g/n Zn(/<g/n
BWWOl 0.04 6.10 -0.09 190.25 4.16
BWW02 0.51 8.85 -0.04 175.91 7.81
BWW03 1.12 9.29 -0.09 229.55 6.79
BWW04 2.64 6.15 0.00 229.81 13.31
BWW05 0.27 6.35 0.38 185.70 12.30
BWW06 0.24 5.31 0.49 174.76 6.96
BWW07 0.91 8.12 0.23 195.29 5.89
BWW08 3.92 8.23 0.35 189.04 10.13
BWW09 2.42 3.24 0.36 136.90 11.35
BWWIO 22.56 3.01 0.32 160.17 7.22

Average 3.46 6.46 0.19 186.74 8.59
Stan. Dev. 6.83 2.20 0.22 28.34 3.01

Table 4.12 - Concentrations in jigl\ of minor cations in the River Barrow
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A\(us/\) Ba(^^/n
LRWOl 78.98 47.67
LRW02 52.62 57.02
LRW03 46.63 63.48
LRW04 20.74 46.07
LRW05 71.46 44.12
LRW06 51.41 50.15
LRW07 57.34 50.49
LRW08 47.94 46.59
LRW09 42.14 56.31

Average 52.14 51.32
Stan. Dev. 16.79 6.35

co(//g/n Cu(wg/1) Fef^g/n
0.31 4.10 0.00
0.00 2.44 25.13
0.09 3.56 46.67
0.02 1.40 10.55
0.30 0.96 19.84
0.38 1.62 29.52
0.27 2.31 34.94
0.77 1.61 5.52
1.01 1.53 9.87
0.35 2.17 20.23
0.34 1.05 15.22

Mn(ug/l) NUug/l)
LRWOl 1.94 7.19
LRW02 0.28 8.03
LRW03 10.53 7.91
LRW04 0.53 2.59
LRW05 0.00 6.41
LRW06 0.85 8.39
LRW07 1.80 6.13
LRW08 2.80 5.59
LRW09 10.99 2.88

Average 3.30 6.12
Stan. Dev. 4.32 2.14

Pb(^g/I) Sr(^g/1) Zn(f/g/I)
-0.09 258.53 1.95
0.00 338.01 14.40
0.00 342.78 17.74
0.26 130.56 8.26
0.49 211.58 6.23
0.20 234.86 5.91
0.47 203.87 8.45
0.32 311.63 5.27
0.34 238.36 7.44
0.22 252.24 8.41
0.21 69.30 4.83

Table 4.13 - Concentrations in pig/\ of minor cations in the River Liffey
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m onths fluctuate wildly. For exam ple, the average Mn concentration value for the Barrow 

is 3.46 ng l\, with a standard deviation o f 6.83 (the values range from  0.04 //g/l in 

D ecem ber to 22.56 ngl\ the follow ing October)

The discrepancy in Fe concentrations betw een the Barrow /Liffey and the A voca is 

easily explained by, on a large scale, the granitic and m etam orphic to  carbonate ratio, 

and, on a sm aller scale, by the absence o f appreciable sulfide deposits outside o f the 

A voca watershed. The relative lack o f garnets in the Liffey and Barrow with respect to 

the A voca probably accounts fo r the differences in average Mn concentration. In 

addition, increased bicarbonate activity in river waters has been shown to reduce the 

solubility o f m anganese (W etzel, 1983).

C obalt and nickel, as has been show n previously, are largely the products o f the 

w eathering o f m inerals associated with pyrite and pyrrhotite. The average concentrations 

o f Co in the Avoca, Liffey and Barrow are all less than 1.0 pigl\, with a slightly higher 

value (0.87 ng l\)  for the A voca than the Liffey and Barrow, at 0.35 and 0.43 }igl\, 

respectively. This disparity may be related to the greater proportion o f Fe in Avoca 

solutes, although it is also possible that m easurem ent error is greater than the difference 

in the rivers’ com puted values. For exam ple, the Co concentration fo r control sam ple #3 

was actually m easured as -0 .1 5  pigl\, a value undoubtedly due to m easurem ent error.

The differences in Ni average concentrations are how ever m ore profound. The 

Liffey and Barrow show very sim ilar Ni values (6.12 and 6.46 /^g/1, respectively) with 

sim ilar standard deviations (2.14 and 2.20). These values are higher com pared to the 

average Ni concentration in the A voca, at 1.76 pigl\ (standard deviation o f 0.83).

As previously noted, the principal ore o f Ni is pentlandite, a nickel-rich variation 

o f pyrrhotite (D eer et al., 1992). Pentlandite is alm ost exclusively associated with mafic 

and ultram afic igneous intrusions. N o such intrusions are found in any volum e 

throughout the catchm ents o f the either the Barrow or Liffey. It is, how ever, possible that
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mafic pentlandite, or another mafic Ni-bearing mineral species, was introduced to the 

Liffey and Barrow catchments by the Midland Ice Lobe during the last glaciation, when a 

continental ice sheet rode up onto the western and northern margins of the Leinster 

Granite highlands. The presence of pyrope garnets in the catchments of both rivers, and 

the relatively high proportion of the clinopyroxene augite in the heavy mineral suite of 

the Liffey, are hypothesized in this study to be due to the introduction of mafic material 

from north of the Leinster Batholith (possibly from Northern Ireland or Scotland) by 

Midlands ice. The methodology of the heavy mineral portion of this study precluded the 

identification of opaque minerals such as pentlandite, so its presence or absence was 

never ascertained. It is nonetheless theorized that the higher percentages of Ni found in 

the Liffey and Barrow, relative to the other rivers, is due to the introduction of Ni-bearing 

erratics from outside southeast Ireland by glaciers.

4.3.4 - Slaney Solute Origins

Between the extremes in solute concentrations of the Avoca and the 

Liffey/Barrow lie the solute load values for the Slaney. With nearly every solute 

constituent measured for this study, the concentration value for the Slaney falls between 

those of the Liffey/Barrow and those of the Avoca. This is due to the fact that the 

Slaney’s catchment is composed of a wide variety of bedrock types and includes rocks 

found in all three of the other rivers’ watersheds.
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4.3.4.1 - Slaney M ajor Cation. Silica and Bicarbonate Concentrations and

Origins

In terms of C a^, and Na^ the Slaney nicely splits the difference between

the Avoca and Liffey/Barrow solute loads (Table 4.14, Fig. 4.5). Ca*"̂  values higher than 

the A voca’s are due to a higher catchment proportion of volcanics, shales and carbonates, 

but the small area of carbonate in the Slaney basin results in a much lower Câ "̂  

concentration value than those in the limestone- and dolomite-rich Liffey and Barrow. 

The same reasons account for the Slaney’s Mg"̂ ,̂ and Na^ concentrations falling 

between those of the other rivers (although admittedly Na"̂  and values are similar for 

all rivers and the differences in values may in fact be due to measurement errors).

The lack of significant carbonate outcrop in the Slaney accounts for lower 

bicarbonate values than those of the Barrow and Liffey (Table 4.15, Fig. 4.10). Again, 

however, the contributions of shale and volcanic bedrock elevate the levels above those 

found in the Avoca.

Silica, as it has been shown, varies within the Slaney as it does within the Barrow 

and Liffey probably due to weirs along the river’s course. The Slaney still however has 

the highest average silica concentration of any river (although, again, the difference 

between the highest and lowest values, at less that 1.0 //g/l, could be due to measurement 

error). The high proportion of metamorphics and granite within the Slaney catchment, 

along with shales, would account for the higher silica concentrations.

4.3.4.2 - Slaney Minor Cation Concentrations and Origins

Among the minor cations, the Slaney again shows concentration values that are 

almost uniformly between those of the Avoca and Liffey/Barrow (Table 4.16, Fig. 4.6).
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Ca^tmg/n K^fmg/l) Mg fmg/I) Na ('mg/n HCO3 (mg/l) SiO^fm
SLWOl 30.25 2.45 7.49 13.13 59.24 0.22
SLW02 32.99 2.92 7.81 12.28 66.72 3.83
SLW03 42.24 2.62 6.68 12.77 79.12 4.53
SLW04 34.93 2.33 6.70 12.12 68.6 4.06
SLW05 50.74 2.48 7.08 13.49 85.2 0.00
SLW06 49.22 2.22 6.89 12.32 86.76 0.00
SLW07 43.97 2.55 5.50 12.26 73.76 3.59
SLW08 42.20 2.76 5.90 12.07 68.12 3.27
SLW09 31.81 2.81 4.87 7.67 65.44 2.94
SLWIO 29.29 2.23 4.31 8.27 57.56 3.32

Average 38.76 2.54 6.32 11.64 71.05 2.58
Stan. Dev. 7.90 0.24 1.14 1.99 10.03 1.78

Table 4.14 - Concentrations in mg/1 of major cations, bicarbonate and silica 
in River Slaney samples.
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% solute derived Total solute derived 
from rock type from rock type (mg/1)

% solute derived 
from rock type

Total solute derived 
from rock type (mg/1)

Ca^^ Ca^^ Na^ Na^
Granite 19.29% 12.91 Granite 34.85% 7.57
Gneiss & Schist 42.11% 0 . 0 0 Gneiss & Schist 46.44% 0 . 0 0

Volcanics 30.51% 20.43 Volcanics 16.82% 3.65
Sandstone 1.62% 1.08 Sandstone 0.74% 0.16
Shale 5.48% 3.67 Shale 1.14% 0.25
Carbonates 0.99% 0.67 Carbonates 0 .0 1 % 0 . 0 0

Total = 38.76 Total = 11.64

k " Si0 2 Si0 2

Granite 25.82% 1.35 Granite 34.72% 0.77
Gneiss & Schist 51.47% 0 . 0 0 Gneiss & Schist 44.39% 1.34
Volcanics 18.34% 0.96 Volcanics 18.65% 0.41
Sandstone 2.47% 0.13 Sandstone 1.27% 0.03
Shale 1.85% 0 . 1 0 Shale 0.96% 0 . 0 2

Carbonates 0.04% 0 . 0 0 Carbonates 0.02% 0 . 0 0

Total = 2.54 Total = 2.58

Mg^^ Mg^^ HCO 3 HCO 3

Granite 16.01% 0.24 Granite 24.71% 9.75
Gneiss & Schist 44.51% 5.50 Gneiss & Schist 36.79% 46.10
Volcanics 34.49% 0.51 Volcanics 34.21% 13.50
Sandstone 1 .2 1 % 0 . 0 2 Sandstone 0.85% 0.34
Shale 3.51% 0.05 Shale 2.98% 1.17
Carbonates 0.27% 0 . 0 0 Carbonates 0.47% 0.19

Total = 6.32 Total = 71.05

Table 4.15 - Origins of major solute constituents in the River Slaney and solute contributions from each rock type 
predicted by the TSM.
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Fig. 4.10 - Origins of the major cations, silica and bicarbonate in the waters of the River 
Slaney as predicted by the TSM. Plutonic and metamorphic rocks are the primary 
origins of most of the major solute constituents.
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Al(l4g/l) Ba(;ig/1) Co(i^g/l) Cu(^g/1) ¥e(iis./\)
SLWOl 24.66 14.39 0.00 1.80 0.00
SLW02 40.46 17.38 0.00 3.07 23.17
SLW03 44.49 16.68 0.00 3.89 36.16
SLW04 33.69 14.61 0.00 2.95 27.97
SLW05 17.53 41.17 0.22 1.69 19.22
SLW06 27.45 17.97 0.03 2.16 8.70
SLW07 28.36 19.31 0.00 1.39 48.71
SLW08 31.56 18.57 0.00 3.28 97.13
SLW09 50.31 33.87 0.62 17.45 204.26
SLWIO 78.64 28.53 1.09 7.06 205.74

Average 37.72 22.25 0.20 4.47 67.11
Stan. Dev. 17.36 9.12 0.37 4.84 77.39

Mn(jMg/l) Nif/^g/l) PbCwg/l) Sr(jAg/l) Zn(fi^/\)
SLWOl 0.03 1.59 0.03 83.53 3.80
SLW02 0.39 2.40 0.00 90.14 25.12
SLW03 0.13 2.95 0.00 101.22 26.47
SLW04 2.30 2.94 0.00 91.00 48.09
SLW05 0.46 2.57 1.25 84.71 7.19
SLW06 0.17 3.38 0.13 84.91 6.80
SLW07 0.59 2.90 0.30 71.04 9.89
SLW08 2.27 2.53 0.56 70.07 13.01
SLW09 4.47 2.75 0.50 64.01 4.89
SLWIO 8.32 1.81 0.75 60.28 22.98

Average 1.91 2.58 0.35 80.09 16.82
Stan. Dev. 2.66 0.54 0.41 13.15 13.93

Table 4.16 - Concentrations in jxgl\ of minor cations in the River Slaney
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The lack of widespread sulfide deposits within the Slaney basin results in lower levels of 

both Pb and Cu than those of the Avoca, but some zinc deposits have been mined in the 

Lugnaquilla pluton in the upper reaches of the Slaney drainage, resulting in elevated Zn 

concentrations (10% those of the Avoca, but twice those of the Liffey and Barrow).

The lack of significant carbonate bedrock in the Slaney catchment results in a 

relative (to the Liffey and Barrow) lack of Ba and Sr, both of which are hypothesized 

here to be derived from barite and celestine. However, the Slaney still shows higher Sr 

values than the Avoca, possibly due to the presence in the Slaney catchment of 

strontianite as vein fillings in shales or sandstones.

It is uncertain why A1 values in the Slaney are lower than those of the Liffey, 

since so much of the Liffey catchment is composed of carbonate bedrock, which would 

not be a major contributor of aluminum. The TSM does not account for Al, but the higher 

proportion of shale in the Liffey catchment may be responsible. The lack of Mn in the 

Slaney is also puzzling. While Fe values for the Slaney are as expected (falling midway 

between the high average concentration of the Avoca and the lower values of the 

Liffey/Barrow), the Slaney has the lowest average concentration of Mn of all the rivers 

studied, despite 85 square kilometers of spessartine garnet-bearing coticule outcrop in the 

upper basin. The reason for this is unclear.

Both cobalt and nickel are sparse in the Slaney solute load, the Slaney having the 

lowest Co average concentration of any river. The Ni concentration is lower than that of 

the Liffey and Barrow but higher than that of the Avoca; if Ni-bearing erratics were in 

fact carried by Midlands ice it is possible that some were introduced to the Slaney 

catchment as the ice moved southeast below the Blackstairs mountains.

As shown for all rivers, therefore, the average concentrations of nearly all major 

and minor cations examined, along with those of silica and bicarbonate, can be directly 

correlated to the bedrock of each river’s catchment. The occurrence of outcrops of minor
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bedrock types, such as the sulfides of the Avoca watershed, and (possibly) the 

introduction of erratics from outside the Leinster Batholith are reflected in the average 

solute concentrations of each river. It is very important to note that the proportions of the 

solute concentrations that are the result of chemical denudation may be less than half of 

those reported here; however, the results of this study accurately reflect the ratios of the 

contributions of different bedrock types to solute loads. The product of these 

concentrations and the measured discharge for each river at the time that each sample was 

collected can now be used to derive the flux of solute being carried to the sea from the 

Leinster Batholith by these rivers.
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Chapter V 

Flux of Riverbome Material
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5 .1 -  Introduction

Both heavy mineral analysis and solute chemistry analysis give insight into the 

nature of the material being carried by a river from a catchment to the sea. These methods 

tell us what is being transported and from where it was derived; they do not, however, 

tell us how much material is being transported. The total discharge of this mass of 

transported material is the mass of bedload, solute and suspended sediment measured 

over the course of a specific period of time, generally annually (referred to here as 

material discharge or Q ^ ). Solute discharge (Q tds) the product of the concentration of 

all dissolved solids and the water discharge (Q^) of the river in question, which is itself 

the product of the river’s mean velocity and cross sectional area (Hay, 1998). Suspended 

sediment discharge (Qss) is the total outflow of suspended sediment from a catchment 

measured at a particular location and period of time (Onstad, 1984). Added to this is the 

supposed mass discharge of bedload, which as previously stated is assumed to be at a 

maximum 10% of the suspended sediment discharge (Reid and Frostick, 1994). The 

calculated yield of sediment and solute can be combined with the measured area of the 

river’s catchment to calculate the flux  of material being carried out of the catchm ent, 

which is the mass of material transported per unit area per unit time. These results can in 

turn then be used to give insight into the denudation within a catchment.

To constrain the discharge of individual solute constituents, the concentrations of 

these constituents from each sample, calculated in the previous chapter, were combined 

with discharge measurements from the date and time each sample was taken. The 

constituents used in the previous chapter to ascertain the relative inputs of different 

bedrock types do not, however, represent all the components of the total solute load. This 

total load (referred to as total dissolved solids, or TDS) was therefore measured by two 

independent methods for each sample.
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T w o integrated sam ples were taken on tw o different days from each river through 

the entire water colum n for suspended sedim ent analysis (as opposed to the sam ples 

obtained for solute analysis, w hich were taken from  the surface o f  each river). T he results 

from  these integrated sam ples were then com pared to suspended sedim ent results from  

each o f  the surface sam ples, in order to estim ate the total suspended sedim ent load for 

each river.

5 .2  - Total D isso lved  Solids

The m ass o f  total d issolved  solids (T D S) for each sam ple is com posed o f  the 

m asses o f  all material within the sam ple that is either in solution or in the form o f  

co llo id s or particulates that are less than 4  //m  in size. The T D S values reported here 

include each o f  the solute constituents measured in the previous chapter as w ell as Cl , 

S0 4 ^, nitrates and other pollutants, organic material, and various other solutes not related  

to denudation. The measured T D S values therefore represent the upper boundary for the 

amount o f  material rem oved by chem ical denudation in each catchment.

5.2.1 - T D S M ethodology

The determination o f  the m ass o f  total d issolved  solids (T D S) is a sim ple matter 

o f  evaporating a known volum e (in this case 2 00  m l) o f  river water and w eigh ing the 

so lids that are precipitated. G lass containers are treated with HCl (to rem ove any relict 

material), dried and w eighed. 2 0 0  ml o f  water, filtered through a 4  //m  ce llu lose filter, are 

added to the containers and placed in an oven. A fter a specified  period these containers 

are w eighed; the difference in m ass is the m ass o f  T D S. It was found after a series o f
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trials that each sample must be left in an oven for a minimum of 96 hours at 180°C in 

order to evaporate all water held in hydrous minerals.

Another method of estimation of TDS is by measuring the conductivity of river 

water (Mackereth, 1978). Conductivity is only a gross approximation of TDS, since 

certain ions are better conductors in solution than others. Previous studies have shown 

that measured conductivity values (in microsiemens (//S)/cm) are generally slighdy less 

than true TDS (in mg/l) (N. Allott, pers. comm.). Conductivity values were recorded for 

each sample taken in this study, and compared to the values found for TDS by the 

evaporation method. Measurements were taken with a simple laboratory multimeter.

5.2.2 - Evaporation and Conductivity Method TDS Results

The ED method would appear to be the most reliable method of determining TDS, 

as it is a direct measurement of mass as opposed to a measurement of another property of 

a solution (conductivity). The ED method, however, proved to be problematic at lower 

measurements. 200 ml of each sample proved to be the maximum viable volume for the 

evaporation procedure. To obtain a measurement of TDS in mg/l, therefore, the 

difference in container weight obtained after evaporation, which was obtained on a 

balance with 1.0 mg precision, was multiplied by a factor of five.

Therefore, in the case of samples from the Avoca, the difference in TDS 

measurements by the ED method is 25 mg (a high of 75 vs. a low of 50). However, the 

precision of these measurements is ± 5.0 mg, a somewhat imprecise increment. For this 

reason, the results from both the CD and ED methods are included here. It is assumed 

that the ED method provides a more realistic assessment of the actual values of TDS, 

while the CD method may give better precision as to the differences in concentration 

between samples.
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Plotting conductivity vs. TDS results from the ED method shows a strong 

correlation between the two methods’ results in the Liffey and Barrow (R^ = .93 and .94, 

respectively), with both rivers showing a relationship of ED TDS = ~0.63 * conductivity 

(Fig 5.1). The Avoca shows a slightly lower coefficient (.52) and lower correlation (.63), 

while the Slaney shows a coefficient similar to those of the other rivers (.63), but very 

little correlation (.06).

It is interesting to note that the Slaney and Avoca both show greater differences 

between the conductivity and evaporation method-derived TDS values than the Liffey or 

Barrow. There are a variety of possible reasons for these differences. The nature of the 

ions found in a solute can affect conductivity measurements; that is, waters with different 

ionic compositions will show different concentration to conductivity relationships 

(Mackereth, 1978). This effect is less pronounced in waters that are close to neutral (as 

are most samples, especially those from the Slaney (Fig. 4.2)). Therefore it is unclear 

why the Slaney and Avoca show less consistent agreement between the CD and ED 

values for TDS than do the Liffey and Barrow. The most likely explanation is the 

presence or absence in one or the other pair of rivers of ions that were not analyzed in this 

study.

On average, the concentrations of TDS for each river closely mirror the pattern 

for all solute constituents. The Avoca shows the lowest concentration (Table 5.1), due to 

the relatively resistant nature of Avoca catchment granites and metamorphic rocks, while 

the Liffey and Barrow TDS concentrations are similar to one another and much higher, 

due to the high occurrence of carbonates in the catchments of both. The Slaney again 

splits the difference.
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Fig. 5.1 - Total Dissolved Solids (TDS) values derived by the evaporation method vs. conductivity in microsiemens/cm (//S/cm). 
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Sample Conductivity
(//s/cm)

EDTDS
(mg/I)

CDTDS
(mg/1)

Sample Conductivity
(//s/cm)

EDTDS
(mg/1)

CDTDS
(mg/1)

AVWOl %.00 60.00 52.00 SLWOl 204.00 130.00 127.00
AVW02 114.00 60.00 60.00 SLW02 236.00 120.00 146.00
AVW03 92.00 55.00 49.00 SLW03 249.00 105.00 154.00
AVW04 89.00 50.00 47.00 SLW04 231.00 160.00 143.00
AVW05 112.00 50.00 59.00 SLW05 269.00 155.00 167.00
AVW06 163.00 75.00 86.00 SLW06 271.00 160.00 168.00
AVW07 88.00 50.00 47.00 SLW07 240.00 140.00 149.00
AVW08 112.00 55.00 59.00 SLW08 226.00 140.00 140.00
AVW09 67.00 50.00 36.00 SLW09 220.00 160.00 136.00
AVWIO 118.00 75.00 63.00 SLWIO 215.00 145.00 133.00
AVW ll 139.50 65.00 74.00 SLWll 262.00 205.00 162.00
AVW12 70.80 30.00 38.00 SLW12 178.00 150.00 110.00
Average 105.10 58.00 55.83 Average 236.10 141.50 144.58

BWWOl 371.00 230.00 234.00 LRWOl 403.00 265.00 250.00
BWW02 444.00 260.00 280.00 LRW02 541.00 360.00 335.00
BWW03 525.00 320.00 331.00 LRW03 562.00 365.00 348.00
BWW04 528.00 335.00 333.00 LRW04 224.00 140.00 139.00
BWW05 542.00 325.00 341.00 LRW05 423.00 280.00 262.00
BWW06 483.00 285.00 304.00 LRW06 547.00 300.00 339.00
BWW07 615.00 420.00 387.00 LRW07 502.00 320.00 311.00
BWW08 620.00 415.00 391.00 LRW08 622.00 375.00 386.00
BWW09 484.00 315.00 305.00 LRW09 568.00 340.00 352.00
BWWIO 531.00 345.00 335.00 Average 488.00 305.00 302.44
BW W ll 643.00 400.00 405.00 Control 1 6.00 0.00 4.20
BWW12 562.00 354.00 354.00 Control 2 2.00 10.00 1.40
Average 514.30 325.00 333.33 Control 3 4.00 0.00 2.80

Table 5.1 - Total dissolved solids concentrations for each sample analyzed in this study (AVW = Avoca,
BWW=Barrow, SLW=Slaney, LRW=Liffey) by the conductivity (CDTDS) and evaporation (EDTDS) 
methods. The algorithms for the derivation of CDTDS are taken from Figure 5.1 
(e.g, Avoca CDTDS = (0.63) Avoca EDTDS).



5.3 - Discharge Results

3
Water discharge (Q̂ ,,) data in m /s for each river on the date each sample was

taken were provided by the government body responsible for that river (listed in Chapter 

3). At the time each sample was taken, the reading of a staff gauge in meters, erected and 

maintained for each sampling station by the relevant government body, was recorded. 

Empirically-derived water discharge rating curves for each sampling station have been 

computed by the relevant bodies, using the known cross sectional area of the river at that 

point, allowing to be calculated.

There are a variety of errors inherent in this technique. To begin with, the bottom 

of a river bed is extremely dynamic, and changes to a river’s cross sectional area can take 

place in a single flood event. The introduction of a tree stump or boulder on the river bed 

at the sampling station could drastically alter the cross section at that point. Also, the 

accurate reading of a staff gauge is extremely difficult in rough water, as the surface of 

the water will oscillate along the gauge face with every passing wave. For these reasons 

the discharge results reported here are considered to be approximations.

The average of water discharges in each river for the days on which the samples 

for this study were taken are roughly the same as the average for the last decade 

(Tables 5.2, 5.3; Figs. 5.2, 5.3). The averages reported for previous years (MacCarthaigh, 

1998) are taken from continuously operating automated river monitors and as such 

represent averages of all flows for the period specified.

O f the samples taken for each of the rivers, at least one from the Avoca, 

Barrow and Slaney represent true flood flows. Sample AVW09, taken from the Avoca in

3
September 2000, was taken at a estimated as 95.0 m /s (the water surface in this case 

had risen higher than the staff gauge used to record river level, and the level had to be
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1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001
Jan 34.60 33.64 14.95 31.03 41.94 42.26 NA 11.71 40.08 15.80
Feb 48.60 26.41 11.97 14.13 NA NA NA 28.41 10.09 12.50 8.80
M ar 15.40 40.69 23.10 13.04 29.59 35.00 27.27 14.41 22.17 9.90 30.81
Apr 5.70 27.93 24.61 30.66 32.24 9.39 29.60 5.75 42.73 4.30
May 4.50 8.70 11.72 35.70 20.39 5.29 12.84 7.54 15.74 7.10
Jun 5.50 7.25 5.29 32.19 7.08 3.78 7.04 21.07 18.16 5.60
Jul 8.20 5.68 4.85 9.89 5.01 4.07 3.76 10.64 10.82 5.20
Aug 2.90 4.42 7.29 5.64 5.46 1.62 7.97 15.78 9.84 95.00
Sep 2.70 7.33 15.84 25.44 7.65 2.26 3.88 15.43 20.32 23.50
Oct 17.00 NA 10.82 29.27 12.11 10.84 30.85 11.80 44.36
Nov 26.00 NA 23.05 12.16 26.17 32.15 47.89 72.21 33.44
Dec 32.20 23.18 27.82 47.13 30.86 30.94 25.87 42.15 31.25 7.70

Avg. 16.94 18.52 15.11 23.86 19.86 16.14 19.70 21.41 24.92

Average Water Discharge for 1990-1998 = 19,61 
Average Water Discharge for study samples = 18.85

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001
Jan 58.90 83.49 37.54 75.04 108.27 NA NA 23.40 111.60
Feb 123.80 63.23 26.68 36.05 93.93 NA NA 49.10 33.90 120.67 35.07
Mar 49.70 69.46 45.45 24.12 73.43 NA NA 30.50 50.50 38.99 58.14
Apr 26.30 58.79 47.42 76.65 83.08 NA NA 13.49 60.89 40.50
May 13.14 23.32 28.65 42.75 33.10 NA NA 17.21 30.20 23.28
Jun 8.48 14.82 19.76 87.64 16.75 NA NA 22.30 39.10 21.80
Jul 7.94 11.86 13.83 22.51 15.54 NA NA 11.16 25.60 24.42
Aug 4.68 10.23 16.80 12.60 9.78 NA NA 30.29 16.24 26.79
Sep 6.55 9.41 48.41 12.73 NA NA NA 31.80 14.89 62.00
Oct 26.25 14.30 15.81 33.37 NA NA NA 43.10 38.50 33.00
Nov 37.10 48.51 31.62 26.26 NA NA NA 72.80 74.20
Dec 53.10 35.86 45.45 103.45 NA NA NA 88.50 70.00 53.77

Avg. 34.66 36.94 31.45 46.10 54.24 NA NA 36.14 47.14

Average Water Discharge for 1990-1998 = 40.95 
Average Water Discharge for study samples = 44.87

Table 5.2 - Monthly average water discharge measurements (in m^/s) for the Rivers
Avoca (top) and Barrow (bottom). Values in red denote water discharge values 
on the days each sample analyzed in this study was taken; historical water 
discharge values are unavailable after 1998.
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1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000
Jan 22.76 36.88 14.63 20.90 39.25 32.99 31.99 8.93 37.04 29.15
Feb 42.17 26.64 7.13 11.61 38.85 NA 30.36 16.17 15.62 10.02
Mar 19.50 31.28 10.86 6.56 36.19 35.68 18.49 10.01 16.52 12.03
Apr 5.28 23.91 20.78 12.57 31.99 9.73 12.36 4.19 27.97 8.89
May 4.40 8.20 8.85 11.61 14.59 5.11 12.78 5.76 9.11 8.60
Jun 3.60 6.01 4.23 48.90 5.34 3.73 5.22 4.89 15.96 10.31
Jul 3.15 6.97 4.15 15.57 4.82 3.54 2.89 3.25 8.74 15.19
Aug 2.49 6.56 4.13 8.20 7.70 3.15 3.31 4.36 7.05 22.18
Sep 2.68 4.64 10.27 15.03 12.53 2.97 5.77 6.27 12.07 6.63
Oct 7.52 5.60 3.91 23.36 9.89 3.29 8.76 13.78 26.69
Nov 15.03 24.86 8.36 11.88 10.64 8.20 27.32 24.36 31.70
Dec 27.96 20.22 24.22 34.42 23.97 20.26 26.45 30.33 24.55

Avg. 13.05 16.81 10.13 18.38 19.65 11.70 15.48 11.02 19.42

2001

Average Water Discharge for 1990-1998 = 15.07 
Average Water Discharge for study samples = 13.67

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000
Jan 39.25 43.55 14.84 30.57 53.36 58.07 144.20 15.57 56.50
Feb 54.99 32.12 11.84 16.71 76.40 57.82 47.12 23.03 14.14 28.89
Mar 21.90 40.55 17.92 12.57 35.28 41.69 39.33 18.00 18.71 16.30
Apr 9.03 30.01 18.17 28.63 35.28 12.65 34.47 9.42 30.20 13.63
May 5.22 11.12 11.82 31.39 21.90 8.38 17.52 10.71 15.02 8.22
Jun 5.07 6.42 6.54 46.39 10.22 6.01 8.99 15.60 24.68 9.36
Jul 6.27 5.34 5.47 13.46 8.26 3.88 6.16 9.11 15.70 9.58
Aug 3.77 NA 5.87 7.32 6.20 2.03 7.62 27.53 11.33 11.66
Sep 3.67 NA 10.66 12.17 8.65 1.96 6.39 23.84 13.62 22.00
Oct 17.11 9.80 8.98 23.84 13.02 5.05 20.15 17.11 22.51 18.00
Nov 23.03 25.22 15.56 15.33 31.87 13.38 39.74 93.83 41.30
Dec NA 18.65 29.60 46.06 33.17 24.98 29.60 64.15 40.10 11.80

Avg. 17.21 22.28 13.11 23.70 27.80 19.66 33.44 27.33 25.32

14.80
62.64

Average Water Discharge for 1990-1998 = 23.32 
Average Water Discharge for study samples = 18.91

Table 5.2 - Monthly average water discharge measurements (in m^/s) for the Rivers
Liffey (top) and Slaney (bottom). Values in red denote water discharge values 
on the days each sample analyzed in this study was taken; historical water 
discharge values are unavailable after 1998.
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extrapolated). This is a much higher flow than any monthly average recorded in the 

1990’s. Similarly, sample SLW12, taken in March 2001, was taken at a time when the

3
flow of the Slaney was 62 m /s, again a higher discharge than any historical monthly

average Q^. The highest measured value in this study for the River Barrow, 120.67

3 3m /s, is close to the highest monthly measurement (123.80 m /s). For all the rivers, the

highest monthly average flows are during the late winter/early spring, with lower flows in 

the summer (Figs. 5.2, 5.3).

It is important to note that the flows for the Slaney, Barrow, and especially for the 

Liffey, are not true natural flows. The Barrow and the Slaney have weirs along their 

length, and the Liffey has dams at two points, creating reservoirs. The total flow data for 

the Liffey given in this study incorporates flow readings from Leixlip hydroelectric 

power station (along with tributary staff gauge readings); the flow data are the flows 

released at a given time of day by the station’s dam. Discharges for the Liffey can vary 

up to an order of magnitude over the course of a single day. The levels reported in this 

study are daily averages.

Following an examination of the data collected in the first ten samples of river 

water (nine for the Liffey), it was decided that additional samples were needed to 

represent higher flows, which were in turn needed to generate the rating curve used to 

predict concentrations of TDS and SS based on water discharge. These samples 

(A V W I1, A V W I2, BW W l 1, BWW12, SLW l 1 & SLW I2) were analyzed for TDS and 

SS concentrations only; they were not subjected to ICP, bicarbonate or total dissolved 

silicate analyses. No further samples were taken from the Liffey, however, since this river 

has been so heavily modified by man and therefore its results were not deemed to be 

representative of a natural system. The anthropogenic modification of the Liffey appears 

to preclude obtaining Qj^s and Qss results that reflect the river’s natural state. Results
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from the nine samples analyzed from the Liffey are included here for completeness, but 

are not considered to be as accurate a representation of the natural system as are the 

results from the other rivers.

5.4 - Rating Curves

Given a constant suspended sediment concentration, an increase in water 

discharge will result in an increase in the suspended sediment load, and therefore at any 

point in a river there should be a relationship between the two. This relationship can be 

expressed as a sediment rating curve, which is an empirically-derived power law 

function:

T = QC = K,Q"’ eq. (5.1)

In which T is the suspended sediment transport rate, Q is the water discharge, C is the 

concentration of suspended sediment at a particular point in the river, and K, and m are 

empirically-derived constants (Statham, 1977).

The construction of a sediment rating curve is a simple process of establishing the 

concentration of suspended sediment in a group of samples taken at varying water 

discharge levels, and comparing these concentrations to the water discharge values at the 

time each sample was taken. The calculation of a rating curve allows the estimation of 

sediment load (and if the area of the river’s catchment is known, sediment flux) of a river 

given the river’s discharge over a certain period of time.

The values of these constants derived from previous research in a variety of 

environments around the world vary greatly (Reid and Frostick, 1994). The coefficient Kj 

has been found in arid regions of Africa to be as high as 2570 (Frostick et al., 1983), and
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in temperate humid areas of Europe to be as low as 0.004 (Miiller and Forstner, 1968). 

Global values for the exponent m also vary -  in arid Africa n is as low as 0.512 (Frostick 

et. al, 1983) while in humid areas of North America m values reach 3 (Reid and Frostick, 

1994). For temperate, humid to sub-humid regions such as Western Europe, values for n 

range between 1 and 2.5 (Reid and Frostick, 1994).

It is important to note that variations in water discharge and variations in 

suspended sediment concentrations are not necessarily in phase with one another. The 

concentration of sediment in a river (and hence the sediment transport rate) is generally 

greater during the rising limb of a flood; the difference in concentrations between the 

rising and falling limbs of a flood event can be as high as two orders of magnitude (Reid 

and Frostick, 1994). Over a flood event, therefore, suspended sediment concentration 

shows a hysteresis or “looped” relationship with Q„ (Statham, 1977).

There are a variety of reasons for this hysteresis effect. During the rising phase of 

a flood event sediment is removed from sites in which it had been stored through periods 

of lower flow (banks, the riverbed, flood plains) (Reid and Frostick, 1994). The 

availability of sediment has been shown to have a profound effect on rating curves in 

small perennial streams; Wood (1977) showed that the progressive exhaustion of 

available sediment in such streams can create wide scatter among the data sets and can 

yield rating curves with low correlation coefficients (Reid and Frostick, 1994).

Much of the sediment that is carried in a flood is introduced to the river channel 

via overland flow; the highest sediment yield in overland flow occurs at the start of 

rainfall (Statham, 1977). Rainfall also has generally ceased or decreased gready by the 

time water discharge levels drop, which would mean that by this point overland flow is 

essentially nil (Statham, 1977).

This hysteresis effect, as shown, can have a profound impact on the measurements 

of suspended sediment concentrations, depending on the moment during a flood event
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when water sam ples are taken. Uncertainty about the progression o f  a flood  event (since  

continuous concentration and water discharge measurem ents are unavailable) m akes it 

im possible to state with any confidence exactly when during a flood  the sam ples 

analyzed in this study were taken. T his uncertainty should be taken into account in any 

analysis o f  the rating curves derived in this study, as it likely accounts for som e o f  the 

scatter show n in the results.

W hile and suspended sedim ent concentration show a positive correlation, 

there is an inverse relationship betw een water discharge and the concentration o f  total 

dissolved  solids (Statham, 1977). Solutes, as previously stated, are introduced to a river 

largely through subsurface flow ; overland flow  resulting from  a storm w ill initiate a flood  

event w hile introducing relatively solute-poor water to the channel (Statham, 1977). A s  

with suspended sedim ent, a rating curve can be calculated for solute concentration and 

water discharge:

I = K2Q " eq. (5 .2)

In w hich I is the total ionic concentration at that point in a river, Q is the water discharge 

and Kj and n are constants.

The solute concentration also often show s a hysteresis effect over the course o f  a 

flood event (Statham, 1977). A s water discharge decreases, total d issolved  solids 

concentrations increase. A gain, uncertainty as to the point during a flood  event when a 

sam ple w as taken should be taken into account.

There are other qualifications to the use o f  sedim ent and/or solute rating curves 

over long periods o f  tim e (i.e ., decades or greater). Changes in land use, river 

managem ent practices and other anthropogenic factors can fundam entally alter the 

concentrations o f  suspended sedim ent in rivers at given  water discharge (O nstad,1984).

215



The curve fits shown here were generated by the program Kaleidagraph, and 

follows a Pearson’s Least Squares equation to determine the correlation coefficient, R, of 

each curve (Synergy Software, 2000), which is expressed as:

Si (Xj-xXyj-y)

R =   eq. (5.3)

(I]i(xi-x)^2i(yi-y)

The equation for each rating curve is placed with each graph along with its R  ̂ value. 

Power law curves cannot integrate zero values; in data sets with concentrations equal to 

zero a simple algebraic linear equation was used for demonstration of trends.

5.5 - Total Dissolved Solids and Discharge Results

TDS results show that, as would be expected, an increase in discharge results in a 

decrease in the concentration , if not the total mass , of TDS. That is, as discharge 

increases, so does the total mass of solutes being carried, but not at the same rate, so that 

there is less dissolved material per unit discharge than at lower flows.

TDS concentrations were ascertained using two methods - evaporation (ED) and 

conductivity (CD). The results of both methods are reported for each river. On the whole, 

the ED method results show less correlation with water discharge than the CD results, 

although in each case both methods show similar trends as to increasing/decreasing 

concentrations of TDS with changes in

The Barrow, Slaney and Avoca show a decrease in concentration with increasing 

discharge. The Liffey shows no discemable pattern at all; using both the ED and CD
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methods vs. , the value for the Liffey is <0.01 (Figs. 5.4, 5.5). This could be due to 

the dammed nature of the Liffey; while the solute load should be uniform through a 

river’s water column, it is possible that colloids were included in the TDS count (since 

colloids can be smaller than the pore size of cellulose filters such as those used here).

Due to their size, colloid concentrations are more depth dependant than true solutes and 

therefore would be affected by weirs and dams along a river’s length. It is possible that 

while solute concentrations decrease with an increase in discharge, greater discharge 

frees colloids from areas of standing or slow moving water that are then incorporated into 

the "solute" load.

Plotting the TDS results for the remaining rivers derived by conductivity provide 

much better correlation with water discharge as compared to the ED results (Fig. 5.5). 

Ignoring the Liffey, all other rivers show similar rating curve constants. The rating curves 

for the Avoca, Barrow and Slaney all show exponents that are between -0 .15  and -0.20. 

The Barrow shows values that are virtually identical using either method of 

determining TDS. The rating curves derived from the conductivity-derived TDS values 

vs. Qw are therefore those used as rating curves to predict TDS concentrations and flux 

based on past water discharge values; the results from the application of these rating 

curves to previous flows and the calculations of average concentration of TDS, flux and 

denudation, are discussed in section 5.8.

5.6 - Solute Constituents and Discharge Results

Plots of each river’s results against the concentrations of the major and minor 

ions, silica and bicarbonate show relationships that for the most part follow the expected 

relationship between solute and water discharge (with some notable exceptions). Among 

the major ions, both Na^ (Fig. 5.6) and Mg^^ (Fig. 5.7) show distinct drops in
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concentration with increasing discharge, as would be expected. The relationships between 

each river do not appear robust enough to be used as predictors of Na"̂  or Mg^^ 

concentration based on observed discharge, but the trends appear statistically significant. 

This is not true of results (Fig. 5.8); the Liffey and Barrow show values well below 

.01, and the Slaney and Avoca actually show marked increases in concentrations with 

increased discharge. As is derived almost entirely from silicate minerals, especially 

from mica schists (Meybeck, 1987), it follows that these rivers would be contributors of 

K^, but both show lower average concentrations than the carbonate-rich Liffey or 

Slaney. Both the cause of the relative paucity of in the Slaney and of its positive 

relationship with discharge are unclear.

Both the Slaney and the Barrow show reductions in the concentrations of Ca^^ 

(Fig. 5.9) and bicarbonate (Fig. 5.10) with increasing discharge, again in keeping with the 

expected discharge/solute concentration relationship. The Avoca and Liffey, however, 

show no discernable trends (the results from the Avoca contain one data point in which 

bicarbonate was effectively at zero concentration). It is interesting to note that the results 

for C a^  and bicarbonate show similar trends, reinforcing the assumption that the two are 

intimately related as products of carbonate bedrock weathering.

As with the Avoca bicarbonate values, the silica results for the Barrow, Slaney 

and the Liffey contain zero concentration values, so a power law equation can not be 

applied (Fig. 5.11). The cyclical/seasonal nature of silica concentrations in these rivers 

precludes any predictions directly related to discharge. The Avoca, however, shows the 

expected negative correlation between silica concentration and discharge.

The Avoca shows an increase in Fe concentration with discharge (Fig. 5.12). It is 

possible that this increase is related to the fact that, unlike other solute constituents, Fe 

(which is rarely entirely in solution but is transported as particulate too small a form to be 

considered suspended sediment) will not be at a uniform concentration throughout a
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river’s water column (Wetzel, 1983). The samples examined here were all taken from the 

surface of each river. It is possible that, in the case of the Avoca, the greater turbulence of 

the rivers associated with higher discharge caused a greater mixing of the water column 

that enriched the surficial waters with the small particles and colloids that are the primary 

agents of "solute" Fe. This effect is not evident in the other rivers due to their dammed 

natures.

The relationship between Mn concentrations and discharge are difficult to discern 

Fig. 5.13). Only the Liffey shows any Mn concentration values of zero, but no evident 

pattern exists in any river. The colloidal nature of Mn in solution, like Fe, along with its 

mutually exclusive relationship with bicarbonate in solution, could somewhat explain the 

chaotic nature of its concentration in the rivers.

O f all the minor cations, only Al concentrations show definite trends with respect 

to discharge (Fig. 5.14); strangely, however, every one of these trends show an increase 

in Al concentrations with increasing discharge (although the low values for the curve 

fits, all of which are below 0.4, make the presumption of these trends as unequivocal 

evidence of increases in reality somewhat suspect). Such a relationship between solute 

concentrations and discharge seems counterintuitive. As stated previously in Chapter 4, 

Al, like Fe and Mn, will often be carried in rivers as aluminosilicate particulates. If this is 

the case in southeast Ireland, Al would presumably be subject to the same stratifying 

effects as Fe, and would therefore also increase (at least in surficial concentrations) at 

higher flows.

If this theory of stratified colloidal Fe, Mn and Al is true, it calls into question the 

practice of assuming that surface samples will adequately represent the entire solute 

population. To circumvent this problem, samples must be taken throughout the water 

column, or filters with a sufficiently small pore size to exclude colloids must be used to 

isolate pure solutions.
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As for the other minor cations, most show no definite trends. Cu (Fig. 5.15), like 

Al, increases with increasing discharge, but with lower correlation coefficients. Cu might 

be behaving much as Al, Fe and Mn. As for Ba (Fig. 5.16), Ni (Fig. 5.17), Sr (Fig. 5.18) 

and Zn (Fig. 5.19), show no discernable relationships between concentrations and 

discharge, although there is in each case a suggestion of decreasing concentration with 

increasing discharge. Only Ba concentrations in the Avoca, with an value of 0.47, 

show a positive trend with any assurance. Any other relationships appear to be simply 

noise.

The major cations therefore show the expected relationship between discharge 

and concentration, while silica, Fe, Mn and Al show the opposite, possibly due to the 

physical nature of these constituents in transport. Minor cations show unclear, often 

poorly defined relationships with water discharge.

5.7 - Suspended Sediment Loads

Along with the solute load described above, and the bedload described in terms of 

its heavy mineral signatures in Chapter 3, suspended sediment load contributes to the 

total flux of detrital material being carried from southeast Ireland to the sea. Suspended 

sediment is that carried throughout the water column. For the purposes of this study, the 

nature of the material being carried as suspended sediment was not ascertained, only its 

average mass and relationship to discharge. A few assumptions can be made about the 

suspended sediment, however -  globally it is generally composed of silts and clays 

(Gaillardet, 1995), and there is no mineralogical variability of such sediment through the 

annual cycle (Martin and Meybeck, 1979).

The global suspended sediment load is the largest of the three transport loads 

(Milliman and Meade, 1983). Estimates of the total global suspended sediment transport
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to the oceans are generally in the order of magnitude of 10  ̂tons per year; previous 

studies have given values ranging from 8.3 * 10^ to 51.1 * 10® tons (Walling and Webb, 

1996). Milliman and Syvitski (1992) calculated a value of 20 * 10® tons globally. Up to 

20% of this global sediment discharge derived from the highly turbid rivers of South 

Asia, that drain the Himalayas and Indian subcontinent (Milliman and Meade, 1983, 

Subramanian, 1996). Rivers draining Western Europe produce an estimated sediment 

discharge that is two orders of magnitude lower (Milliman and Meade, 1983).

5.7.1 - Suspended Sediment Methodology

Two samples per river were taken for suspended sediment analysis along with two 

solute samples for each river. These samples were acquired using an integrated water 

sampler manufactured by Rickly Hydrological Inc. of Indiana, USA. The collects river 

water at a constant rate while being lowered and raised at a constant rate through the 

water column, adjusting for changes in pressure to ensure a representative proportion of 

river water is sampled at each depth.

The sampler is equipped with a cylindrical nozzle, the diameter of which is 

determined by an assessment of the river’s flow (for example, a fast moving river would 

require a nozzle with a relatively small bore). A sampling bottle is place in the sampler 

unit, and the unit is lowered to the bottom of the river by a simple winch system, and then 

raised to the surface, at a constant rate. Theoretically this results in an equal volume of 

water from each point through the entire water column.

Samples were taken from each river at the same sampling site from which solute 

samples were taken. In each case, the sampler was run through the water column at three 

points across the river’s width, generating three distinct samples for each river on each 

date. Each of these three subsamples was agitated to place all material within them into
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suspension, and approximately a third was taken from each to be combined into one 

sample representative of the entire river for each sampling date.

While ten solute samples were taken for each river over the period of ten months 

(nine for the Liffey), only two suspended sediment samples (taken at the same time as the 

final two solute samples) were taken for this study due to equipment difficulties. As such, 

it was decided to measure not only the suspended sediment concentrations of each depth- 

integrated samples, but also those of the surficial solute samples, in an attempt to 

establish the relationship between the suspended sediment concentration throughout the 

water column and the concentration at the surface.

Each sample, whether surficial or depth-integrated, was agitated to place all 

material into suspension, and 200 ml was isolated. 1.2 /im cellulose filters were placed in 

an oven for one hour at 102° C to burn off any organic contamination, cooled and 

weighed. The 200 ml of sample was then run through these filters using a vacuum pump 

filter system, and the filter papers (having retained all suspended material from the 

sample) dried at 102°C for 18 hours. The filters were then weighed, and the difference 

between the filter weights pre- and post-filtering recorded as the mass of suspended 

sediment in the 200 ml subsample. This value was then simply multiplied by five to 

obtain the concentration (in mg/l) of suspended sediment within each sample.

Examination of the suspended sediment results (Table 5.4) shows that the 

difference between the suspended sediment concentrations of the surface samples 

(labeled with a W, as in LRW06) and those of the depth-integrated samples (labeled with 

SS, as in LRSS02) is minimal, and in fact in three of the rivers (the Liffey, Barrow and 

Slaney) there was actually a greater concentration of suspended sediment at the surface.

The concentration of suspended sediment within the water column of a river is 

largely dependent on the grain size of the sediment being carried (Reid and Frostick, 

1994). On average, the total mass of sediment per unit volume of water will be higher
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Sample SS mg/1 Sample SS mg/1
AVWOl 5.50 BWWOl 24.00
AVW02 5.50 BWW02 97.00
AVW03 9.00 BWW03 11.50
AVW04 3.50 BWW04 70.00
AVW05 12.00 BWW05 30.77
AVW06 5.00 BWW06 20.50
AVW07 4.50 BWW07 12.00
AVW08 6.00 BWW08 11.50
AVW09 262.00 BWW09 67.00
AVSSOl 272.50 BWSSOl 53.00
AVWIO 5.00 BWWIO 14.00
AVSS02 20.50 BWSS02 10.50
AVW ll 6.00 BWWll 8.50
AVW12 30.50 BWW12 39.50

Average 32.96 Average 35.61

Sample SS mg/1 Sample SS mg/1
SLWOl 14.00 LRW02 8.50
SLW02 9.00 LRW03 13.00
SLW03 8.00 LRW05 26.00
SLW04 20.50 LRW06 2.00
SLW05 15.00 LRW07 20.00
SLW06 20.00 LRW08 13.00
SLW07 23.00 LRSSOl 5.00
SLW08 17.00 LRW09 7.00
SLW09 30.00 LRSS02 6.00
SLSSOl 28.00
SLWIO 15.50 Average 11.28
SLSS02 11.00
SLWll 11.50
SLW12 147.50

Average 29.42

Table 5.4 - Suspended sediment concentrations for all samples in mg/1. Values in red
denote depth-integrated samples that correspond in time to the surface sample 
directly above (i.e., sampleBWSSOl and BWW09 are contemporaneous).
The averages given do not include the depth-integrated samples.



closer to the channel bottom, and will decline with height from the bed. Studies in the 

Mississippi River have shown that concentrations of clay and silt particles (< 63 ĵ m in 

diameter) will show concentrations that are mostly uniform throughout the water column, 

with slight increase very close to the bed (Colby, 1963). At larger grain sizes (fine to 

medium sands, diameter 63 to 250 //m), however, the Mississippi carries very little 

material in suspension close to the surface. Sediment coarser than 250 /im  was not found 

in suspension in surface waters (Colby, 1963).

Such data are indicative of conditions in larger rivers. However, in shallower or 

more highly turbulent flows, mixing effects may result in concentration gradients that are 

much less pronounced (Reid and Frostick, 1994). At each sampling station for the rivers 

in this study the depth of the river never exceeds 5 m; in the case of the Liffey and the 

Slaney it is barely 2 m. In contrast, each river channel is relatively wide at the point of 

sampling (estimated as >10 times depth for the Slaney and Liffey, and >3 times depth for 

the Avoca and Barrow). Sediment in these areas would therefore most likely be fairly 

well mixed throughout the water column.

As for turbulence, the Slaney and Liffey samples were taken from areas where the 

flow was observed to be more turbulent (due to the shallowness of the river and uneven 

riverbed) than the Avoca and Barrow. The Avoca and Barrow at their respective 

sampling stations were, however, observed at periods of flood to show dramatic increases 

in turbulence, which would lead to more mixing of suspended material through the water 

column.

Surface sampling for suspended sediment does not give an investigator a 

complete picture of the concentration throughout the water column, yet it is considered a 

reasonable approximation in rivers that carry bedloads rich with sand or gravel (Ward, 

1984). Depth-integrated sampling will not entirely represent the concentration throughout 

the water column, in any case; a drawback of the technique is the inability to sample
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within the bottom few inches of the water column, as the water intake on any sampler is 

not located at the very bottom of the sampling unit. This precludes sampling of the 

coarser grained material in suspension near the channel floor or moving by saltation 

(Einstein, 1964).

It is therefore likely that the suspended load in these rivers is fairly well mixed 

throughout the water column. In addition, drying each filter and the material retained at 

102°C, the methodology employed here, will not burn off organic material. If each river 

carries any low density organic material (which is likely since each flows through both 

agricultural and forested areas upstream of the sampling sites) and the remaining 

suspended material is equally distributed through the water column, the concentration of 

mass at the surface (where the organic material will float) will be greater than that at 

depth. Organic material can have a profound impact on the mass of suspended material; 

sample LR04 was not included in the suspended sediment portion of this study since it 

had grown algae while in storage, which increased its measured concentration of 

suspended material to ten times that of any other Liffey sample.

Only the Avoca shows greater suspended sediment concentration values for 

depth-integrated samples than for contemporaneous surface samples (Table 5.4). As 

stated, both were taken at periods of high flow, one set (samples AVW 09 and AVSS09) 

during a full flood event. It is likely that the depth-integrated samples for both dates are 

higher due to the inclusion of denser material moving very close to the riverbed that 

obviously would not be present in surficial samples. For the purposes of estimating the 

annual flux of suspended sediment in these rivers, therefore, the concentrations of 

suspended material in surface samples are assumed to represent the entire water column.

It is also interesting to note that the mass of suspended sediment in each sample is 

on average around an order of magnitude less than that of TDS (Table 5.4). This is in 

keeping with the results of previous investigations, which have shown that the suspended
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sediment yields of rivers in temperate northwest Europe are generally low and in fact on 

average less than solute load (Walling and Webb, 1996).

5.7.2 - Suspended Sediment Results

There is a positive correlation between concentration of suspended sediment and 

Qw, and this correlation is more robust than the correlation between TDS and (Fig. 

5.20). Results from the Liffey, as previously stated, are included here only for 

completeness; the rating curve generated by the Liffey data is based, as was that for the 

TDS data, on nine samples and shows very low correlation between and suspended 

sediment concentration. The other three rivers, however, have higher correlation 

coefficients and demonstrate a strong positive relationship between the concentration of 

suspended sediment and Qw

As stated in section 5.4, previous research has established ranges of values for the 

constants in a suspended sediment rating curve for various parts of the world. Generally, 

the coefficients for rivers (K,) in western Europe are on the low end of the worldwide 

range, generally below 1.0 (MUller and Forstner, 1968), while the exponents (m) for of 

western European rivers generally range between 1.0 and 2.5 (Reid and Frostick, 1994).

The rivers studied here (barring the suspect data from the Liffey) show results 

very similar to one another. The Avoca and Barrow each show rating curve coefficients 

less than 1.0, at 0.69 and 0.47, respectively, and exponents slightly greater than 1.0 (1.04 

and 1.09). The Slaney, however, has a coefficient greater than LO (at 2.38) and an 

exponent less than 1.0 (.75). All these rivers have suspended sediment rating curves that 

are broadly similar to those found in other areas of western Europe.
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5.8 -  Discharge and R ux Results

Applying these rating curves to the average for the rivers studied here over the 

past decade provides an average concentration for each river of both TDS and suspended 

sediment (Table 5.5). As is often the case with European rivers (Walling and Webb, 

1996), the average concentrations (and hence the average discharge) of suspended 

sediment are an order of magnitude lower than the average concentrations of TDS.

These average concentrations can then be combined with the average water 

discharges of the corresponding rivers to compute the annual discharge of suspended 

sediment and TDS for each river:

Qss =  (C ,3) (Q w)

Qtds ~  (C |ds)(Qw)

eq. (5.4)

e q .(5.5)

In which and are the annual discharges of suspended sediment and TDS for a 

river, respectively in t/y; and are the average concentrations of suspended 

sediment and TDS for a river in mg/1, respectively; and Q* is the average water discharge 

of the river in m^/s. The discharge values for suspended sediment can then be combined 

with estimates of bedload discharge (Table 5.6), generally considered to be on the order 

of 10% of suspended sediment discharge (Gaillardet et al., 1995; Emmett, 1984), to 

obtain the total sediment yield.

Combining these data with river catchment areas provides a measurement of the 

flux of sediment and solute being carried by each river, measured in tons per square 

kilometer of catchment per year:
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Suspended Sediment Average Average Suspended
River_________ Rating Curve_______________ for 1990-98(m^/s) Sediment Concentration

Avoca (0.696)q^M.042) .937 19.57 15.46

Barrow (0.470)q ^M.089) .650 40.88 26.71

Liffey (2.759)q ^a (o .533) .026 14.99 11.69

Slaney (2.379)q ^a(o.746) .807 22.93 24.61

Total Dissolved Solids AverageQ^ Average Total Dissolved
River_________ Rating Curve_______________ for 1990-98(m^/s) Solids Concentration

Avoca (81.682) Qj^(-0.167) .235 19.57 49.73

Barrow (592.530)q /(-0 .159) .269 40.88 327.86

Liffey (237.970)q /(0 .081 ) .009 14.99 296.43

Slaney (214.850) Q^^-0.145) .491 22.93 136.38

Table 5.5 - Rating curve equations and average concentrations for suspended 
sediment and total dissolved solids for each river, along with R  ̂
values for each curve. = water discharge.
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River QvX m̂ /s) Q.(mg/I) Qss (t/y) Qb t/y Qs (t/y) Area (km^) Q.(t/ km^/y)

Avoca 19.57 15.46 9539.13 953.91 10493.04 520.46 20.16

Barrow 40.88 26.71 34431.06 3443.11 37874.17 5014.32 7.55

Liffey 14.99 11.69 5524.86 552.49 6077.35 1481.50 4.10

Slaney 22.93 24.61 17796.71 1779.67 19576.38 1986.92 9.85

River Qw( m̂ /s) C,* (mg/l) Qtds (t/y) Area (km^) q,it/km^/y)

Avoca 19.57 49.73 30689.03 520.46 58.97

Barrow 40.88 327.86 422676.37 5014.32 84.29

Liffey 14.99 296.43 140127.46 1481.50 94.59

Slaney 22.93 136.38 98616.91 1986.92 49.63

Table 5.6 -Discharge/fluxes of TDS and total sediment (suspended sediment + bedload) for 
each river. = average water discharge for 1990-1998, area = area of catchment, 

average concentration of TDS for 1990-1998,Cjj = average concentration of 
suspended sediment for 1990-1998, q  = average discharge of suspended 
sediment for 1990-1998,q = averag^e discharge for TDS for 1990-1998,
Qb = estimated discharge or bedload (10% of suspended sediment discharge),
Qj = average total sediment discharge for 1990-1998,q^ = 1990-1998 average 
total sediment fluxflj,^ = 1990-1998 averageTDS flux.
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^ s s  =  ( Q s s X A e )  ' eq. (5.6)

q,ds =  (Q,ds)(Ac) ' eq. (5 .7)

In which qĵ  and q,j3 are the flu xes o f  suspended sedim ent and T D S, respectively, in 

t/km^/y; and Q,j5 are the discharges o f  suspended sedim ent and T D S for a given river 

in t/y; and is that river’s catchm ent area in km^.

Results show  that the A voca, which has the sm allest catchm ent area at 5 20  km^, 

has the highest average flux o f  suspended sedim ent (18 .33  t/km^/y) (Table 5 .6 , Fig. 5 .21). 

The suspended sedim ent flu xes o f  the Slaney and Barrow are low er (8 .96  and 6 .87  

t/km^/y, respectively), despite the fact that both river system s have higher average 

values, since both rivers’ catchm ents are much larger than that o f  the A voca  (1 9 8 6  km^ 

and 5 0 1 4  km^, respectively). T he L iffey ’s average flux o f  suspended sedim ent is much  

low er than that o f  the other rivers, m ost likely due to the trap effect o f  dams and weirs 

along its length.

The results for suspended sedim ent flux for the rivers in this study com pare well 

with results from sim ilar studies in com parable areas. An exam ination o f  the rivers o f  

eastern Scotland (M cM anus and Duck, 1996) show ed a variety o f  values for average flux. 

In the Southern Uplands, the rivers T w eed and W hiteadder, with catchm ent areas o f  4 3 9 0  

and 503 km^ respectively, drain topography similar to that o f  the Barrow (grazing country 

and forested land, underlain by various sedimentary rocks) and have com parable average 

flux values -  5.51 t/km^/y for the W hiteadder, 14.53 for the T w eed. The rivers D ee and 

Don, also in Scotland, have larger catchm ent areas than that o f  the A voca, but drain 

sim ilar bedrock (m etam orphic and igneous) and have similar values o f  suspended  

sedim ent flux (17 .83  and 18.40 t/km^/y) (M cM anus and Duck, 1996).
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Figure 5.21- Absolute annual discharge of sediment (suspended sediment + estimated bedload) for all rivers 
Discharge data for the Avoca/Vartry system represent discharges from the Avoca only.
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The Avoca, while having the highest average flux value for suspended sediment, 

has the lowest value for TDS of all rivers studied (58.97 t/km^/y). The Barrow and Liffey, 

with the highest proportions of carbonate rocks and therefore of bicarbonate and calcium 

ions, show the highest average fluxes of TDS (84.29 and 94.59 t/km^/y, respectively, 

although as always the values for the Liffey are not as reliable). The Slaney shows the 

lowest solute concentration (49.63 mg/1); while the Slaney has an annual TDS discharge 

more than three times that of the Avoca, the Slaney’s catchment is almost four times the 

size of the A voca’s. O f the total mass of material being carried by the rivers of southeast 

Ireland to the sea, therefore, the majority (87%, by mass, of the total averaged flux for all 

catchments) is in the form of solute. Suspended sediment and bedload together account 

for an average of 8.22 t/km^/y for all of southeast Ireland (Table 5.6, Fig. 5.22). This is 

substantially less than the 100 t/km^/y average for sediment flux in the whole of the 

United Kingdom or 1104 t/km^/y for the Americas (White et al., 1996). Placing these data 

into a larger context, the global mean of suspended sediment transported to the sea is 

approximately 116 t/km^/y. At an estimated 10% of the total load, the average bedload 

contribution to this flux is on the order of 10-15 t/km^/y (Walling and Webb, 1996). 

Solute flux is estimated at approximately 32 t/km^/y global average, of which, as stated, 

around half is probably from non-denudational sources.

European rivers generally carry solute loads greater than their suspended loads. In 

addition, much of the suspended particulate and bedload that is being carried in the 

upstream reaches of the rivers could be captured and is being stored by manmade 

obstructions to the rivers flow. It is worth noting that the Liffey has the lowest average 

suspended sediment concentrations despite the fact that it drains the same easily eroded 

bedrock types (i.e., carbonates) as the Barrow. Observations of the Liffey water quality 

on each sampling date showed a remarkable lack of turbidity. The sampling site for the
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Liffey Catchment

Avoca & Vartry Catchments

Slaney Catchment

Barrow Catchment 
100,000 m^/s 10,000 m^/s 
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Figure 5.22- Absolute annual discharge of solute for all rivers. Discharge data for the 
AvocaA'artry system represent discharges from the Avoca only.
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Liffey is directly downstream of the Leixlip dam; only in flood events would any 

appreciable suspended sediment pass such a barrier.

The volume of suspended sediment compared to that of solute shows that, at least 

at the water discharge values encountered during this study, chemical denudation 

outweighs physical. However, the fact that suspended loads are more susceptible to 

discrete flood events is evident in an analysis of Avoca samples. Sample AVW 09 carries 

a suspended sediment yield that represents a rate of denudation (expressed as volume of 

material denuded annually) that is four orders of magnitude greater than any other rate 

from any other sample. AVW 09 was, as shown, taken during a flood event in which the 

discharge was one order of magnitude greater than that of any other sample. Obviously, 

then, the vast bulk of suspended sediment that is carried by these rivers over the course of 

a year is carried as “slugs” during flood events. The same is most likely true of bedload.

5.9 -  Denudation

Using the computed flux values for each catchment, it is a simple procedure to 

calculate the amount (in //m) by which the surface of each catchment is being denuded by 

chemical and physical erosion for the period 1990-1998. The fluxes of TDS and of total 

sediment (suspended sediment + bedload) for each river are combined with that river’s 

average catchment bedrock density:

^ td s  ~  ( Q td s ) ( P c ) eq. (5.8)

=  (q s X p c )  * eq. (5.9)
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In which and are the denudation rates for each river due to the flux of TDS and 

total sediment, respectively, in ;/m/y; and are the fluxes of TDS and total sediment 

in t/(km^)(y); and p., is the average bedrock density of a given river catchment in g/cm^. 

Combining flux and density provides the total yearly denudation (£,) for each catchment 

for the period 1990-1998.

As previously stated, the relationship between solute load and chemical 

denudation of the catchment is tenuous (Walling, 1984). The input of material into 

solution from factors other than bedrock weathering rules out any direct correlation 

between the mass of the solute load and the denudation rate of a catchment. It is 

considered a rule of thumb that at least half of the total dissolved solids in a river are 

derived from non-denudational sources (Walling, 1984). The values for solute discharge 

and solute flux are reported here without adjusting for these non-denudational sources 

since these values (and the subsequent calculations of denudation) represent an absolute 

maximum.

In order to calculate the bedrock densities of the river catchments, the average 

densities of major rock types (sandstone, granite, etc.) (Ehlers and Blatt, 1982) are 

combined with the proportion of that particular rock type within a catchment (Table 5.7) 

and these values are added together:

P 3 = 2 , ( p J (% A J  eq.(5.10)

In which is the average bedrock density of a given catchment, p^ is the average density 

of a given rock type, and %A^ is the percentage of the catchment composed of that rock 

type. Table 5.7 gives the average bedrock densities for each of the catchments studied.
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Avoca Density (g/cm^) Area(km^) Percent
Granite 2.61 170.41 32.74%
Volcanics 2.61 21.51 4.13%
Metamorphics 2.74 305.09 58.62%
Sandstone 2.32 23.45 4.51%

Average Density of Catchment Rock = 2.67

Barrow Density (g/cm^) Area(km^) Percent
Granite 2.61 412.06 8.22%
Carbonates (Limestone 2.62 2897.73 57.79%

& Dolomite)
Sandstone 2.32 579.27 11.55%
Metamorphics 2.74 449.35 8.96%
Shale 2.42 655.44 13.07%
Volcanics 2.61 20.46 0.41%

Average Density of Catchment Rock = 2.57

Liffey Density (g/cm^) Area (km^) Percent
Granite 2.61 322.84 21.79%
Carbonates (Limestone 2.54 690.32 46.60%

& Dolomite)
Sandstone 2.32 115.73 7.81%
Shale 2.42 352.60 23.80%

Average Density of Catchment Rock = 2.51

Slaney Density (g/cm^) Area(km^) Percent
Granite 2.61 680.60 34.25%
Carbonates (Limestone 2.62 0.53 0.03%

& Dolomite)
Sandstone 2.32 24.75 1.25%
Metamorphics 2.74 989.84 49.82%
Shale 2.42 18.55 0.93%
Volcanics 2.61 272.65 13.72%

Average Density of Catchment Rock = 2.67

Fig. 5.7 - Average densities of bedrock in eacii catchment.
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Table 5.8 shows the maximum denudation rates for each catchment. The 

catchment of the Liffey shows the highest denudational rate of all the rivers studied, most 

likely due to the fact that it has the lowest average catchment bedrock density. Both the 

Barrow and Liffey catchments, which have high proportions of carbonates, are denuding 

at a greater rate than the catchments of the Avoca and Slaney.

Previous studies of denudation in Southeast Ireland based on apatite fission-track 

analyses (Allen et al., 2001) estimated a denudation rate of ~21 m/My, or 21 pimly, over 

the past 65 My. Present rates are therefore of the same order of magnitude as historical 

rates. A comparison of these average annual lowering values found in this study with the 

worldwide value, computed as slightly greater than 50 //m/y at present (Walling and 

Webb, 1996), shows that the denudation rate for the Leinster Batholith over the last 

decade are lower than average for global catchments. The rivers of the area are therefore 

characterized by having a higher solute than suspended sediment yield, and by varying 

rates of denudation within their catchments that are, on average, less than the global 

mean.

5.9.1 Solutes and Differential Denudation

There are a series of assumptions in the denudational calculations. Firstly, this 

model treats the entire solute load for each river as entirely a product of the denudation of 

that river’s catchment, an assumption plainly contrary to the assertion above that 

approximately half of the solute load is non-denudational. It is impossible with the data at 

hand to determine the denudational vs. non-denudational proportions of the total solute 

load of each river. As stated, these values for the volume of solute (Q tds) therefore 

represent the maximum volume of material that could be the result of chemical 

denudation, and the rates given in Table 5.8 represent absolute maxima.
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TDS Flux (t / km^/y) Average Density (g/cm^) Denudation Rate (//m/y)

Avoca

Barrow

Liffey

Slaney

Avoca

Barrow

Liffey

Slaney

58.97

84.29

94.59

49.63

Sed. Flux (t / km^y)

20.16

7.55

4.10

9.85

2.67

2.57

2.51

2.67

Average Density (g/cm^)

2.67

2.57

2.51

2.67

22.08

32.80

37.68

18.59

Denudation Rate (/^m/y)

7.55

2.94

L63

3.69

Total Denudation

Avoca 29.64

Barrow 35.74

Liffey 39.32

Slaney 22.28

Table 5.8 - Denudation rates for all rivers for the period 1990-1998.
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Secondly, averaging the denudation due to chemical weathering assumes a 

constant rate of denudation within the entire catchment, which in turn assumes a uniform 

bedrock type throughout the entire catchment. This assumption of uniform bedrocic is 

obviously not the case -  as shown, different bedrock types weather at different rates and 

therefore heterogeneous catchments would show differing denudation rates.

An attempt to take this into account is shown by Table 5.9. It is assumed for the 

purposes of this model that the major ions (Ca, K, Na and Mg), silica and carbonate 

com prise the bulk of the TDS. Results show that the difference between the sums of the 

masses of these constituents and the ED TDS varies from river to river. The Barrow 

shows a higher value for the sum of the cations, silica and bicarbonate than the value 

actually measured by ED. This is probably due to the loss of bicarbonate during the 

laboratory evaporation procedure. In the Avoca, on the other hand, the major constituents 

add up to only about 50% of the measured TDS. The remaining TDS is most likely made 

up of sulfates, derived from the Pb/Zn/Cu deposits in the upper catchment, Cl from ocean 

aerosols, and anthropogenic nitrates and phosphates. The Slaney and Liffey values for 

major constituent masses and TDS agree fairly well.

Given the assumption that these major constituents can be used as proxies for 

TD S (even for the Avoca, since the object is to determine the maximum possible 

denudation within each catchment), the relative erosion rates derived by Meybeck (1987) 

from  the TSM can be brought to bear (Table 4.2). The percentage of each catchment 

com posed of each bedrock type is weighted by that bedrock type’s relative erosion value, 

and then compared to the overall yearly volume of denudation (“ lowering”) computed for 

each catchment, which in turn gives different volumes of material in the form of solute 

fo r each bedrock type.
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Avoca Area of outcrop 
(km ';

Percentage of 
Catchment

Denudation of each rock type 
by chemical weathering (pim/y)

Granite 170.41 32.74% 18.40
Volcanics 21.51 4.13% 27.61
Schist/Slate/Quartzite 305.09 58.62% 18.40
Sandstone 23.45 4.51% 23.92

D enudation  due to solute (jim/y) 22.08

Barrow Area of outcrop Percentage of Denudation of each rock type
(km": Catchment by chemical weathering (fim/y)

Granite 412.06 8.22% 10.20
Limestone 2897.73 57.79% 122.36
Sandstone 579.27 11.55% 13.26
Schist/Slate/Quartzite 449.35 8.96% 10.20
Shale 655.44 13.07% 25.49
Volcanic 20.46 0.41% 15.29

D enudation  due to solute (jiia/y) 32.80

Liffey Area of outcrop Percentage of Denudation of each rock type
(km": Catchment by chemical weathering (i^m/y)

Granite 322.84 21.79% 8.97
Limestone 690.32 46.60% 107.67
Sandstone 115.73 7.81% 11.66
Shale 352.60 23.80% 22.43

D enudation due to  solute (jimJy) 37.68

Slaney Area of outcrop Percentage of Denudation of each rock type
(km"; Catchment by chemical weathering (limly)

Granite 680.60 34.25% 5.78
Limestone 0.53 0.03% 69.35
Sandstone 24.75 1.25% 7.51
Schist/Slate/Quartzite 989.84 49.82% 5.78
Shale 18.55 0.93% 14.45
Volcanics (& Slates) 272.65 13.72% 8.67

D enudation  due to  solute (jim/y) 18.59

Table 5.9 - Volumes of denudation of various rock types within 
each catchment by chemical weathering.
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This method allows a measurement of the maximum volume of material being 

denuded from each rock type in each catchment, and gives insight into the relative rates 

of denudation within each catchment that is due to chemical weathering.
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Chapter VI 

Conclusions
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This study provides a comprehensive view of the sediment routing systems of 

southeast Ireland in the area of the Leinster Batholith. It establishes the statistical 

relationship between onshore and offshore sediments, and traces the evolution of various 

sedimentological signatures along each the major pathways (i.e., the local rivers). The 

probable sources of river solute constituents are identified and the inputs of various rock 

types to the concentrations of major solute constituents quantified. In addition, this study 

constrains the flux of material being removed from of southeast Ireland via its four main 

catchments and computes the average denudation of the area due to chemical and 

physical weathering.

6.1 Provenance Results

6 .1.1 Bedload Provenance

The heavy mineral signatures of the medium- to fine-grained sands of the rivers in 

the area are directly correlatable to the bedrock of each river’s catchment. The Avoca and 

the Vartry are characterized by a preponderance of detrital (and, most likely, recycled) 

garnets, derived from the low-grade metamorphics of the Maulin Formation and related 

rocks (Fig. 6.1). The Liffey carries minerals from the granites in its upstream reaches and 

the siliciclastic sedimentary rocks along its length, and shows the influence of glacially- 

derived sediments in its catchment in the form of detrital pyroxenes, most likely from 

mafic source rocks. The Slaney’s sediment shows the influence of the catchment’s 

metamorphic nature; the overall heavy mineral suite of the Slaney is dominated by 

staurolite, andalusite and amphiboles (all metamorphically-derived mineral species) 

along with garnet. Finally, the Barrow shows varying proportions of different mineral
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Liffey Catchment 

Avoca & Vartry Catchments 

Slaney Catchment 

Barrow Catchment

■O' 1j" »
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Area Scale Area Scale

Igure 6.1 - Absolute annual discharge of solute (grey arrows) and suspended sediment (red arrows) along with the proportions 
of various heavy mineral species in the bedload sediment of each river and on the Irish Sea floor. Discharge data for 
the AvocaA'artry sytem represent discharges from the Avoca only. Am = Amphibole, An = Andalusite, Ap = Apatite, 
C P=  Clinopyroxene (augite), Ep = Epidote, Gt = Garnet, MM = metamorphic aluminosilicates, St = Staurolite,
Tm = Tourmaline, Zr = Zircon, Ot = other heavy mineral species.
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species along its length, all largely dependent on local bedrock lithology, but is 

distinguished by a bedload rich in detrital dolomite.

Within each river, sedimentological signatures change as the river progresses 

towards the sea. Often a distinct signature, directly related to a particular local rock type 

or formation, disappears almost immediately downstream. Only the presence of minute 

amounts of particular uncommon minerals (i.e., spodumene) can indicate point sources 

within a catchment. Otherwise the signature is a conglomeration based on the 

catchment’s average lithology.

Based on these averaged river signatures, it is clear that the sediment of the Irish 

Sea seabed is not derived from the southeast Irish landmass or the vicinity of the Leinster 

Batholith. Multivariate statistical analyses (utilizing both cluster and principal 

components analysis) show significant differences in the heavy mineral suites, both 

between the sediments of the rivers themselves, and between the sediments of the rivers 

and those of the Irish Sea floor. Irish Sea sands have suites that are dominated by the 

clinopyroxene augite; its presence in large amounts doubly reinforces the notion that Irish 

Sea sands have a source other than the Leinster Batholith, since a) no local rivers possess 

suites with even half the augite proportions found offshore, and b) none of the larger 

scale rock formations of southeast Ireland are particularly rich in augite.

The origin of these augite grains (and therefore the origin of the Irish Sea sands) 

is unclear; generally augite is derived from mafic to ultramafic source rocks. It is possible 

that these sands are ultimately glacial deposits, brought down from the north by 

southward-flowing ice sheets (which would have eroded mafic terrain in Northern Ireland 

and Scotland).

Such a view is supported by geochemical analyses of detrital garnets taken from 

each river and from samples in the Irish Sea. Garnets of the Avoca, Vartry, Slaney and 

Barrow rivers are all uniformly within a spessartine-almandine (Mn-Fe) solid solution.
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while offshore garnets show a much wider range of geochemistries, including grains of 

pyrope (Mg) and grossular (Ca). Unlike the heavy mineral analysis data, the results of 

garnet analyses in this study do not absolutely differentiate river and offshore sand bodies 

(since, based on garnet geochemistry alone, one could assume that the rivers were one of 

a number of sources for offshore sands, as the offshore samples do contain spessartine- 

almandine garnets). The garnet analyses do, however, unequivocally rule out the 

possibility that southeast Ireland is the sole source of Irish Sea sediment.

More importantly, the garnet data provide insight into the effect of glaciation on 

the sedimentological signatures of the area. Unlike the other local rivers, the Liffey 

shows a wide range of garnet types; not as wide a range as the offshore samples, but the 

Liffey’s suite contains pyrope and grossular garnet grains not found in any other river. 

The most likely explanation for this is the introduction of foreign garnetiferous sediment 

by southward-flowing ice during the Fenitian Glaciation. The Liffey catchment, which 

occupies the northern reaches of the highlands of the Leinster Batholith, is more directly 

exposed to the effects of ice sheets flowing from the north than any of the other river 

catchments studied.

Large discrepancies also exist between heavy mineral signatures of the rivers and 

those of the beaches along the Irish and Celtic Seas; the presence of large quantities of 

augite in the beaches denotes an offshore source. Only in beach samples taken very close 

to the mouths of the rivers do any indications of local input become apparent. In beach 

samples along the southern coast of Ireland, the signature of Irish Sea ice becomes less 

pronounced and is replace by local bedrock signatures most likely introduced by ice from 

the west or northwest.
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6 .1.2 Solute Provenance

The differences in solute chem istry and the overall m ass o f total dissolved solids 

(TDS) in each river are directly co rrec tab le  to river catchm ent lithology. The A voca, the 

catchm ent o f which is alm ost exclusively com posed o f igneous and m etam orphic 

bedrock, shows the low est values o f all rivers for both TD S and for all the m ajor solute 

constituents (Ca"^ ,̂ Na" ,̂ K^, HCO3 ) except Si0 2 - The Liffey and the Barrow show

the highest values o f TD S, due to the high proportion o f carbonate bedrock in their 

catchm ents. The Slaney, which incises a catchm ent made up o f a com bination o f rock 

types, has m ajor ion and TD S results between these extrem es. In general, total solute load 

is in direct proportion to carbonate bedrock percentage.

As for the m inor ions and silica, again the dom inant factor controlling each 

constituent’s am ount in a river is catchm ent lithology. The A voca carries relatively high 

concentrations o f Al, consistent with an igneous/m etam orphic bedrock lithology. 

Concentrations o f Fe, Mn, Pb, Zn and Cu in the A voca are also elevated in com parison to 

the o ther rivers, due to sulfide deposits in the A voca that are found in such num bers no 

where else in Southeast Ireland. Elem ents identified with carbonate rocks such as Sr and 

Ba occur in higher concentrations in the Liffey and Barrow as would be expected.

A pplying the results o f the Tem perate Stream  M odel (TSM ) o f M eybeck (1986) 

allow s further quantification o f m ajor solute constituent sources. The proportion o f each 

bedrock type in a catchm ent can be com bined with the contribution that rock type m akes 

to a so lu te’s concentration to explain how m uch o f a given solute type is com ing from  

each rock type. One can therefore com pare, fo r exam ple, the proportion o f Na^ ions in the 

A voca that are derived from  shales as opposed to granites, which provides insight into 

differential erosion within the A voca’s catchm ent. Results show that, as expected, vastly
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more material is being chemically weathered from sedimentary bedrock as opposed to 

igneous or metamorphic rocks.

6.2 Flux and Denudation Results

The fact that sediment found directly offshore of southeast Ireland is not locally 

derived suggests that relatively little material (at least in the form of sand) is being 

transported from the area to the sea. Analyses of the discharge of all material by the 

rivers show that most of the transport is in the form of solute. Silt and clay, carried as 

suspended sediment, is on average an order of magnitude less in mass than dissolved 

solids, and assuming that bedload is at a maximum 10% of suspended sediment mass, 

very little sand or gravel is making its way to the sea (an assumption supported by the 

heavy mineral and garnet data).

Combining the concentrations of TDS and suspended sediment (SS) in a series of 

samples from each river with the water discharge (Q^) from the time each sample was 

taken determines the total discharge of material being carried out of a catchment at that 

moment. Sampling over a period during which the river shows a wide variety of flows 

allows one to plot TDS and SS concentrations vs. Q^; these plots are then used to create 

rating curves which can predict past or future SS and TDS concentrations (and therefore 

discharges) based solely on a knowledge of Q^.

Each river results were subjected to this procedure. However, the results from the 

River Liffey (and therefore its rating curves) are considered suspect since this river has 

been so heavily modified by man. The results for the Liffey are included here for 

completeness, but it is very unlikely that they represent a natural system.

The rating curves derived for this study broadly agree with results from previous 

studies. Water discharge is directly proportional to SS concentration and inversely
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proportional to TDS concentrations. The Slaney, Avoca and Barrow all show broadly 

similar coefficients and exponents for each rating curve (certainly within the same order 

of magnitude), and these values largely agree with those found in previous studies of 

similar areas. The average discharges during the times when the samples were taken for 

this study are close to the average discharges for the 1990’s (within 10%) and are 

therefore representative of natural flows.

Applying the rating curves for each river to the monthly river flows recorded over 

the past decade show that the bulk of the material being carried to the sea is solute. 

Suspended sediment is roughly 10% the mass of TDS (Fig. 6.1), and computing bedload 

as (at a maximum) 10% of SS, the values for bedload discharge per year are extremely 

low. This is in keeping with the heavy mineral and garnet geochemistry results, which 

show that very little sand is making its way to the sea from southeast Ireland. Computing 

flux (the mass of material per unit area per unit time) of SS, bedload and TDS for each 

river shows that no more than 100 t/km^/y are being carried to the sea by any of the rivers 

studied. This, in global terms, is a relatively small flux (throughout the entire UK, for 

example, which has a similar climate, the average flux of suspended sediment alone is 

-100 t/km"/y).

Converting flux to denudation shows that, at the present rate, the Leinster Massif 

as a whole is being lowered a maximum of 40 meters every million years. Values for 

lowering between catchments are largely similar, ranging from 29 pimly in the Avoca 

catchment to 39 pimly in that of the Barrow. Previous studies of denudation in Southeast 

Ireland based on apatite fission-track analyses (Allen et al., 2001) estimate that the rate of 

lowering was ~2I /<m/y, or 21 m/My over the past 65 My. Present rates are therefore in 

the same order of magnitude as historical rates.
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6.3 Recommended Future W ork

A set of continuously-operating of suspended sediment monitors, directly 

measuring either the mass of sediment or optical attenuation based on turbidity, would 

create a much more statistically robust suspended sediment rating curve. Together with 

the automated flow meters already in use along the rivers in southeast Ireland, such 

monitors could measure concentrations of suspended material during all flows and 

constrain the hysteresis effects that are suspected to occur during flood events. In 

addition, continuous monitoring of river water conductivity would allow the calculation 

of TDS concentrations at ail flows, based on the conduct! vity/TDS relationships 

established here. Such data would better quantify both flux and denudation in the area.

Analyses of heavy mineral suites from samples taken farther afield would aid in 

identifying the ultimate source areas of Irish Sea samples. Geochemical analyses of 

distinctive mineral species such as augite in offshore samples could be compared to 

similar analyses in minerals from areas up-ice of the western Irish Sea. Northern Ireland 

and the Southern Uplands of Scotland, as well as the northern Irish Sea basin, are 

possible source areas that should be investigated.

As a comprehensive analysis of the entire sediment/solute routing systems of the 

Leinster Batholith and surrounding areas, this study provides insight into the sources of 

sediment in the area, the introduction of extra-basinal material by glaciation, the 

establishment and attenuation of sedimentological signatures within a river catchment, 

the sources of major ions and solute constituents, the total mass of material being carried 

by the rivers of the area as solute and sediment, the relationship between TDS/SS 

concentrations and water discharge, and the maximum rate o f denudation for that each 

catchment per year. Results from this study can be used to establish concentrations (and

267



therefore fluxes) of SS and TDS based on future or past water discharges of each river, 

compute the TDS concentration of the local rivers based on conductivity, and constrain 

differential denudation within a catchment. Comparisons of these results with those from 

other studies show that southeast Ireland is broadly similar with the rest of Western 

Europe in terms of material concentrations and rating curve values, and that the modern 

system is in phase with historical data.
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Appendix 1 - Locations of all offshore samples in latitude/longitude, and of all 
river samples in Irish National Grid (ING) coordinates.

Sample Longitude West Latitude North
10-185 6.01 52.75
10-20-4 5.88 53.18
10-83-46 5.74 52.97
11-143 5.98 52.95
11-191 6.11 52.77
1-186 6.07 52.61
1-191 6.14 52.66
1-19-4 5.83 53.21
1-20-4 5.81 53.11

12-20-4 5.92 53.19
13-20-4 5.92 53.21
14-20-4 5.92 53.24
15-186 6.06 52.78
15-20-4 5.94 53.27
18-141 5.80 53.17
2-144 6.08 52.53
2-186 6.12 52.63
2-191 6.12 52.66

25-185 6.16 52.62
28-185 6.17 52.64
29-185 6.20 52.65

Sample ING Easting ING Northing
AVOl 317300 199300
AV02 319100 177100
AV03 320400 179900
AV04 317200 185000
AV05 309300 181600
AV06 319300 183400
AV07 311500 202800
BWOl 265900 196900
BW02 271700 184800
BW03 269900 170500
BW04 268800 153500
BW05 273100 137700
BW06 374872 135491
BW07 375346 140030
BW08 376926 151636
LROl 313700 214390
LR02 310500 212900
LR03 305650 214850
LR04 303200 218050
LR05 302600 216200

Sample Longitude West Latitude North
3-137 5.92 53.00
3-26-9 7.05 52.06
4-144 6.09 52.47
4-26-9 7.08 52.08
5-136 5.93 52.97
5-26-9 7.04 52.08
6-144 5.99 52.83
7-26-9 7.00 52.10
91-10 6.15 52.42
91-13 6.28 52.37
91-16 6.30 52.32
91-18 6.31 52.28
91-24 6.32 52.30
91-31 6.32 52.37
91-49 6.21 52.32
91-52 6.18 52.28
91-57 6.17 52.37
91-70 6.00 52.67
91-71 6.00 52.63
91-72 6.00 52.60
91-75 6.00 52.50

Sample ING Easting ING Northing
LR06 292600 209700
LR07 287050 209100
LR08 282100 212100
LR09 280600 215100
LRIO 284200 219600
L R ll 288100 224500
LR12 288000 227000
LR13 292450 229250
LR14 299150 234150
LR15 302600 235000
LR16 307450 235800
SL03 299718 223260
SL04 297723 234625
SL05 296359 236523
SL06 294739 239871
SL07 298452 245087
SL08 298821 244709
SL09 296703 248876
SLIO 293277 254875
S L ll 289714 254860
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Appendix 1 Cont. (ING = Irish National Grid coordinates)

Sample ING Easting ING Northing Sample ING Easting ING Northi
SL12 290007 259697 BCH09 316900 237450
SL13 291882 260960 BCHIO 326000 224400
SL14 289215 262503 BCHll 319512 231550
SL15 285776 268242 BCH12 323300 237000
SL16 287098 270279 BCH13 324000 237250
SL17 283165 277764 BCH14 324800 245400
SL18 288890 285637 BCH15 272965 108170
SL19 287320 290429 BCH16 280076 105740
SL20 290719 293570 BCH17 287539 107919
SL21 293412 293116 BCH18 296280 103335
SL22 295829 294237 BCH19 296656 103268
SL23 296133 294810 BCH20 296700 103268

BCHOl 332600 293700 BCH21 314560 109874
BCH02 330950 283500 BCH22 310183 114644
BCH03 328000 278200 BCH23 221554 160109
BCH04 321800 248000 BCH24 225258 169400
BCH05 313800 232100 BCH25 229844 312377
BCH06 313800 232100 BCH26 306567 123862
BCH07 313800 232100 BCH27 304470 123150
BCH08 316900 237450
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Appendix 2 - Grain size percentages for all samples.

Sample > 250 ] i m 250-150 J im 150-63 J im <63 J im

1-186 18.44 39.46 39.96 2.14
1-19-4 0.66 5.35 91.44 2.56
1-20-4 12.65 7.88 72.08 7.39
10-185 17.52 7.92 65.59 8.98
10-20-4 18.57 3.50 75.61 2.32

10-83-46 20.09 22.77 48.11 9.03
11-143 0.88 34.99 58.98 5.15
11-191 7.33 1.22 82.67 8.79
12-20-4 25.59 0.74 72.00 1.67
13-20-4 10.02 9.17 75.18 5.63
14-20-4 1.33 8.47 89.06 1.14
15-186 17.49 11.41 57.97 13.14
15-20-4 0.11 0.77 97.70 1.42
18-141 66.79 13.71 18.82 0.68
2-144 90.48 0.00 3.33 6.19
2-186 54.72 0.02 2.39 42.88
2-191 57.14 3.97 9.58 29.31

25-185 64.54 10.92 23.01 1.54
28-185 19.48 48.75 28.28 3.49
29-185 0.12 0.89 89.84 9.15
3-137 45.91 42.61 10.74 0.74
3-26-9 79.92 16.43 2.95 0.70
4-144 35.74 1.77 59.41 3.08
4-26-9 74.02 23.51 1.08 1.38
5-136 48.41 14.35 34.54 2.70
5-26-9 64.36 32.20 1.86 1.58
7-26-9 71.13 25.49 2.07 1.30
6-144 7.88 16.09 70.23 5.80
91-10 14.41 21.53 63.44 0.62
91-13 5.80 5.73 82.23 6.24
91-16 20.30 15.83 61.12 2.75
91-17 1.78 2.93 93.16 2.13
91-18 0.20 1.51 96.98 1.32
91-24 2.44 7.57 86.02 3.97
91-31 3.51 21.78 73.35 1.36
91-49 3.60 5.47 89.54 1.40
91-52 23.70 41.38 33.56 1.36
91-57 10.36 32.63 56.35 0.66
91-71 6.62 3.38 89.20 0.81
91-72 5.05 45.35 48.72 0.88
91-75 3.05 32.66 61.11 3.18

BCHOl 5.69 19.26 74.62 0.42
BCH02 1.36 6.00 90.72 1.92
BCH03 10.02 16.83 70.80 2.35
BCH04 0.46 1.63 96.30 1.60
BCH05 0.36 5.46 92.80 1.39
BCH06 0.89 2.01 91.41 5.69
BCH07 5.33 26.57 67.26 0.84
BCH08 0.65 1.96 96.70 0.69
BCH09 0.79 0.53 72.91 25.77
BCHIO 36.09 21.43 41.92 0.56

273



Appendix 2 cont.

Sample > 250 J im 250-150 J im 150-63 J im <63 J im

BCHll 0.88 1.52 92.82 4.78
BCH12 1.83 0.91 89.02 8.24
BCH13 0.48 0.90 97.52 1.10
BCH14 18.43 28.49 52.73 0.35
BCH15 5.02 15.01 79.45 0.51
BCH16 1.39 1.62 93.65 3.33
BCH17 18.79 39.69 41.03 0.50
BCH18 9.78 45.78 44.09 0.35
BCH19 7.44 22.05 66.01 4.50
BCH20 26.80 14.08 57.98 1.14
BCH21 0.85 66.33 32.52 0.30
BCH22 20.38 25.90 52.28 1.44
BCH23 0.44 1.91 97.09 0.56
BCH24 6.16 24.39 68.60 0.85
BCH25 8.83 52.47 37.19 1.50
BCH26 29.55 54.31 15.70 0.44
BCH27 19.11 12.22 66.68 1.99
BWOl 42.82 16.35 24.83 16.00
BW02 60.54 18.47 14.98 6.01
BW03 30.01 41.66 19.19 9.13
BW04 43.10 17.64 25.49 13.77
BW05 3.65 68.25 25.24 2.86
BW06 5.01 29.23 63.11 2.65
BW07 31.88 44.54 7.66 15.92
BW08 6.56 38.61 40.62 14.21
SL03 52.38 17.02 28.92 1.68
SL04 42.97 31.68 22.59 2.76
SL05 52.80 35.09 8.28 3.83
SL06 70.80 18.15 10.05 1.00
SL07 44.06 17.26 38.30 0.38
SL08 62.12 31.16 5.94 0.78
SL09 51.97 44.32 2.77 0.94
SLIO 4.35 90.40 4.46 0.79
SL ll 9.61 74.14 15.14 1.11
SL12 6.79 24.01 66.93 2.28
SL13 29.42 64.21 3.32 3.05
SL14 0.13 37.01 61.67 1.19
SL15 39.26 56.38 3.60 0.76
SL16 4.09 21.03 70.72 4.16
SL17 2.76 71.21 26.00 0.03
SL18 22.40 56.67 18.87 2.06
SL19 5.93 76.91 15.90 1.27
SL20 13.36 63.09 22.35 1.20
SL21 19.29 52.34 26.91 1.46
SL22 20.55 63.12 15.31 1.02
SL23 13.84 62.66 22.74 0.76
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Sample

AVOl
AV03
AV04
AV05
AV06
AV07
VROl
VR02
VR03
VR04
LR02
LR03
LR04
LR05
LR06
LR07
LR08
LR09
LRIO
L R ll
LR12
LRU
LR14
LR15
LR16

> 250 Jim

57.08
7.11
58.08
8.55

26.48
37.09
57.27
50.32 
14.77 
54.89
46.57
54.58 
53.96
33.43
62.36
44.92
1.65

47.98
13.53 
45.76
50.54 
34.88
43.04
26.87
45.88

250-150 Jim

35.42
22.84 
33.65 
47.22 
33.86
57.95
28.95 
36.39
29.31 
22.79 
41.52
32.11
35.85 
21.62
21.46 
30.21
37.67
41.32
14.86
9.26
33.47 
7.01
29.56 
22.84
25.95

150-63 Jim

5.75
57.57
6.49

42.57 
34.55
3.98
10.10
10.31 
51.45 
18.71
10.54 
12.60
9.11
38.59 
11.94
23.68
49.43
8.61

67.05
36.28
13.43
52.96
19.87 
30.37
21.68

< 63 Jim

1.75
12.48 
1.78
1.66
5.11 
0.98
3.69 
2.97
4.48
3.61
1.36 
0.71
1.08
6.36 
4.24
I.19
II.26
2.08
4.56
8.70
2.56 
5.15
7.53
19.92
6.49
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Appendix 3 - Percentages of heavy mineral species in each sample. Samples marked *** were not fully counted but 
were Included in final analysis.

Sample Amphibole Andalusite Apatite Epidote Garnet Hornblende Kyanite Clinopyroxene
1-186 1.00 3.48 6.47 1.00 22.39 2.99 1.99 25.37
1-19-4 2.49 5.97 0.50 1.99 16.92 0.50 0.00 35.82
1-191 0.00 4.50 9.00 0.00 20.50 2.00 0.00 39.00
1-20-4 1.00 10.50 1.50 0.50 11.50 2.00 0.00 49.50
10-185 2.50 7.00 2.00 0.50 14.00 3.00 0.00 36.50
10-20-4 0.50 11.00 4.50 0.00 14.00 3.50 1.00 36.50

10-83-46 0.00 9.00 2.50 0.50 24.50 2.50 0.00 30.00
11-143 0.00 13.50 0.50 0.50 23.50 2.50 0.00 44.00
11-191 2.00 7.50 1.00 0.00 20.00 2.00 0.00 32.00
12-20-4 2.00 4.00 2.00 1.00 22.00 0.50 0.00 31.50
13-20-4 1.00 11.00 2.00 1.50 17.00 4.50 0.00 35.50
14-20-4 2.00 9.00 3.50 1.00 14.00 1.50 0.00 39.00
15-186 2.50 3.00 9.50 1.50 19.00 0.50 1.50 31.00
15-20-4 0.00 3.48 8.96 3.98 6.47 3.48 0.50 43.78
18-141 1.00 6.50 1.00 0.00 10.00 4.00 0.00 52.00
2-144 2.99 2.99 2.49 0.50 20.90 1.49 0.00 23.88
2-186 4.98 7.46 1.49 1.00 19.90 1.00 0.00 37.31
2-191 6.50 10.00 2.50 2.00 8.00 3.00 0.00 44.00

25-185 3.47 8.42 0.99 0.50 23.27 0.99 0.00 29.21
28-185 3.00 10.00 3.50 4.50 17.00 2.00 0.00 32.00
29-185 3.00 4.00 11.00 2.00 26.50 1.00 0.00 33.00
3-137 2.50 5.50 2.00 2.50 18.50 2.00 0.00 33.00
3-26-9 2.50 9.00 0.50 0.00 28.50 0.00 0.00 24.50
4-144 0.50 1.50 0.00 2.00 35.00 1.00 0.00 19.00
4-26-9 * * * * * * * * * * * * * * * * * * * * ********** ********** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * **********
5-136 1.50 2.00 3.00 0.00 26.00 4.00 0.00 15.50
5-26-9 ********** ********** ********** ********** ********** ********** ********** **********
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Sample Amphibole Andalusite Apatite Epidote
6-144 1.50 7.00 1.00 3.00
7-26-9 ******** ********** ********** **********
91-10 1.98 10.89 3.47 0.50
91-13 3.50 7.00 4.00 3.50
91-16 1.00 11.00 0.50 1.50
91-17 3.00 9.00 1.50 1.50
91-18 2.50 15.50 1.00 1.00
91-24 1.00 14.00 1.00 0.00
91-31 2.50 4.00 1.50 0.00
91-49 0.00 1.99 9.45 1.49
91-52 1.50 5.00 2.50 3.00
91-57 0.00 9.45 1.00 0.00
91-71 1.50 7.00 1.00 0.00
91-72 1.00 9.00 2.00 1.00
91-75 1.00 16.00 2.00 0.00
AVOl 0.50 1.00 0.50 1.00
AV03 0.00 0.00 1.50 0.00
AV04 0.50 3.50 1.50 0.00
AV05 1.96 0.49 1.47 0.00
AV06 0.00 0.00 1.00 0.00
AV07 0.33 5.54 6.51 0.00
VROl 0.46 0.91 0.91 2.05
VR02 0.00 0.50 0.00 3.00
VR03 0.50 0.50 1.00 1.50

BCHOl 0.50 8.00 2.00 0.50
BCH02 0.00 14.00 1.50 0.00
BCH03 2.00 14.00 0.50 0.00
BCH04 0.50 7.50 2.00 0.00

Garnet Hornblende Kyanite Clinopyroxene
24.50 2.00 0.00 39.50

22.77 0.99
16.00 3.00
17.00 2.50
19.50 0.00
12.50 3.50
23.50 4.00
18.50 5.00
21.89 1.99
20.00 0.00
17.41 1.99
16.50 3.00
9.50 4.00
14.00 4.00
87.00 0.00
90.50 0.00
82.50 1.50
84.80 0.49
91.00 0.00
64.17 0.98
83.60 0.00
91.50 1.00
86.50 0.00
44.00 4.00
10.50 7.00
6.50 2.50
24.50 4.50

0.00 28.22
0.00 19.50
0.00 24.50
0.00 28.50
0.50 35.50
0.50 35.00
0.00 36.50
1.49 33.83
0.00 39.00
0.00 45.27
0.00 44.50
0.00 55.00
0.00 33.50
0.00 0.50
0.00 1.00
0.00 1.00
0.00 3.43
0.00 4.00
0.33 7.49
0.00 6.15
0.00 0.50
0.00 3.00
0.00 26.50
0.00 43.00
0.00 53.50
0.00 35.50
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Sample Amphibole Andalusite Apatite Epidote
BCH05 5.00 12.50 3.50 1.50
BCH06 1.49 8.46 2.99 1.99
BCH07 1.50 5.50 1.00 1.00
ECHOS 1.00 13.50 1.00 1.50
BCH09 1.00 1.49 7.46 1.00
BCHIO 3.00 21.00 1.50 0.50
BCH ll 8.50 3.50 3.00 3.00
BCH12 4.00 1.50 4.50 1.00
BCH13 2.50 3.00 6.50 7.50
BCH14 2.50 3.50 2.50 4.00
BCH15 5.00 8.50 5.00 0.00
BCH16 6.97 9.45 3.48 0.00
BCH17 6.97 11.94 2.99 1.00
BCH18 1.50 7.00 0.00 0.00
BCH19 30.50 6.00 1.00 0.50
BCH20 11.50 5.50 1.00 10.00
BCH21 3.50 8.00 0.50 0.50
BCH22 2.00 6.00 2.50 9.50
BCH23 1.00 9.00 0.00 1.00
BCH24 0.00 5.50 0.50 0.50
BCH25 3.50 8.00 2.50 0.00
BCH26 8.50 10.50 2.50 1.00
BCH27 0.50 11.00 0.50 0.00
BWOl ********** ********** ********** **********
BW02 1.00 1.49 12.44 2.49
BW03 ********** ********** ********** **********
BW04 ********** ********** ********** **********
BW05 0.50 2.50 2.00 8.50

Garnet Hornblende
4.00 11.50
10.95 3.98
7.50 3.00
7.00 7.00
4.98 6.47
21.50 2.00
10.00 5.00
7.00 6.50
10.00 7.50
18.00 1.00
17.00 3.50
9.45 2.99
14.93 1.99
21.00 6.50
13.00 2.50
5.00 28.00
22.00 5.50
12.00 5.50
25.00 1.00
37.00 0.00
12.50 4.50
3.00 6.50
33.50 0.50

********** **********
10.95 1.00

********** **********

Kyanite Clinopyroxene
0.00 35.50
0.50 41.29
0.50 50.00
0.00 51.50
0.50 29.85
0.50 39.50
0.00 47.00
0.00 50.00
0.50 29.50
0.00 45.50
0.00 14.00
0.00 25.37
0.00 16.92
0.00 40.50
0.00 15.50
0.00 0.00
0.00 33.00
0.00 26.00
0.00 35.00
0.00 29.50
0.00 55.00
0.00 25.50
0.00 22.00

********** **********
0.50 9.45

********** **********
 ̂  ̂̂   ̂̂  ̂

35.00 1.50 0.00 2.00
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Sample Amphibole Andalusite Apatite Epidote
BW06 4.00 1.00 2.50 0.00
BW07 13.50 3.00 7.50 3.00
BW08 6.50 18.00 1.50 0.50
LR02 1.50 0.50 9.50 1.00
LR03 0.00 1.21 11.74 1.21
LR04 29.00 5.50 8.00 11.00
LR05 10.50 1.50 11.50 12.00
LR06 3.98 3.98 8.96 2.49
LR07 2.06 5.35 18.93 4.53
LR08 4.48 5.97 31.34 9.95
LR09 5.50 5.50 21.00 5.00
LRIO 9.45 6.97 24.88 6.47
LRU 3.50 3.00 16.50 4.00
LR12 2.00 10.50 18.00 13.50
LR13 4.50 5.50 23.00 6.50
LR14 5.00 5.00 16.00 6.50
LR15 7.50 2.50 25.50 3.00
LR16 3.96 6.44 22.77 2.48
SL03 1.50 10.50 3.50 0.00
SL04 5.50 14.00 5.50 4.50
SL05 0.00 11.00 1.00 4.50
SL06 1.50 16.50 2.50 2.50
SL07 4.00 19.50 3.00 0.00
SL08 10.50 20.00 3.00 1.00
SL09 8.00 19.00 5.00 1.00
SLIO 6.00 18.50 4.00 0.50
S L ll 1.50 24.00 1.50 2.50
SL12 10.50 8.00 4.00 3.50

Garnet Hornblende
20.50 8.50
28.00 10.50
10.00 5.00
61.50 0.00
59.51 1.21
8.50 2.00
10.00 2.50
50.75 1.99
39.09 0.82
18.41 2.99
25.50 1.50
12.44 1.99
18.00 1.50
37.00 0.00
28.00 3.50
18.00 3.50
20.00 1.00
28.71 1.49
18.00 4.50
14.50 10.50
20.50 1.50
14.50 1.50
39.00 5.00
22.50 6.00
24.00 8.50
29.50 9.00
22.00 5.00
28.00 11.00

Kyanite Clinopyroxene
0.00 0.00
0.00 4.00
0.00 1.50
0.00 17.00
1.82 1.21
0.50 1.00
2.00 5.50
0.00 0.00
1.65 3.70
1.99 4.98
0.50 8.00
0.00 10.45
0.50 12.50
0.00 7.00
0.00 4.50
0.00 10.50
0.00 7.00
0.50 11.39
0.00 15.00
0.50 5.00
0.50 2.50
0.00 1.50
0.00 0.50
0.00 3.50
0.50 0.00
0.00 1.00
0.00 1.00
0.00 3.50
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Sample Orthopyroxene Rutile Sillimanite
1-186 1.99 1.99 0.00
1-19-4 0.00 1.49 0.50
1-191 0.00 0.00 0.00
1-20-4 0.00 1.00 0.50
10-185 1.50 3.50 0.00
10-20-4 0.50 0.00 1.00

10-83-46 2.00 1.00 0.00
11-143 0.50 0.00 0.00
11-191 0.50 1.00 0.00
12-20-4 3.50 2.00 0.00
13-20-4 0.00 1.50 0.00
14-20-4 0.00 2.00 0.00
15-186 1.00 2.00 0.00
15-20-4 0.00 0.50 0.50
18-141 2.00 0.50 0.00
2-144 0.50 1.00 0.00
2-186 0.50 1.00 0.00
2-191 0.00 1.00 0.00

25-185 0.00 0.50 0.00
28-185 1.50 0.50 0.00
29-185 0.50 1.00 0.00
3-137 0.00 2.00 0.50
3-26-9 1.00 0.50 0.50
4-144 0.50 1.00 0.00
4-26-9 ********** **********
5-136 0.50 2.00 0.00
5-26-9 ********** ********** **********
6-144 0.00 0.50 2.00

Sphene Staurolite
2.99 5.47
0.00 4.48
0.00 2.50
1.50 6.50
2.00 8.00
1.00 10.50
0.50 4.00
1.50 4.00
1.50 3.00
0.50 2.50
4.50 6.50
1.00 9.00
1.00 4.50
5.97 5.47
0.00 7.50
0.00 3.48
1.49 8.46
1.00 6.50
1.49 4.95
0.00 12.00
6.50 2.00
3.00 3.00
0.00 15.00
0.50 5.50

********** **********
0.00 3.00

********** **********
1.50 6.00

Tourmaline Zircon
4.48 18.41
12.44 16.92
9.50 13.00
10.00 4.00
7.50 12.00
10.00 6.00
6.00 17.50
6.50 3.00
4.00 25.50
7.00 21.50
7.00 8.00
7.00 11.00
10.00 13.00
13.43 3.48
11.00 450
498 34.83
5.47 9.95
9.50 6.00
5.94 20.30
7.00 7.00
3.00 6.50
6.50 19.00
4.00 1400
2.00 31.50

********** **********
1.50 41.00

********** **********
10.00 1.50
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Sample Orthopyroxene Rutile Sillimanite
7-26-9 ********=!:* ********** **********
91-10 0.99 1.98 0.50
91-13 0.00 3.50 0.00
91-16 1.50 1.00 0.00
91-17 1.00 1.50 0.00
91-18 1.00 0.50 0.50
91-24 0.00 0.50 0.50
91-31 1.00 0.50 0.00
91-49 1.49 0.50 3.48
91-52 0.00 3.00 0.00
91-57 0.00 0.00 0.50
91-71 1.00 0.50 0.00
91-72 0.50 0.50 0.00
91-75 0.00 2.00 0.00
AVOl 1.00 0.50 0.00
AV03 0.00 0.00 0.00
AV04 1.50 2.50 1.00
AV05 0.49 0.00 0.98
AV06 0.00 0.00 0.00
AV07 1.95 0.33 0.65
VROl 0.46 0.00 0.23
VR02 0.50 0.00 0.50
VR03 0.00 0.00 1.00

BCHOl 0.00 0.00 3.50
BCH02 0.00 1.00 4.00
BCH03 0.00 0.00 2.00
BCH04 1.00 0.00 0.00
BCH05 1.00 0.50 3.50

Sphene Staurolite
********** **********

1.49 8.42
2.50 8.50
1.50 7.50
0.50 7.00
3.00 10.50
0.00 9.00
0.00 5.50
4.48 6.97
0.50 9.50
0.00 3.48
0.00 13.00
0.00 8.50
0.50 11.00
0.50 6.00
0.00 2.50
0.50 1.00
1.47 3.43
0.00 1.00
0.00 1.30
0.91 1.37
0.00 1.50
3.00 1.50
0.50 6.00
1.50 7.50
1.50 8.00
1.00 8.50
1.50 9.00

Tourmaline Zircon
********** **********

5.94 11.88
5.50 23.50
6.00 24.50
10.00 17.00
7.50 5.00
7.50 3.50
9.00 16.00
5.97 4.98
4.50 11.50
7.96 12.94
6.00 6.00
7.00 2.00
12.00 4.00
1.50 0.00
4.50 0.00
3.00 0.00
0.98 0.00
3.00 0.00
9.12 1.30
2.73 0.23
1.00 0.00
1.00 0.50
4.00 0.50
8.00 2.00
8.50 1.00
5.50 9.50
9.00 2.00
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Appendix 3 Cont.

Sample
BCH06
BCH07
BCH08
BCH09
BCHIO
BC H ll
BCH12
BCH13
BCH14
BCH15
BCH16
BCH17
BCH18
BCH19
BCH20
BCH21
BCH22
BCH23
BCH24
BCH25
BCH26
BCH27
BWOl
BW02
BW03
BW04
BW05
BW06

Orthopyroxene
1.00
1.00
0.50
0.50
1.00
3.50
2.50 
0.50 
2.00
1.50 
4.48 
0.00 
1.00
3.00
3.00 
0.50
2.00 
0.00 
0.50 
0.50 
2.00 
1.00

0.00

0.00
1.00

Rutile
1.00
2.50
0.00
3.48
0.00
0.00
2.00
3.00 
0.50 
0.50 
0.00 
0.50 
0.00 
0.00
1.00 
1.00 
1.00 
0.00 
0.00 
0.00 
2.00 
0.50

3.98

0.00
0.00

Sillimanite
1.00
0.00
1.00
0.50
1.50 
0.00 
0.00 
0.00 
0.00 
0.50 
1.00 
1.00 
0.00 
0.50
1.50 
0.50
1.50 
0.00 
0.00 
1.00 
0.00 
0.00

0.00

0.00
1.00

Sphene Staurolite
1.99 4.98
1.50 6.00
1.00 5.50
1.00 3.48
1.00 2.00
5.00 2.00
6.50 2.00
1.00 3.50
8.50 1.00
0.00 21.00
0.00 15.42
0.00 23.88
0.00 13.50
0.00 10.00
1.00 8.00
0.00 9.00
0.00 5.00
0.50 14.50
0.00 9.00
0.00 5.00
2.50 14.50
0.50 21.00

********** **********
1.00 1.49

********** **********
**********

0.00 43.00
0.00 41.50

Tourmaline Zircon
10.95 7.46
4.50 14.50
7.50 2.00
5.97 32.34
5.00 0.00
2.50 7.00
6.00 6.50
6.50 18.50
2.50 8.50
9.50 14.00
7.46 13.93
7.46 10.45
8.00 1.00
3.50 14.00
3.50 21.00
3.00 13.00
8.50 18.50
7.50 5.50
3.00 14.50
2.50 5.00
4.50 17.00
5.50 3.50

********** **********
6.97 47.26

********** **********
**********

5.00 0.00
19.00 1.00
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Appendix 3 Cont.

Sample Orthopyroxene
BW07 2.50
BW08 2.50
LR02 1.00
LR03 0.81
LR04 16.50
LR05 3.00
LR06 0.50
LR07 0.82
LR08 0.50
LR09 1.00
LRIO 3.48
L R ll 4.50
LR12 0.50
LR13 0.50
LR14 2.50
LR15 5.00
LR16 0.50
SL03 2.00
SL04 4.00
SL05 2.50
SL06 1.50
SLOT 4.00
SL08 10.00
SL09 4.00
SLIO 3.00
S L ll 2.50
SL12 6.50
SL13 1.00

Rutile Sillimanite
0.00 4.50
0.00 0.50
0.00 0.00
0.00 0.61
0.00 2.00
1.50 0.50
0.50 0.50
0.00 2.47
0.50 1.49
0.50 2.00
0.50 0.00
1.00 1.50
0.50 0.50
1.00 1.50
1.50 1.00
0.00 0.50
1.49 0.50
2.00 3.50
1.00 3.50
0.50 2.50
0.00 3.00
0.50 2.00
0.00 3.00
0.50 4.50
0.00 4.00
0.00 5.00
1.00 1.50
0.00 0.00

Sphene
0.00
0.00
0.00
0.00
6.00
2.50 
1.00 
2.47 
0.00
2.50 
0.50 
0.50 
0.00 
0.00 
0.00 
0.50 
0.00 
0.50 
0.50
3.00
1.00 
0.50 
1.00 
2.00 
0.50 
0.00 
0.50 
0.50

Staurolite
7.00 

44.50 
0.00 
1.21
2.00
3.00 
3.98 
5.35
2.49
6.50 
0.00 
0.50
1.50
5.00
1.50 
0.00 
3.96
9.00
20.50
40.50
46.00
17.50
14.00
15.50
19.00
21.50
9.00
7.00

Tourmaline
14.00
8.50
6.50 
19.03
6.00
4.00 
21.39 
7.82 
11.44
8.50 
13.43
13.00
6.50
8.50
12.00
11.50 
8.42 
11.00
6.50 
8.00
7.00
3.00 
0.50
6.50
4.00
12.50
4.00
5.50

Zircon
2.50 
1.00
1.50 
0.40 
2.00
30.00 
0.00 
4.94 
3.48
6.50 
9.45
19.50
2.50
8.00
17.00
16.00 
7.43
19.00
4.00
1.50
1.00
1.50
5.00
1.00 
1.00 
1.00 
9.00 
0.50
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Appendix 3 Cont.

Sample Amphibole
SL13 6.50
SL14 12.50
SL15 15.50
SL16 7.46
SL17 20.50
SL18 19.00
SL18 19.50
SL19 12.94
SL20 4.00
SL21 1.50
SL22 3.00
SL23 3.50

Andalusite Apatite
5.00 4.00
28.00 10.00
38.00 7.50
14.93 10.95
33.50 1.00
23.00 1.50
25.50 2.00
23.88 1.99
25.00 2.00
14.50 1.50
19.50 2.00
14.00 2.50

Epidote Garnet Hornblende Kyanite Clinopyroxene
0.50 50.50 18.50 0.00 0.50
0.00 22.00 12.00 0.00 3.00
0.50 17.50 2.50 0.00 3.50
0.50 29.85 15.92 0.00 1.99
1.50 14.00 7.50 0.00 1.50
0.00 27.00 7.00 0.00 2.50
0.00 20.00 12.00 0.00 1.00
0.50 32.84 13.43 0.00 1.49
0.50 35.50 7.00 0.00 1.50
0.50 63.50 3.50 0.00 0.00
0.00 56.00 2.00 0.00 1.00
0.00 50.50 3.50 0.00 1.00
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Appendix 3 Cont.

Sample Orthopyroxene Rutile Sillimanite
SL14 2.00 0.50 2.00
SL15 1.50 0.00 1.50
SL16 3.48 1.00 1.99
SL17 0.00 0.00 6.50
SL18 1.50 0.50 4.00
SL18 2.50 0.50 2.50
SL19 1.00 0.00 1.99
SL20 1.00 0.00 10.00
SL21 0.00 0.50 3.50
SL22 0.00 0.00 2.50
SL23 1.00 0.00 0.00

Sphene
0.00
0.00
0.00
0.00
0.00
1.00
0.00
0.50
0.00
0.00
0.00

staurolite
4.00
6.00 
4.48
6.50 
6.00
7.00 
6.47
5.00
4.50
3.50
7.50

Tourmaline
1.50
2.50 
3.98
2.50
3.00
3.50
1.00
4.50
4.00
10.00 
5.00

Zircon
2.50
3.50
3.48
5.00
5.00
3.00
2.49
3.50
2.50 
0.50
11.50
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Appendix 4 - Element percentages for all garnet grains

Sample AV05

Grain No. Ca Fe Mg Mn
1 1.05 47.84 1.47 49.65
2 6.29 57.53 6.50 29.68
3 0.77 48.99 2.51 47.73
4 1.39 49.02 4.04 45.54
5 11.28 24.84 3.18 60.69
6 12.59 26.21 2.35 58.85
7 6.96 43.11 10.10 39.83
8 4.03 67.41 13.48 15.08
9 3.97 59.93 12.20 23.90
10 11.12 23.90 2.42 62.57
11 0.15 42.99 56.30 0.56
12 8.06 32.24 4.93 54.76
13 8.93 25.29 1.92 63.85
14 1.18 51.49 2.84 44.49
15 0.90 49.55 3.59 45.96
16 2.72 69.90 14.15 13.24
17 10.28 29.74 3.13 56.85
18 16.86 27.60 3.28 52.26
19 3.65 67.70 11.03 17.63
20 13.40 26.11 2.87 57.62
21 0.80 51.66 3.26 44.28
22 0.80 54.87 2.27 42.06
23 4.86 53.04 6.15 35.95
24 1.97 53.87 4.30 39.86
25 20.32 22.06 2.57 55.05

Grain No. Ca Fe Mg Mn
26 0.90 51.59 1.73 45.79
27 9.53 48.55 6.22 35.70
28 1.45 55.21 3.24 40.10
29 4.22 44.23 5.53 46.03
30 0.84 53.45 3.14 42.57
31 1.24 54.84 5.33 38.59
32 19.19 23.85 2.54 54.42
33 1.11 50.24 2.49 46.16
34 0.62 54.49 2.00 42.89
35 0.62 57.00 6.35 36.02
36 1.48 57.65 7.38 33.49
37 6.78 38.55 4.00 50.68
38 5.97 61.04 12.64 20.35
39 2.13 58.01 5.81 34.04
40 1.09 47.18 3.19 48.54
41 1.03 52.24 3.17 43.56
42 8.33 25.80 2.08 63.79
43 3.88 62.74 12.11 21.27
44 1.23 49.73 3.64 45.40
45 1.94 66.97 7.90 23.19
46 15.94 48.11 7.90 28.04
47 5.02 55.89 10.04 29.05
48 1.27 51.79 3.59 43.35
49 0.84 32.34 1.94 64.88
50 15.59 35.38 5.24 43.79
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Sample VR03

Grain No. Ca Fe Mg Mn
1 9.85 45.11 8.54 36.50
2 4.16 62.76 8.53 24.54
3 9.09 51.33 8.39 31.19
4 13.42 30.46 4.31 51.81
5 5.32 53.49 9.47 31.72
6 8.98 43.97 4.42 42.64
7 9.10 46.11 5.21 39.58
8 11.43 25.90 2.42 60.25
9 11.41 39.22 6.25 43.12
10 13.11 50.10 7.26 29.52
11 4.85 57.54 6.55 31.06
12 8.16 27.00 2.96 61.88
13 6.66 40.36 3.68 49.31
14 15.20 28.85 3.23 52.72
15 8.87 40.99 4.88 45.25
16 7.68 57.26 6.92 28.15
17 7.82 50.82 7.27 34.09
18 11.34 48.93 10.03 29.69
19 4.17 75.88 10.75 9.19
20 4.07 72.52 6.35 17.07
21 5.92 60.32 6.69 27.06
22 7.06 45.12 4.43 43.39
23 4.80 65.94 8.48 20.78
24 8.02 34.63 3.76 53.60
25 25.79 44.17 28.81 1.23

Appendix 4 Cont.

Grain No. Ca Fe Mg Mn
26 8.67 39.31 11.43 40.58
27 8.71 51.18 6.78 33.33
28 5.56 46.36 6.07 42.01
29 7.48 44.18 3.66 44.68
30 9.30 48.13 8.06 34.51
31 4.32 45.64 5.51 44.53
32 5.51 71.07 8.82 14.60
33 9.55 34.75 4.10 51.59
34 19.55 24.98 2.69 52.78
35 14.25 25.36 2.66 57.74
36 17.23 23.32 3.04 56.40
37 13.38 28.87 2.75 55.00
38 5.45 45.34 4.36 44.86
39 8.17 60.26 6.82 24.76
40 8.49 42.65 5.06 43.79
41 11.93 26.70 2.40 58.96
42 7.80 66.55 9.16 16.49
43 10.60 29.84 2.03 57.53
44 7.88 58.26 6.93 26.94
45 8.17 38.92 4.05 48.87
46 13.28 26.16 2.86 57.70
47 9.59 33.41 4.72 52.29
48 8.54 43.23 3.68 44.55
49 5.52 75.49 8.61 10.38
50 9.89 29.12 2.95 58.04



Sample BW05

Grain No. Ca Fe Mg Mn
1 16.19 33.88 3.67 46.26
2 7.88 61.07 14.26 16.79
3 12.14 61.49 11.17 15.20
4 0.99 58.23 2.26 38.52
5 0.83 51.03 2.07 46.07
6 2.21 57.75 6.41 33.63
7 1.43 33.81 1.91 62.84
8 1.79 54.46 6.87 36.88
9 8.21 65.15 11.11 15.53
10 1.46 53.41 3.55 41.59
11 3.24 66.80 13.22 16.74
12 6.28 35.79 4.83 53.10
13 2.45 56.58 5.60 35.36
14 21.68 67.69 8.86 1.77
15 0.77 57.67 3.02 38.54
16 1.18 43.70 3.67 51.45
17 2.21 58.19 7.46 32.14
18 4.22 68.90 13.96 12.92
19 5.06 74.59 9.46 10.90
20 3.06 67.93 13.57 15.44
21 0.79 62.82 3.61 32.78
22 1.74 60.99 3.95 33.31
23 1.54 76.39 10.89 11.18
24 1.18 57.73 2.02 39.07
25 3.07 64.34 9.06 23.54

Appendix 4 Cont.

Grain No. Ca Fe Mg Mn
26 4.52 79.61 9.26 6.61
27 1.21 50.77 1.53 46.49
28 4.42 69.12 10.85 15.61
29 1.00 55.53 1.93 41.54
30 21.08 36.28 3.29 39.36
31 1.54 52.88 1.40 44.18
32 1.33 64.82 3.08 30.76
33 1.19 55.72 2.09 41.00
34 4.04 73.21 9.95 12.80
35 3.58 67.72 11.77 16.93
36 2.66 67.76 10.63 18.95
37 1.05 43.28 1.18 54.49
38 1.24 46.93 1.46 50.36
39 1.31 48.95 1.57 48.17
40 4.04 63.65 11.14 21.17
41 4.52 72.65 10.72 12.11
42 10.80 50.96 7.29 30.95
43 1.10 51.54 1.58 45.78
44 1.74 62.69 3.70 31.87
45 3.37 75.58 9.61 11.44
46 12.39 62.91 3.81 20.90
47 3.30 74.45 10.29 11.97
48 4.18 72.38 10.60 12.83
49 2.12 68.49 6.92 22.47
50 7.48 48.43 2.52 41.58



Sample LR16

Grain No. Ca Fe Mg Mn
1 0.97 39.39 1.88 57.76
2 1.40 52.69 3.49 42.43
3 1.05 50.56 2.81 45.58
4 4.16 67.44 11.13 17.27
5 5.13 49.86 2.46 42.55
6 8.78 61.07 12.58 17.57
7 0.96 37.99 3.37 57.67
8 4.41 77.10 17.93 0.56
9 22.87 39.94 36.09 1.10
10 0.72 43.59 1.96 53.73
11 26.29 49.32 23.09 1.30
12 0.97 41.39 1.95 55.69
13 25.29 41.38 32.38 0.95
14 5.49 50.75 5.92 37.85
15 25.95 41.35 31.95 0.75
16 1.34 55.96 5.45 37.25
17 24.67 41.74 32.83 0.76
18 21.95 60.83 8.54 8.68
19 1.27 43.30 1.80 53.64
20 1.36 57.81 6.34 34.49
21 2.37 69.17 11.13 17.33
22 0.00 48.04 48.99 2.98
23 2.39 47.40 49.58 0.63
24 1.23 55.11 4.77 38.89
25 27.87 57.89 6.66 7.58

Appendix 4 Cont.

Grain No, 
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Ca Fe
3.68 69.91
3.47 63.55

41.08 45.32
3.21 68.50
0.99 41.27
26.92 58.84
1.21 48.51

29.55 60.92
17.23 73.33
5.63 64.67
0.66 50.72
27.93 52.11
1.73 64.28
2.95 50.09
9.34 57.43
5.21 51.16
0.83 47.59
0.97 61.42
0.91 59.90
10.05 39.54
21.58 58.90
1.32 53.07
0.74 42.60
1.02 33.27
4.57 66.49

Mg Mn
16.54 9.88
10.40 22.58
6.73 6.87
11.09 17.20
2.66 55.08
11.03 3.21
3.41 46.88
6.19 3.35
8.39 1.05
13.23 16.47
2.82 45.80
19.30 0.66
9.07 24.92
6.77 40.19
8.06 25.18
10.49 33.15
2.48 49.11
7.10 30.51
9.14 30.06
4.22 46.18
9.83 9.69
2.78 42.84
3.16 53.50
1.90 63.82

10.58 18.35



Sample SL03

Grain No. Ca Fe Mg Mn
1 1.78 46.88 3.57 47.77
2 1.38 60.18 4.54 33.91
3 1.42 51.83 4.41 42.33
4 0.40 40.71 3.29 55.60
5 3.20 66.73 12.00 18.06
6 3.99 55.78 9.83 30.40
7 5.18 67.43 8.76 18.63
8 5.09 65.32 9.28 20.31
9 1.57 66.96 12.08 19.39
10 7.50 46.76 8.38 37.36
11 9.10 46.07 3.31 41.52
12 8.80 41.92 5.36 43.92
13 14.04 46.70 4.99 34.27
14 6.14 56.62 9.62 27.63
15 9.25 56.42 7.89 26.44
16 16.97 33.20 4.96 44.87
17 11.27 20.20 2.73 65.80
18 3.00 57.25 10.42 29.34
19 20.23 49.93 8.20 21.64
20 3.39 63.53 8.79 24.29
21 17.58 24.15 0.72 57.55
22 10.60 18.10 3.37 67.93
23 2.34 69.35 11.07 17.25
24 1.52 58.23 5.26 34.99
25 1.63 54.49 6.87 37.01

Appendix 4 Cont.

Grain No. 
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Ca Fe
17.36 35.25
1.38 49.28

10.91 44.72
8.87 41.17
3.19 56.39
7.78 59.80
1.35 45.50
1.40 59.87
7.93 42.68
10.69 33.49
8.48 59.96
11.53 55.76
9.76 33.78
7.29 76.63
6.72 52.74
1.09 49.15
2.73 62.47
7.98 54.37
1.50 61.48
13.42 26.76
10.30 57.28
3.74 68.52
8.51 52.22
8.06 44.29
8.79 44.36

Mg Mn
4.01 43.39
1.79 47.55
6.04 38.34
5.19 44.77
11.07 29.35
5.84 26.59
3.31 49.83
6.87 31.87
5.08 44.31
4.53 51.29
7.03 24.53
7.04 25.67
3.97 52.49
10.52 5.57
6.24 34.29
2.11 47.65
13.20 21.60
5.77 31.88
3.89 33.13
2.59 57.23
6.91 25.51
14.56 13.18
4.13 35.15
6.72 40.93
3.31 43.55
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Sample 1-20-4

Grain No. Ca Fe Mg Mn
1 4.88 62.47 12.59 20.06
2 5.16 63.37 7.61 23.86
3 27.97 43.25 4.90 23.89
4 22.86 68.20 6.95 2.00
5 27.54 44.27 4.09 24.11
6 12.02 34.75 3.08 50.15
7 4.36 66.76 11.36 17.52
8 32.54 46.30 3.40 17.76
9 4.01 64.53 29.46 2.00
10 2.15 76.09 18.77 2.99
11 30.87 41.04 27.54 0.55
12 22.29 67.58 9.22 0.90
13 12.85 62.70 16.07 8.39
14 6.75 54.26 17.33 21.66
15 3.16 68.10 25.10 3.64
16 5.05 60.03 7.69 27.22
17 22.92 64.79 4.80 7.49
18 4.70 71.29 20.04 3.96
19 4.91 69.40 23.83 1.85
20 6.78 77.81 13.55 1.85
21 6.34 71.04 13.88 8.73
22 6.80 38.42 4.74 50.04
23 8.43 58.15 11.24 22.17
24 74.75 21.86 2.48 0.91
25 8.21 47.10 3.94 40.74

Appendix 4 Cont.

Grain No. Ca Fe Mg Mn
26 4.34 66.16 12.50 17.01
27 27.97 43.78 4.32 23.92
28 12.18 34.23 3.86 49.73
29 23.42 63.89 6.16 6.53
30 24.09 66.71 7.24 1.95
31 14.60 67.32 12.25 5.84
32 8.66 39.86 6.13 45.35
33 5.13 58.35 10.35 26.16
34 20.04 67.26 8.63 4.07
35 28.35 54.69 3.65 13.32
36 20.85 48.16 4.11 26.87
37 2.83 73.62 22.49 1.06
38 25.79 58.88 12.89 2.44
39 26.68 58.30 12.59 2.43
40 8.42 68.62 21.22 1.74
41 28.42 43.79 26.45 1.34
42 16.03 69.59 11.40 2.99
43 27.96 43.78 4.20 24.06
44 6.14 60.07 7.94 25.85
45 12.10 47.12 5.62 35.16
46 28.49 57.49 3.93 10.09
47 3.15 56.46 38.69 1.69
48 30.85 56.00 3.76 9.39
49 19.13 71.55 6.67 2.66
50 8.11 56.91 11.81 23.17
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Sample 3-137

Grain No. Ca Fe Mg Mn
1 30.61 53.84 4.29 11.26
2 70.05 28.04 1.25 0.66
3 74.41 22.92 2.67 0.00
4 16.68 72.68 8.48 2.16
5 6.89 53.75 5.32 34.04
6 2.70 67.21 28.09 1.99
7 21.49 65.86 7.95 4.71
8 3.25 70.04 19.13 7.58
9 30.56 48.35 5.88 15.21
10 2.37 65.60 13.71 18.31
11 14.32 63.62 20.05 2.01
12 27.86 56.08 4.19 11.87
13 17.41 73.06 9.20 0.33
14 11.25 53.14 12.49 23.12
15 8.20 62.04 7.55 22.21
16 73.95 22.56 2.87 0.61
17 5.69 47.16 12.51 34.65
18 17.34 25.45 3.47 53.74
19 2.66 51.26 11.29 34.78
20 23.58 51.81 3.61 21.00
21 21.79 57.78 19.29 1.14
22 14.97 51.89 7.55 25.59
23 99.45 0.14 0.00 0.41
24 8.53 67.14 17.35 6.97
25 6.85 65.47 13.21 14.48

Appendix 4 Cont.

Grain No. Ca Fe Mg Mn
26 10.53 48.83 12.28 28.36
27 7.20 69.30 20.68 2.82
28 10.91 37.25 3.31 48.53
29 3.07 58.35 11.46 27.11
30 12.66 71.83 10.88 4.62
31 19.15 65.80 14.25 0.79
32 5.07 63.82 21.39 9.72
33 1.89 51.39 46.32 0.41
34 6.84 57.52 6.06 29.58
35 0.49 63.52 32.39 3.60
36 0.32 12.49 86.99 0.20
37 7.00 51.64 6.50 34.86
38 13.43 34.54 4.21 47.82
39 7.78 56.63 6.27 29.32
40 0.90 27.10 2.21 69.79
41 13.95 59.42 13.53 13.10
42 3.60 28.89 66.08 1.42
43 67.51 29.88 1.94 0.67
44 76.93 20.10 2.80 0.17
45 15.86 73.07 8.50 2.57
46 5.76 66.27 12.72 15.25
47 9.39 48.54 13.70 28.37
48 6.91 71.30 19.89 1.90
49 0.06 56.12 43.26 0.56
50 73.43 23.89 2.26 0.42



Sample 1-191

Grain No. Ca Fe Mg Mn
1 27.29 48.64 3.50 20.57
2 1.49 60.33 5.45 32.74
3 1.29 62.24 4.56 31.90
4 11.29 61.08 23.81 3.81
5 5.00 76.47 17.28 1.25
6 9.03 58.25 4.68 28.05
7 23.78 52.12 10.32 13.78
8 22.43 66.36 9.17 2.05
9 1.57 61.44 4.08 32.92
10 20.30 68.72 7.71 3.28
11 21.35 54.56 8.83 15.27
12 9.71 50.10 7.52 32.67
13 3.47 43.90 7.77 44.87
14 10.82 48.45 9.72 31.01
15 4.08 58.96 9.34 27.61
16 20.25 65.77 10.71 3.28
17 8.57 76.88 10.61 3.94
18 9.16 75.99 11.44 3.41
19 23.45 65.43 10.59 0.53
20 8.87 72.53 14.88 3.72
21 2.91 67.44 11.80 17.85
22 3.29 59.59 28.25 8.87
23 19.12 68.97 7.06 4.85
24 22.79 57.87 16.32 3.02
25 13.40 74.96 9.03 2.61

Appendix 4 Cont.

Grain No. Ca Fe Mg Mn
26 8.55 63.49 4.45 23.52
27 4.98 53.52 6.85 34.65
28 24.78 44.52 29.61 1.09
29 13.30 69.41 11.35 5.93
30 5.20 73.67 9.48 11.66
31 9.07 70.82 15.89 4.22
32 5.13 71.35 19.67 3.85
33 73.76 23.90 2.34 0.00
34 2.95 57.44 14.96 24.65
35 19.73 62.94 6.51 10.82
36 11.89 57.40 29.60 1.11
37 11.81 73.68 12.85 1.67
38 13.78 22.74 3.28 60.20
39 64.67 33.29 2.04 0.00
40 0.70 51.71 2.72 44.87
41 8.08 52.30 8.35 31.26
42 6.56 79.88 12.40 1.15
43 25.87 51.62 6.02 16.49
44 79.20 18.14 2.65 0.00
45 38.83 14.40 46.47 0.29
46 2.58 51.63 9.63 36.16
47 7.40 56.14 10.17 26.28
48 67.15 30.30 2.40 0.16
49 16.28 71.37 11.70 0.64
50 22.77 67.36 5.14 4.73
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Sample 10-185

Grain No. Ca Fe Mg Mn
1 5.86 74.60 18.91 0.63
2 6.44 41.77 8.23 43.56
3 70.23 27.05 1.56 1.17
4 17.74 69.16 11.89 1.21
5 56.15 32.69 8.90 2.27
6 1.05 53.38 2.30 43.27
7 2.52 52.28 5.54 39.66
8 9.54 20.77 2.71 66.98
9 26.75 60.39 11.97 0.89
10 12.93 47.47 6.22 33.38
11 11.09 52.82 8.55 27.54
12 3.03 44.41 52.15 0.40
13 2.35 68.83 11.74 17.08
14 2.49 70.34 11.45 15.72
15 22.59 64.80 6.44 6.16
16 1.38 57.32 3.94 37.36
17 6.29 68.76 9.50 15.44
18 17.32 70.13 12.55 0.00
19 20.60 54.30 22.31 2.80
20 14.39 43.58 6.42 35.61
21 7.94 71.01 15.73 5.31
22 16.45 67.73 15.13 0.69
23 25.69 25.69 47.77 0.85
24 68.90 28.14 2.31 0.65
25 12.39 30.24 3.91 53.47

Appendix 4 Cont.

Grain No. 
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Ca Fe
12.76 32.28
3.62 71.00
10.58 26.98
25.75 62.56
1.16 46.48
6.80 52.98
11.23 71.12
1.24 50.96

19.92 59.62
70.30 26.26
2.62 50.83
2.47 53.55

23.40 67.87
13.67 31.77
8.91 61.35
7.36 58.60
13.66 46.57
1.52 73.10
0.95 48.37
11.15 72.61
7.11 57.04
12.89 74.23
8.67 49.86
14.84 26.18
24.23 64.62

Mg Mn
4.55 50.41
11.96 13.42
2.85 59.59
6.05 5.64
3.49 48.87
8.60 31.62
11.91 5.75
4.96 42.84
18.22 2.24
2.93 0.51
4.49 42.06
3.89 40.09
8.51 0.21
3.22 51.34

22.91 6.82
13.78 20.27
5.01 34.76

23.28 2.10
2.85 47.83
13.83 2.41
13.35 22.50
12.81 0.08
8.25 33.22
3.13 55.86
5.94 5.21



Sample 10-83-46

Grain No. Ca Fe Mg Mn
1 2.09 54.01 3.49 40.40
2 4.30 64.27 9.16 22.27
3 3.91 67.55 9.28 19.26
4 32.41 31.17 3.79 32.62
5 3.51 71.18 13.53 11.78
6 25.37 60.16 4.02 10.45
7 14.57 28.93 4.24 52.26
8 25.59 48.90 23.72 1.79
9 5.17 73.78 16.85 4.20
10 4.45 56.16 7.52 31.87
11 11.63 30.93 2.91 54.53
12 72.14 25.35 1.71 0.81
13 8.73 59.39 10.91 20.97
14 3.52 70.55 20.81 5.13
15 4.34 60.99 29.70 4.96
16 5.82 45.32 3.88 44.98
17 3.78 69.37 11.19 15.66
18 2.28 76.28 19.52 1.93
19 26.67 58.64 5.36 9.33
20 24.31 62.90 6.89 5.90
21 3.55 58.82 8.78 28.85
22 7.24 74.63 14.41 3.72
23 15.09 53.08 9.20 22.63
24 6.43 30.62 3.73 59.23
25 14.25 33.91 3.74 48.09

Appendix 4  Cont.

Grain No. Ca Fe Mg Mn
26 9.64 38.83 3.33 48.20
27 5.74 58.47 10.78 25.02
28 7.46 47.91 4.86 39.77
29 10.90 34.84 3.89 50.38
30 3.34 60.28 35.29 1.09
31 5.29 47.50 6.87 40.34
32 11.17 56.94 16.40 15.49
33 2.60 47.63 3.67 46.10
34 24.98 47.83 10.89 16.30
35 8.31 20.92 4.23 66.55
36 19.92 36.54 42.58 0.96
37 3.45 61.22 33.85 1.48
38 1.12 55.70 3.36 39.82
39 25.67 52.51 16.36 5.45
40 5.61 73.98 16.69 3.72
41 7.75 55.75 4.94 31.56
42 6.60 62.00 12.91 18.49
43 1.96 68.90 11.86 17.28
44 9.70 43.68 5.75 40.88
45 1.18 59.51 5.83 33.48
46 2.14 68.90 12.00 16.96
47 9.21 35.12 3.93 51.74
48 4.73 54.62 18.79 21.85
49 8.10 47.31 10.67 33.92
50 10.12 65.14 18.55 6.18
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Sample 15-20-1

Grain No. Ca Fe Mg Mn
1 24.84 61.05 7.99 6.11
2 8.27 39.06 4.17 48.49
3 28.35 54.40 5.63 11.62
4 29.13 54.19 5.66 11.02
5 26.76 60.32 5.66 7.26
6 4.89 68.24 23.82 3.05
7 26.09 52.26 16.83 4.82
8 25.26 60.28 6.24 8.22
9 20.84 67.54 10.82 0.80
10 1.94 58.98 5.70 33.38
11 3.01 55.86 12.48 28.65
12 18.07 61.27 18.70 1.96
13 8.08 68.08 18.42 5.42
14 9.29 44.55 4.74 41.43
15 29.96 51.82 17.74 0.49
16 28.72 39.88 29.99 1.41
17 30.06 41.00 28.28 0.66
18 67.57 30.17 2.19 0.07
19 5.68 77.01 13.30 4.01
20 5.56 59.90 32.05 2.49
21 4.32 59.50 32.57 3.61
22 12.89 71.19 15.62 0.30
23 9.70 72.56 15.52 2.22
24 0.34 48.16 3.54 47.96
25 8.87 26.15 4.04 60.94

Appendix 4 Cont.

Grain No. Ca Fe Mg Mn
26 72.13 24.53 3.18 0.16
27 23.15 66.08 8.73 2.04
28 23.82 60.86 6.61 8.71
29 8.30 54.62 11.83 25.25
30 3.33 67.87 26.93 1.87
31 2.47 53.81 4.95 38.77
32 21.49 59.24 17.64 1.62
33 13.04 52.50 8.74 25.72
34 20.52 72.59 5.80 1.08
35 7.33 56.99 9.67 26.00
36 1.28 46.41 2.35 49.96
37 23.65 67.91 7.07 1.37
38 13.77 54.07 6.96 25.20
39 21.39 64.55 12.16 1.90
40 2.26 54.81 4.95 37.98
41 3.24 66.31 28.61 1.83
42 13.34 64.98 19.75 1.94
43 10.38 76.83 11.69 1.09
44 23.05 63.41 10.91 2.63
45 20.26 67.20 10.67 1.87
46 76.21 20.89 2.90 0.00
47 22.24 58.27 6.33 13.16
48 24.06 57.20 5.18 13.56
49 9.52 70.48 17.70 2.30
50 23.31 56.74 4.81 15.13



Sample 4-144

Grain No. Ca Fe Mg Mn
1 13.47 51.10 6.66 28.77
2 23.32 69.13 7.02 0.53
3 13.21 36.33 5.50 44.96
4 5.07 64.98 8.90 21.05
5 14.45 35.08 4.22 46.25
6 9.22 56.04 12.81 21.94
7 6.94 77.85 11.49 3.72
8 9.15 45.82 4.14 40.89
9 12.29 68.28 16.26 3.17
10 7.54 47.54 14.75 30.16
11 7.08 46.79 9.96 36.17
12 14.78 67.59 14.70 2.93
13 24.16 66.53 6.23 3.08
14 5.33 54.69 5.70 34.28
15 5.59 62.24 19.29 12.88
16 32.61 49.07 7.78 10.55
17 6.68 65.47 23.05 4.80
18 8.51 76.05 14.04 1.40
19 0.93 56.42 4.67 37.98
20 2.11 68.66 13.41 15.82
21 7.88 49.92 8.12 34.08
22 3.59 73.06 22.02 1.33
23 2.33 52.41 13.40 31.85
24 13.93 26.01 1.92 58.13
25 11.66 41.60 8.81 37.93

Appendix 4 Cont.

Grain No. 
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Ca Fe
9.14 55.02
3.76 72.86
15.54 23.60
13.93 67.81
11.71 66.57
16.86 32.40
8.77 33.24
4.59 70.00
3..56 67.93
18.42 69.85
7.13 48.20
9.57 73.45
31.14 51.72
11.29 47.82
4.10 74.31
26.37 51.88
4.15 74.81
10.85 25.91
9.91 36.23
4.28 76.48
4.34 64.51
1.32 45.37
11.98 41.84
9.00 57.55
9.85 39.24

Mg Mn
6.54 29.29
15.29 8.08
2.83 58.02
17.21 1.04
14.06 7.66
3.74 46.99
3.51 54.49

21.70 3.70
25.78 2.74
9.39 2.35
6.11 38.56
13.09 3.89
3.66 13.48
4.65 36.24
10.28 11.32
3.52 18.23
9.50 11.54
2.14 61.10
3.18 50.67
10.21 9.03
10.29 20.87
3.55 49.75
4.26 41.92
5.52 27.94
4.45 46.47
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