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SU M M A R Y

T his thesis exam ines and considers the processes w hich led to m agm atic layering and associated 

p lanar and linear fabrics in m afic and ultram afic rocks o f  four igneous centres o f  the British (and Irish) 

Palaeogene Igneous Province. The intrusions studied are the A rdnam urchan C entre 3 G abbros, the Rum 

Layered Suite, the Skye D ruim  Hain Layered G abbros (all in NW  Scotland) and the C arlingford  Later 

G abbros (in N E Ireland). The interpretations o f  layer form ation have im portant im plications for m agm a 

cham ber p rocesses, and for intrusion geom etries and em placem ent m echanism s.

T he study utilizes detailed field observations, m odem  m ethods o f  quantitative textural (C rystal 

S ize D istribution; C SD ) and rock m icrofabric (A nisotropy o f  M agnetic Susceptibility; A M S) analysis 

together w ith m ineral-chem ical data. A M S fabrics are typically  carried  by m agnetite and are generally  

o rien ted  parallel to visible m acroscopic layer-parallel foliations. In the case o f  the A rdnam urchan and Rum 

intrusions, deform ed structures in the layered rocks and consistently  p lunging orientations o f  m agnetic 

lineations are interpreted as strong evidence for significant central subsidence o f  each body fo llow ing 

initial em placem ent. For the A rdnam urchan Centre 3 rocks, the com bined evidence suggests that the 

intrusion is a com posite lopolith and not a ring-dyke, as previously  suggested. The close association o f  syn- 

m agm atically  deform ed layering w ith inw ard-plunging m agnetic lineations in parts o f  the C arlingford  Later 

G abbros suggests that this intrusion m ay also  have undergone central subsidence, though less than at 

A rdnam urchan o r Rum.

M agm atic layering at both A rdnam urchan and Rum is believed to  have developed largely through 

the action o f  large and sm all-scale crystal-laden p lum es or currents, possible driven by the central 

subsidence referred to above. A t D ruim  Hain, the gabbros show  evidence for central subsidence, but no 

evidence o f  m agm atic flow is observed, and an in situ  crystallization m odel o f  layer and fabric form ation is 

advocated. D etailed quantitative textural evidence from parts o f  the A rdnam urchan lam inated gabbros and 

the D ruim  Hain rocks suggests that postcum ulus processes such as crystal ripening w ere locally  very 

im portant in m odifying prim ary cum ulate textures and fabrics in both intrusions.

The data presented in this thesis have im portant im plications for layered m afic and ultram afic 

rocks as they show  that the textures and fabrics o f  cum ulates m ay record m agm a cham ber processes at 

different stages in the history o f  a cum ulate pile. The data show  that although the textures o f  m afic and



ultram afic rocks m ay be strongly influenced by postcum ulus processes, prim ary (syn-cum ulus) processes 

are probably  responsible for initiation o f  layer and fabric acquisition in all o f  the intrusions studied. The 

conclusions draw n in this thesis also question som e o f  the classic m odels for high-level m agm a 

em placem ent and intrusion geom etries in the British Palaeogene Igneous Province. For exam ple, lopolithic 

central subsidence is show n to be an im portant process governing the late-stage developm ent o f  each 

intrusion and suggests a need to re-evaluate o ther classic m odels for m agm a em placem ent in the British 

Palaeogene Igneous Province, e.g. on the Isles o f  Mull and A rran, NW  Scotland, and S lieve G ullion, 

N orthern Ireland.
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Chapter 1 Introduction

1.1. M agmatic layering in maflc and ultramafic intrusions

Although mafic and ultramafic intrusions are often lithoiogically, texturally and compositionally layered at a 

variety o f scales, considerable controversy surrounds the origin o f such layering (see Irvine et al. 1998 for 

review). The variety of magmatic layer types may be described through a number o f  characteristics, such as 

variations o f crystal size, crystal shape, crystal orientation (grain size or textural layering), mineral chemistry 

(cryptic layering), and varying modal proportions o f minerals present in the rock (modal layering) (Irvine 1980). 

Modal layering may be termed rhythmic layering if there is cyclic repetition o f this variation (W ager and Brown 

1968). Combinations of any number of these layer types occur, and result in an almost infinite number of subtly 

different kinds o f layering (Wager and Brown 1968). Variation of layering within the groups set out above can 

also occur through irregularities in the nature o f the layer boundaries. Layer boundaries may be sharp or 

gradational and may be planar or undulatory. Layers may also be laterally continuous or discontinuous and may 

be conformable or unconformable with adjacent layers (Irvine et al. 1998).

Often closely associated with magmatic layering is a range o f  small-scale structures. Some o f these, such as 

current bedding, modal and grain-size grading, magmatic lineations and slump structures, provide strong 

evidence for magmatic sedimentation (crystal settling) and current action as an important layer forming process 

(Wager and Brown 1968; Irvine et al. 1998). Others, such as planar mineral foliations (the layer parallel ‘igneous 

lamination’ o f Wager and Brown (1968)) and folding of magmatic layering have origins that are less clear, and 

processes including in-situ crystallisation, mush rheomorphism (e.g. folding), post-cumulus compaction, 

metasomatism, and recrystallisation have all been held responsible (Wager and Brown 1968; McBimey and 

Noyes 1979; and Hunter 1987). It is obvious that the different varieties and scales o f layering in mafic and 

ultramafic plutons represent a range o f processes, and all o f the features observed cannot be attributed to one 

single process (e.g. McBimey and Nicolas 1997; Boudreau and McBimey 1997; Irvine et al. 1998; O ’Driscoll et 

al. 2005). Interpretations o f magmatic layering and the stmctures that often accompany it have important 

implications for our understanding o f the mechanisms by which layered intrusions are emplaced and evolve.

1.2. Fabric acquisition and textural evolution in layered cumulates  

1.2.1. Introduction

Cumulus theory, proposed by Wager and Brown (1968), and refined by Irvine (1980), defined cumulus 

crystals as ‘the fractionated crystals’ that form a ‘cumulus framewoik of touching mineral crystals’. Different
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(com peting) p rocesses in the m agm a cham ber including in situ  crystal grow th and crystal transport are believed 

to  be capable o f  form ing such a prim ary, loose touching fram ew ork. H ow ever, postcum ulus processes such as 

m echanical com paction m ay act on this fram ew ork to reduce its porosity  and form a denser touching fram ew ork 

o f  crystals. The final stages o f  textural developm ent m ay involve porous m edia convection , com positional 

convection, and grow th o f  new  crystals in the pore spaces o f  the fram ew ork as w ell as overgrow th (crystal 

ripening) on existing cum ulus phases. Pore space m ay be reduced by com paction involving deform ation  o f  the 

crystals them selves, and/or alteration o f  crystal shape as a result o f  pressure solution. W hen porosity  and 

perm eability  have decreased sufficiently  to restrict fluid flow , a sm all fraction o f  intercum ulus m elt w ill be 

trapped in the pore spaces, and will u ltim ately crystallise to  fully so lid ify  the rock. Subsequent re-equilibration o f 

both the m ineral chem istry and textures m ay also occur.

1.2.2. P rim ary  mechanisms of fabric development

There are m any w ays o f  initially  concentrating  crystals to produce a prim ary foliated or lam inated 

crystal mush or fram ew ork. T his fram ew ork will have d ifferent porosity  and perm eability  characteristics 

depending on the w ay it w as form ed, and this w ill in turn control the operation o f  the secondary fabric/texture- 

form ing processes, w hich contribute to the final fabric, texture and com position o f  the solidified rock. [N ote that 

the term ‘tex tu re ’ is applied in this thesis to any arrangem ent o f  m ineral grains, their sizes, shapes and 

relationships with each other. The term ‘fabric, as used in this thesis, applies specifically  to  the linear and planar 

anisotropic distribution or alignm ents o f  grains in rocks.]

C rystals m ay nucleate and grow  on an existing substrate or they m ay nucleate hom ogeneously  in 

suspension and im pinge to form a fram ew ork. This in situ  developm ent o f  layering and/or igneous lam ination 

m akes up the main kind o f  ‘non-dynam ic layering’ o f  B oudreau and M cB im ey (1997). The characteristics o f  a 

silicate fram ew ork developed in this w ay will depend on nucleation density and grow th rate. Layering m ay 

therefore develop through oscillations or fluctuations in the values o f  the latter tw o param eters through variation 

in liquid com position, pressure or oxygen fugacity. Tliis m ight arise from injections o f  new  m agm a (in open 

system  m agm a cham bers), convective overturn, or som e other factor affecting liquidus conditions (M cB im ey and 

Noyes 1979). Fabrics in these rocks will generally  be isotropic, but exceptions to  this are crescum ulate or 

harrisitic structure (D onaldson 1975a), in w hich crystals are frequently  oriented perpendicular to m agm atic layer
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planes. M cBimey and Noyes (1979) also describe an elegant theoretical model in which layer parallel igneous 

lamination may develop through in situ  crystallization (see Chapter 5).

Crystals may also accumulate by means o f crystal transport. Processes may range from simple 

gravitative crystal settling, to magmatic density currents and crystal-laden plumes (W ager and Brown 1968; 

Irvine et al. 1998; O ’Driscoll 2003; O ’Driscoll et al. 2005). There may be a range from dilute suspensions to high 

concentration, crystal rich regimes. A depositional fabric may result from the settling o f  inequant crystals; this 

will usually be a planar ‘igneous lamination’. However, a well-defined magmatic flow regime is required in order 

to produce both igneous lamination and an associated m.agmatic lineation on lamination planes (the ‘dynamic 

layering’ mechanism o f M cBimey and Nicolas 1997). Additionally, it has been shown experimentally by Irvine 

(1980) that deposition from small density currents does not actually take place, particularly for very crystal-rich 

flows; rather the currents stop and become layers. It is also plausible, from studies on sedimentary rocks (e.g. 

Rust 1972; Davies and Walker 1974) as well as cumulates (Worral 2002), that crystal laden current action could 

lead to several different types o f magmatic lineation as follows: 1) Gentle bedload transport (grains rolling and 

sliding) might produce a lineation (long axes normal to flow) in conjunction with imbricated crystals where 

direction o f  flow is given by the imbrication. 2) Stronger flows could lead to saltation, with the long axes oriented 

parallel to flow, and no imbrication. 3) Elongate grains in grain-flows and density flows could produce long-axes 

parallel to flow and might show imbrication.

1.2.3. Secondary m echanism s o f fabric developm ent

Secondary mechanisms o f cumulate development encompass the processes that govern the 

transformation o f the primary crystal framework into a solid rock and may overlap or operate synchronously with 

primary mechanisms. They typically involve chemical exchange between the cumulus crystals and interstitial 

melt and can occur during open or closed system regimes (Best and Christiansen 2001). The principal secondary 

magma chamber processes that act on the cumulate pile to develop igneous lamination are summarized below.

Compaction (through pure shear) operates initially by mechanical re-organisation o f the crystal mush in 

order to attain closer packing. If compaction is to occur, melt must be able to escape from the local system, i.e. 

compaction is an implicitly open system process. Evidence for compaction is both textural and geochemical. The 

most obvious chemical effect is the exclusion o f interstitial liquids as seen in lower concentrations of 

incompatible elements in cumulate rocks (e.g. Boudreau and M cBimey 1997; Meurer and Boudreau 1998).
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Petrographic evidence for compaction includes bent plagioclase grains, strained extinction and distorted twin 

planes, i.e. crystal-plastic strain. Although compaction o f  the crystal mush may cause some alignment o f inequant 

grains, it is unlikely to produce a perfect planar alignment if it is the only process operating. Indeed, perfect or 

intense igneous lamination has been shown to develop without any element o f compaction involved (M cBimey 

and Hunter 1995). Lineation will generally be absent unless compaction is associated with a component o f simple 

shear.

In addition to mechanical re-organisation or sorting, compaction may also result in igneous lamination 

development through differential (pressure) solution and reprecipitation (Boudreau and M cBimey 1997). Because 

the excess free energy at the surface of a crystal increases with stress, points where stress is concentrated tend to 

dissolve, whereas those under smaller stress will grow preferentially. Boudreau and M cBimey (1997) suggest 

that the large 010 faces o f tabular plagioclase grains appear to be more resistant than other smaller faces. They 

propose that when the contacts bear stress, the latter tend to dissolve and the former grow, increasing the 

proportion o f grains oriented with 010 normal to the direction o f maximum stress (or pure shear).

The importance o f textural equilibration of the crystal mush in layered intrusions has recently been 

highlighted by Hunter (1987), Elliott et al. (1997), Holness (2005), Holness et al. (2005) and O ’Driscoll (2005). 

Textural equilibration operates in order to attain a lower-energy grain boundary configuration by reducing the 

surface energy o f the system. The driving force for textural equilibration is differences in local grain boundary 

curvature. Thus, texturally equilibrated rocks have constant mean grain boundary curvature and constant dihedral 

angles between like mineral phases. Large grains have a lower mean grain-boundary curvature than smaller 

grains, therefore textural equilibrium results in an increase in size o f the larger crystals at the expense o f the 

smaller grains (Hunter 1987). This is termed grain growth or Ostwald ripening.

Ostwald ripening occurs through further growth into pore spaces within the framework. Closed system 

crystal overgrowth will produce normally zoned crystals, reflecting the evolution o f the melt composition. 

Overgrowth within an open-system, where porous media convection can operate between the interconnected pore 

spaces, has the potential to produce high modal contents o f a particular mineral. However, the permeability o f the 

crystal framework will decrease as overgrowth continues, so the very final stages of crystallisation will probably 

take place under closed system conditions, when remaining pore spaces are no longer connected (Hunter 1987). 

Textural equilibrium may only be achieved on a local scale, the length o f which is limited by diffusion/transport.
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It is im portant to note that since textural equilibration is diffusion controlled, equilibration m ay operate above and 

below  the solidus (H unter 1987).

1.3. Geological setting  of the in trusions studied

M agm atic layering and the sm all-scale features described above are well preserved in som e o f  the deeply 

eroded central igneous com plexes o f  the British and Irish Palaeogene Igneous Province (B PIP) in N W  Scotland 

(Fig. 1.1; Bell and W illiam son 2002), the site o f  intense igneous activity  during  the Palaeocene and early  Eocene 

(ca. 6 3 -5 2  M a) due to continental separation and lithospheric attenuation during the early stages o f  the opening o f  

the North A tlantic (W oodcock and Strachan 2000; Bell and W illiam son 2002). N otable exam ples o f  layered 

intrusions in the BPIP include in particular the large m afic to ultram afic bodies on the Isles o f  Rum and Skye. 

O ther w ell-know n m afic intrusions (o f the British and Irish Palaeogene Igneous Province central com plexes) are 

the arcuate gabbroic intrusions o f  the Mull and A rdnam urchan igneous centres, NW  Scotland and the C arlingford 

‘Later G abbos’ in Co. Louth. Ireland.

W hilst considerable research has been carried out on m agm atic layering in the Rum L ayered Suite (see 

E m eleus et al. 1996 for review ), m uch less w ork has been done on layering and sm all-scale structures in the central 

igneous com plexes o f Skye, A rdnam urchan, and C arlingford (e.g. Marker 1904; R ichey and T hom as 1930; R ichey 

1932; Le Bas I960). Though layering in som e o f  the m afic and ultram afic intrusions o f  Skye is com parable to  that 

o f  Rum (e.g. the D ruim  Main layered gabbro), a paucity o f  work carried out on these rocks in Skye can probably  be 

attributed to rem oteness and difficulty  o f  terrain com bining to  m ake the area m uch less accessible. U nlike the Rum 

and Skye centres, the m afic annular intrusions o f  Mull, A rdnam urchan and C arlingford are no t w ell-layered and are 

in general m uch less well understood (W ager and Brown 1968; Bell and W illiam son 2002). The arcuate gabbro 

intrusions o f  A rdnam urchan have historically  been interpreted as a sequence o f  ring-dykes, c ircu lar sheet intrusions 

that develop due to ascent o f  m agm a triggered by central b lock subsidence w hich, w hen fully form ed, com prise a 

flat-lying ro o f as well as steeply outw ard-dipping w alls on all sides (R ichey and T hom as 1930; A nderson 1936; 

Roche et al. 2000). The C arlingford ‘Later G abbros’ form  a single annular m afic intrusion that has also been 

interpreted as a ring-dyke (R ichey 1932), a m odel that w as contested  by Le Bas (1960) based on detailed  field and 

petrological observations. Both the A rdnam urchan C entre 3 gabbros and the C arlingford  ‘Later G ab b ro s’ have 

been interpreted as having steeply outw ard dipping contacts, but locally exhibit inw ard dipping m agm atic layering 

and lam ination (e.g. the A rdnam urchan C entre 3 ‘fluxion gab b ro s’), a phenom enon that still lacks a convincing
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explanation  in the context o f  their overall geom etries and em placem ent histories. D espite this, some o f  them , e.g. 

the G reat Eucrite o f  C entre 3 in A rdnam urchan, have rem ained type exam ples for high level m agm a em placem ent 

m echanism s, such as ring-dyking, since the original w ork by R ichey in the 1930s w ithout serious reinvestigation 

(E m eleus and Bell 2005).

1.4. Thesis Aims and O bjectives.

The principal aim s o f  this w ork are sum m arised as follows:

•  To apply the A nisotropy o f  M agnetic Susceptibility  (A M S) m ethod to the com paratively poorly 

understood parti ally-layered C entre 3 G reat Eucrite gabbro o f  A rdnam urchan and the C arlingford ‘Later 

G abbros’ in an attem pt to better understand their internal structure and geom etry. The sensitivity o f  the 

AM S m ethod m eans that m agnetic fabrics extracted from these (generally) m acroscopically  isotropic 

gabbros m ay provide an insight into the above and hence clues to the overall em placem ent m echanism s 

for each intrusion.

•  To m ake detailed observations on the nature o f  A M S fabrics in strongly-lam inated  rocks from  well

layered intrusions. The objective here is to assess w hether the m agnetic foliation corresponds to the

(planar) igneous lam ination and w hether a consistently  oriented m agnetic lineation (at an intrusion scale) 

can be observed on m agnetic foliation planes. Superb exam ples o f  igneous lam ination occur in the 

troctolites o f  the Rum Eastern Layered Series, the so-called ‘fluxion gabbros o f  A rdnam urchan and the 

layered gabbros o f  D ruim  Hain on the Isle o f  Skye. D etailed A M S datasets are com piled for each set o f  

lam inated rocks and in the case o f  Skye and A rdnam urchan, com bined with quantitative textural (Crystal 

Size D istribution; C SD ) datasets, with a view  to d iscussing the im plications for layer and lam ination 

acquisition m echanism s and subsequent developm ent in these m afic rocks. The im plications o f  these 

observations for m agm a cham ber processes and m agm a cham ber evolution are discussed.

•  To apply the AM S and C SD  techniques to  a m agm atic fabric o ther than layer-parallel igneous lam ination

in m afic rocks, i.e. harrisitic structure from  the Rum W estern Layered Series. The objective here is to test

the usefulness o f  both m ethods in providing quantitative fabric and textural data that can be used to derive 

a m odel for harrisite form ation.
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1.5. Thesis O utline.

Chapter I serves as an introduction to this study. It gives a broad overview o f the important processes by which 

rock fabrics and textures in cumulate rocks are thought to form, and references important studies that have 

developed ideas in the field of layering in mafic and ultramafic intrusions, particularly in the BPIP. It also briefly 

describes the geological setting o f the intrusions studied, summarises the principal aims of the study and provides a 

brief outline o f each o f the thesis chapters.

Chapter 2 introduces the important analytical techniques used in this work, and highlights their relevance to the 

study in general in the context o f the thesis aims and objectives. These principally include the AMS and CSD 

techniques. Analytical conditions for the electron microprobe work carried out on feldspar from Ardnamurchan and 

Skye are also described.

Chapter 3 concerns the Centre 3 gabbros o f the Ardnamurchan igneous complex. Detailed remapping and field 

observations o f the petrological variation o f Centre 3 is combined with a high resolution AMS dataset from the 

Great Eucrite and fluxion gabbros and quantitative textural analyses (CSD) and mineral-chemical data o f the latter. 

The importance of localised development of magmatic layering and igneous lamination throughout the gabbros of 

Centre 3 is evaluated with respect to the AMS data and other field observations. A model for emplacement and 

subsequent central subsidence o f the Centre 3 gabbros is suggested based on the combined approach outlined 

above. Some o f the results o f this study are published in the journal Geology, the article is included in the thesis as 

Appendix B1. This is a multi-author paper, to which my contribution is 80%.

Chapter 4 presents the results o f two independent studies carried out on two types o f cumulate fabric in layered

rocks o f the Rum Layered Suite:

(1) The first o f these is a detailed AMS study across Unit 10 of the Eastern Layered Series (ELS), together 

with less detailed background sampled sites from adjacent Units 8 and 9, all the NE o f the area. The AMS 

data is coupled with field observations and structural measurements on layering, igneous lamination and 

associated small-scale structures in the field. The presence o f a consistently oriented magnetic fabric

(lineation and foliation) is discussed with reference to field observations made in this study and other

work on the area. A model for fabric formation is proposed. This study constitutes an article submitted to
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the journal Lithos in March 2006 (see abstract in Appendix B2), where it has been recently (June 2006) 

accepted for publication pending moderate revision. It is also a multi-author paper, to which my 

contribution is 60%. Sampling and data analyses were originally carried out by the late R.B. Hargraves 

(formerly o f Princeton University (U.S.A.), who died in March 2003. For this reason, it has not been 

possible to present this AMS data in exactly the same manner as for the other AMS studies in the thesis. 

However, two additional samples were selected from Unit 9 and 10 o f the Eastern Layered Intrusion and 

measured in detail for their AMS fabrics using the same procedure as for the Ardnamurchan, Skye and 

Carlingford samples. These results are presented in Appendix A1 where they are compared with the data 

in Chapter 4 and with magmatic layering in the Eastern Layered Intrusion.

(2) The second study on Rum is a CSD study o f another type o f fabric associated with layering on Rum, 

crescumulate or harrisitic structure at Ard Mheall in the Western Layered Series. The quantitative textural 

data are combined with field observations and AMS data from several sites to assess fabric/texture 

development in these rocks. The results o f this study have important implications for layer formation in, 

and open system evolution of, the Rum magma chamber as a whole. This study was submitted io Journal 

o f  Petrology in March 2006 (see abstract in Appendix B3) and will be published there in early 2007. It is 

also a multi-author paper to which my contribution is 80%.

Chapter 5 presents results o f a detailed AMS study o f the exceptionally well-layered Druim Hain Gabbro, Skye, 

NW Scotland. The primary objective o f this study is again to evaluate how magnetic fabrics in layered rocks 

behave with respect to the macroscopic well-developed layer parallel igneous lamination observed (and in 

particular to investigate the magnetic lineation). The AMS data are combined with field observations, detailed field 

structural measurements, crystal size distribution measurements and mineral-chemical data in order to suggest 

potential layer forming processes for this particular sequence of layers.

Chapter 6 presents the results o f a detailed AMS study o f the poorly layered Carlingford Later Gabbros, and 

interprets these in the context o f several field observations and previous work on this central complex. The AMS 

studies on the Ardnamurchan Great Eucrite o f this study (in which magmatic layering is better preserved) are also 

considered for the interpretation o f the Carlingford Later Gabbros. The results presented in this chapter have
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recently been submitted (August 2006) and accepted (September 2006) for publication in the Irish Journal o f  Earth 

Sciences (see abstract in Appendix B4).

Chapter 7 is a short summary o f the main findings o f this work.
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2.1. Introduction

Considerable controversy surrounds the development o f magmatic layering and associated layer parallel 

igneous lamination observed in many mafic-ultramafic intrusions. In addition to the classic cumulus theory of 

W ager and Brown (1968) that attributed layering and lamination to crystal settling and magmatic sedimentation 

processes, an extensive array o f models including monomineralic phase-precipitation, melt migration due to 

compaction, and in-situ crystallization (oscillatory nucleation and growth) have also been held responsible (e.g. 

Jackson 1961; M cBimey and Noyes 1979; Hunter 1987; M cBimey and Nicolas 1997; Boudreau and McBimey 

1997; Irvine et al. 1998; O ’Driscoll et al. 2005, see also Chapter 1). Even in cases where layering and igneous 

lamination are exceptionally well-developed, it is often difficult to unequivocally attribute layer development to 

any one o f the models mentioned above. In many layered intrusions, e.g. the Rum Layered Suite, a variety of 

post-cumulus processes is envisaged to have modified the primary mineralogies and textures o f layered rocks at a 

variety o f scales (Butcher et al. 1985; Young et al. 1988; Emeleus et al. 1996; Holness 2005; Holness et al. 

2005). These include compaction, liquid migration, channeled and infiltration metasomatism, and textural re­

equilibration.

It is therefore often difficult to deduce magmatic layer forming processes from sequences of layered 

rocks in the absence of established current flow indicators such as macroscopic linear arrangements o f crystals 

(magmatic lineations) or sedimentary structures (scour structures or cross bedding) that indicate current flow. 

Indeed, even where the latter field evidence is available, the possibility exists that subsequent postcumulus 

processes may enhance or accentuate magmatic layers (e.g. O ’Driscoll et al. 2005).

This study combines two modem methods o f igneous fabric (AMS) and quantitative textural (CSD) 

analysis to examine different examples o f layered and partially layered intrusions. This integrated approach will 

demonstrate that it may be possible to elucidate and interpret the relative importance o f competing primary and 

secondary processes of cumulate formation.

2.2. The Anisotropy of Magnetic Susceptibility (A M S) technique  

2.2.1. Anisotropy o f  Magnetic Susceptibility

The anisotropy o f magnetic susceptibility (AMS) o f igneous rocks can be used as a magma flow 

indicator to a very high degree o f  accuracy, and for fabrics with anisotropies o f only a few percent (Hargraves et 

al., 1991; Rochette et al.. 1992; Canon-Tapia et al., 1996). However, though the technique has greatly benefited
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u n d ersta n d in g  o f  m a g m a  f lo w  in d y k es  and la v a  f lo w s  o f  v a ry in g  c o m p o s it io n  and in tru siv e  g r a n ito id s , there  is  

c o m p a r a tiv e ly  litt le  A M S  w ork  rep orted  in th e  literature on  large  la c c o lith ic  or lo p o lith ic , la y ered , m a fic -  

u ltr a m a fic  in tr u s io n s (F erre e t al. 2 0 0 2 ) .

T h e  d iffe r in g  m a g n e tic  su sc e p t ib ilit ie s  o f  d ifferen t m in era ls  ar ise  from  a to m ic  and m o le c u la r  v a r ia tio n s  

w ith in  th e  crysta l la ttice . T h e  m a g n e tic  su s c e p tib ility  (K )  o f  a m in era l refers to  the su sc e p t ib ility  o f  that m inera l 

o r  rock  to  b e c o m e  m a g n e tise d  ( i .e .  h o w  m a g n e tisa b le  it is )  and  is  th e  re la tio n sh ip  b e tw e e n  th e  in d u c ed  

m a g n e tisa tio n  o f  th e  m ateria l and  the  a p p lied  f ie ld  stren gth  (B ) . T h u s the m a g n e tisa tio n  (M ) is  g iv e n  by:

M  =  K B

an d  K  is d im e n s io n le s s  and  m easu red  in SI.

T h e su sc e p t ib ility  o f  ro ck s is  a n iso tro p ic  (O w e n s  and  B a m fo rd , 1 9 7 6 ). T h e  su sc e p t ib ility  ten so r  (K )  

c o m p r ise s  a n u m b er  o f  lin k ed  param eters; Kn^an, H , p (d e fin e d  b e lo w )  and the  p rin cip a l a x is  d ir e c t io n s  is o n e  

rep resen ta tio n . K ] is the a x is  o f  m a x im u m  su sc e p t ib ility , K 2 is  the a x is  o f  in term ed ia te  su sc e p t ib ility  an d  K j is  

th e  a x is  o f  m in im u m  su sc e p tib ility  (Kmean is th e  a v era g e  o f  th e se  th ree). T h u s th e  a n iso tro p y  o f  m a g n e tic  

su sc e p t ib ility  (A M S )  o f  a rock  m a y  b e d e sc r ib e d  as a 2"“̂ order ten sor  (or su s c e p tib ility  e l l ip so id )  w ith  three  

o r th o g o n a l, u n eq u al a x e s  (F ig . 2 .1 ) . In the s im p le  c a se  w h ere  there is a s im p le  m in e r a lo g y  w ith  g ra in s that d o  n ot  

in teract m a g n e tic a lly , the bu lk  su s c e p t ib ility  (Kmean) is  a m ea su re  o f  th e  am ou n t o f  m a g n e tic  carrier p resen t ( i .e .  

as a gen era l rule for  ferro m a g n etic  ro ck s the  v a lu e  o f  K^ean is equal to  three t im e s  the  v o lu m e  (% ) o f  m a g n e tic  

carrier; B a ls le y  and B u d d in g to n  1 9 5 8 ). H and  fi are ra tio s w h ic h  are n o rm a lised  to  a K  o f  1 th erefo re  a lso  for the  

am o u n t o f  m a g n e tic  carrier. H is the a n iso tro p y  d e g r e e  w h ic h  is th e  stren gth  o f  the m a g n e tic  a n iso tr o p y  in percen t  

and )j is  the  sh a p e  o f  th e  an iso tro p y . H is  a lso  the su m  o f  the m a g n e tic  lin ea tio n  [L  =  ( K |- K 2 )/KnKan] and  

m a g n e tic  fo lia tio n  [F  =  ( K 2 -K j)/K m fan]- T h e  p v a lu e  re la tes to  su ch  term s as o b la te  (0  <  fi <  4 5 )  w h e r e  K | K 2 

»  K j, and p ro la te  (4 5  <  M <  9 0 )  w h ere  K | »  K 2 K 3 (F ig . 2 .4 A -C ).

U n le s s  o th e r w ise  sp e c if ie d , A M S  m e a su r e m e n ts  in  th is  stu d y  w ere  carried  ou t on  8 -1 4  su b -sa m p le s  

d rilled  from  fie ld  orien ted  b lo ck  sp e c im e n s  u sin g  an A G IC O  K L Y 3  K ap p ab r id ge in stru m en t, w h ic h  m ea su res  

sp e c im e n  su s c e p tib ility  a x e s  to  w ith in  ± 2 °  (9 5 %  c o n f id e n c e  lim its) . M a g n etic  fabr ic data are m o st o ften  p resen ted  

in th is  stu d y  as lo w e r  h e m isp h e r e  eq u al area stere o g ra p h ic  p lo ts  o f  the  m ean  p rin cip a l su sc e p tib ility  a x e s  for  each

14
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block sam ple, on a map o f the relevant intrusion (e.g. Figs. 3.16; 3.21). This style o f  data presentation gives a 

good estim ate o f  both the shape and the orientation o f the mean susceptibility ellipsoid for each block sample. 

The mean shape o f  the ellipsoid is given by the shape o f  the confidence ellipses around each susceptibility  axis. 

This is because the size o f  the ellipse sem i-axis in each principal plane varies inversely as the difference betw een 

the tw o principal susceptibilities in that plane (Jelinek 1978; O w ens 2000). Therefore, an oblate fabric will have a 

sm all circular confidence ellipse around the m inim um  susceptibility axis, w ith the o ther tw o confidence ellipses 

elongated in the foliation plane (e.g. Fig. 2.2A ), w hilst a triaxial fabric will have confidence ellipses around the 

m axim um  and m inim um  axes that are both elongated tow ard the interm ediate axis. The confidence ellipse area 

around the interm ediate axis in the case o f  the latter will be larger and m ore circular than the o ther two. The 

overall size o f  the confidence ellipses for the mean principal directions for a sam ple, i f  based on a constant 

num ber o f  sub-sam ples, gives a relative indication o f  the strength or scatter o f  specim en anisotropies within a 

block; the larger the ellipse, the greater the scatter and the w eaker the fabric (O w ens 2000; Fig. 2.2B). AM S 

ellipsoid shapes m ay also be estim ated from an L/F plot, which plots the mean linear elem ent o f  the m agnetic 

fabric o f  a block against the mean p lanar elem ent. L/F plots are also presented for each dataset studied. 

Sim plified diagram s o f  AM S fabrics in term s o f  com m only used structural p lanar and linear fabric sym bols are 

also presented for each dataset. D etailed representations o f  the m agnetic susceptibility  ellipsoids for each block 

specim en including individual sub-sam ple data are presented in A ppendix A 1 .

2.2.2. Rock M agnetism

A bove absolute zero, all m inerals can be said to be m agnetic if  there is an orbital m otion o f  charged 

particles, particularly  o f  the negatively charged electrons, in a com pound or m olecule. The three m ajor types o f 

m agnetization, diam agnetism , param agnetism  and ferrom agnetism  are sum m arized below  and in Figure 2.3.

2.2.2.1. Diamagnetism and paramagnetism

D iam agnetic m inerals have com plete electron shells. All m inerals exhibit diam agnetic properties w hen placed in 

a m agnetic field, m anifested by the acquisition o f  a very w eak tem perature independent induced m agnetism  in the 

opposite direction to the applied m agnetic field (D unlop and O zdem ir 1997). Thus diam agnetic m inerals have 

small negative susceptibilities (~  -1.4 x 10'^ SI; Rochette 1987). This m agnetism  is reversible; upon rem oval o f
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the applied field, no remanent magnetization remains and the electron spins are once again randomised. Quartz 

and feldspar are examples of purely diamagnetic minerals.

The electron shells o f paramagnetic minerals are incomplete. Minerals that react paramagnetically to an applied 

magnetic field acquire a weak, temperature dependent induced magnetization in the same direction as the applied 

field (Dunlop and Ozdemir 1997). Thus paramagnetic minerals have positive (1 0 ‘ to 10^ SI) susceptibilities. 

Whilst M (the induced magnetization) is still weak, it is a lot stronger than the diamagnetic response, which will 

be swamped by any paramagnetic behaviour. The induced magnetization is linear and reversible, i.e. 

paramagnetism is lost as soon as the external magnetizing field is removed. Biotite, hornblende and the pyroxene 

group are all examples of paramagnetic minerals.

2.2.2.2. Ferromagnetism (sensu lato)

Some minerals have very much stronger positive susceptibilities than paramagnetic substances and may also 

carry a strong remanent magnetization i.e. a magnetization remaining after the external magnetizing field is 

removed (O ’Reilly 1984; Dunlop and Ozdemir 1997). Such minerals are ferromagnetic (sensu lato). This 

magnetization occurs because electron spins are coupled so that all individual spin magnetizations (domains) are 

aligned even without the applied field. Elements that belong to the first transition series such as iron, nickel and 

cobalt often show this type o f magnetization.

Ferromagnetism (sensu lato) can be further divided into ferromagnetism {sensu stricto), antiferromagnetism and 

ferrimagnetism as follows (and see Tarling and Hrouda 1993; Dunlop and Ozdemir 1997 for a more 

comprehensive review):

1. Ferromagnetism (sensu stricto) occurs when there has been either form of quantum-mechanical coupling 

forces (exchange and super-exchange) linking the electron spins in ferromagnetic materials. In metallic 

substances such as iron, nickel and cobalt, the electron spins o f adjacent cations are directly coupled so that the 

magnetic vectors are aligned in the same direction. Ferromagnetic minerals can thus acquire and retain a very 

strong magnetization (O ’Reilly 1984).

2. Antiferromagnetic minerals have magnetic alignments that are not parallel and equally strongly magnetized. 

This results in a strong internal field but no net magnetization once an applied field is removed. However, some 

antiferromagnetic minerals, (e.g. haematite) can exhibit a magnetization that is weaker than ferromagnetistion but
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is stable. This is called parasitic magnetism and is the result o f lattice imperfections that make the magnetic 

lattice antiparallel.

3. Ferrimagnetism occurs when a lattice is more strongly magnetized than another. The magnetic alignment is 

antiparailel but each couple is not o f the same magnitude giving it a net magnetic field, it retains a weaker 

external field than ferromagnetic (sensu stricto). An example o f  such a mineral is magnetite.

2.2.3. Magnetic fabrics and Domain Theory

Magnetic fabrics in rocks arise from the preferred orientation o f individually anisotropic magnetic grains 

(Rochette et at. 1992; Tarling and Hrouda 1993). In diamagnetic and paramagnetic minerals the grain anisotropy 

is crystallographically controlled; in a rock constructed of such grains a resultant anisotropy related to preferred 

orientation by grain shape will only arise if the grain habit is crystallographically determined (the link between 

grain shape and grain magnetic anisotropy is indirect). Haematite is also sufficiently weakly magnetic for its 

magnetic anisotropy to be dominated by crystallographic effects. Such crystallographically controlled anisotropy 

is widespread in silicate rocks (Rochette et al. 1992).

In strongly ferrimagnetic minerals (magnetite and maghemite) shape-related magnetic anisotropy or 

shape anisotropy is dominant (Rochette et al. 1992; Gregoire et al. 1998). In a strongly magnetic inequant grain, 

e.g. o f magnetite or maghemite, the magnetization will lie preferentially parallel to the grain long axis. This can 

be understood in terms of minimization o f energy o f the external magnetic field caused by the magnetization, or 

alternatively in terms o f the demagnetizing field within the grain caused by the distribution o f north and south 

poles over the surface o f the grain. When the grain is magnetized along its long axis, these poles are furthest apart 

and the demagnetizing field is therefore the weakest. In a weakly magnetic, e.g. paramagnetic grain these effects 

are insignificant. Within ferromagnetic grains magnetic domain structures determine the effect that grain shape 

has on anisotropy, giving rise to diametrically opposite effects in single- and multidomain grains. The influence 

o f domain structure on low-field anisotropy is described below and in Figures 2.4 and 2.5.

2.2.3.1. Multidomain (MD) magnetic grains

These grains have >20 |im  diameter and contain multiple domains which are separated by a Bloch wall (the 

boundary between magnetic domains). Across the Bloch wall the magnetic direction changes. In the absence of 

an external field the domains arrange themselves so that the magnetostatic forces are at a minimum (Fig. 2.4A)
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but once a field is applied domain walls shift to enlarge those domains that are parallel to the direction of the net 

internal field (the resultant o f the applied field and the shape-related demagnetizing field) at the expense o f the 

others (Fig. 2.4B and 2.4C). In the case o f initial low-field susceptibility the domain walls are elastic and partially 

reversible (Fig. 2.4D). Thus, in a MD grain, an applied field causes an induced magnetization and this 

magnetization is greatest when the field is applied parallel to the grain long axis. In this way, the susceptibility 

anisotropy is directly related to the grain shape.

2.2.3.2. Single domain (SD) grains

In small grains (<1 (im for elongate magnetite <0.1 nm for equant magnetite) it is energetically unfavourable for 

the grains to develop domain walls and a single domain grain exists (Fig. 2.5A). Whilst MD grains experience 

magnetisations relatively easily due to the translations of Bloch walls, SD grains require that the field overcomes 

the exchange energy. Thus, application o f a magnetic field parallel to the long axes o f  SD grains will do nothing 

to alter the magnetization, as under low field susceptibility anisotropy the field is too weak to flip grain 

magnetization (Fig. 2.5B). By contrast, application o f  a field perpendicular to SD grain long-axes will cause a 

small deflection o f grain magentisation away from its preferred direction, giving a small net induced 

magnetization attributable to a finite, if small, anisotropy (Fig. 2.5C). In the case o f  SD grains therefore the 

susceptibility anisotropy is inversely related to grain shape (Borradaile 1987; Rochette et al. 1992).

2.2.3.3. Pseudo-single domain grains

These are similar to MD grains but the domains don’t interact with one another due to lattice imperfections, i.e. 

due to small grain size, domain walls cannot shift when a magnetic field is applied and are effectively pinned in 

place (Dunlop and Ozdemir 1997). Tliey generally occur when grain volumes are between those o f MD and SD 

(1-20 nm).

2.2.4. Application o f  the A M S technique in this study

Magnetite is the major ferromagnetic mineral, it need only be present in very small amounts (<1% 

volume of rock) to dominate the susceptibility o f a rock sample. In this study, where all o f the samples studied 

are mafic and ultramafic rocks, it can be shown from the susceptibility measurements that magnetite is present in 

every sample analysed. It is therefore extremely important to know if the magnetite is dominated by MD, SD or
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PSD grains. MD grains typically dominate in medium-coarse grained rocks (gabbro or granite), whilst SD and 

PSD grains become more important in fine-grained rocks such as basalts. In MD grains, the presence o f domains 

means that the anisotropy o f susceptibility is largely controlled by their shape, whereas their crystalline 

anisotropy is slight (Rochette et al. 1992). This makes MD grains very useful in AMS studies as the magnetic 

anisotropy o f the crystal reflects the shape orientation o f that crystal (or the shape-preferred orientation (SPO) of 

that phase). Thus, in a gabbroic rock in which the susceptibility is controlled predominantly by magnetite, the 

anisotropy o f susceptibility is directly related to the shape preferred orientation o f the magnetite grains. AMS 

data from SD grains, on the other hand, tend to be difficult to interpret as they often yield inverse fabrics 

(Borradaile 1987; Rochette e /a /. 1992).

2.3. T extural quantification: C rystal Size D istribution analysis

In recent years there has been a marked increase in the number o f studies which look in detail at the 

quantification o f crystal populations in rocks using advanced textural analysis techniques (Jerram and Kent 

2006). The key elements o f the quantification o f crystals in a rock are: (1) the size distribution (e.g. Marsh 1998; 

Jerram 2001), (2) the spatial distribution (e.g. Jerram et al. 1996; Jerram and Cheadle 2000), and (3) the shape of 

crystals (e.g. Higgins 1994; Mock and Jerram 2005; Morgan and Jerram 2006). In this contribution we employ 

the study of Crystal Size Distributions (CSDs) in the quantification of harrisite and granular olivine textures. This 

requires the quantification o f both the size and shape elements o f the crystal population. Below we discuss CSD 

theory and its application to igneous systems, and then introduce the procedure by which CSDs were measured in 

this study.

2 3 .] . CSD Theory

CSD analyses are a quantitative measure o f  the number of crystals o f a mineral per unit volume within a 

series o f defined size intervals. Crystal size in igneous rocks carries information on growth rate and nucleation, 

and thus CSDs have been used as a method of determining some o f the crystallization kinetics o f magmatic 

systems independent of experimental approaches and thermodynamic or kinetic models (e.g. Cashman and Marsh 

1988; Resmini and Marsh 1995; Marsh 1998; Higgins 2002a; Boorman et al. 2004). A CSD plot is generally 

shown as a semi-logarithmic plot o f population density (number o f  crystals per unit volume) against crystal size 

(maximum length).
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Marsh (1988; 1998) suggested two end-member CSD models for igneous petrology; an open-system, or steady- 

state model and a closed-system (batch) model. Both o f these studies derive conservation equations for CSDs in 

different geological systems and show how these may be used to extract information on crystal growth rates and 

nucleation rates from population densities. The first open-system model describes a steady-state population 

balance of crystals growing into and out o f a specific size range (L), while at the same time physically circulating 

into and out o f a system (Marsh 1988). Continuous crystallization results in a straight, or log-linear, CSD plot. 

This model is described by the equation:

n = n“ exp (-L/ Gx)

where n is the population density, n“ is the nucleation density, the intercept o f the curve on the Y-axis, G is the 

crystal growth rate, and T is the magma chamber residence time or growth time o f the crystals in the system. This 

steady-state model assumes that G is constant and independent o f L and that nucleation rate is constant as well. 

The second batch (Avrami-type) model o f  Marsh (1998) allows no input or output o f crystals, and therefore 

cannot be described as a steady-state system. The volume o f actively crystallizing magma decreases with time, 

conditions that might be satisfied by a lava lake (e.g. Cashman and Marsh 1988), but not a magma chamber 

(particularly an open-system magma reservoir). Marsh (1988; 1998) showed that under certain conditions (e.g. 

exponentially increasing nucleation rate with a constant growth rate), a batch system might also produce linear 

CSDs.

The texture produced in an open-system end-meinber model might be envisaged as resulting solely from 

the processes o f nucleation and growth. The studies o f Marsh (1988; 1998) suggest that the CSDs measured from 

such initial textures approximate a semi-logarithmic distribution, i.e. result in a log-linear plot (Fig. 2.6A). Such 

textures have been referred to as ‘kinetic’ in origin (e.g. Higgins 2006). Kinking or curvature in the CSD plot 

profile has been attributed to processes such as crystal accumulation and removal (Marsh 1998), compaction 

(Boorman et al. 2004), mixing o f crystal populations (Jerram et al. 2003; Turner et al. 2003) and post-nucleation 

crystal ageing caused by annealing or Ostwald ripening (Figs. 2.6B-2.6G). Indeed, Higgins (2002a) and Boorman 

et al. (2004) have used CSD analysis to show that primary igneous textures may be strongly modified by both 

crystal coarsening and compaction-driven recrystallisation.
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Marsh (1998) examined a range o f CSDs from a number o f intrusive and extrusive igneous settings and found 

that none o f these systems showed CSDs typical o f  purely batch or open-system behaviour, each exhibiting 

instead a combination o f the characteristics o f each model. Although it is likely therefore that a given CSD 

reflects aspects o f each end-member model, Marsh (1988; 1998) proposed generally applicable or effective values 

o f  crystal growth times for CSD interpretation based on the steady-state model:

ln(n) = -(1/ Gt)L + ln(n°)

or

m = -1/Gx

where m is the slope o f the CSD curve. Nucleation rate (J) may also be extracted from the CSD plot through:

J = n"G

We will utilize the proposition o f Marsh (1998) that initial (unmodified) ‘kinetic’ textures produce straight CSDs 

in our interpretation o f the textural data presented here. Subsequent modification of the straight CSD is 

interpreted on the basis o f hand specimen and thin section petrography, and also based on what is known of the 

magmatic system in question.

2.3.2 Procedure

CSDs o f cumulates were measured in this thesis in the following way. Individual crystals were identified 

and outlined on hard-copy overlays o f high-resolution photomicrographs of single thin sections with the aid o f a 

microscope. This texture overlay was then edited into a simple bitmap format before being opened into the 

UTHSCSA ImageTool, a freeware image analysis software package (Fig. 2.7; ddsdx.uthscsa.edaMig/itdesc.html). 

The image scale was set and the crystals were analysed for their area and the orientation and length o f their long 

and short axes in a texture map o f each sample (Fig. 2.7). The smallest crystals measured in this study were 

approximately 0.1mm in size. These were the smallest grains observed at 25 times magnification and were easily 

large enough to be counted in the analysis. As all of the samples measured are holocrystalline, it is considered 

that all crystals have been measured for each sample, and we therefore take the smallest grain size reported for
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each sample as the limit for that sample. Initial CSD analysis was subsequently carried out as outlined by Higgins 

(2002a); the size distributions o f the long axes o f crystals were measured and corrected for 2D-3D effects using 

the method and software o f Higgins (2000, CSDCorrections version 1.37). There are several steps involved in the 

(stereological) conversion o f the 2-dimensional thin-section measurements to the 3-dimensional CSD. The first 

step is to calculate the frequency distribution o f the area number density using logarithmic bin sizes. To do this 

the number o f crystals in each bin is divided by the total area measured. This gives the number density for each 

size interval. Corrections are then made by the CSDCorrections software to account for stereological effects 

(after Higgins 2000). The CSD programme also requires input o f crystal aspect ratios and roundness factors for 

each dataset analysed, and these were calculated following the method o f Higgins (1994, 2000) and Morgan and 

Jerram (2006). Many recent quantitative textural studies have used the CSDCorrections program by Higgins 

(2000), including Coogan et al. (2002), Jerram et al. (2003) and Boorman et a!. (2004).

Boorman et al. (2004) highlighted problems with the CSDCorrections software that affect CSDs 

calculated for plutonic rocks in particular. One is that the software assumes crystals o f a given mineral will have 

euhedral shapes with fixed aspect ratios, an assumption that while accurate for crystals in many volcanic rocks, 

will certainly not always hold true for cumulates, especially the skeletal and dendritic olivine crystal 

morphologies in harrisite observed in this study (Chapter 4). The second problem is that CSDs calculated for 

samples containing crystals with high aspect ratios will produce flatter curves than samples with more equant 

grains, even though both samples may have an identical Volume Phase Proportion (Higgins 2002b; Boorman et 

al. 2004). Boorman et al. (2004) suggested an alternative means by which the CSDCorrections software may be 

used for plutonic rocks to avoid the above problem. Instead of taking major axis length as a grainsize parameter, 

Feret length, the length o f a square with an area equal to the measured area of the grain, is used. This requires that 

aspect ratios for all crystals be 1:1:1 and that the roundness factor is 0. This approach gives a good correlation 

between measured volume phase proportions and those calculated by CSDCorrections. However, as stated by 

Boorman et al. (2004), ‘uncertain error is introduced in the cut section and fabric correction by the assumption of 

cubic shape’, causing CSD curves to have much steeper slopes. This is well illustrated in Figure 2.8, which shows 

two CSDs for sample R15 (a harrisite sample from Rum; see Chapter 3), one calculated using Feret length, the 

other using maximum crystal length. In addition. Mock and Jerram (2005) and Morgan and Jerram (2006) show 

that assumption o f a spherical crystal shape (with a similar aspect ratio to a cube) gives a poor estimation of CSD 

slope. As calculation of crystal growth times is dependent on the slope o f the CSD, we do not employ the Feret
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length method in this study. To overcome the problems outlined by Boorman el al. (2004), the updated version of 

the CSDCorrections software is used (version 1.37 available at 

http://wwwdsa.UQac.uQuebec.ca/~mhiggins csdcorrections.html. Higgins 2000), which allows the correction of 

the CSD to the measured Volume Phase Proportion. In addition, we use the CSDslice spreadsheet o f  Morgan and 

Jerram (2006) to obtain better objective estimates o f  olivine crystal habits in the Rum samples and the other 

plagioclase and pyroxene cumulates studied. Finally, Mock and Jerram (2005) estimate that a minimum o f two 

hundred crystals should be analysed to quantify the shape o f a given CSD accurately. The number o f  crystals 

measured, therefore, is presented with each CSD in this study. In most cases this number is substantially above 

the minimum 200 crystals required, but in some cases is close to this threshold and in very few cases it is below 

200 crystals. A CSDCorrections output file for each sample analysed that includes both the parameters input into 

the program and the plotted textural data is given in the Appendix A3.

2.3.3. Closure limits

Closure limits are calculated for the CSD data following the methods outlined and recommended by 

Higgins (2002b). In principle, closure limits do not allow the calculated crystal content o f  a rock to exceed 100%, 

though where chemical or thermal effects limit growth o f a specific mineral phase, closure occurs at lower a 

volumetric phase proportion (Higgins 2002b). It follows that the calculation o f volumetric phase proportions 

from CSD curves can be used to verify that the CSDs have been correctly determined from two-dimensional 

measurements using the equations:

m = -1 /C j

and

Vi =6onioCi'*

where Cj is the characteristic length, Vj is the volumetric phase proportion, o  is a shape factor, and rijo is the final 

nucleation density. However, the equation for Vj above is for straight CSDs only, and for more complex curves, 

V| may be calculated using:

Vi=oZni( Lj) L/Wj
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after Higgins (2002b). Lj is the mean size o f the interval j, and W j is its width. The shape factor (o) is given by 

the equation:

o = [ l -  ( 1 - / 6 ) ]  IS/L^

where is a measure o f crystal roundness and I, S, and L are the crystal short, intermediate and long axes 

respectively (Higgins 2002a).

Closure limits have thus been calculated for all o f the CSD data in this study for 100% crystal content, 

the threshold above which the CSD may not go. This provides a measure o f quality o f the CSD data by 

illustrating, if the data fall above the 100% threshold, that the stereological conversion o f  textural data is not 

giving an accurate reflection of the volume crystal content of the sample. The plot may also indicate how far 

below the samples plot below the maximum allowed volume phase proportion, giving an approximate visual 

estimation for comparison with the volume phase proportion calculated by CSDCorrections 1.37. The threshold 

curve for 100% crystal content may be constructed using the parameters C| and nio and o, which may be 

calculated from the above equation for V|. As linear regression analysis shows that all o f the CSDs presented 

from Ardnamurchan, Rum and Skye in this study are approximately log linear at all but the smallest crystal size 

fractions, it is appropriate to use the simpler equation for V| in all cases. Higgins (2002b) also recommends 

plotting CSD data on a C| vs. Vj plot for comparison o f a series o f CSD datasets and to identify potential groups 

o f  samples. This diagram has the advantage o f being completely accessible, i.e. there are no forbidden zones. 

This accessibility is because the two parameters are completely independent. These two plots are therefore 

presented with each CSD dataset in this thesis for the following reasons:

(a) To test the quality of the data.

(b) To examine each dataset for well-defmed internal groups or subsets.

2.4. Electron microprobe analytical conditions

Mineral analyses were performed on a Cameca SX-50 electron microprobe at GEOMAR (www.ifm- 

t;eomar.de index.phr)7id=home) applying the built-in PAP correction procedure (Pouchou and Pichoir 1984). 

Analytical conditions included an acceleration voltage o f 15 kV, a beam current o f 8-20 nA and counting times of
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betw een 20 and 60 s on peaks. A rastered beam  o f  3 ^im x 4 )im 12 |am ' w as used for the feldspar to m inim ize Na 

loss. Na counts w ere continuously  m onitored during analysis and generally  rem ained stable over at least tw ice the 

m easurem ent tim e (see Troll and Schm incke 2002). Relative analytical precision [(standard dev iation/m ean) x 

100] was <2%  for Si, A l, and Ca, <3%  for Na and K, <4%  for Ti, <5%  for Fe and <10%  for Mg, based on 

repeated analysis o f  natural and synthetic m ineral and glass standards. All electron m icroprobe data are tabulated 

and presented in A ppendix A4.
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A. Prolate ellipsoid (K1 > K2 = K3) B. Oblate ellipsoid (K1 = K2 > K3)

Kint
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C. Triaxial ellipsoid (K1 > K2 > K3)Kmin Kmin
Kmax

Kint

Kmin
Kmax

Figure 2.1. Schematic diagram showing the types o f susceptibility ellipsoid. The three
orthogonal axes correspond to the maximum (Kmax), intermediate (Kint) and minimum 
(Kmin) susceptibility values. A: Prolate ellipsoid. B: Oblate ellipsoid. C: Triaxial ellipsoid, 
(adapted from Tarling and Hrouda 1993).

S18A

T

C13B

AX

N T

Figure 2.2. Equal-area lower hemisphere stereographic plots o f individual sub-samples and 
block means with confidence ellipses o f A: Sample S18 (Chapters) illustrating a highly 
oblate fabric and B: Sample C13 (Chapter 6) illustrating a more poorly defined fabric that can 
be accepted, but with caution.
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Figure 2.3. Schematic diagram summarizing the different types o f rock magnetism. 
i-ioHow arrows represent the direction of net magnetization; bold arrows represent 
the direction o f the applied field (adapted from Tarling and Hrouda 1993).
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Figure 2.4. A: An MD ferromagnetic grain in a zero field. B: Upon application o f a 
magnetic field, H, the domain walls shift. C: Favourably oriented domains will be 
enlarged. D: Upon removal o f the magnetic field, domain walls shift back to their 
original position but stop short resulting in a remanent magnetization (redrawn from 
Dunlop and Ozdemir 1997).
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Figure 2.5. A: Two parallel elongate SD ferromagnetic grains in zero field. B: Application o f 
a weak magnetic field, H, parallel to the elongation direction produces no net magnetization. 
C: Application o f a weak magnetic field, H, perpendicular to the elongation direction 
produces a weak induced magnetization parallel to the field (redrawn from Dunlop and 
Ozdemir 1997).
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Figure 2.6. Summary diagram of differently shaped CSD cun/es together with possible interpretations (based on interpretations o f CSD curves 
given in Marsh 1988 and Marsh 1998).



Figure 2.7. Examples o f original thin-section images together with corresponding 'edited', 
greyscale texture maps. A: Skeletal olivine in Sample R15 (Chapter 4). B: Granular olivine in 
Sample R1 (Chapter4). C: Tabularplagioclase in Sample S23 (Chapters). D: Tabular 
plagioclase in Sample 4 from the Ardnamurchan Achnaha laminated gabbro (Chapter 3).
The small vertically oriented scalebar displayed in each edited texture map is 5 mm and 
corresponds to each photomicrograph/digitised image pair
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Figure 2.8. Two plots o f  CSD data fo r  the same sample (RI5; Chapter 4) from  the Rum 
Layered Suite, illustrating the markedly different slope magnitudes returned hy the 
CSDCorrections program fo r  the different crystal size parameters: major axis length and 
Feret length (see discussion in text on Pages 29 and 30).
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3.1 In t ro d u c t io n

The Palaeogene igneous complex of Ardnamurchan has been described as a superb example of an 

eroded section through a volcanic complex (Woodcock and Strachan 2000; Bell and Williamson 2002). Volcanic 

activity began with the eruption o f basaltic lavas onto Mesozoic sediments and Moine basement (ca. 60 Ma; 

Chambers et al. 2005), followed by the establishment o f distinct foci o f sub-volcanic intrusive activity, o f which 

three have been recognized in the Ardnamurchan complex (Centres 1, 2, and 3; Richey and Thomas 1930; 

W oodcock and Strachan 2000; Bell and Williamson 2002). Each o f  these centres is dominated by mafic intrusive 

rocks that were emplaced either as concentric, inward-dipping sets o f cone sheets related to doming and 

extension, or as larger annular intrusions historically interpreted as outward-dipping ring-dykes associated with 

central subsidence (Richey and Thomas 1930; Anderson 1936). The Centre 3 intrusions are the focus o f this 

study (Fig. 3.1), and are described in further detail below.

The third and youngest plutonic centre o f the Ardnamurchan igneous complex forms the largest and 

most complete set o f ring-intrusions in the British Palaeogene igneous province (Fig. 3.1). Centre 3 is dominated 

(up to 70% by area) by a gabbroic intrusion referred to as the Great Eucrite, historically referred to as the classic 

example of a wholly complete mafic ring-dyke (Richey and Thomas 1930; Wager and Brown 1968; Woodcock 

and Strachan 2000; Bell and Williamson 2002). The early ring-dyke models o f Richey and Thomas (1930) and 

Anderson (1936) envisaged caldera ring-fault development and associated subsidence o f a central block as the 

dominant structural processes that allowed the intrusion o f the Great Eucrite. Ring-faults are widely considered to 

be steeply outward-dipping (reverse) structures, as models for ring-dyke development require that subsidence of 

the central block is accommodated during collapse (Roche et al. 2000; Walter and Troll 2001). Ring-dykes are 

therefore traditionally envisaged as having a bell-jar-like geometry, forming broadly cylindrical intrusions at 

shallow, sub-volcanic levels (Fig. 3.2).

The Great Eucrite wholly encompasses a suite o f smaller, arcuate gabbro bodies, which have also been 

interpreted as partial ring-dykes. In particular these include two ‘fluxion-gabbro ring-dykes’ at Sithean Mor and 

Glendrian, and several other quartz-gabbro ring-dykes in the Achnaha area (see Fig. 3.1, fE and qE symbols 

represent fluxion and quartz gabbros respectively). A central tonalite body, containing a small (more evolved) 

quartz monzonite zone, is considered to be a late-stage intrusion into these arcuate gabbros (Richey and Thomas 

1930; Walsh and Henderson 1977; Bell and Williamson 2002; Emeleus and Bell 2005). One final intrusion 

occurs in Centre 3; described by Richey and Thomas as a narrow ‘quartz-dolerite ring-dyke’ (extensively net-

32



Chapter 3 The Ardnamurchan Centre 3 Gabbros

veined with granophyre) and the type example o f a ring-dyke intrusion on Ardnamurchan (Fig. 3.1). In the recent 

memoir on the Palaeogene rocks o f Scotland, Emeleus and Bell (2005) also refer to this latter intrusion as a ring- 

dyke, suggesting that its arcuate outcrop pattern implies some form of rotational or trap-door collapse subsidence 

model for its emplacement.

As mentioned above, the igneous complexes o f the British Palaeogene Igneous Province (BPIP) are 

where many o f the original models for sub-volcanic intrusion o f  ring-dykes and cone-sheets emplacement were 

first developed (Richey and Thomas 1930; Anderson 1936). The arcuate mafic intrusions o f  Centre 3 on 

Ardnamurchan in particular have been used as type examples for high-level magma emplacement mechanisms 

for the past 70 years. This interpretation has never been seriously questioned for any o f the Centre 3 intrusions 

since it was first proposed by Richey and Thomas (1930), though some workers (Bradshaw 1961; Wills 1970; 

Walsh 1975) noted that macroscopic inward-dipping igneous lamination (fluxion structure) occurs in the fluxion 

gabbros and sporadic inward-dipping layering is present in the Great Eucrite. These workers suggested that these 

features are inconsistent with a ring-dyke model for the Great Eucrite and the Sithean Mor and Glendrian 

laminated gabbro intrusions in particular, although convincing alternatives for emplacement o f these Centre 3 

gabbro bodies were not proposed. Emeleus & Bell (2005) summarise the observations of the workers above and 

go on to suggest that the Great Eucrite might possibly be a funnel-shaped intrusion. However, they refer to it as 

an intrusion ‘largely devoid o f internal structure’ in which ‘layering, mineral fabric, xenoliths and pegmatites are 

uncom mon’.

The study outlined in this chapter combines detailed remapping and structural measurements on 

macroscopic primary magmatic features, textural analysis and quantification o f magnetic (AMS) fabrics o f 

several o f the Centre 3 gabbro bodies (including the Great Eucrite). It is shown that magma emplacement was 

probably not parallel to outward-dipping ring-fractures in any o f the intrusions referred to above, a key criterion 

in the identification of ring-dykes (Fig. 3.2; Anderson 1936; Roche et al. 2000). Instead, the Centre 3 gabbros 

have many o f the petrological and structural features o f a composite layered mafic lopolith.

3.2 C entre 3 lithological relationships

3.2.1 Introduction

The problems raised by previous workers (Bradshaw 1961; Wills 1970; Walsh 1975) with the ring-dyke 

model for the Centre 3 gabbros originated primarily from the presence o f  inward-dipping igneous lamination and
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o c ca s io n a l in w a rd -d ip p in g  lay e r in g  in th e  ‘flu x io n  g a b b ro ’ and  the G rea t E u crite  in tru s io n s  re sp ec tiv e ly . T h is , 

to g e th e r  w ith  an o b v io u s  n e ed  fo r an u n d e rs tan d in g  o f  co n tac t re la tio n s  b e tw een  bo th  th e  v a rio u s  C en tre  3 

g a b b ro s  an d  a lso  b e tw een  th e  G re a t E u crite  and  its c o u n try  ro ck s  p ro v id ed  th e  m o tiv a tio n  fo r d e ta ile d  rem ap p in g  

o f  th e  C en tre  3 g a b b ro s  to  be  u n d e rta k en  as p a rt o f  th is  s tudy . T h e  sp ec if ic  o b jec tiv e s  o f  th is re m a p p in g  o f  C en tre  

3 a re  as fo llo w s:

(1 ) T o  c h a ra c te riz e  th e  in tru s iv e  co n ta c ts  o f  th e  C en tre  3 g ab b ro s  in th e  c o n te x t o f  th e  r in g -d y k e  m o d el.

(2 ) T o  m ap  ou t the  p e tro lo g ica l v a ria tio n  o f  th e  v a rio u s  C e n tre  3 gab b ro s.

(3 ) T o  reco rd  th e  s tru c tu re  an d  freq u e n c y  o f  o c cu rre n ce  o f  m ag m a tic  layering , ig n eo u s  lam in a tio n  and  

a sso c ia ted  sm a ll-sc a le  m ag m a tic  s tru c tu re s .

A  re -ev a lu a tio n  o f  th e  fie ld  re la tio n s  o f  th e  G re a t E u crite  an d  o th e r  g a b b ro  in tru s io n s  a re  p re sen ted  

b e lo w , to g e th e r  w ith  a rev ised  m a p  fo r the  C en tre  3 g a b b ro s  (F ig . 3 .3 ). R e feren ce  is m ad e  th ro u g h o u t th is  c h ap te r  

to  th e  lith o lo g ica l d iv is io n s  o f  R ich ey  and  T h o m a s  (1 9 3 0 ) in o rd e r to  h ig h lig h t th e  s im ila ritie s  an d  d iffe ren ces  

b e tw ee n  b o th  m ap s (F ig . 3.1 an d  Fig . 3 .3). T he o rig in a l s tu d y  o f  R ich e y  and  T h o m as (1 9 3 0 ) c o n ta in s  su p erb  and 

d e ta ile d  p e tro g ra p h ic  d e sc rip tio n s  o f  th e  d iffe ren t C e n tre  3 ro ck  ty p es in  th in -sec tio n  an d  it is n o t the  a im  o f  th is 

s tu d y  to re p lica te  all o f  th is  w o rk . H o w ev er, w h e re  s ig n ific a n t fe a tu res  a re  no ted  in th in -sec tio n  an a ly sis , o r 

w h e re  the  in te rp re ta tio n s  o f  th is  s tu d y  d iffe r  to  th o se  o f  R ich ey  and  T h o m a s (1 9 3 0 ) on the  b a s is  o f  th in -sec tio n  

e v id e n ce , d e ta iled  o b se rv a tio n s  a re  p re sen ted . M ag m atic  lay e r in g  and  stru c tu ra l fea tu res  o f  th e  C e n tre  3 gab b ro s 

a re  d isc u sse d  in the  n ex t sec tion .

3.2.2. The Great Eucrite

T h e  term  eu crite  is g iv en  to  g a b b ro ic  ro ck s  co n ta in in g  p lag io c la se  th a t is b y to w n itic  to  a n o rth itic  in 

co m p o s itio n  (A n 7o-Anioo). P e tro g rap h ica lly  th e  G re a t E ucrite  is ty p ic a lly  a  c o a rse -g ra in e d  fe ld sp a th ic  rock  

d o m in a ted  by  p lag io c la se  w ith  v a ry in g  a m o u n ts  o f  o liv in e  and  c lin o p y ro x en e  an d  m in o r op aq u es .

3.2.2.1 Internal heterogeneity o f  the Great Eucrite

R em ap p in g  su g g ests  th a t th e  G re a t E u crite  c o m p rise s  th ree  d is tin c t p e tro lo g ica l fac ies  o f  g abbro , 

se p a ra ted  from  each  o th er on  tex tu ra l and  m in e ra lo g ica l g ro u n d s, an d  trac ea b le  a ro u n d  the  fu ll c irc u m fe re n ce  o f  

th e  in tru s io n  (F ig . 3 .3). T he tw o  m o st c o m m o n  lith o lo g ie s  a re  a  dark  g rey , p a rtia lly  lay e red  o liv in e  g a b b ro  (1) 

(F igs. 3 .4A  and 3 .4 B ) th a t is su rro u n d e d  b y  an e x tre m e ly  h e te ro g en e o u s , b ro w n -lig h t g rey , p a r tia lly  lay e red
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olivine gabbro (2). Both o f these rocks contain variably-sized xenoliths and rafts (from <1 m up to 1 km in 

length) o f an olivine-glomerocrystic generally unlayered gabbro (3) (Figs. 3.5A and 3.5B). An unlayered, olivine- 

deficient gabbro (4) is typically found both around the margin o f  the Great Eucrite intrusion and at its interior. 

This gabbro corresponds to the ‘quartz-gabbro’ o f Richey and Thomas (1930) based on comparison with their 

petrographic descriptions and the spatial occurrence o f the rock as observed in this study. The ‘Inner Eucrite’ and 

‘Biotite Eucrite’ intrusions o f Richey and Thomas (1930; Fig. 3.1) cannot be separated from gabbro (1) o f this 

study in the field.

Peridotite xenoliths are common in the Great Eucrite. These occur as two principal ty'pes:

(!)  Fine-grained peridotite xenoliths (Figs. 3.6A), composed dominantly o f olivine and plagioclase, 

frequently occur concentrated in zones around the SE, E and NE parts the Great Eucrite. These are 

generally <1 m to several metres in size and are most abundant on the high areas o f the Great 

Eucrite ridge (e.g. east o f Meall an Fhir Eoin at GR 48900 69750 and south o f Creag an Airgid at 

GR 47975 66407). The peridotite xenoliths often appear to be in various states o f digestion or 

resorption by the host (Great Eucrite) gabbro (Fig. 3.6B). Superb relict magmatic layering and 

cumulate textures are sometimes observed in these and are described in the next section.

(2) Three large coarse-grained feldspathic peridotite xenoliths (Fig. 3.6C) up to 120 m in diameter 

occur at GR 49058 69369, GR 49185 69184 and GR 49207 69273. These rocks typically have 

60% olivine and coarse plagioclase glomerocrysts giving the rock a very distinctive appearance in 

the field (Fig. 3.6D). They also, in some cases, appear to have suffered considerable digestion by 

the gabbros in which they are incorporated (Fig. 3.6E). Examples of layering that are observed in 

this rock are again described in the next section.

3.2.2.2 Great Eucrite outer contact.'i

Poor exposure makes reliable contact data from around the outer margin o f the Great Eucrite extremely 

rare. However, one boundary with Jurassic sediments in the north o f  the peninsula (south of Rubha Carrach; Fig. 

3.2) is well preserved and can be traced laterally for ~15 m dipping inward at -50° (Figs. 3.3 and 3.7A). The 

contact area (at GR 46316 70123) is marked by a zone o f abundant net-veined dolerite and microgranite that 

outcrop between Jurassic sediments and Great Eucrite gabbro (Figs. 3.7B and 3.7C). Outcrops o f Jurassic 

siltstones and mudstones commonly exhibit incipient partial melting and varying degrees o f migmatisation. To
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the east, the sm all intrusive ‘R ubha G roulin gabbro ’ o f  Richey and T hom as (1930) is rem apped as part o f  the 

G reat Eucrite gabbro  based on its very sim ilar appearance in the field and in thin-section. The contact between 

the G reat E ucrite  in this area and finer-grained dolerite country rock also dips inw ard at about 40-50° (Fig. 3.7D). 

O uter contact relations o f  the G reat Eucrite at other parts o f  the intrusion are not observed i.e. no clear 

lithological contacts are observed  betw een the G reat Eucrite and the follow ing country rocks o f  Richey and 

T hom as (1930):

(1) The Fluxion gabbro  o f  Fascadale

(2) The H ypersthene G abbro

(3) Q uartz-gabbros o f  Fascadale and M eall an T arm achain at the southern m argin o f  the G reat Eucrite

(4) The Fluxion gabbro  o f  Portuairk

W hilst the lack o f  control on contac t relations m ust largely be attributed to poor exposure, alm ost com plete 

coastline exposure at Portuairk m eans this is not the case for the so-called 'flux ion  gabbro ’ intrusion that crops 

out in this area. TTiough R ichey and T hom as (1930) describe a contact betw een the G reat Eucrite and the 

Portuairk fluxion gabbro along the shoreline (G R 44055 68302), they also note that the G reat Eucrite itself 

appears to  be ‘flux ioned’ at its ou ter m argin. R e-exam ination o f  this inferred contact and a full m apping traverse 

from  the fluxion gabbro  intrusion into the G reat Eucrite along the shoreline revealed no evidence o f  an intrusive 

contact betw een these tw o gabbros anyw here along this stretch o f  coastline. Instead, field evidence suggests that 

both lithologies grade into one ano ther eastw ard from Portuairk. This is supported by sim ilar recent independent 

observations in this area (C .H . E m eleus, pers. com m .). In addition, although fieldw ork carried out on the outer 

C entre 3 ‘quartz-gabbros o f  Fascadale and Meall an T arm achain ’ (R ichey and T hom as 1930) w as not extensive, 

it seem s unlikely from  their m ineralogical and textural sim ilarities in the field and in thin-section that both are 

separate intrusions. W hether the G reat Eucrite is intrusive into these gabbros or not cannot be determ ined due to 

lack o f  outcrop evidence.

E vidence for contacts betw een the G reat E ucrite and its country  rock ro o f is present on som e o f  the 

topographically  high areas around the course o f  the G reat Eucrite. M eall nan Con (G R 50389 68137) is the 

highest sum m it in the west o f  the A rdnam urchan peninsula at 437 m. Richey and T hom as (1930) referred  to the 

rocks in this area as com prising a vertically  sided ‘country rock screen ’ betw een tw o ring-dykes (Fig. 3.1) and 

com posed o f  three lithologies:

(1) An altered porphyritic gabbro.
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(2) Vent agglomerate.

(3) Basalt.

The porphyritic gabbro is included with gabbro (4) (quartz-gabbro) o f this study based on the similarity o f both in 

the field. Field observations carried out in this study and other independent observations (Brown et a i  2006) 

suggest that the lithology referred to as vent agglomerate by Richey and Thomas is actually a fine-grained 

dolerite that exhibits frequent microgranite net-veining, very similar in appearance to the net-veined dolerite at 

the Rubha Carrach contact in the north described above (Fig. 3.8A). In addition, areas o f net-veined dolerite are 

also observed on the summit ridge o f Beinn na himeilte (GR 4 5 8 16 6 7 115; 215 m), above Coire na Rainich (e.g. 

at GR 49500 69700) and just south o f Meall an Tarmachain (GR 49000 66600) (Fig. 3.3). Fine-grained highly- 

altered basalt is present just to the north o f  Meall nan Con summit (GR 50400 68500) and also south o f Meall an 

Tarmachain (GR 49000 66600). Contacts between the net-veined dolerite o f the so-called Meall nan Con screen 

and Great Eucrite gabbro are observed to be sub-horizontal at Coire Creagach (GR 50300 68300). This is 

supported by the manner in which these contacts traverse topographic contours at a very low angle around the 

Meall nan Con summit knoll (Fig. 3.8B). The manner in which the Meall nan Con exposures o f  net-veined 

dolerite together with altered basalt sit topographically above a fiattish contact with the Great Eucrite gabbro 

suggests that the Meall nan Con mass represents country-rock roof to the Great Eucrite. Though no clear contacts 

are observed between net-veined dolerite and Great Eucrite gabbro on Beinn na himeilte or below Meall an 

Tarmachain (Fig. 3.3), it is thought that, as with the Meall nan Con lithologies, they may represent pendants of 

roof rock.

3.2. 3 The laminated gabbro

Four arcuate areas o f a fifth olivine-deficient, plagioclase-rich gabbro are observed at the centre o f the 

pluton, at Achnaha, Sithean Mor, Sgurr nan Gabhar and around Glendrian (Figs. 3.3 and 3.9A). This gabbro is 

characterized by a very common, sometimes intensely developed, igneous lamination defined by the planar 

arrangement o f tabular plagioclase crystals (Figs. 3 .98 and 3.9C). Clinopyroxene and opaques are also common 

constituent minerals o f this rock. Earlier work (Richey and Thomas 1930) referred to the fabric in these rocks as 

‘fiuxion structure’, in particular the ‘Sithean M or’ and ‘G lendrian’ laminated zones of this study, and interpreted 

them as distinct ‘fluxion gabbro ring-dykes’ (Fig. 3.9C). This chapter will continue to refer to this fiuxion
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structure as igneous lam ination (cf. W ager and Brown 1968; C hapter 1 o f  this study), because o f  the unsuitable 

connotation  o f  flow  that the form er im plies.

No chilled m argins or intrusive contacts are observed betw een these bodies and gabbro (I ) , and their 

lam ination alw ays strikes parallel to  their outer m argins and consistently  d ips tow ard the centre o f  the pluton 

(Fig. 3.10). R ichey and T hom as (1930) considered these bodies to  be very closely  associated w ith the quartz- 

gabbros (gabbro 4) o f  this study, w hich are com positionally  indistinguishable from the lam inated gabbros (e.g. 

W alsh 1975). Indeed the pronounced p lanar foliation exhibited in the case o f  the lam inated gabbro  appears to be 

the principal difference betw een both. In addition, tw o further areas o f  this lam inated gabbro are m apped in this 

study. The first o f  these crops out NW  o f the A chnaha area (GR 46300  68300), the second slightly  south o f  Sgurr 

nan G abhar (GR 46900 69900) (Fig. 3.3).

3.2.4 The central tonalite intrusion

O f the tw o late bodies that are considered to have intruded the C entre 3 gabbros (Fig. 3.3), the central 

tonalite has been accorded som e significance as the m ost aerially  extensive interm ediate (in com position) 

intrusion in the British Palaeogene Igneous Province. C ontact inform ation w ith the surrounding quartz-gabbro 

and lam inated  gabbro is poor, but a long its southern m argin a steeply  outw ard-dipping (79° SE) in trusive contact 

tow ard the lam inated gabbro is observed (G R 47523 68048) (Fig. 3.11 A). In addition, evidence that the tonalite 

body has a chilled m argin is reflected by a coarsen ing  o f  grainsize in the rock inw ard from the southern m argin o f  

the body. N o intrusive contacts are observed betw een the tonalite  and the central quartz-m onzonite and it is 

thought likely that since both are texturally  and com positionally  very sim ilar, that one is a gradational variant o f 

the other (Fig. 3.1 IB). The tonalite contains ortho- and clinopyroxene, hornblende, plagioclase, biotite, quartz 

and K.-feldspar and up to  10 vol%  opaques (Fig. 3.1 lC-3.1 IE). A ccessory  zircon and apatite are also abundant 

(1-2 vol% ). V ery (p leochroic) Fe-rich b io tite  occurs as large m egacrysts (up to  I cm in size) and is the only 

m ineral phase (w ith the exception o f  the unusually  large and fresh zircons) that appears not to  have suffered 

significant alteration and resorption (Fig. 3.1 lC-3.1 IE). Som e norm al zoning o f  C a-rich p lagioclase grains is 

observed, though much o f  the feldspars tend to exhibit highly turbid  crystal surfaces suggesting  considerable 

alteration.
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3.2.5 The quartz-dolerite  ring-dyke

The second late intrusion associated with the C entre 3 gabbros is a thin, fine-grained, sheet-like dolerite 

intrusion frequently  and extensively net-veined w ith m icrogranite (Fig. 3.1). H owever, rem apping  o f  this 

lithology reveals several lines o f  field evidence to suggest that this dolerite/m icrogranite m ay no t actually  form  a 

separate intrusive body (see also Fig. 3.3):

(1) The dolerite/m icrogranite does not outcrop extensively, and though it occurs at a consistent 

topographic height around the interior o f  the main G reat Eucrite topographic scarp, single outcrops 

o f  no m ore than several m etres in size separated by up to kilom eters o f  no exposure are not 

convincing field evidence for its continuity  (Fig. 3.3).

(2) The dolerite/m icrogranite contains considerable lithological heterogeneity  in appearance in the 

field. For exam ple, one outcrop in the east (GR 48777 69500) consists o f  a m icrogran ite  intrusion 

approxim ately 1 m thick w ith abundant angular dolerite and gabbro fragm ents (Fig. 3.12A ). O ther 

outcrops (e.g. at GR 47025 66850) are dolerite outcrops (at least 7-8 m thick) w ith m inor intricate 

m icrogranite net-veining (Fig. 3.12B). F ine-grained dolerite also frequently  occurs in the area 

m apped as the quartz-dolerite ring-dyke w ith no apparent evidence o f  m icrogranite present (e.g. at 

G R  49290 68905).

(3) The dolerite/m icrogranite has a very sim ilar field appearance to the net-veined dolerite observed at 

the sum m it o f  Beinn na him eilte , Meall nan Con and also at Rubha C arrach, as outlined earlier for 

the G reat Eucrite outer contacts (Fig. 3.3). D olerite outcrops are therefore not confined to  the area 

m apped by Richey and T hom as as the quartz-dolerite  ring-dyke. Further ev idence o f  this is 

observed in the Sithean M or lam inated gabbro at GR 46648 67259.

(4) C ontact orientations for the dolerite/m icrogranite also make it seem  unlikely that this lithology 

com prises a single continuous intrusion as suggested  by R ichey and T hom as (1930). For exam ple, 

the m icrogranite intrusion described above from  the east o f  the study area (GR 48777 69500) dips 

outw ard (E) at -6 5 °  (Fig. 3.3; Fig. 3.12C), a sim ilar contact to that m easured by R ichey and 

T hom as (1930). H owever, tw o outcrops in close proxim ity  ju s t to  the south o f  S ithean M or (e.g. at 

GR 46483 67250 and GR 46651 67010) dip inw ard (N) at 79° and 51° respectively  (Fig. 3.3). In 

addition, two outcrops o f  the so-called dolerite/m icrogranite ring-dyke in a sm all area around GR
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49347 68861 and GR 49287 68689 dip 80° inw ard (N W ) and 80° outw ard (SE) respectively (Fig. 

3.3).

(5) Sm all m icrogranite sheets devoid o f  dolerite o r gabbro fragm ents are com m only observed intruding 

the G reat Eucrite (e.g. at GR 47550 66036, GR 47998 66705 and GR 45874 68978).

T hin-section  exam ination reveals that the dolerite is dom inated by sm all (~1 mm long) plagioclase feldspar laths 

and sim ilarly  sized  rounded clinopyroxene grains. Though apparently  quite fresh, these clinopyroxene crystals 

appear to have been com pletely annealed or recrystallised, i.e. the rock exhibits a very granular texture (Fig. 

3 .12D ), in several cases, spherulitic grow ths o f  clinopyroxene are observed intergrow n w ith the plagioclase. Rare 

interstitial biotite and quartz are also present, and opaque m inerals are abundant (up to 15 vol% ).

3.3 M agm atic layering and associated structures

M agm atic layering is com m on in gabbros (1) and (2) o f  the G reat Eucrite, typically  com prising  thin 

sequences o f  p lagioclase-rich layers alternating w ith olivine-rich layers and less com m only pyroxene-rich  layers 

(Figs. 3.13A  and 3.13B). Individual layer thicknesses rarely  exceed 25 cm and the m axim um  thicknesses o f 

sequences o f  layers is typically ~10 m. Layer p lanes consistently  strike parallel to the outer m argins o f  the G reat 

E ucrite, and can be traced for up to 20 m laterally  and generally  dip inw ard tow ard the center o f  the intrusion at 

40-60° (F ig 3.3; 3.13C), An exception to this is rare layering observed in the olivine glom erocrystic gabbro (3) 

w here layering m ay dip either inw ard or outw ard. M agm atic sedim entary structures are p resent and often 

associated w ith layering, particularly  in the inner gabbro (1). These include m odally  graded trough structures 

(Fig. 3.13D ), fallen-blocks onto w hich layers onlap  (Fig. 3 .13E ) and graded bedding (Fig. 3.13F). Layering also 

very frequently  exhibits evidence for syn-m agm atic deform ation, such as slum ping and fo lding o f  layers (Fig. 

3.13G ), syn-m agm atic faulting and lateral variation in single layer th icknesses (Fig. 3.13H ), Planar or linear 

alignm ents o f  crystals associated w ith m agm atic layering are not observed in the G reat Eucrite gabbros.

Igneous lam ination is w ell-developed in four areas in the interior o f  C entre 3, as described above. These 

p lanar fabrics in the outer areas at Sithean Mor, A chnaha and Sgurr nan G abhar typically  dip inw ard at 50-80°. 

By contrast, dip values o f  30-50° are characteristic  o f  the extensive interior arcuate area o f  lam inated  gabbro 

around G lendrian (Fig. 3.9A). No evidence o f  shear or crystal-plastic deform ation is observed w ith this planar 

fabric, nor can an associated m acroscopic m agm atic lineation be d istinguished on planar lam ination surfaces. 

H owever, subtle layering is frequently present associated w ith (and parallel to) the igneous lam ination, and
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evidence for syn-magmatic deformation in the laminated gabbros is common, e.g. slumped and intricately mixed- 

up ‘crystal slurries’ and ‘boudined layer planes’ (Fig. 3.14A and 3.14B). Sedimentary structures such as graded 

bedding and slumped layering are present in the laminated gabbros, although they are not common.

The fine-grained peridotite xenoiiths observed in the Great Eucrite frequently exhibit excellent internal 

rhythmic layering characterised by alternating olivine and feldspar rich magmatic layers (Fig. 3.15A). Magmatic 

layer planes are generally oriented randomly with respect to the orientation o f the outer contacts o f the Great 

Eucrite. In addition, many o f the xenoiiths exhibit layer-parallel igneous lamination carried by fine-grained 

plagioclase laths (Fig. 3.15B). Fine-grained (<1 mm in size) olivine crystals often occur as glomerocrysts in the 

xenoiiths and in one particularly olivine-rich sample (Fig. 3.15C), appear to show superb solid state textural 

equilibration with a very high percentage of dihedral angles at olivine-olivine-olivine triple-grain junctions 

approaching 120“ (Elliot et al. 1997; Holness et al. 2005; O ’Driscoll 2005). Olivine glomerocrysts in examples of 

peridotite xenoiiths that display good lamination also frequently have triple junctions that appear to approach 

textural equilibrium, but the effect is not as pronounced as in Figure 3.15C as olivine is not as common a mineral 

component o f these rocks. Layering is observed in the coarse-grained peridotite xenoiiths at just one outcrop, but 

occurs as very coarse plagioclase rich bands several cm thick that may define planar layers or anastomose and 

define trough-like structures (Fig. 3.15D and 3.15E). Large equant olivine grains (up to 1 cm in size) are 

observed in thin-section. Plagioclase generally occurs as exceptionally large intercumulus grains, optically 

continuous in crossed polars for several cm in some cases.

3.4 A nisotropy o f M agnetic Susceptib ility  (A M S) data

3.4.1 Sampling methodology

Block sampling for AMS analysis o f the Great Eucrite was carried out at 80-100 m intervals along five 

radial traverses (6-10 sampled stations each) approximately perpendicular to the outer margin o f the Great 

Eucrite (as mapped by Richey and Thomas 1930; Fig. 3.16). Samples for AMS analysis were also collected from 

around the course o f the laminated gabbro zones as follows; four from the Achnaha area, eight from the Sithean 

Mor area and eleven from the Glendrian area (see below). Several sites were double sampled, to test for within- 

site variation. In all cases, nine to fourteen sub-samples were then drill-cored from each block, and site mean 

tensor data were calculated from the measurements (Owens 2000). In addition, four further tonalite blocks were 

collected at its contact with the Glendrian laminated gabbro at GR 47523 68048 (see below) in order to quantify
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the AMS fabrics in this area. In this instance, only four sub-samples were drill-cored from each block as the 

tonalite is much finer-grained than either the Great Eucrite or laminated gabbros; again site means were 

calculated following Owens (2000).

3.4.2 A M S results 

3.4.2.1 The Great Eucrite

Magnetic fabric data for the Great Eucrite gabbros is presented in Table 3.1. The data revealed a range 

o f  bulk susceptibilities (Km^an) o f 7.9 x 10"  ̂ to 3.3 x 10“‘ SI in the Great Eucrite, suggesting that the 

susceptibility (and therefore the AMS) in these samples is overwhelmingly controlled by magnetite. As 

mentioned in Chapter 1, once sufficiently high ( SI), the bulk susceptibility may be taken as approximately 

three times the volume concentration o f magnetite in a rock (Balsley and Buddington 1958). The values o f K„Kan 

quoted above thus suggest that magnetite is present in the Great Eucrite gabbros in volume concentrations of up 

to ~1%. However, because the lower value o f is close to the minimum value that this assumption can be 

made for (~ I0 ‘̂  SI), the presence of magnetite in these rocks has been corroborated by measurement using an 

AG ICO CS-3 furnace, o f the temperature dependence o f  susceptibility o f four Great Eucrite samples. The results 

also show the dominance of magnetite with Curie temperatures o f 575-580 °C (Fig. 3.17). Reflected and 

transmitted light microscopy carried out on selected thin-sections indicates that magnetite occurs as large 

(generally >100 microns) anhedral-subhedral grains throughout the rock (Fig. 3.18). TTiis is in close agreement 

with the work of Bradshaw (1961), who also found magnetite in maximum quantities o f 0.5-1 vol% in his 

petrological study o f over 300 thin sections o f the Great Eucrite gabbros. Bradshaw (1961) suggested that 

magnetite occurred as interstitial grains, similar to the large subhedral grains observed in this study, and as 

alteration grains rimming olivine crystals.

In magnetite-bearing rocks susceptibility anisotropy normally arises from the shape preferred orientation 

o f inequant grains (with the maximum susceptibility in the direction o f maximum long axis concentration) as 

described in detail in Chapter 1. The anisotropic distribution (or 3-dimensional arrangement) o f grains may also 

influence the AMS if the magnetite concentration is sufficiently high and the distribution o f magnetite 

sufficiently non-uniform (W.H. Owens, pers. comm.; Hargraves et al. 1991; Bouchez 1997; Launeau and Cruden 

1998), i.e. a highly ordered (anisotropic) packing of grains. However, the volume concentration o f magnetite in
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rocks o f  the G reat Eucrite, for w hich H is typically  5%  (range 2 - 9% ), is sufficiently  low so that it is unlikely 

d istribution  anisotropy is a significant contributor to the fabric.

The A M S results for the G reat Eucrite gabbros are sum m arized in Figure 3.16, 3.19 and 3.20. For all but 

one o f  the blocks sam pled the susceptibility  ellipsoids are triaxial to prolate in shape (Fig. 3.19) ind icating  that 

the m agnetic lineation (K |)  is the m ost clearly  defined com ponent o f  the m agnetic fabric overall. The d irections 

o f  this axis are rem arkably  consistent, typically  p lunging tow ard a focal point at the center o f  the intrusion at 4 0 -  

70° in all traverses (Figs. 3.16 and 3.19). The m agnetic foliation also generally  dips inw ards, though the strikes 

are not as consistent trending either parallel or obliquely  to the outer m argins o f  the intrusion at different stations 

(F igs. 3.16 and 3.19). D ouble-sam pled sites are also quite consistent (Fig. 3.16).

3.4.2.2 The laminated gabbros

M agnetic fabric data for the lam inated gabbros (for sam pled sites see Fig. 3.21) is presented in Table 

3.2. Bulk susceptibility  values for the lam inated gabbros are extrem ely high, ranging betw een 4.5 x 10'^ and 2.8 x 

lO ' SI. The G lendrian lam inated gabbro exhibits the highest values o f  K^ean w ith an average o f  2.3 x lO ' SI; 

average K^ean values for the A chnaha and Sithean M or areas are 9.7 x 10'^ and 1.4 x lO ' SI respectively. Kn^an 

values are up to tw o orders o f  m agnitude greater for these rocks than for the G reat Eucrite gabbros, and also  seem 

to increase inw ard w ith the highest susceptibilities in the innerm ost lam inated gabbro zone (the G lendrian  

lam inated gabbro). T his increase in Kn^’an tow ard the centre o f  the intrusion m ay have im plications for the 

crystallization  history o f  the G reat Eucrite gabbros and is discussed in m ore detail later. Bulk susceptib ilities also 

indicate that m agnetite is present in the lam inated gabbros in volum e concentrations o f  up to  9%  (B alsley  and 

B uddington 1958). These values are sufficiently  high for it to be unnecessary to carry out therm om agnetic 

analyses to  show  that m agnetite controls the susceptibility  (and hence the anisotropy) in these rocks as well. 

R eflected and transm itted  light m icroscopy carried  out on these rocks indicates that m agnetite com m only  occurs 

as large (generally  >150 m icrons) subhedral grains throughout the rock. This is supported  by the petro logical 

w ork o f  R ichey and T hom as (1930), w ho describe m agnetite in these rocks as occurring  as ‘abundant irregular 

g ra in s’ and ‘plentiful equi-dim ensional cry s ta ls’ for the Sithean M or and G lendrian areas respectively.

Total anisotropy values (H ) range betw een 8 and 15% indicating that m agnetic fabrics in the lam inated 

gabbros are quite strong and probably  reflect the existing fabric carried by the plagioclase. This is supported by 

the fact that the m agnetic foliation is very sim ilar in orientation to the igneous lam ination at all o f the AM S
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sam pled sites in the three lam inated gabbros. T ogether w ith the presence o f  relatively large quantities o f  

m agnetite  in these rocks, it is possible that the A M S fabrics in this instance are controlled to som e degree by an 

ex isting  (very  an isotropic) silicate tem plate (distribution anisotropy; e.g. Launeau and Cruden 1998), as opposed 

to  being com pletely  controlled by the m axim um  orientation o f  m agnetite grain long axes. The reason for this is 

that it is envisaged in this study that w ith increasing volum e o f  m agnetite and strength o f  anisotropy (as reflected 

by both H values and by the intensity  o f  the fabric in the field), the potential for the d istribution o f  grains 

th roughout the rock sam ple to contribute to the A M S fabric increases (W .H . O w ens, pers. com m .). The potential 

im plications o f  this are considered in the discussion section below .

T he susceptibility  ellipsoids (Figs. 3.21 and 3.22A ) for all o f  the lam inated gabbros are typically  triaxial 

and K | axes for the A chnaha and G lendrian lam inated gabbros are very consistently  oriented suggesting  that both 

linear and p lanar com ponents o f  the A M S fabric in these instances m ay be used as valid structural elem ents. 

T hese m agnetic lineations usually plunge dow n-dip on m agnetic foliation planes tow ard a focal point at the 

centre o f  the C entre 3 gabbros, in a m anner sim ilar to that o f  the G reat Eucrite m agnetic lineations (Figs. 3.19 and 

3.21). The m agnitude o f  these inw ard plunges is a good reflection o f  the m agnitude o f  igneous 

lam ination/m agnetic foliation plane dips in all cases, i.e. the m ean lineation plunge in the A chnaha lam inated 

gabbro  is 50° and in the G lendrian lam inated gabbro is 28°. This is further evidence that the A M S fabric is 

closely  related to the m acroscopic igneous lam ination. In the case o f  the Sithean M or lam inated gabbro , magnetic 

lineations are less consistently oriented (Figs. 3.19 and 3 .22A); several sam ples exhibit lineations that plunge 

dow ndip  and several exhibit lineations that are oblique or sub-parallel to strike o f  m agnetic foliation planes. 

D ouble sam pled sites for the lam inated gabbros are generally  very consistent in term s o f  m agrietic fabric shape 

and orientation (Fig. 3.21).

3.4.2.3 The tonalite/Iam inated gabbro contact

M agnetic fabric data for the tonalite are presented in Table 3.3 (sam pled sites are illustrated  in Figure 

3.16). A M S analysis o f  the central tonalite at its outer contact with the G lendrian lam inated gabbro reveals Kmea„ 

values that range betw een 2.4 x 10 " and 2.7 x 10 ‘ SI. It is likely therefore that, as w ith the sam ples described 

above, these relatively high susceptibilities suggest that m agnetite again carries the A M S fabric in this rock. 

M agnetic susceptibility ellipsoids are triaxial to oblate suggesting  a strong p lanar com ponent to the fabric (Fig 

3.22B). Tliis m agnetic foliation dips steeply outw ard with a sim ilar orientation to that o f  the contact (Figs. 3.16



Chapter 3 The Ardnamurchan Centre 3 Gabbros

and 3.19). Although the magnetic lineation is the weaker component o f the AMS fabric, it is consistent for all 

four samples, plunging steeply outward (approximately) down-dip on magnetic foliation planes (Fig. 3.16 and 

3.19).

3.5 C rystal size distribution  data

i .5 .1 Sampling methodology

Several samples of the Sithean Mor, Achnaha and Glendrian laminated gabbro zones were selected for 

CSD analysis in order to extract quantitative information on the textural development o f this rock. Thin-sections 

for CSD analysis were taken from AMS samples so that the textural information acquired could be combined 

with magnetic fabric data and an integrated approach to understanding the development o f the laminated gabbros 

could be taken. O f particular interest is the development o f the planar igneous lamination and for this reason CSD 

analysis focused on the principal mineral carrying this fabric in the laminated gabbros: plagioclase feldspar. In 

any case, the other common constituent mineral in the rock, clinopyroxene, typically exhibits alteration features 

and poorly defined crystal boundaries, making it unsuitable for crystal size distribution analysis. All analyses 

were carried out on thin-sections cut normal to the foliation plane, again because plagioclase crystals in the plane 

of lamination often had poorly-defined crystal boundaries and had been subject to alteration. Additionally, though 

carrying out CSD analysis on magnetite grains would provide an ideal multi-disciplinary AMS/CSD study, 

magnetite grains are generally not common enough, at large enough grainsizes in the rock for this to be 

undertaken, and sometimes have poorly defined anhedral crystal shapes or occur as glomerocrysts, making single 

crystal identification for CSD work difficult or impossible'. Six samples were collected from the Sithean Mor 

laminated gabbro, two from the Achnaha laminated gabbro and five from the Glendrian laminated gabbro. The 

field locations o f these CSD samples are illustrated together with their corresponding AMS sample in Figure 

3.21.

' Note that plagioclase makes up about 50-60% of these rocks, and a thin-section usually yields in the range 200- 
400 relatively coarse-grained crystals. The maximum volume o f magnetite is, as calculated from the bulk 
susceptibility measurements, ~7-8%, and magnetite crystals are also usually much finer grained.
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3.5.2 CSD Results

3.5.2.1 CSD Plots

The CSD data together with the number of crystals analysed for each sample is presented in Table 3.4 

and CSD plots are illustrated in Figure 3.23. Although there is some subtle variation in these plots for different 

samples (discussed below), all o f the CSD curves are approximately log linear for larger crystal size fractions. 

Linear regression analysis carried out on the log linear portion o f each plot to calculate slope and intercept data 

for each reveal that none o f the curves has an value o f less than 0.94. Measured slope values for the CSDs are 

generally consistent, with most o f the samples falling in a relatively steep slope range (-0.8 to -1 .9 ). The 

exceptions to this include Samples 1 ,6 , II and 13 with measured slope values falling in the range -0.25 to -0.7. 

The CSD curves can be sub-divided into two groups on the basis o f plot shape. One group (includes Samples 4, 

5, 7, 13, 15A, 17A, 19 and 22A) displays only very poorly developed convex-upward or ‘hum ped’ profiles at 

smaller size fractions or none at all. The other group o f CSD curves (Samples 1, 6, 9, 10 and 11) has more 

complex shapes at smaller size fractions, generally given by pronounced convex-upward profiles at small crystal 

sizes (i.e. Samples 6, 9, 10 and 11). Sample 1 also has a complex shape at small size fractions, and is discussed in 

detail below.

Closure limits were calculated for the CSD plots to assess the quality o f the CSD data, as outlined in 

Chapter 2 (after Higgins 2002a; 2002b; Boorman et at. 2004). Figure 3.24A shows characteristic grain length 

plotted against intercepts together with empirically calculated closure limits using an average aspect ratio o f 

1;2.5:4 for the Ardnamurchan laminated gabbros. With the exception o f  Sample 11, all sample data fall well 

within permitted range, i.e. below the curve for 100% volume illustrated by the dashed line. In the case o f Sample 

11, a second closure curve is constructed employing its actual aspect ratio (1:1.15:9) rather than the average used 

for the other samples, showing that Sample 11 does indeed satisfy closure, but that it is not well described by the 

average aspect ratio for tabular plagioclase grains initially used. A plot o f  CSD characteristic grain length against 

volume phase proportion (c .f  Higgins 2002a) shows most o f the samples (again with the exception o f Sample 11) 

falling within the same broad group o f  characteristic grain length (Fig. 3.24B).

3.5.2.2 Crystal growth times and nucleation rates

Crystal growth times have been calculated for plagioclase crystal populations in each sample using the 

CSD slope data presented above and a growth rate for plagioclase o f I x 10 '° mm.s ' (Cashman and Marsh 1988;
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H iggins 1996; M arsh 1998). These tim es are generally  quite consistent (266-561 years) for 10 o f  the 13 sam ples 

m easured  (Table 3.4). A gain Sam ple 11 does not conform  and exhibits an unusually  long crystal grow th tim e o f 

approxim ately  1280 years.

N ucleation densities (n“) have been calculated from the Y-axis intercepts on the C SD  curves and are 

show n in T able 3.4. C SD  intercepts (Ln [n“]) range from  -3 .3  to 2.1 m m ”̂  (n“ =  4 x 10 '  to 8.4 m m ‘*). These 

values are very low com pared w ith published values on plagioclase nucleation densities (C ashm an and Marsh 

1988). C onsequently , values o f nucleation rate (J )  for the lam inated gabbros are also very low, ranging from  3.8 

X 10 ' ‘ t o 8 .4 x  10 '° m m '\s  '.

H ow ever, as noted by M arsh (1998) and H iggins (2002a) coarsening or ripening o f  cum ulate textures 

m ight lead to a rotation o f  CSD slopes to shallow er sizes. The results presented above are thus treated  with 

caution, as it is p lausib le that the calculations have produced greatest values o f  and least values o f  J .

3.6 E lectron m icroprobe data

3.6.1 Introduction

Four plagioclase crystals from a sam ple o f  w ell-lam inated gabbro w ere selected to  test for m ajor 

e lem ent zonation in order to constrain the textural and A M S data described above. A nalysis w as carried out under 

the laboratory and instrum ental conditions outlined in C hapter 2. Sam ple 5 w as selected as it is the only sam ple 

o f  the A M S/C SD  sam ple set from  the Sithean M or lam inated gabbro that exhibits visible m agm atic layering as 

well as a strongly developed layer-parallel igneous lam ination. Indeed the locality from  w hich Sam ple 5 was 

collected exhibits the best layering in the Sithean M or lam inated gabbro. A nalysis o f  200 points per crystal along 

a rim -to-rim  traverse (o f the length o f  each crystal) w ith spot distances o f  betw een 22 and 34 pm  w as carried  out.

3.6.2 Microprohe data

Figure 3.25 is a sum m ary o f  the m icroprobe data for plagioclase from Sam ple 5. The graphs illustrate 

An% , FeO,, BaO and SrO plotted against distance for each o f  the crystals analysed. The K .20-C a0-N a20 feldspar 

triangles for each crystal also show n in Figure 3.25 illustrate that they are all very sim ilar in com position. 

A northite contents for the four crystals typically  range betw een 70 and 85%. H ow ever, characteristic o f  all o f  the 

crystals, i.e. T raverses 1, 2 and 4 is the d istinctly-zoned profiles revealed by the A n%  content data for each o f  the 

plagioclase crystals. The trend show n by each o f  these three plagioclase crystals, and to a lesser extent by
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Traverse 3, is one that defines a relatively low An core, with four more narrow well-defined overgrowth zones, 

ending at each rim with relatively low An concentrations (Fig. 3.25). Typical AAn% values between any two 

given data points defining these regular zones is l-\5Vo, indicating quite marked changes in chemical 

composition. All four crystals have quite similar FeO,, SrO and BaO contents, with relatively uniform plots 

across each o f the four crystal lengths in all cases, showing that the zoning illustrated by the An% plots is only 

weakly reflected in other elemental traverses

3.7 Discussion

3. 7.1 The Great Eucrite intrusion

The presence o f inward-dipping intrusive contacts along the northern margin o f the Great Eucrite 

strongly suggests that the intrusion does not have the classic ‘bell-jar’ geometry o f a ring-dyke. The well- 

developed magmatic layering in gabbros (1) and (2) exhibits sedimentary structures that suggest layering 

developed due to magmatic flow and associated fluid-dynamic processes. Such localized, gravity-controlled 

layering is generally considered to form due to the action o f crystal-laden density currents on horizontal to 

gently-sloping magma-mush interfaces that are often parallel or sub-parallel to the outer walls o f the intrusion 

(W ager and Brown 1968). The fact that layering typically dips comparatively steeply toward a central focal point 

in the intrusion and often exhibits evidence for syn-magmatic deformation as outlined above, suggests a 

significant degree o f syn-to post-depositional tilting o f basal surfaces toward the centre o f the pluton.

Magnetic fabrics in the Great Eucrite are dominantly triaxial to prolate, with a clearly defined K| axis in 

the direction o f flow described above. These fabrics are unusual as flow fabrics in that they are not oblate (c f  

Rochette et at. 1999) and the magnetic foliation is not always coincident with layering. This inconsistency may 

result from ‘abnorm al’ or complex fabrics in the sense of Rochette et al. (1999) because o f the strongly prolate 

nature o f some of the susceptibility ellipsoids. However, the consistent inward plunge o f the magnetic lineation at 

40-70° (approximately down-dip on layer-planes) in the Great Eucrite suggests that it may be validly used as a 

structural element. It is suggested therefore that the magnetic lineation may also have developed due to the 

sedimentation processes described above, and was tilted inwards simultaneously with layering. Another 

possibility is that the magnetic lineation represents a strain fabric resulting from subsidence o f the lopolith, i.e. a 

sub-vertical stretching lineation. This might also explain the dominantly triaxial-prolate trend o f the AMS 

ellipsoids, importantly, as subsidence is envisaged in this study to be the main driving mechanism behind radially
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directed flow, then flow/particle displacement should be parallel to any strain fabric, so both might be treated as 

representing the same process. This observation is supported by the way in which even the syn-magmatically 

deformed layers are also oriented confocally.

Evidence from contact relations, magmatic layering, and magnetic fabrics therefore suggests that the 

Great Eucrite gabbros comprise a lopolithic, composite pluton (Fig. 3.26). This is in agreement with one of the 

principal findings of Wager and Brown (1968) that layered mafic and ultramafic intrusions are pre-dominantly 

‘funnel-shaped’ lopoliths. Rotation o f originally sub-horizontal, magnetic iineations has been described by 

Cowan (1999) in the Sudbury Igneous Complex, where it may have been related to a cantilever-type, syn-to post­

emplacement, inward-tilting of the intrusion floor (Cruden 1998). indeed such centrally directed ‘sagging’, and 

inward-dipping magmatic layering is well documented for layered mafic-ultramafic lopoliths worldwide, e.g., the 

Bushveld Complex (Carr et al. 1994), the Rum Layered Suite (Emeleus et al. 1996), and the Skaergaard intrusion 

(M cBim ey and Nicolas 1997). In addition, the weakly developed steepening-inward trends observed in the 

northern and southern traverses bear similarities to documented examples o f inward-steepening structures 

attributed to central-sagging in a number o f mafic-felsic complexes (Wiebe and Collins 1998).

Following on from this, in one o f the very first studies o f central subsidence and its effects on layering in 

mafic intrusions, Skelhom and El well (1971) describe pronounced steepening inward trends in layer-planes from 

the Hypersthene Gabbro of Centre 2 on Ardnamurchan. However, though a model for central subsidence was 

proposed by this study, little was done with the structural data to interpret the overall geometry of the intrusion as 

either a lopolith or a ring-dyke. However, in a concurrent palaeomagnetic study at the time. Wells and McRae 

(1969) showed that magnetic poles from throughout the Hypersthene Gabbro clustered very closely together, 

suggesting that little or none o f the inward tilting had occurred after cooling below the Curie temperature of 

-570°. This provides some constraint on the timing of such tilting with respect to the rheology o f  the partially 

layered mush, and has obvious implications for central subsidence in the Great Eucrite as well. For example, the 

Hypersthene Gabbro palaeomagnetic data support the inference in this study that the Great Eucrite layers may 

also have been quite hot and capable o f being syn-magmatically deformed by central subsidence. However, well 

defined steepening inwards trends o f magmatic layering are not observed in the Great Eucrite.

it is also worth commenting on the textural and compositional nature o f the peridotite xenoliths in the 

Great Eucrite gabbros. These rocks bear a remarkable similarity to the feldspathic peridotites o f both Rum and 

Skye in which olivine and plagioclase are the dominant mineral constituents, in the case o f the smaller (m-scale)
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fine-grained xenoliths, it is clear that these have been transported to some extent by the Great Eucrite gabbros in 

which they are incorporated. This is deduced on the basis o f the magmatic layering and igneous lamination the 

xenoliths contain, being discordant to layering in the Great Eucrite gabbros. Also a factor in this conclusion is the 

manner in which these xenoliths, both coarse and fine-grained, are clearly completely out o f compositional 

equilibrium with the Great Eucrite gabbro as they are often observed undergoing extensive resorption/disgestion 

in the field as illustrated in Figs. 3.6B and 3.6E. it is uncertain whether the frequently texturally equilibrated 

nature o f  the fine-grained peridotite xenoliths is a result o f early postcumulus magma chamber processes or a 

result o f protracted thermal and chemical interaction with their host gabbro.

The implication o f the recognition o f these xenoliths as peridotitic for the Ardnamurchan igneous centre 

is evident. Superb layering preserved in these xenoliths, and particularly the presence o f the very coarse-grained 

nature of the large peridotite xenoliths (also layered) suggests that there may be a large ultrabasic component to 

the Ardnamurchan gabbros at depth. In addition, previous work on both Rum and Skye igneous centres have 

shown that emplacement of picritic magmas had a significant part to play in the construction o f the basic- 

ultrabasic components o f each igneous centre (Gibb 1976; Upton et al. 2002). Given the Rum and Skye cases, 

these olivine-rich xenoliths may represent indirect evidence for the presence o f picrite magma on Ardnamurchan 

also.

3.7.2 Development o f  the laminated gabbro zones 

3.7.2.1 Introduction

Richey and Thomas (1930) suggested that the planar lamination or ‘fluxion structure’ o f  the Centre 3 

laminated gabbros resulted from flow o f a crystal mush into a ring-cavity, a theory supported by Bradshaw 

(1961), Wills (1970) and Fortey (1980). All three workers tentatively suggested that a likely implication of this 

was that the ‘fluxion gabbro intrusions’ were in fact inward dipping bodies. Field evidence in this study suggests 

the four mapped areas o f laminated gabbro in Centre 3 are layered bodies and that layer planes have a similar 

(inward-dipping) orientation to those in the Great Eucrite. In addition, similar (and typically more intense) syn- 

magmatic deformation o f layering to that in the Great Eucrite is also often observed in the laminated gabbros. 

However, no contacts or chilled margins with the surrounding gabbro ( I ) are observed. Despite both the evidence 

for magmatic layer forming processes and the erection o f previous models as outlined above, the author feels that 

no clear origin for the pervasive layer-parallel lamination can be determined in the field. This is because the
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absence o f  a macroscopic magmatic lineation and rarity o f sedimentary structures in the field precludes any 

interpretation o f flow being based on field evidence alone. Indeed, the development o f planar igneous lamination 

in mafic and ultramafic rocks has recently been attributed to a wide range o f primary and secondary magma 

chamber processes (Chapter 1 and see also Irvine et al. (1998) for review). The implication o f this is that primary 

flow mechanisms cannot be held exclusively responsible for igneous lamination development in layered rocks.

3.1.2.2 Magnetic fabrics

Magnetic foliations in the laminated gabbros are well-developed and consistently parallel to the 

macroscopic lamination observed in the field, suggesting that the AMS foliations are an accurate reflection o f the 

planar silicate fabric (igneous lamination) in the rock. It may also suggest that the aligned plagioclase laths may 

be forming a silicate template, into the interstices o f which magnetite grains crystallized resulting in a distribution 

anisotropy (magnetite would be expected to nucleate and grow relatively late in the crystallization histories of 

many silicate melts). As the AMS foliation often mimics the igneous lamination (the potential distribution 

anisotropy referred to above), it may be that the magnetic lineations for the laminated gabbros reflect a subtle 

macroscopic lineation o f plagioclase on lamination plane surfaces. These magnetic lineations (L values) are also 

strong and in almost all samples from the Glendrian and Achnaha laminated zones plunge consistently downdip 

(inward) on magnetic foliation planes. In these cases, the lineations indicate that the lamination o f the ‘fluxion 

gabbros’ may indeed reflect primary flow, as suggested by Richey and Thomas (1930), Bradshaw (1961), Wills 

(1970). Fortey (1980) measured the orientations of plagioclase grains on igneous lamination planes in two 

samples from the Sithean Mor body and two samples from the Glendrian body using the Universal Stage [in a 

similar technique to that developed by Brothers (1964) for the Eastern Layered Series troctolites o f Rum (see 

Chapter 4)]. Fortey (1980) found that in three samples, the plagioclase lineations were oriented downdip on 

igneous lamination planes, and in one Glendrian sample, oriented parallel to strike of the lamination. Although 

comprising a very limited number o f samples, Fortey’s results led him to concur with the previous studies that 

lamination development was a result o f emplacement-related flow o f a crystal mush.

This study considers it highly unlikely that the lamination represents original flow planes developed on 

emplacement o f a crystal mush as proposed by the workers above. The reason for this is that magmatic layering is 

understood to develop after, rather than upon, magma emplacement (W ager and Brown 1968; M cBimey and 

Noyes 1979; Irvine et al. 1998) through the various magma chamber processes summarised in Chapter I. It is
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more likely that the development and subsequent syn-magmatic deformation o f magmatic layering would 

com pletely postdate the original emplacement o f the magma and therefore would be likely to obliterate any a 

priori flow fabrics (linear or planar) developed through the original intrusion o f the magma that crystallized to 

form the laminated gabbros. The parallelism o f the planes of magnetic foliation, macroscopic lamination and 

magmatic layering, together with the syn-magmatic deformation o f  this layering, suggests instead that layering 

had already developed and that it is more likely that the centrally directed AMS lineations formed as layering was 

being tilted and rotated into the centre o f the intrusion, in a manner similar to that proposed for the layering and 

AMS lineations in the Great Eucrite gabbros above.

As with the Great Eucrite magnetic fabrics, it is difficult to ascertain whether the inward-plunging AMS 

lineations represent a strain fabric related to central subsidence rather than a flow fabric, though the evidence 

from deformed layering in the field is equally convincing for the fluxion gabbros (as for the Great Eucrite above) 

that both would again have similar orientations, and may be considered together. Finally, although most o f the 

samples from the Sithean Mor laminated gabbro do not have similarly oriented inward plunging magnetic 

lineations to those described above, it is interesting to note that Sample 5, the only sample from a well-layered 

locality on Sithean Mor, has a centrally plunging magnetic lineation.

3.7.2.3 CSD Data

Eight o f the thirteen CSD plots presented above exhibit quite straight (log linear) CSDs for most crystal 

size fractions suggesting a simple, open-system crystallization history o f just one crystal population (Cashman 

and Marsh 1988; Marsh 1998; Chapter 2 o f this study). This interpretation is supported by the similar crystal 

growth times quoted above and in Table 3.4 for the majority o f the samples. The nucleation densities calculated 

from the CSDs (and consequently the nucleation rates) are exceptionally low compared with nucleation densities 

(2.07-4.55 X lO’ mm"^) reported by Cashman and Marsh (1988) for plagioclase from the Makaopuhi lava lake 

(Hawaii). However, it might be expected that cumulates such as the Ardnamurchan laminated gabbros, with very 

high crystal content, and close to the final solid texture, would have significantly lower nucleation densities (and 

nucleation rates) compared with volcanic rocks.

Five o f the eight relatively ‘sim ple’ CSD plots are from the Glendrian laminated gabbro, two are from 

the Sithean Mor laminated gabbro, and one is from the Achnaha laminated gabbro. The other four o f  the six CSD 

plots from the Sithean Mor laminated gabbro (i.e. Samples 6, 9, and 10 and 11) exhibit evidence for a distinct
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convex-upward profile at small crystal sizes that might suggest the textures of the laminated gabbros have 

undergone some postcumuius ‘Ostwald’ ripening, i.e. growth o f large crystals at the expense o f small ones 

(Marsh 1998; Boorman et al. 2004). In cumulates such as these rocks, this type o f profile might also suggest a 

significant loss o f nuclei (small size fractions) by expulsion of liquid through the crystal mush. However, the 

latter scenario might not account for the fact that in the case o f three o f these CSD plots (Samples 9, 10 and 11), 

the corresponding AMS sample data have by far the lowest L/F ratios observed in the Sithean Mor gabbros 

(Table 3.2). If it is assumed that these rocks had L and F values closer to the average o f the rest o f  the laminated 

gabbro samples measured at one stage, then it might be that some intensification o f the foliation at the expense of 

the lineation has occurred. Though all o f the CSD plots have been described as being approximately log linear, 

most display subtle kinks at varying larger size fractions, in most cases to shallower slopes (e.g. Samples 5, 7, 9 

and 11). This suggests that the population deviates to a proportionally greater number of larger size fractions than 

predicted by a log linear distribution. These kinks are not substantial enough to indicate the presence o f  a wholly 

different crystal population, but may be sufficient evidence for slight ripening of crystals to somewhat larger 

sizes in addition to the convex-upward profiles.

The ‘crystal ripening’ hypothesis may explain the inconsistency in orientation of some of the magnetic 

lineations of Sithean Mor with respect to the other laminated gabbro zones, and indeed the rest o f the Great 

Eucrite. it seems unlikely that such consistently oriented magnetic lineations should develop everywhere except 

the gabbro body that exhibits the steepest inward dipping lamination, where such a lineation might be most 

expected. Late-stage compaction and pure shear o f the crystal mush might be a potentially viable mechanism to 

explain such a process, whereby the plagioclase grains in the crystal mush were allowed to ripen in the plane of 

lamination only, obscuring any linear fabric present. This situation might arise as compaction could result in 

interstitial melt pockets being preferentially located laterally around the edges o f crystals, rather than above and 

below them. This might restrict the late growth o f  crystals by pressure solution (see Chapter I) to orientations 

perpendicular to the principal stress associated with compaction, i.e. within the plane of lamination. Crystal 

plastic strain features such as deformed twin lamellae in plagioclase are generally not observed in the Centre 3 

laminated gabbros, so there is no evidence o f substantial mechanical compaction. In addition, crystal aspect ratios 

calculated for input into the CSDCorrections program typically have markedly long major axes lengths for those 

CSDs that display slight kinks to shallower slopes at large size fractions (Fig. 3.23 and Table 3.4; Samples 7, 11, 

13 and 22A. This could be interpreted as further evidence that textural ripening in the plane o f lamination for
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som e C SD s is associated with intensifying the p lanar elem ent o f  the rock fabric at the expense o f  the linear 

com ponent.

The CSD  for Sam ple 5 exhibits a slight upw ard kink at the largest size fraction, suggesting  som e 

ripening. This correlates well with the m icroprobe data for this sam ple, w hich show s good evidence o f  internal 

com positional zoning in the largest crystals in the rock (four o f  w hich have been studied). It should also be 

em phasized  that Sam ple 5 com es from a w ell-layered locality  and also has an A M S lineation oriented  dow n-dip 

on igneous lam ination planes. It m ight be that as this locality  is w ell-layered, it preserves som e evidence o f  the 

p rim ary  subsidence related flow referred to above, but also displays a C SD  curve, w hich together w ith the 

m ineral-chem ical evidence for distinct oscillatory  com positional zoning, indicate som e textural m odification. 

Indeed, significant flow  o f  the crystal mush w ould p lausib ly  prom ote m obility  o f  the interstitial m elt, bringing the 

crystals into contact w ith liquids o f  significantly  d ifferent com position (changes o f  >10 m ol%  observed in som e 

feldspars; Fig. 3.25).

The A chnaha CSD  represented by the concave-upw ard shape (Sam ple I ) at sm aller size fractions might 

be interpreted  as indicating that the crystal population underw ent a stage o f  postcum ulus ripening, as above, 

follow ed by a final event w hich introduced finer crystals into the system  before final textural lock-up. This could 

be explained by either a very late nucleation episode in the interstices o f  the cum ulate fram ew ork or the 

incorporation m ixing o f  sm aller crystal sizes from the country  rock into the crystal m ush. Sam ple I com es from 

an outcrop at A chnaha (GR 46183 68844) that displays the best exam ples o f  slum ped and m ixed ‘crystal slu rries’ 

in C entre 3 (Fig. 3.14A ), representing syn-m agm atically  deform ed layers due to central subsidence o f  the Centre 

3 lam inated gabbros. A m ore plausible interpretation for the concave-upw ard CSD  profile  at this outcrop 

therefore m ight be that thorough m echanical m ixing o f  crystal m ushes as is suggested by field evidence w ould 

have the effect o f  jux taposing  d ifferent crystal populations from  different m agm atic layers in a given sequence. 

This m ight explain w hy this CSD  appears to have gained crystals o f  a very sm all size.

It should be noted that the m odel involving m ixing o f  crystal populations in the above paragraph might 

also be considered a possible explanation for those C SD s displaying convex-upw ard profiles. R andom  m ixing o f  

m ineral phases from different m agm atic layers could  ju s t as easily  result in a loss o f  sm aller crystals from  the 

system  as a gain. H owever, given that the A M S data for Sam ples 9, 10 and 11 show  unusually  low  L/F ratios (as 

described above), it is believed (and re-em phasised) that crystal ripening has been at least partially  responsible 

for the textural developm ent o f  the particu lar sam ples (from  Sithean M or) in question. The link m ade in this
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study betw een the A M S and CSD  studies here requires that the m agnetic m ineralogies have texturally  m atured or 

ripened, reflecting  the textural ripening o f  plagioclase that is suggested by the CSD  data (especially  in Sam ples 9, 

10 and 11 w here the low est L/F ratios occur). Such ripening o f  m agnetite in lam ination p lanes is considered to be 

quite possib le as m agnetite is a prim ary (abundant) m agm atic m ineral in th is rock. G iven that the final 

com position o f  the interstitial m elt o f  the cum ulus fram ew ork (at a late-stage in the m ush-p ile’s history) should 

have the approxim ate com position o f  the cotectic, overgrow th on m agnetite crystals as well as plagioclase in the 

plane o f  lam ination should also be possible.

The second A chnaha CSD  plot (Sam ple 4) is a rem arkably straight plot, with the slightest evidence o f  a 

dow nturn in small crystal sizes. The C SD s from the G lendrian lam inated gabbro  exhibit approxim ately  sim ple 

profiles at sm all size fractions, w ith the ‘hum ped’ profile described from  m any o f  the Sithean M or sam ples being 

quite poorly developed or absent. Som e kinking o f  larger size fractions (w ithout dam aging the approxim ately  log 

linear profile o f  the curves) m ight be interpreted in a sim ilar m anner to those o f  Sithean M or, i.e. slight textural 

ripening m ay have also occurred here. Sam ple 13 exhibits a m ore pronounced shallow ing-upw ard kink that might 

suggest m ore substantial textural ripening.

The sim ple ‘stra igh t’ CSD  plots at m ost crystal size fractions and relatively  consistently  oriented  AM S 

fabrics o f the G lendrian and A chnaha lam inated  gabbros indicates that they underw ent a sim pler textural 

evolution than the Sithean M or lam inated gabbro zone. A s well as the good correlation betw een com plex CSD 

shape and low est L/F ratio, the Sithean M or lam inated gabbros also have igneous lam ination p lanes that dip 

inward at far greater (70-80°) m agnitudes than the G lendrian and A chnaha lam inated  gabbros (20-30° and 50-55“ 

respectively). T ogether w ith their exterior position, this m ight suggest they m ay be the o lder body  and hence 

show evidence for a m ore protracted textural (postcum ulus) h istory  than the inner G lendrian and A chnaha bodies. 

This interpretation is favored in this study because it sim plifies the link betw een the textural ev idence and the 

AMS fabric data so that both can be explained by one process that is dem onstrable in the field.

T his study concludes that the arcuate zones o f  lam inated ‘flux ion ’ gabbro  o f  C entre 3 are not distinct 

intrusions, but represent one or m ore upper lam inated ‘fac ies’ o f  gabbro in the G reat Eucrite lopolith . It is 

envisaged that an originally  horizontal to sub-horizontal igneous lam ination, developed synchronously  with 

localized sm all-scale m agm atic layering, w as rotated progressively  inw ards g iv ing  rise to the syn-m agm atic 

deform ation observed and the consistent centrally-plunging A M S lineations on lam ination p lanes (Fig. 3.26). The 

consistency o f  this m agnetic lineation in tw o o f  the bodies and its sim ilarity  to that observed in the G reat Eucrite,

55



________________________________________ Chapter 3 The Ardnamurchan Centre 3 Gabbros

as w ell as the presence (though rare) o f  sedim entary structures suggests that m agm atic flow w as the initial 

p rim ary  process responsib le for lam ination and layer form ation. Thus, flow, probably subsequently  enhanced by 

stre tch ing  accom panying subsidence, is thought to be responsible for creating the inw ard p lunging  magnetic 

lineations and syn-m agm atically  deform ed layering. C om bined m agnetic fabric and CSD  evidence indicates (in 

g enera l) a m ore protracted  and com plex crystallization history and textural evolution for the rocks o f  the 

(p robab ly  o lder) outer Sithean M or lam inated gabbros resulting  in late-stage postcum ulus m odification o f  crystal 

shapes and fabrics w ithin the plane o f  igneous lam ination.

3.7.3 The late tonalite and quartz-dolerite intrusions

An im portant line o f  evidence used by R ichey and T hom as (1930) for their ring-dyke m odel was the 

reported  outw ard-dipping nature o f  the late quartz-dolerite intrusion. H ighly irregular contact data m easured for 

the dolerite  sheet in this study com bined w ith o ther field observations outlined above indicate that it does not 

have the form  o f  a single coherent intrusion. Thin-section petrography suggests that the dolerite has the texture o f  

a baked (therm ally m etam orphosed) rock rather than that o f  a late-stage intrusion that was em placed into all o f  

the surrounding rocks. C om bining this w ith the observation that net-veining o f  dolerite (or gabbro) by 

m icrogran ite  appears to consistently  occur w herever the contacts can be closely narrow ed dow n, it is proposed 

here that the net-veined dolerite ‘in trusion’ is actually  an annularly  arranged series o f  xenolithic ro o f  slabs or 

pendants that have been back-injected w ith anatectic country-rock m elts (W ells 1954b; D unham  1965). Their 

position  im m ediately ju s t interior to  the break in slope o f  the G reat Eucrite m ay indicate the presence o f  an 

annu lar fault located there, perhaps associated w ith central subsidence o f  the proposed lopolith, w hich controlled 

their dow nthrow .

The central tonalite body contains significant am ounts o f  K -feldspar and quartz (m odally  up to 20%  o f 

both com bined in a given sam ple), and is therefore (technically) incorrectly  referred to as tonalite. Instead it plots 

in the granodioritic or granitic field on a Streickeisen diagram . H ow ever, the significant range o f  m inerals and 

textural nature o f  this rock (described above) suggests that it has not cooled  and solidified from an equilibrium  

m elt, but ra ther from a relatively rapid ly  cooled  m ixed m agm a. The presence o f  reasonably fresh orthopyroxene, 

clinopyroxene and C a-rich plagioclase strongly suggests that a basic m elt w as involved in the rock’s 

crystallization history. H owever, significant N a-rich rim s on m ore calcic plagioclase grains, quartz and K-spar 

suggest a m agm a o f  m ore felsic com position. The presence o f  abundant accessory zircon supports this,
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suggesting  that parts o f  this rock cooled from a highly evolved m elt (given the highly incom patib le nature o f 

z irconium  in m ost m afic and interm ediate silicate melts). The rock is considered in this study to have crystallized 

from  a m ixture o f  crystal m ushes o f  very different com position. The large fresh biotite p lates m ay be the only 

m ineral w hich crystallized  in equilibrium  w ith the interm ediate m elt produced from the m ixing process.

It is concluded that the C entre 3 ‘tonalite ’ is not in fact a separate intrusion. G iven its position  at the 

centre o f  the G reat Eucrite intrusion w here the effects o f  the central subsidence proposed here are likely to have 

been m ost p ronounced (Fig. 3.26), it is suggested  that the so-called tonalite represents a p reserved  zone o f  

gabbro-felsic country  rock (roof) interaction. It m ay therefore, together w ith the rocks o f  the M eall nan Con area 

(described above), the best evidence o f  the presence o f  the ro o f o f  the G reat Eucrite lopolith. The geochem ical 

w ork o f  W alsh (1975) and W alsh and H enderson (1977) support this to  som e extent as they indicate the tonalite 

derived from  country rock contam ination rather than fractional crystallization o f  the gabbros. M agnetic fabric 

data from  sam ples taken at the tonalite contact w ith lam inated gabbro are som ew hat equivocal, and do not 

confirm  or cast doubt on the above interpretation. M agnetic foliations are parallel to the contact itself and 

m agnetic lineations p lunge steeply outw ard (dow ndip) on the contact plane, and could therefore describe an 

em placem ent related upw ard flow  fabric o f  a separate late felsic intrusion or a dow nw ard strain fabric related to 

subsidence o f a central ro o f b lock as a response to overall lopolithic subsidence o f  the G reat Eucrite.

J. 7.4 Broad implications

The interpretation o f the C entre 3 gabbros as a com posite layered m afic lopolith fed from  a central 

source in this study has significant im plications for the presence o f  the three tem porally  and spatia lly  distinct 

‘foci o f  ac tiv ity ’, purported to have shifted throughout the evolution o f  the A rdnam urchan com plex (R ichey and 

Thom as 1930). K-Ar age studies carried out on the gabbro intrusions o f  C entres 2 and 3 show  that very little time 

(

gabbros m ay actually  be younger than the C entre 3 intrusions (M itchell and Reen 1973). For exam ple, the 

H ypersthene G abbro o f  Centre 2 is dated as 59.7 ± 2.3 M a w hilst the C entre 3 Tonalite (previously  in terpreted  as 

one o f  the youngest intrusions on A rdnam urchan) is dated at 60.8 ± 1.0 M a (M itchell and Reen 1973). If  the 

layered gabbros o f  Centre 2 are also lopolithic in geom etry, then the concept o f  m igrating centers o f  activ ity  m ay 

be seriously flaw ed. In that case, the geom etry  o f  the A rdnam urchan intrusions w ould be best envisaged as a
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vertical stack o f offset ‘funnel-shaped’ bodies, with the gabbros of Centre 2 possibly representing a younger 

intrusive episode underlying the older Centre 3 rocks.

The historical importance of the British Paleocene igneous complexes in laying the foundation for 

understanding the emplacement mechanisms of shallow crustal-level intrusions elsewhere is well-documented 

(see W oodcock and Strachan 2000; Bell and Williamson 2002 for reviews). In particular, the concept of ring- 

dyke intrusion and central subsidence o f caldera volcanoes has been applied to sub-volcanic geological problems 

worldwide for decades (Anderson 1936; Wager and Brown 1968; Roche et al. 2000) as they provide critical 

information regarding the way magma system emplacement and evolution occurs, in particular the physical and 

chemical interaction between the subsiding central block and the underlying magma chamber. However, even 

though ring-dykes are emplaced at shallow (2-3 km) crustal levels (Saunders 2004), good examples are rarely 

well exposed as they tend to be obscured by sedimentary volcanic caldera infill and other intrusive bodies with 

different emplacement mechanisms and three-dimensional geometries, e.g., cone-sheets, laccoliths, and lopoliths.

The work described here comprises the first magnetic fabric, textural and structural study o f one o f the 

classic BPIP mafic ring-dykes together with associated intrusions, and proposes instead that it has the geometry 

of a lopolith or ‘funnel-shape’ intrusion. This raises the prospect that the layered, mafic-ultramafic ‘ring-dykes’ 

of the other Palaeogene igneous complexes such as Carlingford (NE Ireland) and the Isles o f Mull and Skye 

(Scotland) may be lopoliths as well (see Chapter 5). The implication for the BPIP igneous complexes is that a re­

appraisal o f the mechanisms of emplacement and structural architecture of their intrusive elements is now 

required employing modem methods o f igneous fabric analysis together with other advanced geophysical 

techniques e.g., three-dimensional seismic modeling (c f  M althe-S0renssen et al. 2004). To be identified as ring- 

dykes in the sense o f Richey and Thomas (1930) and Anderson (1936), in the BPIP and elsewhere, intrusions 

must he shown to have intruded along a vertical to outward-dipping concentric ring-fracture and to have been 

accompanied by block subsidence related to caldera collapse.

3.7.5 Outlook

Most o f the conclusions reached in the study of the Ardnamurchan gabbros are supported by field, AMS, 

textural and mineral-chemical data. However, there are several instances in particular where the author feels that 

further work would substantially improve the ideas presented here. These are outlined as follows:
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( 1) The idea that m icrogranite (granophyre) in the C entre 3 gabbros is largely a product o f  m elting o f  

shallow -level country  rock w ith subsequent back-injection into the gabbros is highly testable. All o f  

the M esozoic and older rocks are chem ically  very distinctive and highly refractory, so should 

therefore readily  contribute a strong isotopic signature to the m icrogranite if  the latter has developed 

through m elting  o f  near-surface wall rock sequences (the only o ther possib le country-rocks o f  

sedim entary origin are M oine m etasedim ents). D etailed and isotopic studies m ight provide evidence 

to support or refute the interpretation from the field observations m ade in this study that 

m icrogranite generally  occurs close to the G reat Eucrite contacts and is a locally derived  m elt, so 

that any interpretation o f  the C entre 3 ‘Meall nan Con screen’ and the ‘quartz-dolerite  ring-dyke’ 

m ust take account o f  this.

(2) The presence o f  transported feldspathic peridotite xenoliths (sim ilar to peridotite  observed in other 

igneous centres o f  the B PiP) o f  varying sizes and all contain ing  prim ary m agm atic layering and 

textures has been used here to suggest that there m ay be a large layered ultrabasic body at depth and 

also that picrite m agm a m ay have been available on A rdnam urchan. This interpretation could be 

supported by m easurem ent o f  the M gO and Ni contents o f  olivine crystals contained within these 

peridotites for com parison w ith rocks in other Palaeogene C entral C om plexes (e.g. R um  and Skye). 

For exam ple, olivine crystals in peridotites on Rum have been show n to contain up to  20%  Mg, 

w hich, i f  could be dem onstrated for A rdnam urchan, m ight support the hypotheses reached above.

(3) Forceful em placem ent o f  the so-called ‘quartz-dolerite ring -dyke’, if  the m odel o f  Richey and 

Thom as (1930) is correct, is likely to have produced strong em placem ent-related  flow  fabrics that 

could potentially  be analysed using AM S. A detailed  m agnetic fabric dataset could either lend 

strong support or rule out the suggestion m ade in this study (based largely on field  evidence and 

thin-section petrography) that the quartz-dolerite has been m isinterpreted as a single coherent 

intrusion.

(4) Finally, p relim inary  m apping in the so-called C entre 2 gabbros suggests that m any o f  the ‘quartz- 

gabbros’ exterior to the G reat Eucrite ring-in trusions could be part o f  the sam e intrusion. In fact, 

this m ight be extended to include the outer H ypersthene G abbro intrusion, so that all o f  the mafic 

plutonic bodies o f  the A rdnam urchan igneous centre form part o f  one large partially-layered mafic 

intrusion (probably o f  lopolithic form). D etailed rem apping o f  the C entre 2 gabbros could again
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confirm  or rule out these suggestions. In addition, the observations m ade in this study should be 

com bined w ith kinem atic studies o f  w all-rock deform ation for the country rocks o f  the G reat 

Eucrite and other A rdnam urchan gabbros. For exam ple, w here m easurable, bedding in sedim entary 

units typically  d ips aw ay from  a focal point at the centre o f  the com plex, suggesting an early  period 

o f  dom ing (laccolith ic?) style o f  em placem ent o f  the gabbros on A rdnam urchan. H ow ever, w ithin 

the G reat Eucrite (and also, for exam ple, the H ypersthene G abbro; Skelhom  and El well 1971) 

intrusions p rim ary m agm atic structures strongly indicate considerable central (lopolithic) 

subsidence. A  m ove aw ay from  describ ing single plutons in term s o f  sim ple intrusion geom etries 

m ight be advised and description o f  intrusions in term s o f  end-m em ber ‘lacco lith ic’ and ‘lopolith ic’ 

p rocesses, w hereby a given intrusion m ay exhibit evidence o f  each m echanism , proposed  instead.
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Great Eucrite

Tonalite

Quartz-gabbro

Fluxion gabbrop h

^  Quartz-dolerite

Figure 3.1. Map of Ardnamurchan peninsula with the main intrusive components o f the 
Centre 3 gabbros labelled (reproduced from Richey and Thomas 1930). The principal 
lithologies on map are represented by the following symbols: uE: Great Eucrite, qE: Quartz 
Gabbro, bE: Biotite Eucrite, fE: Fluxion Gabbro, gD: Quartz-dolerite (net-veined with 
granophyre), tH: Tonalite, qlH: Quartz Monzonite, eD: Other Gabbro, V: Vent Agglomerate, and 
B: Basalt.

Caldera 
Ring Fault

Magma Chamber

Figure 3.2. Schematic diagram showing the subvolcanic level and ring-fault system along 
which ring-dykes are emplaced (adapted from Walter and Troll 2001). Inset: Bell-jar 
geometry o f a typical ring-dyke intrusion and expected magma flow directions during 
emplacement.
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Figure 3.3. Revised map of the Great Eucrite and other Centre 3 gabbros as presented in the text.



Figure 3.4. A: Typical outcrop appearance o f the Great Eucrite gabbro (1). B: Thin-section 
o f the Great Eucrite gabbro (1) in crossed polars. This lithology is characterized by 
dominant plagioclase, rounded olivine grains and rare interstitial clinopyroxene as shov\/n in 
the photomicrograph. The v\/idth o f the field o f view in 48 is 5mm.

Figure 3.5. A: Typical outcrop appearance o f olivine glomerocrystic gabbro (3). B: Block o f 
olivine glomerocrystic gabbro (3) in gabbro (1). Pen at the centre o f the image gives scale.



Figure 3.6. A: Fine-grained peridotite 
xenoliths in the Great Eucrite gabbros. B: 
Resorption o f fine-grained peridotite  
xenoliths in gabbro (2). C: Large coarse­
grained peridotite raft (highlighted), 
approximately 120 m long, in the Great 
Eucrite gabbro. D: Coarse-grained olivine in 
peridotite in the Great Eucrite gabbro. E: 
Resorption o f sm all coarse-grained 
peridotite xenoliths.



Figure 3.7. A: Great Eucrite gabbro in sharp intrusive contact with melted country rocl<. B 
and C: Gabbro net-veined with microgranite at Rubha Carrach contact, camera lenscap for 
scale in each instance. D: Great Eucrite gabbro contact (highlighted) with dolerite dipping 
south at Rubha Groulin.

Meall nan Con (437m)

Figure 3.8. A: Net-veined dolerites at Meall nan Con. Lens cap at the centre o f the image 
gives scale. B: The topographic position of the Meall nan Con ridge above the Great 
Eucrite.



Figure 3.9. A: Annular topographic 
expression o f the Glendrian laminated 
gabbro from Meall Meadhoin. B: Close-up of 
igneous lamination in field. C: 
Photomicrograph o f igneous lamination in 
crossed polars. Planar foliation defined by 
plagioclase laths trends NE-SW across 
image. The field o f view is 5mm in width.

♦  Achnaha (n=22)
A Sithean Mor (n=31)
•  Glendrian (n=73)

Figure 3.10: Equal area stereograms of lamination data (plotted as poles to planes) for 
the Achnaha, Sithean Mor, and Glendrian laminated gabbros.



Figure 3.11. A: Tonalite (left o f image) contact with the Glendrian laminated gabbro that 
dips SE. Lens cap at top o f image gives scale. B: Field appearance o f the tonalite. C, D 
and E: Thin-section appearance o f the tonalite highlighting significant mineralogical and 
textural features. All photomicrographs are taken between crossed polars; the width o f the 
field o f view in C and E is 5mm and in D is 2mm. C shows an orthopyroxene crystal at the 
bottom left o f the image and highly altered zones o f piagioclase feldspar D shows a large 
highly birefringent zircon crystal in the centre o f the image, and an altered K-feldspar 
crystal exhibiting Carlsbad twinning just to the left o f centre. E shows an example o f the 
large fresh biotite megacrysts that are very characteristic o f both the tonalite and quartz 
monzonite bodies.



Figure 3.12. A: Microgranite containing gabbro and dolerite fragments. B: Intricate net- 
veining o f dolerite by microgranite. C: Contact (outward (NE)-dipping) o f microgranite 
intrusion at GR 48777 69500 at very top of image. D. Granular appearance o f the quartz- 
dolerite in thin-section. Image is taken in crossed poiars, and the field o f view is 2mm in 
width.

Figure 3.13. A and B: Sequences o f magmatic layering in the Great Eucrite (see text for 
discussion). In both cases a lens cap is present on the outcrop for scale.



Figure 3.13. C: Inward dip o f plagioclase-rich layer toward the centre o f the Great Eucrite. 
Lens cap on outcrop left o f centre gives scale. D: Trough structure (with modal graded 
bedding o f olivine). Hammer to the right o f centre gives scale. E: Layering draped over and 
lapping onto gabbro dropstone. F: Modal grading o f olivine in magmatic layers. G: Syn- 
magmatic folding o f pyroxene-rich layers. H: Syn-magmatic deformation o f layering: lateral 
variation of layer thickness, and in the centre o f the image below the lens cap, a small syn- 
magmatic normal fault.



Figure 3.14. A: Crystal slurry (syn-magmatic deformation at Achnaha). B: Boudined 
pyroxene layer (Sithean Mor). The igneous lamination is parallel to the plane o f deformed 
layering/boudinage here, i.e. approximately parallel to the orientation o f the pen.

Figure 3.15. A: Magmatic layering in fine-grained peridotite xenolith. B: Photomicrograph 
of well-developed plagioclase igneous lamination from fine-grained peridotite xenolith. 
Image is taken in crossed polars and field o f view is 3mm in width. C: Olivine dihedral 
angle relationships in fine-grained peridotite sample. Image is taken in crossed polars and 
field o f view is 3mm. D: Magmatic layering in coarse-grained peridotite layers.



Figure 3.15. E: Magmatic layering in coarse-grained peridotite layers.

Figures 3.16 and 3.17: See overleaf.

Figure 3.18. A and B: Large subhedral magnetite grains in the Great Eucrite gabbro. Field 
of view in both images is approximately 1mm. A is taken in plane polarized light, B in 
crossed polars.
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^lortheast (A23). North (A28).

Tem perature (C)Tem perature (C)
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Figure 3 .17. Labelled susceptibility va\ temperature plots showing heating and cooling 
paths for selected Great Eucrite samples, one from  each o f  four, northeast, north, south 
and west, o f  the five traverses.
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3.19. Simplified presentation of AMS data with magnetic lineations and foliations of the Great Eucrite, the laminated gabbros and the tonalite on a structural map 
c/afa presented in the same way for the tonalite contact.
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Figure 3.20. Subdivision o f anisotropy o f magnetic susceptibility data from the Great Eucrite 
into prolate, triaxial and oblate fabrics on the basis o f an L-F plot.

Figure 3.21. See overleaf
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Figure 3.22. Subdivision o f anisotropy o f magnetic susceptibility data into prolate, triaxial 
and oblate fabrics on the basis o f an L-F plot for A: the laminated gabbros and B: the 
tonalite.
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^gure 3.21. Equal-area stereoplots illustrating the orientations o f Kmax, Kint and Kmin with 95% confidence ellipses for the susceptibility ellipsoids for each of the laminated gabbro samples. Inset: 
to lamination planes for the Sithean Mor, Achnaha and Glendrian bodies (Fig. 10) for reference.
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Figure 3.23. Labelled CSD plots fo r  the laminated gahhros: A: Sithean Mor samples. B: 
Achnaha samples. C: Glendrian samples. The results o f linear regression analysis 
carried out on each and the slope o f the line in each case are shown.
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Figure 3.24. Closure plots fo r  CSD data. A: Characteristic length V5. intercepts fo r  the 
laminated gabbros. Each o f  the two curves for 100% crystal volume has the aspect ratio 
used to calculate it labeled, as described in text. Sample 11, discussed in the text, is also 
labeled. B: Subdivision o f  the CSD data on the basis o f a characteristic length volume 
phase proportion plot.
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Figure 3.25. Mineral chemical data fo r  Plagioclase Crystal Traverses 1-3 from  Sample 5 o f the 
Sithean Mor laminated gabhro. Rim-to-rim traverses along the length o f  each crystal fo r  An 
mol%, FeO, wt%, SrO wt%, and BaO wt% vs. distance are illustrated fo r  each.
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Figure 3.25. Mineral chemical data fo r  Plagioclase Crystal Traverse 4 from Sample 5 o f the 
Sithean Mor laminated gahhro. Rim-to-rim traverses along the length o f each crystal fo r  An 
mol%, FeO, wt%, SrO wt%, and BaO wt% vs. distance are illustrated for each.
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Figure 3.25. B: Ternary (K20/Ca0/Na20) plots for all Sample 5 mineral-chemical data.
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Figure 3.26. Schematic diagram showing the proposed pre-tonalite form of the 
Ardnamurchan Centre 3 gabbros and primary magma flow planes as suggested by field 
observations, structural data and magnetic fabric results. The suggested position o f each 
of the component gabbros of the Great Eucrite is shown.
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______________________Tab le  3 .1 . AMS data for the Ardnamurchan Great Eucrite gabbros______________________________
Km ean K1 Dec In c  K2 Dec In c  K3 Dec In c  L______ F______ H______

7903.62 1.053 248.7 -68 0.977 44.4 - 20.2 0.97 317.5 8.3 7.56 0.76 8.32 84.3
12899.12 1.042 218.4 - 56.4 1 114.9 - 8.8 0.958 19.4 - 32.1 4.16 4.29 8.45 44.1
13936.54 1.02 78.3 51.8 0.994 10.9 - 16.8 0.986 112.3 - 33.1 2.61 0.82 3.43 72.5
12920.35 1.043 154.8 - 83.9 0.982 126.8 5.4 0.975 37.1 - 2.9 6.12 0.67 6.79 83.7
14122.22 1.048 124.1 56.3 0.982 12.9 13.5 0.97 94.8 - 30.2 6.58 1.19 7.77 79.8
11962.73 1.03 356.7 - 47.4 0.994 64.3 19.3 0.976 319.5 36.2 3.65 1.83 5.48 63.4

14365 1.028 345.6 - 68.1 0.996 93.3 -7 0.976 6 20.7 3.16 1.99 5.15 57.8
16126.19 1.037 144.5 23.2 1.005 266.9 51.3 0.959 40.7 29 3.24 4.61 7.84 35.1
15991.33 1.012 299.6 74.2 0.997 347.6 - 10.7 0.991 75.4 11.5 1.46 0.65 2.12 65.9

15363.62 1.027 160.7 - 35.7 0.992 125.5 48.7 0.981 57.2 -18 3.44 1.18 4.61 71.1
16700.37 1.022 147.4 - 29.3 1.003 210.9 38.5 0.975 83.1 37.7 1.9 2.74 4.65 34.7
15517.23 1.019 223.4 81.3 0.999 329.7 2.5 0.982 60 8.3 1.93 1.72 3.65 48.3
32839.09 1.039 346.3 45 0.988 9.4 - 42.6 0.974 88.3 11.8 5.1 1.41 6.51 74.5
25302.57 1.011 19 17.1 1.002 106.1 - 9.2 0.987 168.9 70.5 0.92 1.51 2.43 31.5
18954.56 1.027 105.7 - 48.7 0.995 134.5 37.6 0.978 32.9 14.6 3.13 1.71 4.83 61.4
17065.82 1.036 124.6 - 54.4 1.01 112.8 35 0.954 26.8 - 5.6 2.54 5.67 8.21 24.1
24063.61 1.019 24.8 47.1 1.015 339.1 -33 0.966 86 - 24.1 0.35 4.97 5.33 4.1

14531.61 1.016 169.7 4 1.003 65.5 74.1 0.981 80.8 - 15.3 1.24 2.28 3.52 28.5
9437.74 1.034 300 23.3 0.992 28.3 -4 0.974 109.1 66.3 4.13 1.84 5.97 66

12875.52 1.037 120.1 - 57.8 0.991 79 25.4 0.972 358.1 - 18.4 4.6 1.97 6.57 66.8
15971.43 1.055 297.1 69 0.988 325.8 - 18.6 0.957 52.6 9.4 6.78 3.04 9.82 65.9
26439.04 1.089 53.9 - 53.4 0.967 120.5 16.4 0.944 20 31.6 12.15 2.26 14.41 79.5
22145.37 1.024 308.1 29.5 1.012 9.5 - 40.3 0.964 62 35.7 1.23 4.86 6.09 14.2

13944.28 1.01 136.1 52.4 0.998 23.7 16.4 0.992 102.7 - 32.8 1.19 0.56 1.75 64.6
7856.96 1.025 134.4 81.3 0.999 5.9 5.4 0.976 95.3 - 6.8 2.58 2.37 4.95 47.4
8624.75 1.041 177.2 72.9 0.995 37.6 13.2 0.964 125.1 - 10.7 4.67 3.09 7.76 56.5

20179.96 1.023 295.9 57.8 0.994 10.5 - 9.5 0.984 94.8 30.5 2.89 1.03 3.92 70.5
15347.33 1.033 188.9 47.1 1.008 355.5 42.1 0.959 91.6 6.7 2.51 4.84 7.35 27.4

19947.74 1.045 16.6 - 51.7 0.998 115 - 6.6 0.957 30.1 37.5 4.74 4.02 8.77 49.7
15221.6 1.028 315.5 - 56.5 0.998 81.3 - 21.2 0.974 1.5 24.7 3.04 2.34 5.38 52.3
9853.92 1.031 163.3 42.7 0.987 39.8 30.9 0.982 108 - 31.7 4.45 0.44 4.89 84.3

22412.53 1.023 331.6 - 67.6 1.001 73.3 - 4.8 0.976 345.2 21.8 2.2 2.52 4.72 41.2
8803 1.027 166.7 50.2 1.006 356.2 39.4 0.967 82.4 - 4.7 2.09 3.97 6.06 27.8

24501.79 1.012 347.7 - 37.4 0.999 63.9 17.3 0.989 314 47.5 1.3 1.06 2.36 50.9



Table 3 .2 . AMS data fo r the Ardnamurchan laminated gabbros
Sample Kmean K1 Dec Inc K2 Dec Inc K3 Dec In c  L F H Mu

Achnaha
1 4518.3 1.041 170 37.8 1.005 52.5 30.7 0.954 115.8 - 37.1 3.64 5.11 8.75 35.5
2 12094 1.049 102.7 52.5 1.009 10.5 1.7 0.942 99.2 - 37.4 4.07 6.65 10.72 31.5
3 9903.22 1.039 139.5 54.5 1.015 29.9 13.4 0.946 111.3 - 32.1 2.38 6.97 9.35 18.8
4 12395.15 1.046 127.9 53.5 1.008 28.3 7 0.946 113.2 - 35.6 3.79 6.14 9.93 31.7

Sithean Mor
5 18055.72 1.042 218.5 - 44.5 1.005 110.5 - 17.5 0.953 5 - 40.3 3.63 5.22 8.86 34.8
6 101696.643 1.041 116.2 - 71.8 1.006 54.5 8.9 0.953 327 - 15.8 3.55 5.27 8.82 34

7A 92892.96 1.046 258.9 - 76.1 0.996 89.5 - 13.6 0.958 358.9 - 2.4 5.06 3.72 8.78 53.7
7B 93699.42 1.046 255.2 - 75.7 0.995 88.4 - 13.9 0.959 357.6 - 3.1 5.1 3.61 8.71 54.8
8A 160837.755 1.064 114.7 - 83.7 1.009 89.5 5.7 0.927 359.7 - 2.7 5.47 8.21 13.68 33.7
SB 150725.396 1.059 132.3 - 85.7 1.003 79.8 2.6 0.938 350 - 3.4 5.57 6.54 12.11 40.4

9 143007.646 1.044 235.7 - 51.1 1.029 85.1 - 35.1 0.927 344.6 - 14.6 1.58 10.17 11.75 8.8
10 249728.042 1.06 314.9 - 78.2 1.025 66.7 - 4.4 0.915 337.6 10.9 3.44 11.04 14,47 17.3
11 208637.51 1.051 86.3 - 76.8 1.011 71 12.8 0.938 341.7 - 3.4 3.99 7.28 11.27 28.7

Glendrian
12 252279.375 1.081 254.9 - 2.2 1.009 343.4 34.5 0.91 168.1 55.5 7.15 9.86 17.01 35.9
13 238158.516 1.054 26.7 10.6 1.008 111.9 - 24.3 0.938 138.5 63.2 4.58 6.98 11.56 33.3

14A 239626.385 1.052 67.9 - 27.5 1.037 1.4 37.4 0.911 311.8 - 40.3 1.57 12.6 14.17 7.1
14B 221733.39 1.072 118.7 - 41.7 0.986 44.4 16.9 0.941 331.1 - 43.4 8.61 4.51 13.11 62.4
IS A 245076.833 1.04 339.8 33.5 1.02 64.4 - 8.2 0.94 142.4 55.3 1.93 8.06 9.98 13.5
15B 251361.339 1.052 300.6 27.1 1.023 26.7 - 7.6 0.925 102.4 61.7 2.96 9.72 12.68 16.9
ISC 243665.162 1.039 130.5 -50 1.018 46.7 5.1 0.943 320.9 - 39.6 2.1 7.53 9.64 15.6
15D 224396.333 1.05 279.6 33.6 1.018 14.7 7.6 0.933 115.8 55.3 3.24 8.5 11.73 20.8

16 227044.359 1.052 280.1 29 1.015 16.7 11.8 0.933 126.5 58.2 3.73 8.24 11.97 24.4
17A 217781.474 1.048 282.9 16.1 1 10.1 - 9.6 0.952 70.5 71.1 4.8 4.85 9.64 44.7
17B 217442.276 1.048 283.3 16 1.001 10.5 - 9.4 0.951 71.2 71.3 4.68 4.94 9.63 43.4

18 207494.104 1.038 52.8 - 21.2 1.016 140.8 5 0.946 38.1 68.1 2.28 6.98 9.26 18.1
19 210906.005 1.034 69.9 -31 1.021 133.7 36.4 0.945 8.2 38.3 1.25 7.61 8.86 9.4

20A 214762.448 1.012 313.8 - 62.4 1.002 121.7 -27 0.986 34.3 5 1.06 1.52 2.58 34.8
20B 276420.036 1.053 267.9 66 1.012 35.9 15.3 0.936 131 18 4.09 7.58 11.67 28.4

21A 261919.927 1.068 349.9 - 22.8 0.984 93.1 - 28.6 0.948 47.3 52 8.36 3.62 11.98 66.6
21B 239691.989 1.044 332 - 14.3 1.018 65.7 - 14.2 0.939 18.8 69.6
21C 257751.37 1.069 343.5 -21 0.987 86.1 - 29.5 0.944 43.5 52.4 8.18 4.26 12.44 62.5
22A 119547.435 1.019 8.7 - 25.8 1.002 102 - 6.8 0.979 25.6 63.2 1.75 2.22 3.97 38.2
22B 271199.005 1.045 60.5 9.6 1.011 316.9 54.2 0.944 337.1 - 34.1



Table 3 .3 . AMS data for the Ardnamurchan tonalite
Sample Kmean K1 Dec Inc K2 Dec Inc K3 Dec In c L F H Mu

1 2 7 0 2 5 .2 2 1 .0 33 3 5 9 .6 -4 4 .9 1 .0 13 6 5 .5 2 2 .3 0 .9 5 4 3 1 7 .7 3 6 .7 1 .9 8 5 .8 4 7 .8 2 18 ,7
2A 2 5 1 0 2 .5 8 1 .0 33 9 .5 -4 8 .4 1 .0 06 6 5 .8 2 6 .3 0 .9 6 1 3 1 9 .4 2 9 .7 2 .7 2 4 .5 6 7 .2 7 3 0 .8
2B 2 6 9 8 4 .9 9 1 .0 33 3 5 6 .3 -4 5 .8 1 .0 13 6 2 .9 21 .1 0 .9 5 4 3 1 6 .2 3 6 .6 1 .9 5 5 .9 9 7 .9 4 18

4 2 3 6 5 5 .0 1 1 .0 35 194 3 5 .5 1 .0 08 6 9 .9 38 .1 0 .9 5 7 1 3 0 .5 -3 2 2 .7 1 5 .0 2 7 .7 3 2 8 .3

Table 3 .4 . CSD data for samples from the Ardnamurchan laminated gabbros
Sample Vol. Phase Prop. Aspect Ratio Slope Ln(nO) nO t 1 (Years) J1 (m m ''-3s ''- l) No. of Crystals

1 52 1 1 .5 :2 .7 -0 .4 2 7 7 -3 .2 8 0 .0 3 7 6 741 3 .7 6 2 8 3 E -1 2 189
15A 36 1 1 .6 :2 .9 -1 .1 1 9 4 0 .3 5 3 1 .4 2 3 3 2 8 3 .3 1 .4 2 3 3 3 E -1 0 187
17A 45 1 1 .3 :2 .9 -1 .1 0 1 7 0 .8 7 5 1 2 .3 9 9 1 2 8 7 .8 2 .3 9 9 1 2 E -1 0 313

4 45 1 1 .6 :3 .6 -0 .9 8 8 5 0 .7 9 0 3 2 .2 0 4 1 3 2 0 .8 2 .2 0 4 0 6 E -1 0 6 92
7 47 1 2 .7 ;8 -0 .7 5 4 1 .1 3 5 9 3 .1 1 4 4 2 0 .6 3 .1 1 3 9 7 E -1 0 350
9 49 1 1 .9 :3 .8 -1 .1 9 3 1 .4 427 4 .2 3 2 1 2 6 5 .8 4 .2 3 2 1 1 E -1 0 248

11 48 1 1 .1 5 ;9 -0 .2 4 7 7 -0 .1 7 2 9 0 .8 4 1 2 1 2 8 0 .2 8 .4 1 2 2 2 E -1 1 135
10 43 1 1 .7 :2 .8 -1 .8 7 5 6 2 .1 3 0 6 8 .4 1 9 9 169.1 8 .4 1 9 9 2 E -1 0 338
13 42 1 1 .5 ;4 -0 .6 9 6 3 -0 .2 8 2 2 0 .7 5 4 1 4 5 5 .4 7 .5 4 1 2 3 E -1 1 241
19 54 1 1 .6 :3 .6 -1 .0 4 4 4 1 .1 753 3 .2 3 9 1 3 0 3 .6 3 .2 3 9 1 1 E -1 0 6 0 6

22A 56 1 2 ;4 .5 -1 .0 4 4 2 1 .5 026 4 .4 9 3 4 3 0 3 .7 4 .4 9 3 3 6 E -1 0 326
6 45 1 2 .3 ;9 -0 .5 6 5 6 0 .5 8 5 4 1 .7 9 5 7 5 6 0 .6 1 .7 9 5 7 1 E -1 0 377
5 32 1 2 .3 :3 .6 -0 .8 5 4 9 -0 .8 0 0 1 0 .4 4 9 3 3 7 0 .9 4 .4 9 2 8 4 E -1 1 379
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Chapter 4 The Rum Layered Suite

4.1. Magmatic lincations inferred from anisotropy o f  magnetic  susceptibility fabrics in Units 8, 9, and 10 
o f  the Rum Eastern Layered Intrusion, Scotland

4.1.1. Introduction

The Rum Layered Suite is part of the Rum Igneous Centre and is a superb example o f a layered, mafic- 

ultramafic intrusion (Emeleus 1987; Emeleus et al. 1996; Bell and Williamson 2002). The first study in this 

chapter focuses on the origin and significance o f AMS fabrics in Units 8, 9, and 10 in a small area in the north o f 

the well-studied Eastern Layered Intrusion o f the Rum Layered Suite. The results are combined with field 

observations and structural measurements on magmatic layering and associated small-scale structures to assess 

the importance o f flow and magmatic sedimentation on magmatic layer and fabric formation in the Rum 

cumulate pile.

4.1.2. e c o log ica l  Setting

The Layered Suite o f the Palaeogene Rum Igneous Centre forms an upstanding area o f about 30km" in 

the central and eastern part o f the island. It has been divided into three separate parts, the Easteni Layered 

Intrusion, Western Layered Intrusion, and the Central Intrusion (Fig. 4.1). Age relations of the Eastern Layered 

Intrusion and Western Layered Intrusion are uncertain; although the Western Layered Intrusion is structurally 

lower, it is separated from the Eastern Layered Intrusion by the younger Central Intrusion (Emeleus et al. 1996). 

The subject o f this study, the Eastern Layered Intrusion, comprises a cyclic sequence o f coupled peridotite- 

troctolite macro-units, in which peridotite is always overlain by rhythmically layered troctolite (historically 

termed allivalite). Tlie exposed sequence o f the Eastern Layered intrusion has been divided into sixteen such 

units (Brown 1956; Volker and Upton 1990; Emeleus et al. 1996), whose thicknesses range from a few tens of 

metres to ~100m (Fig. 4.2A). This stratigraphy has been shown to be overly simplistic by Bedard et al. (1988) 

and Holness (2005) who present strong evidence that the Unit 9 peridotite is likely to be a late layer-parallel 

intrusive body. However, Holness (2005) has also demonstrated that Unit 9 is likely to be the only major 

intrusive peridotite body in the Eastern Layered Intrusion.

The peridotite bases o f units are generally sharp, and are occasionally marked by the development o f 

thin chrome-spinel seams, as are the upper parts o f many o f the troctolites by the appearance o f  cumulus 

clinopyroxene (Brown 1956). These large-scale layers o f the Eastern Layered Intrusion typically dip inward 

towards a central focal point in Atlantic Corrie (Fig. 4.1), giving the Eastern Layered Intrusion an apparently
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lopolithic geometry, analogous to a series o f saucers stacked one upon the other. Dip values for these units are 

generally 10°-15°, but may locally be as much as 40° or more (e.g. in the Trollaval region; Volker and Upton 

1990). Macro-units o f the Eastern Layered Intrusion are thought to have developed through cyclic replenishments 

o f picritic liquids ponding in thin sill-like bodies at the Lewisian gneiss-Torridonian sandstone unconformity, 

each contributing incrementally to the layered cumulate sequence (Emeleus et al. 1996).

Magmatic layering o f minerals on the scale o f millimeters to tens of centimeters is commonly observed 

within units o f the Eastern Layered Intrusion (Brown 1956; Fig. 4.2B). In particular, the upper troctolitic sections 

o f each unit are associated with small-scale phase and rhythmic layering, resulting from numerous mm-to-cm 

thick peridotite bodies interleaved with the troctolite. These thin peridotite bodies are mineralogically and 

texturally similar in appearance to the much thicker peridotites that make up the lower portion of each unit. Many 

o f the upper troctolitic parts o f each unit are also associated with a strong layer-parallel igneous lamination, 

generally defined by the planar arrangement o f tabular plagioclase crystals, and frequently exhibiting 

compactional draping around olivine or clinopyroxene oikocrysts (Emeleus et al. 1996). They also exhibit syn- 

magmatic (soft-sediment) deformation features, such as slumping, load and scour structures, and syn-sedimentary 

folding/faulting. Although individual layers are sometimes modally graded, graded bedding caused by mineral 

size variation in the Eastern Layered Intrusion is uncommon. All o f the small-scale layering observed has the 

same orientation as the macro-units that define the geometry o f the Eastern Layered Intrusion, dipping toward the 

centre of the intrusion. Alignments o f minerals on layer and lamination planes (magmatic lineation) are rarely 

observed in the field or in thin section.

4.1.3. Anisotropy o f  Magnetic Susceptibility analysis

4.1.3.1 Sampling methodology

Samples were collected at 11 sites from Units 8, 9, 10 and 11 o f the Eastern Layered Intrusion, in a 

relatively small area extending across the northern slopes o f Hallival and Barkeval (Fig. 4.1; Table 4.1). Samples 

were generally taken from the troctolites o f each unit, so that AMS fabric data could be compared or contrasted 

with measurements carried out on small-scale structures that are much more common in the troctolite portions of 

units. Samples for each of these traverses were collected as oriented field blocks and all samples were collected 

away from faults and fractures and were precisely positioned using GPS. An average o f 6-8 specimens were 

analysed for each site.
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In addition, two detailed traverses were sampled through both the peridotite and troctolite sections of 

Unit 10 (the type unit o f the Eastern Layered Intrusion) on the north side of Hallival, so that the importance of 

within-unit fabric variation could be determined. One of these (A) comprises a comprehensive traverse of 34 sites 

through Unit 10, and the other (B) a traverse o f 10 sites also through Unit 10, located about 500m east o f traverse 

A (Fig. 4.1). Traverse A was approximately 150m long, whilst Traverse B was approximately 130m long. 

Samples for both traverses were collected as oriented drilled cores; 458 specimens from traverse A, and 35 

specimens from traverse B. AMS measurements were carried out at Princeton University, USA, using a Sapphire 

Instruments SI2 low-field susceptibility apparatus. Detailed analyses were also carried out on two samples from 

Unit 9 and Unit 10 using a KLY3 Kappabridge (the instrument used in all o f the other studies presented in this 

thesis), in order to test for any variation o f fabric orientation. These results are presented in Appendix A t .

4.1.3.2 Magnetic mineralogy o f  the Ea.stern Layered Intrusion rocks

The most common primary oxide accessory mineral reported in previous studies o f the Rum Eastern 

Layered Intrusion layered rocks is chromite (Brown 1956), although Faithfull (1985) also reported Fe-Ti oxides 

as being the predominant opaque phase in troctolite layers o f some o f the lower Units. However, Dagley and 

Musset (1981) found that near-pure magnetite was the only ubiquitous ferrimagnetic mineral present, and the sole 

carrier o f remanent magnetism. Additionally, three independent studies carried out by Putnis (1979), Moseley 

(1984) and Housden et al. (1996) each report that magnetite in Eastern Layered Intrusion rocks typically occurs 

as crystallographically constrained dark brown symplectic magnetite dendrites and platelets. The magnetite 

dendrites are between 30 and 50 microns in size, frequently intergrown with clinopyroxene and believed to have 

formed at high temperatures by oxidation and exsolution from olivine (Putnis 1979; Moseley 1984). Rare 

occurrences of magnetite as a by-product o f low-temperature alteration (serpentinisation) o f the olivine are also 

observed (Housden et al. 1996). Although the bulk susceptibilities in the Eastern Layered Intrusion rocks 

(reported below) are generally sufficiently high for it to be inferred magnetite is present (i.e. >10'^ SI), it is 

extremely useful for the understanding o f the AMS fabrics to have a grasp of the nature o f its occurrence in this 

way.
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4.1.4. Results

4.1.4.1 Macroscopic magmatic structure.';

Small-scale magmatic layering o f peridotite and troctolite in the upper parts o f Units 8, 9, and 10 

consistently strikes parallel to the outer contacts o f the Eastern Layered Intrusion, and dips gently (<20“) toward 

the centre of Atlantic Corrie (Emeleus et al. 1996). A planar igneous lamination defined by tabular plagioclase 

crystals is frequently observed in the upper troctolite parts o f each o f the units (Fig. 4.3A), in contrast to the 

underlying, associated peridotite layers in which it is rarely observed. Structural measurements o f the lamination 

show that it is generally oriented parallel to the magmatic layering. Where small-scale layering o f peridotite and 

troctolite is well developed, inferred sedimentary structures are frequently observed at layer interfaces (Fig. 4.3B). 

O f these, rare scour structures and smeared-out slump and load structures provide limited measurable current 

direction data. These current flow data exhibit a consistent radial attitude, generally plunging down-dip on the 

planes of magmatic layering and igneous lamination toward the centre o f the intrusion in Atlantic Corrie (Fig. 1; 

Fig. 4.4).

4.1.4.2 Magnetic SmceptibUity

Magnetic susceptibility data for all samples of the Eastern Layered Intrusion rocks are given in Table 

4.1, together with the other principal magnetic features measured. Bulk magnetic susceptibilities o f individual 

stations throughout the Eastern Layered Intrusion range between 0.01 and 15.4 x lO ’ SI. K^ean variation between 

specific units appears to bear no relation to stratigraphic height (Unit 8: 5.32-15.4 x 10'^ SI, Unit 9: 1.38-6.09 x 

10'’ SI, Unit 10: 1.5-3.75 x 10 '̂  SI and Unit 11: 0.63 x 10'^ SI). Both of the detailed traverses o f Unit 10 in the 

north of the Eastern Layered Intrusion have comparatively low susceptibilities: Traverse A: 0.01-3.96 x 10"’ SI, 

and Traverse B: 1.94-12.6 x lO ’ SI. No correlation of Kn̂ -an variation with height is observed within either 

traverse.

4.1.4.3 Magnetic fabrics

The degree o f anisotropy (H) measured for the Eastern Layered Intrusion rocks varies between 2-35.1%, 

and averages at 6.8% (Table 4.1). It is therefore moderate in strength, between 4-9% for 60% o f samples. H 

values average at 4.4% for Unit 8, 14.9% for Unit 9, and 7.9% for Unit 10, suggesting a slight positive correlation 

upwards with height o f the intrusion. H averages for traverses A and B are similar to those already observed for
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U nit 10; 6.3%  and 5.3%  respectively. N o lateral variations o f  H are apparent throughout the Eastern Layered 

Intrusion. Plots o f  L vs. F show  that the shape o f  the AM S ellipsoid ranges betw een triaxial and strongly-oblate, 

indicating that the p lanar elem ent o f  the m agnetic fabric is dom inant (Fig. 4.5).

H owever, both linear and planar com ponents o f  the A M S fabrics are very consistent over the area o f  the 

Eastern Layered Intrusion, both across and within different units. M agnetic foliations consistently  strike N W -SE, 

and usually  dip shallow ly to the SW (Fig. 4.5; Fig. 4.6A ). M agnetic lineations for traverses carried out over U nits 

8, 9, and 10 typically exhibit a N W -SE trend, w ith bim odal, very shallow  plunges (usually  <8°; Fig. 4.5; Fig. 

4.6B ). Both o f  the detailed traverses A and B yield m agnetic fabric orientations com parable to those already 

described throughout their respective thicknesses, i.e. lineations and foliations throughout Unit 10 are 

characterized by sim ilar trends to those described above for Sites 1-11 (Fig. 4.5; Fig. 4 .6A  and 4.6B ). A  second 

subordinate (SW ) trend o f  the m agnetic lineation is observed tow ards the m iddle o f  U nit 10 in both traverses. In 

these cases, the m agnetic foliations generally rem ain oriented parallel to layering, so that the m agnetic lineations 

trend dow ndip rather than parallel to the strike o f  m agnetic foliation planes (Fig. 4.6A  and 4.6B).

4.1.5. D iscussion

AM S fabrics from  the top o f the trocto lites o f  U nits 8, 9, and 10 are overall consistent throughout the 

northern part o f  the Eastern Layered Intrusion, though m inor w ithin-unit variation occurs in U nit 10 (traverses A 

and B) and is discussed later. M agnetic foliations generally  strike N W /SE and dip shallow ly to the SW , and 

m agnetic lineations show  a broadly N W /SE trend w ith extrem ely  shallow  bim odal plunges. The m agnetic 

foliations are thus typically parallel to  the m acroscopic m agm atic layering at both the m acro-rhythm ic unit scale 

and at sm aller scales. M agnetic lineations trend parallel to the strike o f  these p lanes w ith rem arkable consistency, 

and m ay plunge gently in e ither direction. A lthough A M S ellipsoid shapes in the Eastern Layered Intrusion are 

m ainly triaxial to strongly-oblate, the consistency o f  the m agnetic lineations throughout U nits 8, 9, and 10 

indicate that they m ay also (in addition to the m agnetic foliations) be interpreted as valid linear structural 

elem ents.

Im portantly, m easurem ents o f  m agnetic lineation data from  U nits 8, 9, 10 and 11 are consistent w ith a 

detailed petrofabric analysis o f  feldspar orientation in the trocto lites o f  U nits 8, 9, and 10 carried ou t by B rothers 

(1964). His study on field-oriented thin-sections m apped out the presence o f  linear arrangem ents o f  feldspar 

crystals on igneous lam ination planes by assum ing that the grain tabularity and elongation approxim ately
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coincide with crystallographic axes (e.g. Fig. 4.7). His work highlighted well-defined linear arrangements of 

crystals that consistently trend parallel to strike o f the pervasive igneous lamination, plunging gently (0-5°) on the 

lamination planes. Although he also carried out a similar study on cumulus olivine crystals in both the troctolites 

and the peridotites (in the latter olivine is the dominant phase -70% ) o f Units 8, 9, and 10, his method was not 

sufficiently sensitive to pick up a lineation carried by this mineral.

Bulk susceptibilities suggest that AMS fabrics in the Eastern Layered Intrusion are typically given by 

magnetite, which occurs primarily as rodlets (dendrites) enclosed in olivine grains, and as interstitial magnetite 

that surrounds olivine crystals (Housden et al. 1996). For this reason it is thought that the AMS fabric effectively 

mimics the orientation o f an olivine fabric (as olivine has exerted a crystallographic control on the growth of 

magnetite). The consistency o f the AMS fabric data throughout the troctolites o f Units 8, 9, 10, and I I (and the 

uniformity o f AMS fabrics through the peridotite and troctolite portions o f Unit 10 in traverses A and B) suggests 

a common acquisition mechanism for the magnetic fabrics o f each o f  the units. The validity o f the AMS fabrics 

as a proxy for the olivine crystal fabric is reinforced by two lines o f evidence: the first is that magnetic foliations 

parallel magmatic layering and igneous lamination at all scales throughout the studied area, and the second is the 

study o f Brothers (1964) that described plagioclase crystals throughout Units 8, 9 and 10 displaying a similarly 

oriented lineation.

Brothers (1964) suggested that lineation on the surface o f the well-developed igneous lamination planes 

represented the preferred orientation adopted by the crystals during flow. Magma flow orientations measured in 

this study, from structures such as asymmetric slump and scour structures on troctolite layer planes in the Eastern 

Layered Intrusion, consistently plunge toward the centre o f Atlantic Corrie. Such structures provide strong 

evidence for the action o f both large-and small-scale currents operating in this case, on magma-crystal mush 

interface planes that dip with the same magnitude toward this focal point. These currents are envisaged as moving 

across a magma-mush interface that they may deform somewhat, creating scours and deformed load structures. 

However, AMS iineations inferred in this study to be a proxy for olivine orientation, together with the lineations 

o f Brothers (1964), do not, in general, parallel these current directions, instead, they are both oriented transverse 

to the supposed direction o f current flow in the northern part o f the Eastern Layered Intrusion. Any model 

attempting to interpret these lineations as flow fabrics must rule out that they could have been imposed at a later 

stage in the history o f the cumulate pile, and also propose a plausible scenario by which grains are aligned 

transverse to, instead of parallel to current flow at the magma-mush interface, or perhaps within the mush pile.
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A lthough p lanar fabrics such as igneous lam inations in cum ulates have been ascribed to processes 

ranging  from prim ary deposition o f  crystals from  density  currents and plum es to com paction-related  solid-state 

recrystallisation (see Irvine et ciL 1998 for review ), consistent lineation data in such rocks are w idely accepted as 

reliable evidence for flow. It is im portant to note that crystallographically  constrained m agnetite dendrites (and 

also crystallographic axes in plagioclase in the case o f  B rothers 1964) reveal crystallographic preferred 

orientations (C PO ) rather than shape-preferred orientations (SPO ) o f  the respective m ineral grains. It is the SPO 

that determ ines the character and extent o f  fabric developm ent, be it developed through either p rim ary  flow 

processes or through secondary postcum ulus processes, but significant deviation o f  the CPO  from  the SPO m ay 

only occur during the latter (Benn and A llard 1989; Ildefonse e t at. 1992; M eurer and B oudreau 1998). in the 

case o f  the Rum E astern Layered Intrusion, com plex isotopic zoning (Sr) o f  plagioclase grains (T epley and 

D avidson 2003), the preservation o f  m agm atic tw ins, and the coincident nature o f  the C PO  and SPO  argue 

against extensive com paction and solid-state recrystallisation (LoR e et al. 2003). In addition, fu rther recent 

textural w ork on U nits 8, 9 and 10 by H olness (2005) have show n that with the exception o f  tex tures m odified 

locally by the U nit 9 intrusive peridotite, these cum ulates have not undergone significant postcum ulus 

m odification or ripening. It is likely, therefore, that the m agnetic foliation o f  this study (parallel to the planar 

igneous lam ination o f  the Eastern Layered Intrusion) represents a prim ary deposition fabric o f  olivine grains, and 

the m agnetic lineation (parallel to  that o f  B rothers plagioclase lineation) represents the orientation  o f  crystals 

w ithin a flow plane.

The m acro-rhythm ic units o f  the E astern Layered Intrusion are w idely regarded as one o f  the most 

significant lines o f  evidence for m ajor (separate) replenishm ent events in the Rum m agm atic system  (e.g. R enner 

& Palacz 1987). Em eleus et al. (1996) envisaged em placem ent o f  each o f  these units as m ajor pulses o f  m agm a 

flow ing out across the floor o f  a ‘persistently  reconstitu ted , thin, sill like m agm a cham ber’. Furtherm ore, they 

suggest that the body o f  m agm a in the intrusion at any given tim e m ay have been no m ore than several tens to 

hundreds o f  m eters thick. A lthough som e debate persists as to the m ode o f  construction o f  units o f  the Eastern 

Layered Intrusion, it is generally accepted that the Rum m agm a cham ber is lopolithic (saucer-shaped) in form , as 

defined by the geom etry o f  m agm atic layering at all scales. There is a substantial body o f  evidence to  suggest that 

a significant degree o f  central subsidence dow n tow ard A tlantic Corrie and the Long Loch Fault (Fig. 4.1) 

occurred. This includes steepening o f  dips o f  m agm atic layering and igneous lam ination (e.g. at least 40° in the 

Trollaval region; Volker and Upton 1990) and evidence o f  m ass slum ping o f  cum ulate mush and large-scale
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deformation structures such as folding and syn-magmatic faulting in cumulate adjacent to the Long Loch Fault 

(Emeleus et al. 1996). It is likely that this deformation occurred during emplacement o f the macro-rhythmic 

units, so that shortly after a unit was emplaced it began to undergo central subsidence as it cooled. Emplacement 

o f successive units of the Eastern Layered Intrusion would have the effect of intensifying this deformation, so 

that central sagging became more pronounced as the sequence o f units grew thicker. We propose a model in 

which central sagging throughout development of the Eastern Layered Intrusion caused progressive reshuffling, 

sliding and rotation of grains along and within the magma-mush interface plane as or just after deposition o f the 

crystals occurred (Fig. 4.8A and 4.8B). Gentle bedload transport and interaction with other grains at the magma- 

mush interface produced the layer-parallel planar fabrics (igneous lamination and magnetic foliation). We believe 

it likely that the magmatic lineation (magnetic lineation and Brothers plagioclase CPO fabric) with grain long- 

axis orientation perpendicular to flow direction (rather than parallel) may have initiated through this primary 

sedimentary mechanism. Indeed, clast orientation perpendicular to current direction is well documented in 

sedimentary rocks (e.g. Rust 1972; Davies and Walker 1974; and see also Section 1.2.2 in Chapter I). The 

lineation carried by olivine and plagioclase in the Eastern Layered Intrusion rocks may have been subsequently 

intensified through incremental reshuffling and sliding o f grains as downward creep o f the crystal mush occurred 

on and within magmatic layer-planes during central subsidence (Fig. 4.8A and 4.8B), as described above. The 

magnetic lineation variation observed in several samples o f Unit 10 might indicate fabrics caused by more abrupt 

slumping o f crystal mushes, or fast flowing localized density currents, overprinting the effect o f the more 

pervasive fabric.

4.1.6. Conclusions

( I ) Magnetic susceptibilities in the northern part o f the Eastern Layered Intrusion are high and AMS fabrics 

are carried by olivine-bearing magnetite rodlets. The magnetic total anisotropy (H) is moderate to strong 

and the shape o f the AMS susceptibility ellipsoids are typically triaxial to strongly oblate. Both 

magnetic foliations and lineations are consistent throughout the Eastern Layered Intrusion, the former 

are oriented NW-SE, parallel to magmatic layering and igneous lamination, and dip shallowly to the SW, 

the latter trend approximately NW or SE parallel to strike o f the magnetic foliation planes, and plunge 

very shallowly in either direction. Two detailed AMS traverses carried out through Unit 10 north o f 

Hallival confirm the consistency o f the magnetic fabric measurements.
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(2) Small-scale, sedimentary structures and macroscopic lineations carried by tabular plagioclase crystals 

suggest that density currents operated locally in unconsolidated cumulates o f Units 8, 9, and 10 o f the 

Eastern Layered Intrusion. Measurements carried out on these structures give centrally directed flow 

orientations, plunging down dip on magmatic layering and igneous lamination planes towards Atlantic 

Corrie.

(3) A model is suggested in which the pervasive magnetic lineation (carried by olivine), together with the 

plagioclase lineation o f Brothers (1964) are developed through initial gentle transport and rolling of 

cumulus grains at the magma-mush interface during central sagging o f the Rum lopolith. This lineation 

is intensified by subtle reorientation o f grains in a crystal mush as shallowly dipping magmatic layer 

planes continue to tilt inwards. Evidence for more abrupt or faster flowing, periodic slumps o f  the 

crystal mush as a result o f this sagging might be present in several sites where magnetic lineations trend 

parallel to the macroscopic current direction.

4.2. A crystal size distribution study o f  harrisitic and granular olivine from the Rum Layered Suite, N W  
Scotland.

4.2.1. Introduction

Harrisite is a term applied to a facies o f coarse-grained basic or ultrabasic rock in the Rum Palaeogene 

layered intrusion (Fig. 4.9), NW Scotland. Both gabbroic and feldspathic peridotite varieties are found. Harrisite 

comprises >25% olivine crystals that have a dendritic or skeletal habit (Figs. 4. lOA and 4 .1 OB; Marker 1908; 

Wadsworth 1961; Wager and Brown 1968; Donaldson 1975a; 1977). Elongated olivines may be oriented at high- 

angles to layers, a fact that led Wager et al. (I960) to describe the rock as a ‘crescumulate’ in their categorisation 

o f cumulate rocks. Such an arrangement o f crystals resembles that o f comb layering (e.g. Taubeneck and 

Poldervaart 1960; Lofgren and Donaldson 1975). However, examples o f harrisite in which the olivines are 

oriented parallel or even obliquely to the layering are also observed, as are stellate olivines, implying some 

downward growth (Donaldson 1977). Harrisitic texture is remarkably similar to skeletal olivine crystal forms 

observed in ultramafic Archean hypabyssal and volcanic ‘spinifex’ rocks found in greenstone belts. Donaldson 

(1974) discussed the link between harrisite and spinifex, proposing a crystal morphological classification scheme 

that characterised the similarities between both.
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Harrisite generally occurs interlayered with granular textured gabbro or feldspathic peridotite on Rum. 

Olivines in the latter rocks show a marked morphological and size contrast to harrisitic olivines. As well as being 

considerably smaller (<2mm versus 2 -1000mm), olivine crystals in gabbro and feldspathic peridotite are typically 

subhedral in shape and are generally interpreted as cumulus in origin (Brown 1956; Wadsworth 1961; Emeleus et 

al. 1996). Donaldson (1977) described a cyclic stratigraphy from gabbro/feldspathic peridotite up into harrisite in 

which small equant granular olivines are overlain by progressively larger and more deeply indented skeletal 

‘hopper’ olivines (Figs. 4 . IOC and 4.11). The main morphological changes within the harrisite are from 

subequant hopper and tabular hopper olivines to dendritic, branching crystal morphologies (Figs. 4.1 OB and 

4.1 lA). This change involves a 1500-fold decrease in the number of olivine crystals and grain-size increases of 

up to 1000 or more times (Donaldson 1977). The upper contact o f  a harrisite layer with cumulate gabbro or 

peridotite is typically abrupt in both texture and grain size, an observation that led Wadsworth (1961) to suggest 

that it was recommencement o f the settling o f cumulus crystals that caused termination o f harrisitic olivine 

formation.

Though it has been suggested that harrisitic olivine grew rapidly (Donaldson 1974; Hort 1998) and 

estimated growth rates (e.g. Henderson and Williams 1979; 6.4 x 10'  ̂ mm.s ') are four orders o f magnitude 

greater than normal olivine crystal growth rates (e.g. Marsh 1988; lO'* mm.s '), no quantification of the actual 

crystal growth times has previously been presented for harrisite. In addition, no link has been proposed between 

the cyclic interlayering o f harrisite and feldspathic peridotite with the inferred open system behaviour (frequent 

replenishment by picrite magmas) o f the Rum magma chamber. This study combines published growth rates for 

harrisite and other examples of skeletal olivines with crystal size distribution (CSD) analyses, to estimate crystal 

growth times on the order of several hours to several hundred days for harrisitic olivine. A model is proposed in 

which very fast bursts o f olivine growth accompanied repeated influxes of thin sheets o f crystal-poor picrite 

magma. This style o f growth resulted from enhanced undercooling o f  the picrite at the base o f the Rum intrusion 

and consequent enhanced olivine supersaturation of each sheet o f new magma, before nucleation could set in. 

This model supports the view that the Rum magma chamber acted as an open or ‘leaky’ system (Brown 1956; 

Tait 1985; Emeleus e /a /. 1996, Troll et al. 2004).
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4.2.2. Sampling methodology and CSD analysis

4.2.2.1 Sampling methodology

Harrisite occurs throughout the Rum layered intrusion but is most abundant in the western part of the 

Layered Suite at Ard Mheail and Harris Bay (Fig. 4.10), the latter being the type locality for the rock (Harker 

1908). The Layered Suite comprises the Eastern and Western Layered Intrusion, considered to be lateral 

equivalents o f one another, though at different structural levels (Emeleus et al. 1996), subsequently intruded and 

separated by the younger Central intrusion (Fig. 4.10). Whereas the Eastern Layered intrusion is dominated by 

feldspathic peridotite and troctolite, the Central intrusion is mostly feldspathic peridotite. and the Western 

Layered intrusion is feldspathic peridotite in its upper reaches (Ard Mheail) and bytownite-bearing gabbro in its 

lower reaches (Harris Bay).

Sampling focused on the Western Layered intrusion, where a vertical traverse o f ten samples was 

collected through the sequence o f feldspathic peridotite layers in the Ard Mheail area (Fig. 4.10). in addition, two 

samples were collected from Harris Bay and seven from the Eastern Layered Intrusion; o f the latter, four are from 

Units 10-13 on Askival and three are from Units 13-15 on Hallival (Fig. 4.10). A variety o f olivine crystal 

morphologies were sampled, including granular grains from feldspathic peridotite to skeletal hopper and simple 

branching grains in harrisite. Sample numbers are given together with characteristic crystal morphologies in 

Table 4.2. Note that very large, complex harrisitic olivines (larger than several centimetres in size) were not 

studied for reasons discussed in the next section.

4.2.2.2 CSD analy.'ii.s o f  harrisitic olivine

The intricate morphologies o f some of the more complex harrisitic olivine crystal groups are far 

removed from the ideal crystal habit groupings assumed by the CSDCorrections program. These include the 

‘parallel-linked’, ‘chain-like’, and ‘radiate’ morphologies o f Donaldson (1975a), amongst others. A cut through 

such skeletal crystals could give the false impression in a thin section o f many more (smaller) crystals than in 

reality. To avoid this problem, only samples with comparatively simple skeletal olivine morphologies were 

selected for study. Samples H B l, HB2, R15, and ARH6 contained simple branching skeletal olivine crystals, 

generally not greater than 1.5 cm in length. Thin-sections o f  these crystals were studied to ensure that groups of 

apparently distinct crystals were not in optical continuity, i.e. were not linked in three-dimensions, and hence did 

not mis-represent the CSD ’s of the rock. An average o f 430 crystals were studied per sample and none had less
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than 200 crystals measured, as recommended by Mock and Jerram (2005) to accurately quantify the CSD (see 

Chapter 2 also). This required that several sections be measured per sample for most of the harrisite samples. In 

such cases, the grainsize data were then integrated and analysed together. Many samples are isotropic, but some 

o f the harrisite samples exhibit a well-defined layer-parallel planar foliation defined by the alignment o f  elongate 

olivine crystals. In such cases this was taken into account by the CSD Corrections software (Higgins 2000).

4.2 .3 . O livine grow th rates

As described above, the slope of a CSD gives a measure o f Gx, and if a value for G  is known, crystal 

growth time in the magma chamber can be estimated. Although typical crystal growth rates for minerals, both 

silicates and oxides, have been quoted as being between lO '^and 10’’ mm.s ' (Marsh 1988; 1996; Cashman 1993; 

Higgins 1996), studies carried out on crystals that have grown in a melt supersaturated with respect to their 

constituent elements show that these crystals may have grown considerably faster. In particular, a sizeable body 

o f work has been carried out on anhedral (hopper, skeletal, and dendritic) olivine crystals (Donaldson 1975a; 

1975b; Donaldson 1976; Donaldson 1977; Jambon et al. 1992; Roggensack 2001; Faure 2003; Kohut and 

Nielson 2004; Zieg and Lofgren 2006), which suggests that crystal growth rates in the range 10'^-10'^ m m .s'' are 

more typical of these crystals.

An independent estimate o f olivine growth rates in the Rum cumulates was obtained by Henderson and 

Williams (1979) from the distribution o f uranium between crystals and magma. They measured the uranium 

contents o f olivines of different shapes and found that the more skeletal the shape, the greater the content (Table 

4.3). Using the estimate o f Henderson et al. (1971) o f the m agma’s uranium content, Henderson and Williams 

(1979) employed the Burton and Slichter (1953) model o f diffusion-controlled crystal growth to compute model 

growth rates for the Rum olivines (Table 4.3). These show that the branching olivines grew at least five times 

faster than the granular crystals in interlayered cumulate. [The calculations required insertion o f a value for the 

uranium diffusion coefficient in basaltic magma. In the absence o f this information, they used a figure o f 10 ** 

cm".s ' measured by Seitz (1974) for Th diffusion in a synthetic melt o f diopside, albite and anorthite. This figure 

differs little from an estimate o f the diffusion coefficient o f uranium in basalt melt at 1300 “C (10'^^ cm^.s '* 

obtained by using Hoffman’s (1980) empirical relationship between diffusion coefficient and ionic radius o f  the 

diffusing species.]
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Although cooling rate, and hence growth rate, may be arbitrarily imposed in experimental systems to 

create skeletal crystal and dendritic morphologies, it is believed here that it is likely the complex Rum harrisite 

textures crystallised in response to a cooling regime not typical of plutonic environments. Given the experimental 

evidence outlined above for very fast growth rates o f  skeletal and dendritic crystal morphologies, it is considered 

that the calculated growth rates o f Henderson and Williams for harrisitic olivine are likely to be accurate. In 

particular, values o f 2-6 x lO'^mm.s ' (Donaldson 1975b), 1.25-34.9 x 10'*’mm.s ' (Kohut and Nielsen 2004) and 

1-6000 X 10'^ mm.s ' (Jambon et al. 1992) compare favourably with Henderson and W illiams’ computed value o f 

6.4 X 10’̂  mm.s '. We estimate a range o f crystal growth times from our CSD plots for olivines in harrisite and 

feldspathic peridotite on Rum using the growth rates described above. The growth rates o f Henderson and 

Williams give the shortest crystal growth times, so these are compared with the slowest growth rate quoted above, 

that o f Jambon et al. (1992; 1 x 10'  ̂ mm.s ') for skeletal crystal growth and the implications for harrisite 

formation are discussed.

In addition, though the model growth rates o f Henderson and Williams (1979) are consistent with those 

produced in laboratory experiments on skeletal crystals (Donaldson 1975b; Jambon et al. 1992; Kohut and 

Nielson, 2004), not all of the crystals studied here are as complex. As typical growth rates for olivine are 

approximately lO ’ mm.s ' we believe that the growth rates suggested by (Henderson and W illiams 1979) for 

granular (cumulus) olivine in the Rum magma chamber (e.g. samples R1, P I , R3 IB, R36A and R37) are likely to 

be too fast. In order to calculate realistic crystal growth times for granular olivine in the Rum magma chamber, 

the estimated value o f Marsh (1988; lO '^mm.s ') is employed as a lower limit o f growth rate for granular 

peridotite samples.

4.2.4. R esults

4.2.4.1 CSD Plots

The CSD results for all the samples are given in Table 4.2 and CSD plots for each sample are contained 

in Fig. 4.12. Data for different olivine crystal morphologies and sizes are generally consistent over the different 

sampled sites. All the curves are approximately log-linear for the larger size fractions and several have a well- 

developed ‘humped’, convex-up profile at smaller size fractions. Regression analysis was carried out on these 

curves in Microsoft Excel for a best-fit line through the log-linear portion o f the plot in order to calculate slope 

and intercept data from each. Although a minority o f samples have slightly kinked CSDs (HBl ,  R15, R16, R17,
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R31A, and ARH3), characterised by changes to shallower slopes at the larger size intervals, these are also well 

described by one best-fit line through the whole curve; none has an R‘ value o f less than 0.89. CSD slopes for 

feldspathic peridotite samples with simple non-skeletal granular or polyhedral olivine morphologies (R l, PI, 

R31B, R36A and R37) display the most pronounced ‘hum ped’ profiles at small crystal size fractions and have 

consistently relatively steep slopes between -1.78 and -1.15. Consistency (-0.54 to -0 .31) is also observed in the 

shallower slopes of the most complex skeletal branching morphologies studied (R15, H B l, HB2, R34 and ARH6). 

However, samples that contain hopper crystal morphologies (R2, A R H l, ARH2, ARH3, R I6, R17, R31 A, R32, 

R33, and R36B) span a wider range o f slope values (-0.89 to -0.48).

The lower size limit o f  our CSDs has been defined at 0.1 mm and the data is interpreted based on the 

observation that there are no crystals in these rocks smaller than this size. The CSDs for harrisitic olivines are 

typically straight on semi-logarithmic plots o f population density vs. crystal size, especially at the larger size 

fractions. These disequilibrium textures are interpreted as ‘kinetic’ textures, i.e. formed through nucleation and 

growth alone without significant postcumulus ripening or coarsening, though such textures may not be common 

in plutonic igneous rocks (see discussion below). This interpretation may not extend completely to the samples 

containing granular olivine crystals, some of which exhibit a ‘hum ped’ profile as outlined above. This issue and 

its bearing on the values of CSD slope obtained (and consequently the crystal growth times calculated) is also 

discussed in more detail in the section on the CSD data below.

The quality o f the CSD data has been assessed using closure limits (after Higgins 2002a; 2002b; Boorman et al. 

2004). A plot o f characteristic grain length against intercepts, together with empirically calculated closure limits 

for harrisitic, hopper, and granular olivine crystals illustrates that our data fall well within permitted range (Fig. 

4.13A). A plot o f CSD characteristic grain length against volume phase proportion (c.f. Higgins 2002a) 

highlights three distinct zones for each o f the three crystal morphological groups (Fig. 4.13B) and is discussed 

further below.

4.2.4.2 Crystal growth times

Crystal growth times have been calculated for the crystal populations o f each sample (Table 4.2), using 

the slope of each CSD curve and the crystal growth rates for harrisitic olivine computed by Henderson and 

Williams (1979; Table 4.3). The times are exceptionally short, ranging from 7 hours to 20 hours (T| in Table 4.2). 

In general, the shortest times are given by the more complex olivine crystal geometries such as the skeletal
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branching and hopper morphological groups, even though these are larger in size than the granular olivines. 

Granular crystal morphologies typically give longer crystal growth times. Maximum crystal growth times have 

also been calculated for skeletal olivine morphologies using the upper growth rate limit o f  Jambon et at. (1992) 

as quoted above (X2 in Table 4.2). Though it is likely that these values are overestimates, they are still very short, 

ranging between 137 and 369 days. A set o f  crystal growth times for granular olivines are also presented in Table 

4.2 (T3 ), based on a growth rate o f  10'̂  mm.s'' as quoted above (Marsh 1988; Cashman 1993). The calculated 

times are again quite short, ranging between 18 and 28 years, particularly when compared with values based on 

published growth rates (Marsh 1988; Cashman 1993; Higgins 1996) that are three or four times higher (e.g. 50-80 

years). [However, see below on the discussion o f  crystal growth times for granular olivine crystals.]

4.2.4.3 Nucleation rales

Nucleation densities (n°) have been calculated from the Y-axis intercepts on the CSDs, and are 

presented in Table 4.2. CSD intercepts (Ln [n“]) range from -2.6 to 1.9 mm" ,̂ ( n“ = 7.4 x 10 “ to 6.7 mm''*), values 

that are exceptionally low compared to nucleation densities (2.07-4.55 x 10  ̂ mm"*) reported by Cashman and 

Marsh (1988) for plagioclase from the Makaopuhi lava lake (Hawaii). Values o f  nucleation rate calculated using 

the growth rates o f Henderson and W illiams (1979) range from 0.37-8.1 x 10'  ̂ m m '\s'' ( J |  in Table 4.2). In 

general, the largest values o f  n “, and consequently the largest values o f  J ,  are given by feldspathic peridotite 

samples containing granular olivines (R l, PI, R31B, R36A and R37). Conversely, samples containing complex 

harrisitic morphologies (HB2, A R H l, ARH3, and R2) give the smallest values o f  n° and much smaller values o f  

J  respectively.

However, the use o f the growth rates above create calculated nucleation rates (Jy) that are ma x im a  for 

the Rum harrisites and the feldspathic peridotites containing granular olivine morphologies. A s suggested above, 

the granular olivine crystals are unlikely to have growth rates as high as predicted by Henderson and Williams 

(1979). Therefore, the slowest likely growth rate (lO'^mm.s ') for harrisitic olivine together with the slowest 

growth rate for granular olivine (1 O'*mm.s ') are used to give m in im u m  nucleation rates (J 2  and Jj; Table 4.2). 

These values o f  J  range between 1.1-6 .7 x 10'  ̂m m ‘\s '' for olivine in the feldspathic peridotite and 9.9-130 x lO’ 

m m "\s' for hopper and harrisitic olivine. Notably, values o f  J  for harrisite are now higher than those for granular 

textured peridotite, despite the fact that values o f  n " remain the same.
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4.2.5. Reworked harrisitic olivine at Ard Mheall as indicator o f  magmatic flow

H arrisite layers at Ard M heall in the W estern Layered Intrusion are frequently  interlayered with 

rhythm ically  layered feldspathic peridotite (Figs. 4 . IOC and 4.14A ) that exhibit evidence for deposition as 

cum ulate ‘sed im ents’. This includes sedim entary structures such as scour structures and slum ping at layer 

interfaces. In addition, there is evidence in this area for periodic disruption o f  harrisite grow th by sm all-scale, 

crystal-rich ‘density ’ currents. Large fragm ented harrisitic o livines have been incorporated into peridotitic 

cum ulate overlying the harrisite layers, in w hich they exhibit structures that indicate they w ere re-w orked as 

single crystal clasts and as crystal clusters in flow ing currents. These structures include linear trains (Fig. 4.14B) 

and im bricated fragm ents o f  broken olivines (Fig. 4 .14C ), and w ell-developed crystal lineations on layer planes. 

B ased on their larger size than the equant (cum ulus) olivine crystals native to the peridotite, these crystals are 

interpreted as fragm ents o f  harrisitic olivine. T heir repeated occurrence throughout the sequence at A rd Mheall 

points to intervals o f  vigorous m agm atic flow  across the tops o f  harrisite layers, breaking the tops o ff  crystals and 

term inating  or suffocating harrisite developm ent. These field observations are supported by quantitative textural 

data from  W orral (2002) on the W estern Layered Intrusion, w hich suggest that olivine accum ulation occurred 

through crystal transport, with the possible involvem ent o f  current activity.

4.2.6. Discussion

4 .2 .6 .1 Harri.fite petrogene.si.s

W ager el al. (1960) regarded harrisite as a type o f  cum ulate texture in w hich skeletal and dendritic 

olivine grew  upw ards from previously ‘deposited ’ cum ulus crystals (crescum ulate). P recipitation o f  olivine from 

a supercooled basaltic m elt occurred onto those cum ulus grains with upw ard-oriented c-axes; these o livines grew 

into a nuclei-deficient m elt under tranquil conditions, follow ing tem porary cessation o f  convection o f  the magm a. 

D onaldson (1974; 1977) pointed out that w hile this m odel explains the preferred upw ard olivine grow th in most 

harrisite layers, it doesn't account for those olivines in som e harrisite layers that are inferred to have grown 

dow nw ards, horizontally, or in stellate arrangem ent. He also show ed that som e harrisite  layers are in fact 

intrusive into the layers above and below  them  (D onaldson 1982). In addition. G reenw ood et a i  (1990) and 

Upton et al. (2002) have presented evidence that picrite m elts with 25-30 w t%  MgO, rather than the basaltic 

m elts envisaged by W ager et al. (1960), w ere involved on Rum.

Experim ental studies suggest that skeletal hopper and branching crystals grow  relatively rapidly under 

conditions o f  strong supersaturation/m agm atic undercooling (e.g. Lofgren and D onaldson 1975; D onaldson 1976;
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Lofgren 1980). Donaldson (1974; 1977) attributed harrisite development to in situ crystallisation under 

conditions of enhanced supersaturation of the magma in olivine. This he speculated might arise from two possible, 

alternative mechanisms; one is a sudden decrease in the water content o f a water-undersaturated feldspathic 

peridotitic liquid, and the other the transition o f a water-saturated peridotitic magma to an unsaturated state by 

exsolution o f volatiles. Hort (1998) referred to harrisite as a disequilibrium texture developed through successive 

bursts of rapid crystallisation as a result o f periodic “perturbations” o f the liquidus temperature. He too suggested 

that exsolution o f volatiles from magma could induce such an increase in undercooling, giving rise to the 

dendritic and skeletal crystal morphologies observed in harrisite texture. This he suggested could occur as a result 

o f depressurisation o f a batch of magma during its ascent through the crust and would be most effective in 

shallow-level intrusions. Hort (1998) also pointed out that degassing o f magma can occur where a more primitive 

melt enters a chamber and cools due to magma mixing with a more evolved melt.

4.2.6.2 CSD data

The Rum CSD data are generally consistent throughout the localities studied. The CSD plots fall into 

three groups based on slope and intercept data calculated from regression analysis o f each. This is well illustrated 

in Fig. 4.13B, which gives three groups of crystal morphology based on characteristic grain length vs. volume 

phase proportion. TTie plot reflects decreasing crystal growth times and nucleation densities with increasing 

crystal morphological complexity. The majority o f the granular peridotite CSD plots in Figure 4.12 (e.g. R l, P I, 

R31B, R37) display pronounced convex-upward shapes at small size fractions as well as log-linear shapes at 

larger size fractions. Boorman et at. (2004) discussed the danger that cumulus textures may be strongly modified 

by crystal-ageing and compaction-driven recrystallisation. It is thought a downturn at small crystal sizes may 

indicate the consumption o f smaller crystals at the expense o f larger ones to minimise free energy as the primary 

cumulus textural arrangement equilibrated following deposition or in situ crystallisation (Hunter 1987; Waters 

and Boudreau 1996; Higgins 1998; 2002a; Park and Hanson 1999). In addition to creating this ‘hum ped’ profile 

at small crystal sizes, this type o f coarsening or ripening o f  primary igneous textures results in rotation o f CSD 

plots to progressively shallower slopes (Marsh 1998; Higgins 2002a; 2006). For this reason, we feel that the 

crystal growth times calculated from the granular peridotite CSDs in this study may be useful only insofar as they 

might indicate possible greatest values o f t . W orral’s (2002) study provides support for this data and
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interpretation; she observed sim ilar ‘hum ped’ profiles in W estern Layered Intrusion peridotite CSDs, w hich she 

attributed to textural ripening processes.

By contrast, harrisitic o livines are a disequilibrium  texture in w hich the o livines have large or very large 

surface areas and hence surface energy, yet in m any cases appear to have escaped subsequent textural 

equilibration or o ther postcum ulus processes. For exam ple, it is unlikely that com paction had a significant role to 

play in the developm ent o f  the textures observed in harrisite, as thin-section petrography reveals a large (-5 0 % ) 

m elt fraction in all o f  the sam ples (even those bearing  an alignm ent o f  olivine crystals), represented by interstitial 

(in tercum ulus) unzoned plagioclase or clinopyroxene, w hich w as apparently  not expelled into the overlying 

m agm a. In addition, it m ight be expected that layers com prising  vertically oriented  harrisitic olivines w ould  form 

a scaffold-like crystal arrangem ent that w ould be strongly resistant to com paction. N either is there evidence o f 

com paction-related processes such as com paction fractures or draping o f  olivine crystals around plagioclase or 

clinopyroxene o ikocrysts as reported from other parts o f  the intrusion (E m eleus et al. 1996). A nother argum ent 

against significant recrystallisation o f  harrisite is the cyclic nature o f  the sequences o f  m agm atic layers they are 

confined w ithin. The sequential change in olivine shape reported by D onaldson (1977; Figs. 4 . IOC and 4 .1 1) 

from sim ple granular form s to m ore com plex crystal m orphologies is observed in al! areas w here harrisite occurs. 

\n these, particular types o f olivine crystal m orphology are often confined to certain layers, i.e. there is a clear 

relationship betw een prim ary m agm atic layering and crystal m orphology, w hereas significant recrystallisation 

m ight have disrupted this relationship by causing com plex crystal m orphologies to grow  tow ards sim pler forms, 

it is concluded that harrisite represents a prim ary m agm atic, d isequilibrium  texture, essentially  unm odified by 

recrystallisation or textural equilibration and the values o f  "U calculated for harrisitic olivine arc taken as reliable 

estim ates for crystal grow th tim es in this instance.

The extraordinarily  short crystal grow th tim es estim ated from the C SD s are a function o f  the input 

grow th rates used. There is experim ental evidence to  suggest that these rates are realistic (Lofgren and D onaldson 

1975; Lofgren 1980). If the range o f  estim ated crystal grow th tim es presented is an accurate reflection o f  harrisite 

grow th rates, then o f  particular interest is the rate at w hich individual harrisite layers crystallised, if  an average 

crystal grow th tim e o f  8  hours is taken for hopper o livines 10-20 mm in size (e.g. T i in Table 4.2), then an 

average-sized layer, 500 mm thick, w ould crystallise in 8-17 days. Sim ilar rates o f  crystallisation (approxim ately 

15 days) are achieved by branching olivine layers o f  the sam e size, it is difficult to calculate a rate o f  thickening 

o f  layers contain ing granular olivines in the Rum cum ulate pile, as it is very unlikely that granular olivines grew
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wholly in situ\ i.e. evidence described earlier suggests that peridotite layers accumulated by current deposition 

and magmatic flow processes. However, assuming rates o f crystal accumulation similar to those for thickening of 

layers in the Skaergaard intrusion (0.6 mm/day; Wager and Brown 1968) harrisite layers may have formed up to 

160 times faster than normal cumulate layers.

Another indication o f how rapidly harrisite layers formed can be obtained from a simple conductive 

cooling estimate o f the time (t) taken to cool a sheet o f  crystal mush/melt o f half-thickness (L) is: 

f  L̂ /K

where K is the thermal diffusivity which is I x 10'^ cm^.s’' (Jaeger 1968). Given that harrisite layers range in 

thickness from 7 cm to 10 m (Donaldson 1975a), a range o f cooling times for harrisite layers are calculated and 

presented in Figure 4.15. [The effect o f taking latent heat o f crystallisation into account is to reduce each 

calculated layer thickness for a given time in Figure 4.15 by approximately 30%]. The calculations are consistent 

with the crystal growth times estimated from the CSDs, and suggest that the thinnest layers cooled fastest (e.g. 

approximately 11 hours for a 40 cm thick layer o f harrisite). However, thicker layers are also shown to have 

cooled relatively rapidly, with values o f 72 days and 290 days for 5 m and 10 m thick layers respectively.

4.2.6.3 Open system behaviour o f  the Rum magma chamber during harrisite growth

A substantial body o f evidence exists to suggest that open system processes were a major influence in 

the history o f the Rum magmatic system (Brown 1956; Tait 1985; Emeleus et al. 1996; Troll et al. 2004). Much 

recent study on the ultrabasic and basic rocks o f Rum has focused on the Eastern Layered Intrusion, built of 16 

macro-rhythmic peridotite-troctolite units (e.g. Tepley and Davidson 2003; Holness 2005). Although some debate 

persists as to the mode of construction of these units, it is generally accepted that most if not all o f them represent 

major magma replenishment events (Emeleus et al. 1996; Holness 2005). Magmatic layering o f minerals on the 

scale o f  millimetres to tens of centimetres is commonly observed within units o f the Eastern Layered Intrusion. In 

particular, the upper troctolitic section of each unit is associated with small-scale phase and rhythmic layering, 

resulting from numerous mm-to-cm-thick peridotite bodies interleaved with the troctolite. These thin peridotite 

bodies are mineralogically and texturally very similar in appearance to the much thicker peridotites that make up 

the lower portion of each unit, and suggest that replenishment may have involved both continual small influxes of 

magma, as well as intennittent large influxes o f magma launching a new unit (Butcher et al. 1985; Faithfull 1985;
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R enner and Palacz 1987). It is generally accepted that the W estern Layered Intrusion represents a deeper 

structural level o f the Rum m agm a cham ber, despite relations betw een the tw o being obscured by the younger 

C entral Intrusion. The W estern Layered Intrusion is also considered to have grow n through periodic large volum e 

influxes as well as sm aller m ore frequent ones. Em eleus et al. (1996) point to the m ajor N -S-trending Long Loch 

Fault, active throughout grow th o f  the Rum Layered Suite, as the conduit for these m agm a influxes.

It is argued here that the approxim ately log-linear profiles and range o f  short crystal grow th tim es given by the 

harrisitic  olivine C SD s, com bined with the nature o f  olivine grow th in repeated sequences o f  m agm atic layers, 

are additional strong evidence for open system  behavior in the W estern L ayered In taision . This leads to  a 

petrogenetic m odel for harrisite layers in w hich the inform ation supplied by the textural data on nucleation and 

grow th o f  olivine in harrisite is applied to periodic sm all influxes o f  hot picrite m agm a over the floor o f  the Rum 

reservoir (Fig. 4.16).

Prior to harrisite form ation a m ajor batch o f  m agm a nucleated and grew  olivine at the base o f  the intrusion, with 

m agm atic sedim entation and crystal accum ulation through sm all-scale density  current action g iv ing rise to 

m agm atic layering o f  feldspathic peridotite w ith associated sedim entary structures (Fig. 4 .I6 A ). The cham ber 

was then replenished by a sm all batch o f  hotter, denser picrite m agm a that spread thinly along the bottom  o f  the 

cham ber and cooled against the colder m agm a above (Fig. 4 .16B ). It is assum ed that the inflow ing m agm a 

contained very sparse or no olivine crystals, so that for solidification to com m ence hom ogeneous, rather than 

heterogeneous, nucleation o f  olivine was necessary (Fig. 4 .16C ). T hus there w as a delay in nucleation during 

which the m elt undercooled (D onaldson 1979), creating  the necessary  enhanced olivine supersaturation for 

hom ogenous olivine nucleation as well as prom oting  skeletal grow th (Fig. 4 .16C). Upon nucleation, fast bursts o f 

in situ  skeletal olivine grow th occurred throughout the batch o f  picrite m agm a, occasionally  p roducing  stellate or 

‘starburst’ crystals. It is also envisaged that som etim es rapid precipitation o f  olivine occurred from the picrite 

m elt onto the crystal m ush below  triggering harrisite grow th from  the substrate, w here cum ulus crystals w ith their 

c-axes oriented sub-vertically  outgrew  their neighbours (Fig. 4 . 16C; c f  W adsw orth, 1961). A  recent experim ental 

study o f  olivine grow th suggests that such constrained grow th m ay require the presence o f  a significant vertical 

tem perature gradient (Faure et al., 2006).

It is considered that sheets o f  picrite m agm a containing significant am ounts o f  crystals and nuclei m ight not have 

developed harrisitic texture, as the crystals w ould have provided sites for heterogeneous nucleation and thus 

precluded intense supersaturation o f  olivine.
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Cessation of harrisite development may have resulted from the complete crystallisation o f a thin batch o f picrite 

magma as outlined above. Alternatively, the passage o f crystal-laden density currents over the lop o f  the growing 

layer o f harrisite crystals, as inferred from evidence at Ard Mheall (Figs. 4 .14B and 4 .14C; Fig. 4 .16D) may have 

occasionally terminated harrisite fonnation. Convective overturn when the density o f the picrite magma 

approached that o f the overlying magma and attendant crystals could also have terminated skeletal crystal growth. 

It is proposed here that continual periodic influxes of crystal-poor picrite produced the sequence of harrisite 

layers of variable thickness observed at Harris Bay and Ard Mheall in the Western Layered Intrusion. The 

presence o f minor harrisite layers high up in the Eastern Layered Intrusion (i.e. Units 13-15) suggests that crystal- 

poor picrite magma was still available at this later stage in the development o f the Rum Layered Suite, though 

possibly in much smaller quantities (see also Upton et al. 2002).

Recognition that the open-system behaviour o f magma emplacement in the Rum magma chamber included small 

volume crystal-poor magma inputs, which experienced enhanced cooling rate as they spread across the floor, 

removes the need to invoke supersaturation effects arising from decompression o f large influxes o f HiO-saturated 

magma or repeated exsolution o f HiO once the magma entered the chamber (Donaldson 1974; Hort 1998). 

Absence of rocks in the Rum Layered Suite that show the effects o f explosions and retention o f  the delicate 

dendritic olivines in many harrisite layers are consistent with this inference.

4.2.7. Conclusion

This study has employed detailed textural quantification using CSD analysis, incorporating published 

olivine growth rates and experimental data, to fully evaluate the fonnation o f harrisite and granular olivine 

textures in the Rum intrusion, NW Scotland, with the following conclusions:

1. Influxing batches o f crystal-poor picrite magma at the base o f  the Rum magma chamber 

undercooled upon contact with the cooler magma already in place.

2. The delay in homogeneous nucleation o f olivine and consequent elevated supersaturation o f 

the picrite in an olivine component gave rise to harrisitic texture.

3. Periods o f rapid crystal growth lasted on the order o f hours to days. Using the textural data 

available at present, our estimates range from several hours to several hundreds o f days.

4. The repeated occurrence o f harrisite throughout the Western Layered Intrusion, and to a 

lesser degree the Eastern Layered Intrusion, is consistent with the concept o f ‘leaky’ open 

system behavior o f the Rum magma chamber.
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4.3 M a g n e t ic  fabr ics  in the  A rd  M hea ll  harr is ite  a n d  harr is it ic  per id ot ite

4.3.1 Sampling methodology and localities

Three sam ples o f  harrisite w ere selected for A M S analysis to  quantify  m agnetic fabrics for com parison 

w ith m agm atic layering and the so-called crescum ulate fabric defined by harrisitic olivine. All o f  the block 

sam ples w ere collected in the A rd M heall area and each sam ple represents a d ifferent type o f  harrisitic olivine 

occurrence (Fig. 4.17). As described in an earlier section in this chapter, the A rd M heall area is characterized by 

spectacular interlayering o f  harrisitic  and feldspathic peridotite, w ith layering at all scales dipping gently  E-SE at 

10-30“ (Fig. 4.17A  and 4 .I7B ). Sam ple H Bl contains large branching crystals approxim ately 10 cm in length, 

oriented  both perpendicular and obliquely  to  m agm atic layering (Fig. 4 .I7 C .3 ). The second sam ple (H B 2) is 

feldspathic peridotite, but contains broken or fragm ented elongate clasts o f  harrisitic olivine (1-3 cm long) and 

has been described already in Section 3.2.5 o f  this chapter. These crystals, together w ith norm al granular olivines, 

define a p lanar fabric in th is rock. E vidence o f  a m agm atic lineation is observed at the hand-specim en scale as the 

fragm ented harrisitic olivine grains often are often im bricated or form linear trains o f  crystals as also described in 

Section 3.2.5 above (Fig. 4.17D .3). T his m agm atic lineation plunges gently  dow n-dip on m agm atic layer planes, 

i.e. SE at 5-10°. Sam ple HB3 contains o f  one large (15 cm ) tabular and branching olivine crystal oriented 

approxim ately perpendicular to layering, i.e. defin ing a crescum ulate fabric (Fig. 4.17E .3). A gain, no 

m acroscopic lineation is observed in this rock.

4.3.2 Anisotropy o f Magnetic Susceptibility Data

M agnetic fabric data for the three A rd M heall harrisite sam ples are presented in Table 4.4 and illustrated 

in Figure 4.17C , 4 .I7 D  and 4.17E. Sam ples H Bl and HB3 reveal the h ighest bulk susceptibilities (8.1 and 13.8 x 

10’’ SI, respectively). K„^a„ for the lam inated harrisitic  peridotite  (Sam ple HB2) is 3.7 x I O ’’ SI, a value that 

together w ith those for Sam ples H Bl and HB2 indicate that m agnetite is the dom inant m ineral controlling the 

susceptibility  and hence the anisotropy in these rocks. T hin-section analysis reveals that som e o f  the harrisitic 

o livine crystals in all three sam ples contain sim ilar m agnetite dendrites to  those described above in Section

4 .1.3.2 o f  this chapter. Indeed, the w ork carried out by M oseley (1984) encom passed analyses o f  W estern 

Layered Intrusion olivines, w ithin w hich he recognised sim ilar m agnetite dendrites. W here present, the m agnetite 

dendrites appear to be w ell-aligned w ithin individual crystals and can be traced across d ifferent crystals in a 

given thin-section, provided the olivine host crystals are also aligned. H owever, this feature usually more
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pronounced in the peridotites and troctolites of the Eastern Layered Intrusion. Magnetite also occurs with rare 

serpentine as anhedral grains altering olivine grain boundaries.

Samples HBl and HB2 each reveal a relatively low degree o f anisotropy ( H) ,  1.4 and 4.4 respectively. 

The consistency of orientation of L for Sample HB2 with magmatic lineation observed in the field and 

approximate parallelism o f F with magmatic layering, together with a triaxial ellipsoid shape, suggest that both 

the magnetic foliation and lineation can be treated as reliable. The relatively low value o f H, despite the fact that 

the rock has both a planar and linear foliation that are observable in the field, may be due to the very fine-grained 

nature (olivine grains <1 mm in diameter) o f the rock. However, note that the latter statement does not include 

the large fragmented olivine clasts that Sample HB2 contains, which may contribute significantly to the AMS of 

the rock. Both F and L for Sample HBl are inconsistent and weak, which might be expected given that the 

macroscopic rock fabric is carried by branching harrisitic olivine crystals that are oriented anywhere between 

sub-vertical and highly obliquely to magmatic layer planes. Sample HB3 has a high H value (12.9%), with both a 

strong F and L component (8.8% and 4.1% respectively). Given that this sample comprises one crystal with a 

broad branching tabular morphology and appears to have its long axis oriented perpendicular to layering, the 

orientation o f the magnetic foliation approximately perpendicular to layering is not unusual. The reasonably well- 

defined magnetic lineation that is oriented approximately down-dip on the plane of F is discussed with reference 

to olivine crystal morphology below.

4.3.3 Di.icu.Ksion and Conclusions

The AMS study outlined in this section is very short and hence does not merit substantial discussion. 

However, several concluding remarks pertinent to the development o f harrisitic fabrics in the context o f their 

magnetic fabrics and in relation to the harrisite study in the previous section (4.2) are noted as follows:

1. The very poor magnetic fabric in Sample HBl (in which tabular dendritic harrisitic olivines are oriented 

vertically and obliquely on magmatic layer planes) indicates that there is a lack o f aligned magnetite 

grains in this rock. As described above, magnetite may occur as either within-crystal dendrites or extra­

crystal alteration products (either of which might be expected to provide a magnetic fabric that reflects 

olivine crystal shape). Given its discordance with magmatic layering and low H value, the poor AMS 

fabric in Sample HBl might therefore be considered to support the interpretation that there is no 

consistent planar or linear arrangement o f olivine crystals in this rock.
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2. Though relatively w eak, the A M S fabric revealed by the data for Sam ple HB2 is consistent w ith the 

p lanar igneous lam ination and m agm atic lineation observed in the field as described above. M agnetite 

typically  occurs in this rock as sporadic dendrites lying parallel to olivine crystal long-axes. it is difficult 

to suggest w hether the m agnetic lineation m easured is purely a function o f  the large harrisite crystal 

fragm ents or w hether the much finer-grained granular olivine grains carry a lineation as well. The 

sim ilarity  o f  the m agnetic lineation to observed flow directions in the field  (and m agnetic foliation to 

igneous lam ination and m agm atic layering) suggests that the A M S data for this sam ple supports the 

conclusion reached in Section 4.2.5 that regards these rocks as representing  periodic turbulent flow of 

crystal m ushes over harrisite  layers. Such currents, possib ly  driven by sim ultaneous central subsidence 

o f  the Rum lopolith as discussed earlier, fragm ented and rew orked the large harrisite clasts, im posing on 

them  the lineation described above, i f  this scenario  is accepted, then it is likely that the sm aller olivine 

crystals contribute to the m agnetic lineation as well.

3. The A M S data for Sam ple HB3 describes a w ell-developed m agnetic foliation w ith a fairly w ell-defined 

m agnetic lineation. TTie m agnetic foliation is approxim ately perpendicular to m agm atic layering at the 

outcrop scale and the m agnetic lineation is oriented dow n-dip on the m agnetic foliation plane. Taking 

into account that the single harrisite crystal m easured in this sam ple is approxim ately perpendicu lar to 

layering and that D onaldson (1974; 1975a; 1976) frequently  finds that harrisitic olivine crystals may 

have a w ell-defined tabular or plate-like form , the A M S data for this sam ple in interpreted as follows. 

The m agnetic foliation defines a tabular p lanar form o f  the olivine crystal, grow ing perpendicular to 

layering as observed in the field and outlined earlier, in a tabular crystal form, the short axis is well 

distinguished relative to  the interm ediate and m axim um  axes. The K , axis o f  the m agnetic susceptibility  

ellipsoid m ay thus be tracking this w ell-defined plane (Fig. 4.18). As the m axim um  and interm ediate 

axes o f  a w ell-developed tabular crystal form are approxim ately equal, the harrisite crystal in this 

instance m ay not actually be tabular, but som ew hat longer in the orientation not observed in the hand 

specim en, i.e. its long and short axes are actually  parallel to the plane o f  layering and the interm ediate 

axis is perpendicular to the plane o f  layering (Fig. 4.18). [Note that the A M S ellipsoid for Sam ple HB3 

has three susceptibility  ellipsoid axes 1: 1.1: 1.14]. This interpretation derives from the m agnetic 

lineation w hich is oriented parallel to strike o f  m agm atic layer planes. The im plication o f  the 

interpretation is that as well as harrisite grow th in orientations relative to m agm atic layering already
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k n o w n  from  the  field ( show n  in Fig. 4 .18; D o na ldson  1975a; 1977),  g row th  o f  harris it ic  o l iv ine  in the 

or ienta tion  as i llustra ted in F igure  4 .18  m ay  a lso  be  poss ib le .
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Figure 4.1. Map of the Eastern Layered Intrusion in the Rum Layered Suite, AMS 
sampling localities, and structural data measured from large-scale magmatic layering (the 
latter after Emeieus et al. 1996). Inset A: Northern slopes of Hallival, the resistant pale 
rock steps are the upper troctoiite parts o f each Unit, and the intervening slack ground the 
lower peridotites. Inset B: The positions o f the detailed traverses carried out on the 
northern slopes o f Hallival.
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Figure 4.2. A. The macro units o f the Eastern Layered Intrusion give the hills o f Askival 
and Hallival their stepped topographical appearance viewed from the NE. B. Small-scale 
magmatic layering o f peridotite and troctoiite from the upper part o f Unit 10, northern face 
of Hallival (lens cap in upper left o f photo is 4cm in diameter).



Figure 4.3. A. Pervasive igneous lamination defined by tabular plagioclase crystals 
observed throughout the Eastern Layered Intrusion troctolites. B. Magmatic slumping and 
folding o f small-scale layering in Unit 10 troctolites, southern side o f Hallival (sequence is 
~4m thick).
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pervasive igneous lamination together with radial current directions deduced from 
macroscopic sedimentary structures.
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Figure 4.6. A: Magnetic foliation data for the Eastern Layered Intrusion. B: Magnetic 
lineation data for the Eastern Layered Intrusion.



Figure 4.7. Crystallographic orientations o f feldspar (A-C, left), measured on a U-stage, 
from Unit 9 of the Eastern Layered Intrusion (East face ofHallival), and (A-C, right) from 
south side o f Barkeval reproduced from Brothers (1964). Layer plane is oriented E-W in all 
cases, and B in both cases gives the orientation o f feldspar grain long axes. Both samples 
show a pronounced feldspar lineation parallel to strike o f magmatic layering.
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Figure 4.8. A: Diagram of the Rum intrusion illustrating magma chamber sedimentation 
processes and overall subsidence o f the body at a central feeder system along the Long 
Loch Fault. B: Schematic sketch of a magmatic layer plane illustrating the development of 
the dominant 'strike-parallel' lineation carried by cumulus olivine bearing magnetite 
dendrites and plagioclase aligned transverse to magma current fiovj directions as 
indicated by AMS data in this study and the crystallographic study o f Brothers (1964). 
Arrows are drawn on some crystals to show how reorientation may continue to occur 
through reshuffling and sliding o f grains in the crystal mush pile.
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Figure 4.9. A: Olivine 'dendrites' in harrisite, Harris Bay (coin for scale). B: Intersecting 
skeletal olivine crystals in harrisite Harris Bay (crystal orientations highlighted; lenscap for 
scale).

Dendritic

Hopper
tabular

Hopper
sub-equant Q

Granular

Figure 4.10. A: Schematic cross-section through a sequence o f layers (granular peridotite 
at base into overlying harrisitic feldspathic peridotite) illustrating the upwards increase in 
size and complexity o f olivine crystal morphology (after Donaldson 1977). B: Field 
photograph illustrating harrisite and granular textured peridotite layers.
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Figure 4.11. Map of the Rum Layered Suite illustrating the occurrence o f harrisite 
throughout the Eastern, Western, and Central Layered Intrusions. Harrisite sampling 
localities at Harris Bay, Ard Mheall, Hallival and Askival are also shown.
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Figure 4.12. Labelled CSD curves fo r  samples from : A- Harris Bay; B- Askival; C- 
Hallival; D- Ard Mheall.
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Figure 4.14. A: Rhythmically layered feldspathic peridotite a tA rd  Mheall. B: Linear train o f 
fragmented olivine crystals in feldspathic peridotite. C: Imbrication (highlighted) of 
fragmented harrisitic olivine crystals in feldspathic peridotite.
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Figure 4.15. Plot o f cooling estimates o f the time taken for harrisite layers to crystallize 
based on a range of values of layer thickness between a minimum o f 7 cm and a 
maximum of 10 m (Donaldson 1975a).
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layered harrisite and feldspathic peridotite a tA rd  Mheall. C, D and E: AMS data with field photographs o f Samples HB1, HB2 and HB3 (see text for
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Figure 4.18. Schematic model diagram illustrating the interpretation o f previous field 
observations o f harrisite crystal orientation in the field and that reached from the AMS 
fabrics revealed by Sample HB3 in this study.
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Table 4 .1 . AMS data fo r rocks of the Eastern Layered Intrusion
Km (E-6) Magnetic Foliation Magnetic Lineation H % F% L%

10 3.75E+03 162/3 SW 0 340 12.1 8 4
9 5.88E+03 122/36 SW 3 308 7.7 4 4
8 1.54E + 04 137/21 SW 2 312 3.9 2 2

11 6.30E+02 133/14 SW -1 311 4.9 4 1
10 1.50E+03 121/6 SW -5 335 5.8 5 1
10 2.82E+03 142/23 SW 12 296 7.7 4 4

9 3.28E+03 115/34 SW 34 219 5.8 4 2
8 5.32E+03 103/29 SW -22 337 4.9 4 1

10 3.40E+02 105/10 SW 7 263 5.8 4 2
9 1.38E+03 159/7 SW 3 317 14.7 10 5
9 6.09E+03 178/9 SW 6 317 31.5 26 5

Unit 10
6.80E+02 147/43 SW -3 338 3.9 3 1
2.64E+03 119/40 SW -31 354 3.0 2 1
1.40E + 03 122/25 SW -16 347 5.8 5 1
2.58E+03 119/20 SW -14 350 5.8 4
2.38E+03 126/16 SW -14 353 3.9 3 1
1.87E+03 113/34 SW 29 254 3.0 2 1
2.91E+03 121/18 SW -14 348 7.6 7 1
2.91E + 03 142/13 SW 6 309 5.8 5 1
2.06E + 03 158/11 SW 8 295 3.9 3 1
9.50E+02 165/28 SW 6 320 3.0 2 1
1.60E+03 129/24 SW -15 343 4.9 4 1
2.84E + 03 144/44 SW 43 216 3.9 3 1
2.96E + 03 16/37 SW 42 324 3.0 1 2
3.96E+03 148/14 SW 10 186 6.7 6 1
2.96E + 03 147/28 SW 25 207 5.8 4 2
2.81E+03 156/30 SW 29 260 6.7 5 2
3.48E+03 160/28 SW 25 264 6.8 4 3
2.65E+03 122/25 SW 26 260 10.3 8 2
2.15E + 03 163/31 SW 59 256 6.8 4 3
2.87E+03 165/38 SW 39 249 7.6 6 2
3.29E + 03 150/34 SW 25 271 4.9 4 1
1.88E+03 48/5 SW 7 302 6.7 5 2
1.28E + 03 29/14 SW 13 262 4.9 4 1
1.26E+03 29/14 SW 10 259 8.5 7 1
1.76E + 03 64/27 SW 32 321 2.0 1 1
4.40E + 02 141/16 SW -2 321 7.6 7 1
3.70E+02 20/41 SW 13 215 4.9 3 2
1.20E + 03 104/11 SW -2 337 4.9 3 2
2.00E+01 137/17 SW 8 291 3.0 0 3
2.00E+01 127/17 SW 2 314 4.9 4 7

1.04E+03 136/28 SW 15 344 35.1 31 4
1.00E+01 158/6 SW 4 298 5.8 4 2

1.04E+03 88/17 SW 1 256 3.9 2 2
3.70E+02 138/23 SW 2 312 8.5 7 1

Unit 10
2.05E+03 159/15 SW 8 307 3.9 3 1
5.07E+03 104/26 SW 10 278 3.9 3 1
2.95E+03 40/12 SE 6 291 4.9 3 2
1.26E + 04 142/28 SW 25 244 6.7 5 2
7.59E+03 132/37 SW 37 220 6.7 5 2
2.58E+03 115/14 SW 12 324 3.9 1 3
4.45E+03 33/50 SE 34 288 3.0 2 1
2.06E+03 117/20 SW 4 284 5.8 4 2
1.94E+03 127/26 SW 6 295 4.9 4 1
4.17E + 03 113/24 SW 3 287 9.4 9 0



Table 4.2. Model growth rates of olivines of different shapes (Henderson and Williams (1979)
Morphology Mean U (n g -g -1 ) Growth Rate (m m  sec-1)

Granular 5 1.2 X 10-5
Hopper 5.99 4.8 X 10-5
Harrisitic 8.34 6.4 X 10-5



Tab le 4 .3 . Sample numbers and CSD data for harrisitic and granular olivines from the Rum Layered Suite
______________________________________________ C rys ta l-m e lt contact tim e ________________________ Nucleation  ra te

Sam ple Crystal m orphology Slope l.n(nO) t 1 (Hours) x2 (days) t3 (jears) J l (mm^-3s''- 1) J2 (m in^-3s^-l) J3 (m m ^-
R1 Granular (1:1.2:17) -1.6492 1.3055 14 19.2 4.4x 10''-5 3.7 X 10''-9
R2 Skeletal Hopper (1 1.25:1.9) -0.5997 -2.3141 9.7 193 4.8x lO-'-e 9.9 X 10"-9
ARH1 Skeletal Hopper {1 1.4:2.8) -0.4815 -2.5633 12 240.4 3.7 X 10^-6 7.7x 10"-9
ARH2 Skeletal Hopper (1 1.5:1.9) -0.7381 -2.0782 7.8 156.8 6 X 10''-6 1.3x lo^-e
ARH3 Skeletal Hopper (1 1.3:2.4) -0.5035 -2.1988 11.5 229.9 5.3x 10''-6 1.1 X 10''-8
ARH6 Skeletal Branching (1:1.5:3.6) -0.5351 -1.5065 8.1 216.3 1.4 X 10''-5 2.2 X 10-'-8
PI Granular (1:1.4:2.8) -1.252 0.8897 18.5 25.3 2.9x 10''-5 2.4x 10"-9
HB1 Skeletal Branching (1:2:10) -0.3151 -2.0322 13.8 367.3 8.4 x 10^-6 1.3 X 10''-8
HB2 Skeletal Branching (1:2.5:9) -0.3137 -2.2376 13.8 369 6.8 X 10''-6 1.1 X  10"-8
R15 Skeletal Branching (1:2.5:5) -0.4616 -1 5428 9.4 250.7 1.4 X  10^-5 2.1 X  10''-8
R16 Skeletal Hopper (1 1.25:1.8) -0.8069 -0.9184 7.2 143.4 1.9 X  10''-5 4 X  lO '-e
R17 Skeletal Hopper (1 1.4:1.7) -0.8127 -1.7707 7.1 142.4 8.2 X 10''-6 17 X  10^-8
R31A Skeletal Hopper (1 1.7:2.3) -0.8394 -1.0259 6.9 137.9 1.7 X  10''-5 3.6 X 10''-8
R31B Granular (1:1.25:1.8) -1.6545 1.082 14 19.2 3.5 X 10^-5 3 X  10''-9
R32 Skeletal Hopper (1:1.6:3.2) -0.746 -0.6938 7 8 155.2 2.4 X 10''-5 5 x  10"-8
R33 Skeletal Hopper (1:1.25:2) -0.8908 -0.5143 6.5 129.9 2.9 X  10^-5 6 x  10''-8
R34 Skeletal Branching (1:1.2:1.9) -0.5848 -2 0154 9.9 197.9 8.5 X  10"-6 1.3 X 10''-8
R36A Granular (1:1.2:1.8) -1.7797 1.9141 13 17.8 8.1 X 10''-5 6.7x 10''-9
R36B Skeletal Hopper (1:1.6:3 2) -0.8445 0.2326 6.9 137.1 6.1 X 10''-5 1.3 X 10''-7
R37 Granular (1:1.25:1.7) -1.1529 0.0634 20.1 27.5 1.3x 10''-5 1.1 X  10^-9

_________________________________________________________________ Table 4 .4 . AMS data for Ard Mheall harrisite samples_______________________________________________________________________
Sam ple Kmean K1_________________________Dec_____ In c ______K2_________ Dec_______ In c ________ K3_____________ Dec____________ In c_____________ L________ F________ H________

H B l 8077.55 1.007 44.1 48.5 1 001 38.8 -41.4 0.992 131.1 -2.6 0.62 0.82 1.43 36.9
HB2 3645.77 1.02 241.1 -4.4 1.004 331.4 -3.3 0.976 277.9 84.5 1.65 2.75 4.4 31
HB3 13839.7 1.056 20.6 28.2 1.016 118.8 15 0.928 233.6 57.4 4.05 8.81 12.86 24.7
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Chapter 5 The Skye Dm im  Hain Layered Gabbros

5.1 In troduction

The Cuillin Complex is the oldest major plutonic suite of rocks o f Palaeogene age preserved on the Isle 

o f Skye and is dominated by coarse-grained partially-layered mafic and ultramafic lithologies (Bell and 

W illiamson 2002). The complex is approximately 8 km in diameter, and where present, magmatic layering 

generally dips toward a focal point below Meall Dearg, at the southern end o f Glen Sligachan (Fig. 5.1). The NE 

portion of the complex has been intruded by the later granites o f the Srath na Creitheach and Western Red Hills 

Centres. Elsewhere, the complex is intruded into plateau lavas.

The Cuillin gabbro complex has been sub-divided into three major groups as follows (and see Fig. 5.1; 

Emeleus 1991; Bell and Williamson 2002): (i) the Outer Gabbros (oldest); (ii) the Outer Layered Suite; and, (iii) 

the Inner Layered Suite (youngest). The Outer Gabbros comprise a heterogeneous group o f structureless 

(generally unlayered) gabbro and bytownite gabbro extending in an arc from Loch Scavaig in the south to Sgurr 

nan Gillean in the north. The Outer Layered Series comprises an extensive and sometimes exceptionally well- 

layered group of troctolites, feldspathic-olivine-rich peridotites and bytownite gabbros. The Inner Layered Series 

is separated from the Outer Layered Series by the strongly transgressive unlayered Druim na Ramh Ring Eucrite, 

interpreted as the type example o f a mafic ring-dyke in the Skye central complex. The Inner Layered Series 

consists of a number of distinct masses of layered and unlayered gabbro, bytownite gabbro and bytownite 

troctolite. O f these, the Inner Gabbros, also referred to as the Druim Hain layered gabbros (Fig. 5.1), exhibit the 

best examples o f magmatic layering and more importantly for this study (intimately associated with the layering), 

some o f the best and most extensive known examples o f layer-parallel igneous lamination (c f  Harker 1904; 

W ager and Brown 1968; Bell and Williamson 2002) in the entire British Palaeogene Igneous Province. The 

relatively small (and comparatively poorly studied) area covered by the Druim Hain layered gabbros was chosen 

in this study for a detailed examination o f the relationship between magmatic layering, igneous lamination, 

magnetic (AMS) fabrics and crystal size distributions on the basis o f three criteria:

(1) The E-NE dipping rhythmically layered cumulate sequence o f  Druim Hain are superbly exposed on 

west dipping slabs and almost always displays an exceptionally well-developed layer-parallel 

igneous lamination (Harker 1904; Wager and Brown 1968). This macroscopic foliation is carried 

by a variety of different mineral grains, depending on the mineral composition o f the laminated 

magmatic layer.
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(2 )  B oth  m a g m a tic  layer  and  ig n e o u s  la m in a tio n  p la n e s  d isp la y  a m ark ed  9 0 °  ‘ s tr ik e -sw in g ’, from  an 

E -W  n o rth -d ip p in g  or ien ta tio n  in the sou th  to  a N -S  e a s t-d ip p in g  or ien ta tio n  in the north o f  the  

in trusion . T h e  A M S  data, i f  c lo s e ly  re la ted  to th e se  m a c r o sc o p ic  fa b r ics, m ig h t b e  e x p e c te d  to  

p ara lle l th em .

(3 )  S ev era l p r e v io u s  s tu d ie s  (e .g . G e ik ie  and T eal! 1894; W ager and  B ro w n  1 9 6 8 ) h a v e  m a d e  re feren ce  

to  the  p r e se n c e  o f  abundant prim ary  c u m u lu s  and in tercu m u lu s m a g n e tite  in the  D ru im  H ain  

la y ered  g a b b ro s. A s  d esc r ib ed  a lread y  in th is  stu d y , the  p r e se n c e  o f  th is  m inera l is  u sefu l for  A M S  

fabric  m ea su rem en t as m a g n e tite  d o m in a te s  th e  su sc e p tib ility  and  h e n c e  the  A M S  o f  an y  rock  it 

o c c u r s  in (C h ap ter  2 ). T h er efo re , the  fabric  m ea su red  w ill  b e  h o m o g e n o u s , i.e . co n tro lled  by o n ly  

o n e  m inera l p h a se .

5.2 M agmatic layering and internal structure

T h e la y ered  g a b b ro s e x p o se d  on  the D ru im  H ain  r id g e  c o m p r ise  a se q u e n c e  o f  la y ered  cu m u la tes  

a p p r o x im a te ly  7 0 0  m th ick . L a y e r in g  is ty p ic a lly  p o o r ly  d e v e lo p e d  w ith  n o  e v id e n c e  o f  an a sso c ia te d  la m in a tio n  

o b se r v e d  at th e  b a se  o f  (th e  W  and N W ) o f  the  in trusion  ( lo w e r m o st  2 5 0  m  o f  stratigrap h y). A b o v e  th is  is 

a p p r o x im a te ly  4 0 0  m  o f  la y ered  ga b b ro , c o m p r is in g  o liv in e , p la g io c la se , m a g n e tite  and c lin o p y r o x e n e -r ic h  

la y ers . T h e se  are rarely  m o n o m in e r a lic , but are ty p if ie d  b y  la yers rich in o n e  or tw o  o f  the m inera l c o m p o n e n ts  

lis ted . M a g m a tic  la y er in g  g e n e r a lly  o c c u r s  at a sm a ll- sc a le  (c m  to  m ) (F ig s . 5 .2 A  and 5 .2 B ) . W ager and B row n  

( 1 9 6 8 )  rep orted  an upw ard  c h a n g e  o f  A n ^  to  A n 5 « in p la g io c la se  fe ld sp a r  c o m p o s it io n s  and from  Fo66 to  F o 5 « in 

o liv in e  c o m p o s it io n s . N o  e v id e n c e  is o b se r v e d  for  c y c l ic  rep etitio n  o f  se q u e n c e s  or p a c k a g e s  o f  m a g m a tic  layers  

up se q u e n c e , a lth o u g h  the layered  se q u e n c e  d esc r ib ed  a b o v e  is p u n ctu ated  on  5 (o b se r v e d )  o c c a s io n s  b y  thin  

p la g io c la se -r ic h  layered  p a c k a g e s  a p p ro x im a te ly  3 m th ick . M a g m a tic  la y e r in g  here  is  ty p ic a lly  m o n o m in e r a lic  

w ith  la y ers o f  a n o rth o site  or m a g n e tite  d o m in a tin g  (F ig . 5 .3 A  and 5 .3 B ) . T h e se  p a ck a g es  o ften  a n a sto m o se  

s lig h t ly , p a ra lle led  b y  la y e r in g  and ig n e o u s  la m in a tio n , as i f  th e y  h a v e  b e e n  sy n -m a g m a tic a lly  d efo rm e d . T he  

eastern  s id e  (to p  o f  se q u e n c e )  o f  the in trusion  is  ch a ra cter ized  b y  c o n ta in in g  a h o st o f  x e n o lith s  o f  v a ry in g  

c o m p o s it io n . T h e se  in c lu d e  in p articu lar fra g m en ts o f  L e w is ia n  g n e is s , f in e -g ra in ed  m a fic  x e n o lith s  and green ish  

h ig h ly -a lte r e d  b lo c k s  o f  b asa lt. T h e  ga b b ro s at th is  ea ster n m o st s id e  o f  the  in trusion  are not w e ll- la y e r e d , but 

h ig h ly -a lte r e d  and  v e in e d  w ith  fe ls ic  and m a fic  p e g m a tite s  and  d y k es .
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Layering in the Druim Hain gabbros strikes parallel to the outer contacts o f the intrusion and dips 

inward without exception toward a focal point beneath the Meall Dearg granophyre of the Srath na Creitheach 

Centre (Fig. 5.4), whose intrusive contacts bound the eastern side o f the gabbros. Mapping of magmatic layering 

and igneous lamination has revealed a distinct steepening-in ward trend in both (30-70°) as this focal point is 

approached. Field observations suggest that the igneous lamination varies in intensity. Though this may in part be 

attributed to some minerals (e.g. olivine) being less suited to carrying such a fabric than plagioclase, variation in 

intensity o f lamination is also observed in plagioclase cumulate throughout the intrusion (Fig. 5.5). With the 

exception of the igneous lamination, little evidence has been observed in the Druim Hain gabbros for small-scale 

structures (such as slumping or trough layers) often observed in association with other layered gabbro sequences 

in this study and in layered mafic intrusions elsewhere, e.g. the Skaergaard intrusion (Wager and Brown 1968; 

Irvine et al. 1998). Toward the eastern side (roof) o f the intrusion however, sporadic fine-grained mafic blocks 

(dropstones) are sometimes observed deforming the layered sequence beneath them as illustrated in Figure 5.6A 

and in two cases are very large, measuring 4.5 m and 2 m in diameter (e.g. Fig. 5.6B). On one occasion graded 

bedding is observed in an olivine-rich gabbro at the centre o f  the Druim Hain layered gabbro. This corresponds 

with Wager and Browns (1968) assertion that such structures were also ‘rare’ through out the layered sequence.

5.3 A nisotropy o f M agnetic Susceptib ility  Data

5.3.1 Sampling methodology

Block sampling was carried out exclusively on 23 sites in the well-layered upper portion o f  the Druim 

Hain gabbros (the lower poorly-layered 100-200 m were not considered). Two sites were double-sampled to test 

for within-site variation. Eight to twelve sub-samples were drill-cored from each block and site mean tensor data 

were calculated from the measurements (Owens 2000). All o f the sampled sites exhibit well-developed layering 

together with a good layer-parallel igneous lamination, both o f which were measured at each locality for 

comparison with the AMS data. The AMS sampled sites are illustrated in Figure 5.7. It is important to note that 

completely monomineralic magnetite layers were not selected for AMS analysis, as they typically did not carry a
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discernible igneous lam ination in the field. In addition, it is anticipated that it w ould be im possible to m easure 

such rocks w ith the KLY3 K appabridge because o f  expected very high K„^a„ values '.

5.3 .2 AMS Results

AM S data for the D ruim  Hain layered gabbros is presented in T able 5.1 and illustrated in F igures 5.7 

and 5.8. Bulk susceptibilities (Kmea„) are quite high, ranging betw een 6 and 166 x 10'^ SI, suggesting  volum e 

concentrations o f  m agnetite o f  up to 6-7%  (B alsley  and B uddington 1958). This is supported  by reflected  and 

transm itted  light m icroscopy that indicates m agnetite typically  occurs as subhedral and anhedral grains (the latter 

occurring  as interstitial grains to o ther equant grains such as olivine or plagioclase; see Fig. 5.9A ). M agnetite m ay 

also  be enriched in m agm atic layers, occasionally  form ing m onom ineralic bands (Fig. 5.9B). The D ruim  Hain 

gabbros therefore contain prim ary m agm atic m agnetite cum ulus or intercum ulus grains in w ell-developed 

cum ulate  textures ( c f  W ager and Brown 1968). It is also worth noting  that G eikie and Teall (1894), in the only 

detailed  published petrological study o f  these rocks, express no doubt that the m agnetite in these rocks 

crystallized  from the original D ruim  Hain m agm as.

Total anisotropy degree (H)  values are also very high, ranging betw een 7 and 25%  for the D ruim  Hain 

rocks. In the vast m ajority o f  cases, the m agnetic foliation (F) com pletely dom inates the A M S fabric over the 

m agnetic lineation (L ) (Table i ). Except for Sam ple 11, the orientations o f  the m agnetic foliation planes are very 

consistent, and as with the lam inated ( ‘flux ion’) gabbros o f  A rdnam urchan (C hapter 3) and the lam inated 

trocto lites o f  the Rum Eastern Layered Series (C hapter 4), parallel the m acroscopic layering/igneous lam ination 

(Fig. 5.7 and 5.8). A gain, this is a good indication that the A M S fabrics reflect the fabric observed in the field, 

and m ay suggest, as with the lam inated gabbros on A rdnam urchan, that the A M S (m agnetite  fabric) is being 

contro lled  to som e extent by the existing silicate tem plate or fram ew ork. T his m ay be particularly  true o f  those 

sam ples in w hich m agnetite is a very com m on interstitial (in tercum ulus) com ponent, rather than as subhedral 

cum ulus grains. Taking the above into consideration, it is probable that an error occurred in either the field 

orientation  o r the laboratory reorientation o f  Sam ple 11 to  produce the anom alous A M S fabric it exhibits (Fig. 

5.7).

' The upper lim it o f  bulk susceptibility  that the KLY3 instrum ent w as capable o f  m easuring w as found to  be 3 x 
10 ' SI in this study (corresponding to  approxim ately 10 vol%  m agnetite), m easured for a sam ple from Skye that 
has not been included in the dataset presented (as analysis could not be com pleted).
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H ow ever, as the L /F  ratios m ight suggest, the susceptib ility  e llipsoids are dom inantly  very oblate in 

shape (Fig. 5,10). The principal (K |)  axes o f  the D ruim  Hain ellipsoids are very inconsistent in term s o f  their 

o rientations and trend in d ifferent orientations on m agnetic foliation planes (unlike the dom inant intrusion-scale 

m agnetic lineation trends observed in both the lam inated gabbros o f  A rdnam urchan and the lam inated troctolites 

o f  the Rum Eastern Layered Series; C hapters 3 and 4). W hen considered in conjunction with the ellipsoid  shapes, 

w hich indicate that L  is quite weak, it is reasonable to assum e that the m agnetic lineation is both statistically  and 

d irectionally  too w eak to  be relied  on as a valid petrofabric indicator at an intrusion scale in this instance.

5.4 C SD  A nalysis

5.4.1 Sam pling m ethodology

Crystal size distribution analysis was carried out on six o f  the A M S sam ples described above, in a 

m anner consistent w ith CSD analysis on the A rdnam urchan lam inated gabbro sam ples (C hapter 3), i.e. in order to 

gain an insight into the textural evolution o f  the w idespread igneous lam ination. As plagioclase and pyroxene are 

quite abundant in the D ruim  Hain cum ulates and often form  subhedral-euhedral crystals, it w as possible to  carry 

out CSD  analysis on both m ineral phases as follows:

(1) Plagioclase in Sam ples 6, 8 and 23.

(2) Pyroxene in Sam ples 4 and 15.

(3) Plagioclase and pyroxene in tw o sections [parallel (S I8 A ) and perpendicu lar (S I8 B ) to  the igneous 

lam ination] in Sam ple 18.

5.4.2 CSD Result.s 

5 .4 .2 .1 CSD Plots

CSD  data for the D ruim  Hain sam ples is presented in Table 5.2 and CSD  plots are illustrated in Figure 

5.11. The plots exhibit considerable variation in shape depending on tw o factors; the m ineral phase analysed and 

the strength o f  the igneous lam ination in the sam ple. A lthough som e sam ples exhibit an apparent deviation from  a 

log-linear profile (e.g. 4, 15, 23), linear regression analysis reveals that none have an value o f  less than 0.91. 

M easured slope values for the CSD curves are quite consistent (-1.1 to -1.9), with the exception o f Sam ples 4  and 

23, w hose curves have much shallow er slopes (-0.5 and -0 .8  respectively).
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Two groups are recognized in the CSD curves on the basis o f plot shape and slope value. The first group 

o f  CSDs contains plots that exhibit generally steeper slope values and simple, relatively straight curve shapes 

(Samples 6, 8 and 18 [nos. 1-4]). The CSDs from Sample 18 seem to be better separated by slope on the basis o f 

whether they have been cut perpendicular or parallel to the igneous lamination, rather than by mineral phase 

measured. The plagioclase and pyroxene CSDs derived from thin-sections cut parallel (S18A) to the igneous 

lamination have somewhat steeper slopes (-1.7 and -1.9 respectively) than those cut perpendicular (SI8B ) to the 

igneous lamination (-1.1 and -1.1 respectively). However, Figure 5.11 shows that, despite this, the four CSDs 

from Sample 18 appear very similar, indicating that the CSD data is accurate as the CSDCorrections program is 

required to take the foliation and crystal shape parameters o f a sample into account.

The second group o f CSD plots is characterized by more complex plot shapes (Sample 15) or more 

complex plot shapes and much shallower slopes (Sample 4 and 23). Samples 15 and 23 are both characterized by 

plots that display gently concave-upward shapes at larger size fractions, though Sample 15 has a much steeper 

slope value (-1.8 and -0.8 respectively). Sample 4 has both a complex shape (pronounced ‘hum ped’ profile at 

smaller crystal size fractions and broad concave-upward shape at larger size fractions) and a very shallow slope (- 

0.5).

Closure limits were again calculated to assess the quality of the CSD data as outlined in previous 

chapters following Higgins (2002a; 2002b) and Boorman et al. (2004). Figure 5.12A shows characteristic grain 

length plotted against intercepts together with empirically calculated closure limits using an average aspect ratio 

o f 1;2.3:4.5 for the Druim Hain laminated gabbros and shows that all sample data falls well within permitted 

range, i.e. below the line representing 100% crystallinity. A plot of CSD characteristic grain length against 

volume phase proportion (c f  Higgins 2002a) shows that with the exception of Samples 4 and 23, all samples fall 

within a fairly well-constrained group o f characteristic grain length (Fig. 5.12B).

5.4.2.2 Crystal growth times and nucleation rates

Crystal growth times have been calculated for plagioclase and pyroxene crystal populations in each 

sample using slope data and a growth rate for both of 1 x 10 '° mm.s ' (Cashman and Marsh 1988; Higgins 1996; 

Marsh 1998). These times are generally quite consistent (163-289 years) for 4 of the 6 samples measured (Table 

5.2). Samples 4 and 23 fall outside this range of crystal growth times with results o f 417 and 676 years
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respectively. P lagioclase and pyroxene from Sam ple 18 have crystal grow th tim es o f  175-289 years and 186-281 

years respectively, giving only a range o f  tim e o f  crystal grow th for each in the cum ulate pile.

N ucleation densities (n°) have been calculated  from  the Y-axis intercepts on the CSD  curves and are 

show n in Table 5.2. CSD  intercepts (Ln [n°]) range from -1 .4  to 2.9 m m ^ (n ° =  2.4 x lO ' to 19.8 mm"*). These 

values are very low com pared w ith published values on plagioclase nucleation densities (C ashm an and Marsh 

1988), but are sim ilar to values o f  n" presented for the A rdnam urchan lam inated gabbros (C hapter 3) 

C onsequently , values o f  nucleation rate (J) are also com parable to  nucleation rates obtained for the 

A rdnam urchan lam inated gabbros, ranging from  2.4 x 10 '" to  1.9 x lO ’ mm '^s''.

As w ith the A rdnam urchan lam inated gabbros, it m ay be that coarsening or ripening o f  cum ulate 

textures has led to a rotation o f  CSD slopes to shallow er sizes ( c f  M arsh 1998; H iggins 2002a). T he results 

presented  above are thus also treated with caution, as it is p lausib le that the calculations have produced greatest 

values o f  and least values o f  J.

5.5 Electron M icroprobe Data

5.5.1 Introduction

Four plagioclase crystals from  a sam ple o f lam inated  gabbro w ere selected for m ajor elem ent analysis o f 

sub-crystal zonation for com parison with the textural and A M S data described above. A s with C hapter 3, analysis 

w as carried out under the laboratory and instrum ental conditions given in C hapter 2. Sam ple 18, a w ell-lam inated 

p lagioclase and clinopyroxene-bearing cum ulate, was selected for m icroprobe analysis o f  approxim ately  one 

hundred points per crystal at betw een 43 and 54 ^m  spacing.

5.5.2 M icroprobe data

Figure 5.13 is a sum m ary o f  the m icroprobe data for plagioclase from  Sam ple 18. The graphs illustrate 

A n%  and FeO, plotted against (rim -to-rim ) d istance for each o f  the crystals analysed. The K^O-CaO-Na^O 

com position o f  each crystal is p lo tted  in the feldspar ternary  diagram  in Figure 5.13, illustrating that all four are 

very sim ilar in com position. A northite contents for the four crystals range betw een approxim ately 70 and 80%, 

typically  w ith less than 5%  An variation betw een any tw o data  points. [The m axim um  AAn%  betw een any tw o 

given data points is -7 % ]. H ow ever, although a degree o f  rim -to-rim  variation is observed in each crystal, no 

evidence o f  distinct com positional zones arc present, in direct contrast to Sam ple 5 described from Sithean Mor,
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A rdnam urchan in C hapter 3. All four crystals have quite sim ilar FeO, contents, with relatively uniform  

com positions across crystal lengths in all four cases.

5.6 D iscussion

M agm atic layering at all scales on D ruim  Hain appears to  define a saucer-like internal structure to the 

layered gabbros sim ilar to the layering trends observed in the A rdnam urchan and Rum intrusions (C hapters 3 and 

4). H owever, the Druim Hain gabbros com prise only a sm all part o f  the Skye m afic-ultram afic pluton, and it 

w ould be unreasonable to  draw  conclusions regarding the geom etry  o f  the intrusion as a w hole from this 

localized, though detailed, study. Indeed, it is not even certain that the gabbros o f  the Cuillin C om plex can 

realistically  be considered as a single intrusion, o r w hether perhaps a suite o f  nested (lopoliths?) might be a m ore 

likely alternative. T his study will therefore use the field observations, A M S and textural data presented above to 

m ake inferences on the developm ent o f  m agm atic layering and the pervasive layer-parallel igneous lam ination at 

D ruim Hain alone, w ithout extensive speculation on the em placem ent o f  the w hole Cuillin C om plex.

Though rhythm ic layering is exceptionally  w ell-developed at D ruim  Hain, associated sm all-scale 

structures that m ight give an insight into layer-developm ent are conspicuous by their rarity. Though the 

ubiquitous layer-parallel igneous lam ination is an exception to this, the usefulness o f  the latter on its own in 

aiding determ ination o f  m agm a cham ber processes is lim ited, as has been discussed in previous chapters. Indeed, 

it w ould be highly unreasonable to invoke a separate density  current to account for every single w ell-lam inated 

and/or m onom ineralic layer in the Druim Hain layered sequence, particularly  as alm ost all o f  them are well- 

lam inated. T his m eans that there is little or no direct field evidence for or against prim ary ‘sed im entary’ 

processes being  a significant m echanism  in the developm ent o f  layering at D ruim  Hain. H ow ever, the consistent 

steepening-inw ard (eastw ard) from  -3 0  to -7 0 °  o f  layering and lam ination planes is com pelling  evidence that 

central subsidence, such as interpreted for Rum and A rdnam urchan, m ay have been an im portant process in the 

developm ent o f  the D ruim  Hain intrusion too. W hether this reflects central subsidence o f  the C uillin C om plex as 

a w hole, o r a separate younger D ruim  Hain intrusion is again beyond the scope o f  this study to discuss.

M agnetic fabric susceptibility  ellipsoids are dom inantly  very oblate and as w ith lam inated gabbros from 

elsew here described in this thesis, the m agnetic foliation p lanes consistently  parallel the igneous lam ination. 

However, the m agnetic lineation (L) is very weak and despite the sensitivity  o f  the A M S technique, very 

inconsistently oriented, giving no evidence for a consistent flow pattern or syn-m agm atic deform ation fabric
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throughout the D ruim  Hain gabbros. As the m agnetic foliation traces out the igneous lam ination very w ell, it 

m ight be assum ed that w ere there a consistent m acroscopic m agm atic lineation present in these rocks, it w ould be 

reflected  by the m agnetic lineation. it m ust be noted that though no consistency is revealed from  the m agnetic 

lineation data betw een d ifferent sites, m any sam ples have very w ell-defined (w ell-oriented) m agnetic lineations. 

H ow ever, o f  the tw o double-sam pled sites (2 and 13), considerable w ithin-site m agnetic lineation variation  is also 

observed, suggesting that the m agnetic lineation cannot be treated  as a reliable rock fabric indicator to  any degree 

w hatsoever, it m ay thus be reasoned that there is very little evidence in the Druim Hain rocks for e ither m agm atic 

flow  or sedim entation processes as an im portant process in m agnetic fabric developm ent.

Crystal size distribution data from D ruim  Hain suggest that although secondary (postcum ulus) processes 

m ay have been significant in som e sam ples (e.g. 4, 15 and 23), lam ination developm ent cannot be solely 

attributed  to late-stage ‘O stw ald ripen ing’ or ‘crystal-ageing’. The reason for this is that m any o f  the lam inated  

sam ples m easured for CSD, i.e. Sam ple 6, 8 and 18 (nos. 1-4), that include both plagioclase and pyroxene C SD s, 

are quite straight at the larger size-fraction portions o f  the curves. This indicates (as suggested for o ther sim ilar 

C SD s at G lendrian and A chnaha on A rdnam urchan in C hapter 3) that crystallization w as relatively  sim ple 

w ithout the addition o f  foreign crystal/nuclei populations or significant crystal ripening in the late-stage 

crystallisation  history o f the cum ulate pile. A relatively consistent range o f crystal grow th tim es for Sam ples 6, 8 

and 18 (nos. 1-4) (i.e. 163-289 years) supports this. M icroprobe analyses for Sam ple 18 also substantiate the CSD 

data and the interpretation above, by giving little evidence o f  distinct grow th and/or ripening events in the 

cum ulate pile during crystallisation, as all feldspars analysed m aintain quite consistent com positions across their 

respective lengths.

It is therefore tentatively  suggested that prim ary m agm a cham ber processes are responsible fo r the initial 

developm ent o f  the igneous lam ination (w ithout any form ation o f  a lineation) at D ruim  Hain. O ne such process is 

sim ple gravitative settling o f  tabular plagioclase and tabular-acicular pyroxene grains (see W ager and Brown 

1968), w hich w ould probably result in crystals falling into position on their broad (flattish) faces form ing a strong 

planar fabric. Such a m echanism  w ould not produce a linear arrangem ent o f  crystals w ithin the p lanes o f  

lam ination consistent with the field and AM S observations in this study. H ow ever, m any studies (M cB im ey and 

N oyes 1979; M orse 1979; B oudreau and M cB im ey 1997) have questioned the ability  o f  p lagioclase crystals, 

w hich have dem onstrably low er densities than m afic silicate m elts, to  settle, referring  to  the ‘p lagioclase flotation 

p rob lem ’. The crystal settling hypothesis cannot be ruled ou t entirely for the D ruim  Hain gabbros, even for
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plagioclase, as Irvine et al. (1998) outlines a num ber o f  processes by w hich p lagioclase m ay accum ulate to  form 

layers at the base or sidew alls o f  a m agm a cham ber. These include the tiling  or ‘s tick ing ’ o f  plagioclase to  more 

m afic phases for periods during settling  and the sinking/settling o f  plagioclase crystals in large ‘ra fts ’ or ‘m ats’ 

instead o f  as single crystal grains. H owever, it is not certain that the above scenarios w ould produce the 

ubiquitous lam ination observed throughout the w hole o f  the D ruim  Hain layered sequence, in any case, Irvine et 

al. (1998) also states that the above m echanism s are im portant only in overcom ing the buoyancy o f  plagioclase; 

m agm atic currents are required  in order to separate crystals into m onom ineralic layers and  to create lam ination. 

A dditionally , crystal-settling theory requires the presence o f  a m agm a-crystal m ush interface, w here crystals m ay 

accum ulate, it m ight be expected that the presence o f  such an interface w ould  give rise to  sm all-scale 

‘sed im en tary ’ structures associated w ith layering. These need not necessarily  develop through flow, but might 

include features such as slum ping o f  denser layers into less dense, i.e. soft sedim ent deform ation or modal 

g rad ing  o f  individual layers, it should be em phasized again that evidence for m agm atic currents and such sm all- 

scale structures are rare to absent throughout the w hole o f  the D ruim  Hain sequence.

M cB im ey and N oyes (1979) and Boudreau and M cB im ey (1997) suggested  that m agm atic layering and 

consequently  the very closely  associated igneous lam ination o f  som e layered in trusions could  form  through in 

situ  crystallization. They envisaged exam ples o f p lanar crystal fabrics developing sim ultaneously  w ith layering 

along slow -m oving gradients or chem ical equi-potential at inw ard m oving solidification fronts as an intrusion 

cooled. M cB im ey and N oyes (1979) presented convincing evidence for this process in the Skaergaard intrusion. 

T his m echanism  (giving rise to non-dynam ic layering as defined by B oudreau and M cB im ey 1997) explains why 

strong p lanar fabrics m ight arise w ithout any evidence for a linear com ponent w ithin the lam ination plane and 

w ithout any developm ent o f  sm all-scale structures associated w ith layering. The position and d iam eter o f  the 

D ruim  Hain gabbros at the upperm ost part o f  the Cuillin C om plex strongly indicates that they developed quite 

close to  the ro o f o f  the intrusion. This suggestion is supported  by the com paratively  large num ber o f  Lewisian 

and basaltic  country-rock xenoliths along the crest o f  the D ruim  Hain ridge (the easternm ost extent o f  the 

intrusion) as described above and by the extensive alteration (m etasom atism ) that seem s to  have occurred there, 

i f  the D ruim  Hain gabbros are indeed close to the ro o f o f  the intm sion as inferred, then it m ight be suggested  that 

an inw ard/dow nw ard m oving solidification front developed the rhythm ic cum ulate sequence at D ruim  Hain from 

the top to the bottom . H owever, this possibility  m ay be ruled out as several ro o f o r upper wall blocks have clearly
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fallen dow nw ard to deform  the layered rocks high up in the sequence (Figs. 6A and 6B), suggesting instead that 

the crystal m ush/solidification front built/m oved from the bottom  upw ard.

It is considered that the effect o f  this solidification front on diffusive and therm al gradients m ay  have 

contro lled  the direction o f  crystal grow th at the m elt-crystal m ush interface in a m anner suggested by M cB im ey 

and N oyes (1979). For exam ple, w here the therm al gradient falls below  the liquidus curve, the liquid m ay 

becom e constitu tionally  undercooled, leading to crystal grow th perpendicular to  the direction o f  m ovem ent o f  the 

solidification front (e.g. certain types o f  harrisitic olivine grow th described in C hapter 3). H ow ever, w here 

solidification is slow er, the diffusion gradient will be less steep and crystals m ay grow  w ith their broad faces 

parallel to the direction o f  the advancing solidification front. A lthough B oudreau and M cB im ey (1997) seem  to 

have subsequently  abandoned th is m odel, it is believed that the oscillatory nucleation and grow th o f  layers 

together with a solidification-front control on foliation developm ent can explain tw o features in the D ruim  Hain 

rocks not explained by any o ther model:

(1) The occurrence o f  up to ~^00 m o f  continuously  w ell-layered cum ulate, w hose layering is 

often at a scale o f  several centim eters and can be laterally extensive on scales up to 150 m, 

and w hich is difficult to reconcile w ith continuous m agm atic flow and sedim entation.

(2) The presence o f  a ubiquitous layer-parallel igneous lam ination o f  m any o f  the m ineral 

phases (throughout alm ost all o f  this 400 m o f  cum ulate), the initial stage o f  form ation o f  

w hich is inferred, largely from  CSD  evidence, to have been related to p rim ary m agm a 

cham ber processes.

This process m ay be explained as follow s: Slow rates o f  chem ical diffusion m ay lead to the production o f  a 

chem ical boundary layer adjacent to the crystal face that is depleted  in the crysta l’s com ponents and enriched in 

the incom patible com ponents. As it is the chem ical potential adjacent to the crystal face that controls the rates o f 

grow th o f  the different faces o f  the crystal, replacem ent o f  the depleted liquid by m ore enriched m agm a through, 

for exam ple, m agm a stirring or m ovem ent, changes the chem ical potential at the crystal face and hence the 

grow th rate and crystal habit. Crystal faces w ith the fastest grow th rates are m ost strongly affected  by this

process, as they are the m ost depleted in the com patible com ponents. T herefore, m inerals such as p lagioclase will

have long and interm ediate axes accentuated relative to the short axis during this process.

O scillatory nucleation and grow th o f  layers as m entioned above is responsible for the m ineral phase 

grow ing in a m agm atic layer w here the proportions o f  sim ultaneously nucleating and precip itating  m inerals are
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varied  at the solidification front through, e.g. convective overturn, input o f  new  m agm a, loss o f  volatiles, and/or 

contam ination  (B oudreau and M cB im ey 1997). H owever, any m odel erected m ust also explain the lack o f 

substantial (or consistent) com positional (A n%  and FeO,) variation (e.g. AAn is alw ays 7% ) in rim -to-rim  

traverses o f  the plagioclase in Sam ple 18. i f  significant postcum ulus processes w ere responsible for this lack o f  

variation, even m inor (<5% ) variation m ight not be observed, i.e. the feldspars m ight be expected to  have 

com pletely  equilibrated. It seem s m ore likely that, despite the m agm a cham ber p rocesses leading to changes in 

the proportions o f  nucleating  and crystallizing m ineral phases at the solidification front, the feldspars grew  in a 

m elt that did not change dram atically  in com position. T his has notable sim ilarities to the adcum ulus grow th 

m echanism  advocated by W ager and Brown (1968), w here diffusion and convective fractionation through a 

m obile intercum ulus liquid act to supply cum ulus crystals w ith chem ical com ponents o f  a sim ilar com position at 

the m ushy crystal m ush-liquid interface. The final interstitial fluid expelled from  the crystal m ush into the main 

body o f  m elt is rich in incom patibles (i.e. highly evolved) and leaves behind cum ulus crystals that exhibit little or 

no zoning.

It has also been noted how ever that several o f  the CSD  curves have profiles that are som ew hat more 

com plex than a sim ple straight-line plot, i.e. 4 , 15 and 23. It is interesting to  note that these plots com e from 

sam ples that exhibit the m ost pronounced and w ell-developed fabrics in the field. These three sam ples are also 

characterized by the low est L/F ratios o f  the Druim Hain A M S dataset (T able 5.1), a characteristic shared by 

those com plex C SD s described from Sithean M or in C hapter 3. It therefore seem s reasonable to suggest a sim ilar 

m echanism  o f  intensification o f  the p lanar fabric at a late-stage in the textural history o f  the cum ulate pile as for 

the Sithean M or cum ulates.

A dditionally , Sam ples 4, 15 and 23 contain very elongate (up to 1.5 cm long) plagioclase and pyroxene 

crystals that display notable evidence o f  crystal-plastic strain ( c f  N icolas 1992; M cB im ey and N icolas 1997), 

including intra-crystal dislocation structures and m echanical tw inning (e.g. Fig. 5.14). Som e plagioclase crystals 

in Sam ple 23 even exhibit w ell-developed strain shadow s. This, together w ith the com bined evidence above, 

suggests that pure shear or com paction o f  the crystal pile w ere significant p rocesses in causing intensification o f 

the p lanar fabric at Druim Hain. H owever, as only three o f  six CSD  sam ples show  evidence for textural ripening, 

it m ust be deduced that it w as a locally variable process restricted to certain parts o f  the cum ulate pile. It should 

be noted also that aspect ratios for tw o o f  these three sam ples (S23 and S4) have am ongst the largest calculated 

long axes (as m easured by CSDSIice). A gain this is suggestive that crystal shapes have been enhanced in a
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particu lar orientation, accentuating or intensifying the existing p lanar foliation. It is not certain from the existing 

sam ple-set w hether the apparent CSD  trend for the pyroxene cum ulate (Sam ples 4  and 15) to be texturally  m ore 

ripened (i.e. slightly m ore accentuated  ‘hum ped-profiles’ at sm all size fractions) relative to  the plagioclase 

p rofiles is significant.

As w ith the A rdnam urchan cum ulates, the im plication o f  linking the A M S and CSD  datasets for certain 

sam ples is that m agnetite has undergone crystal ripening as well as plagioclase and pyroxene (in the plane o f  

lam ination) to  give the significantly  low er L/F ratios. A lthough convincing evidence o f  this cannot easily be 

observed at a thin-section scale for m agnetite in any o f  the six com bined A M S/C SD  sam ple datasets, som e 

sam ples (e.g. Sam ple 16; Fig. 5.9A and 5.15) show that intercum ulus m elt, now  com pletely pseudom orphed by 

opaque m inerals (m ost o f  w hich is deduced to be m agnetite from  the bulk susceptibility  m easurem ents) has 

caused significant dam age to the preexisting  pyroxene-plagioclase fram ew ork in the process. T his has principally  

occurred  through thorough resorption and corrosion o f  m ineral grains (Fig. 5.15). T his petrological observation is 

not unique in studies o f  British Palaeogene layered gabbros: W ells ( 1954a) refers to the ‘corrosive relationship o f  

the late-form ed iron ore to feldspar’ in describing the effects o f  a late-stage aggressive intercum ulus liquid on the 

plagioclase feldspar fram ew ork in layered gabbros o f  the C entre 2 H ypersthene G abbro o f  A rdnam urchan.

As the m agnetic foliation in Sam ple 16 (and in all o ther A M S sam ples) consistently  parallel the igneous 

lam ination, it m ust be assum ed that this resorption w as restricted to w ithin lam ination planes. This effect is 

p robably  far m ore pronounced in som e sam ples than in others, and as w ith the A rdnam urchan lam inated gabbros 

(C hapter 3) can be correlated from the m ost ripened C SD s to the low est L/F ratios. H owever, though the sim ple 

straight C SD s o f  m any D ruim  Hain sam ples suggest th is ripening process is often not im portant, even small 

degrees o f  ripening o f  m inor quantities o f  m agnetite (~ l vol% ), could substantially  affect the A M S fabric, given 

that this fabric is dom inantly carried by m agnetite, it is p lausible therefore that this m echanism  m ight be 

responsible for the inconsistent m agnetic lineations observed throughout the com plete sam ple set.

Finally, it should be highlighted that the evidence from  either the A M S or CSD  datasets alone to  suggest 

that layering and initial igneous lam ination developm ent w as not form ed by prim ary  ‘m agm atic sedim entation’ is 

not strong. Prim ary AM S lineations subjected to the intense grain ripening such as observed in Sam ple 16 

(described above) m ight easily have been com pletely obliterated. This w ould be expected to leave little evidence 

for the initial stages o f  fabric developm ent, even within individual A M S block sam ples (leading to the w ithin-site 

m agnetic lineation discrepancies observed in Sam ples 2 and 13) and also w ithin those sam ples contain ing small

147



______________________________________ Chapter 5 The Skye Druim Hain Layered Gabbros

am ounts o f  m agnetite, as discussed above. T herefore, the m ost im portant reason for attributing prim ary m agm atic 

layer form ation to in situ  crystallization processes rather than to  m agm atic currents in this study is the m arked 

lack o f  field evidence for the latter, and not the lack o f  a consistent m agnetic lineation, as this feature m ay have 

been im posed at a postcum ulus stage. In addition, as m entioned earlier, to invoke sedim entation for every well- 

lam inated  layer at D ruim  Hain is w holly unrealistic, as it requires a single density  current be held to account for 

every  individual layer form ed.

It is also envisaged that a 400 m thick sequence o f  layers such as at D ruim  Hain w ould have acted as 

excellen t deform ation m arker horizons, w ere there fluid dynam ic processes or syn-m agm atic deform ation 

operating  at layer boundaries such as has been inferred for the A rdnam urchan layered gabbros (C hapter 3). 

Indeed, the D ruim  Hain cum ulates illustrate this in part by p icking out the steepening inw ard o f  m agm atic layer 

an lam ination  p lanes eastw ard, suggesting that som e form o f  central subsidence m ay have occurred. However, 

this central subsidence m ust have affected relatively coherent layer p lanes capable o f  undergoing such rotation 

w ithout disaggregating  or deform ing syn-m agm atically.

5.7 Conclusion

Field observations suggest that early m agm atic layering and igneous lam ination o f the D ruim  Hain 

G abbros form ed through in situ  crystallization at the solidification front o f  a crystal m ush crystallizing upw ard. A 

lack o f  evidence o f  prim ary flow structures that m ight be associated with ‘m agm atic sed im entation’ at a crystal 

m ush/m agm a interface indicates that such processes m ay have had a lim ited role in the developm ent o f  the 

layering and igneous lam ination. A com bination o f  m agnetic fabric data, textural (C SD ) analysis and crystal 

com positional analysis provide evidence for postcum ulus p rocesses involving com paction and m obilization o f  a 

late-stage intercum ulus melt, w hich led to locally intense ripening and m aturing o f  textures in the crystal mush 

pile. T his is believed to have had: a) the effect o f  intensify ing the p lanar elem ents o f  the fabric, i.e. the igneous 

lam ination and m agnetic foliation, b) im posed crystal-plastic strain features on the textures o f  som e sam ples, and 

c) possib ly  resulted in the ubiquitous inconsistently  oriented  m agnetic lineations. Late-stage central subsidence, 

evidenced by the steepening inw ard (eastw ard) o f  the m agm atic layering and igneous lam ination, seem s to have 

affected  a relatively cohesive cum ulate pile, i.e. one cooled and already largely solid ified  to too great an extent 

for syn-m agm atic deform ation to occur, thus m arkedly contrasting  the situation in the A rdnam urchan G reat 

Eucrite (C hapter 3) and the Rum Layered Suite (C hapter 4).
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Figure 5.1. Location map showing the Isle o f Skye and the position o f the Cuillin Complex 
and the Druim Hain layered gabbros.

Figure 5.2. A and B: Small-scale rhythmic layehng at Druim Hain.



Figure 5.3. A and B: Plagioclase-magnetite rich sequences o f rhythmic layers. In 3A, the 
dark coloured bands are composed of = 80% magnetite.
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Figure 5.4. Equal-area stereoplot illustrating poles to magmatic layer planes at Druim Hain. 
The 90° strike-swing o f layer planes is well shown.

Figure 5.5. Plagioclase lamination in two Druim Hain cumulate samples (Samples 23 and 
6). Note that the fabric illustrated in 5A is more intense than that in 5B, due to a 
combination o f better aligned grains and larger crystal size. Both images are taken in plane- 
polarised light and the width o f the field o f view is 2 cm in each case.



Figure 5.6. Two rare examples o f dropstones deforming magmatic layers close to the 
eastern margin o f the Druim Hain gabbros. A: Fine-grained mafic dropstone creates a syn- 
magmatic folded structure in olivine-rich layers. B: Block o f basalt (2 m in length) depresses 
a sequence of magnetite and plagioclase rich cumulates.

Figure 5.7. See overleaf 

Figure 5.8. See overleaf

Figure 5.9. A: Magnetite in Sample 16 typically occurs as interstitial grains to pyroxene 
crystals. Note igneous lamination oriented approximately E-W across photomicrograph and 
plagioclase-rich magmatic layer in the same orientation. B: Layering and igneous 
lamination, including a magnetite-rich magmatic layer, trend N-S across the 
photomicrograph (note that this image is not o f Sample 16, nor any other sample analysed 
for AMS or CSD). Both images are taken in plane-polarised light and the width o f the field 
of view is 1 cm in each case.
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Figure 5.7. Summary diagram of AMS data showing equal-area stereoplots plotting K1, K2 
and K3 axes with their respective confidence ellipses. Inset. 1: Regional locational map of 
Skye for reference. 2: Magmatic layer field data for reference and comparison with the AMS 
data.
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Figure 5.10. Subdivision o f the Druim Hain magnetic susceptibility 
ellipsoids on the basis o f an UF plot into oblate, triaxial and prolate 
fabric shapes.
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Figure 5.11. Labelled CSD plots fo r Samples 18, 6, 8, 23, 4 and 15 (see text fo r  
description and discussion).
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Figure 5.12. Closure p lo ts fo r  CSD data. A: Characteristic length  V5. intercepts fo r  the 
lam inated gahbros CSD data. The curve fo r  100% crystal volume is labeled with the 
aspect ratio used to calculate it, see text fo r  discussion. B: Subdivision o f  the CSD data 
on the basis o f  a characteristic length vs. volume phase proportion plot.
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Figure 5A3.  A: M ineral chemical data fo r  fo u r  plagioclase crystals fro m  Sample 18 o f  the Druim  
Hain layered gahbros. Rim-to-rim traverses along the length o f  each crystal fo r  An mol%  and  
FeO wt%) vs. distance are illustrated fo r  each.
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Figure 5.13. B: Ternary (K20/C a0/N a20) plots for all San)ple 18 mineral-chemical data.



Figure 5.14. A and B: Plagioclase crystals from Sample 23 illustrating mechanical twinning 
imposed on previous multiple twins. C: Broken/bent plagioclase crystal from Sample 4. D: 
Intra-crystal dislocation structures highlighted by 'offset multiple twins' from Samp/e 23. All 
images are taken in crossed polars and the width o f the field o f view in each is 3 mm.



Figure 5.15. A: Similar image of Sample 16 as in Figure 9A illustrating nature o f magnetite 
occurrence in the rock. Image is taken in plane-polarised light and width o f field o f view is 
1.2 cm. B-D: Close-ups o f Fig. 15A show resorption o f pyroxene and particularly 
plagioclase grains by a late melt. This late melt is now completely pseudomorphed by 
opaque minerals. From the bulk susceptibility o f this sample, it is likely that most of these 
opaque minerals by volume are magnetite. Images (B-D) are taken in crossed polars and 
the width o f the field o f view in each is 3 mm.



________________________  Table 5 .1 . AMS data for the Druim Main layered qabbros________________________
Sam ple Kmean K1__________ Dec_________In c_________ K2__________ Dec_________Inc_________ K3__________ Dec_________Inc_________ L___________ F___________ H___________

S I 6014.61 1.036 346.8 21.6
S2A 51782.64 1.047 316.3 -4.3
S2B 65077.54 1.036 248.6 -41.6
S3 137971.45 1.072 82.2 35
S4 25285.18 1.08 106.5 7.2
se 148278.23 1.064 148.4 -67.4
S7 84003.47 1.045 91.7 -10.2
S8 146023.69 1.037 114.1 0.4
S9 6590.49 1.065 312.5 19.2
S l l 166042.07 1.059 43.1 -36.4
S12 73891.7 1.064 124.3 -28.4
S13A 44882.79 1.084 177.5 -44.9
S13B 99780.05 1.058 145.1 -28.1
S14 18090.88 1.051 316.9 24.7
S15 51133.93 1.071 288.3 -27
S16 104609.58 1.057 241.7 -30.6
S17 12185.79 1.044 352.2 12.8
S IS 64093.18 1.039 173.4 -13.9
S19 59703.02 1.042 254.5 -40.2
S20 127467.09 1.069 334.6 -1.7
S21 72599.21 1.057 314 -29.5
S22 51038.64 1.046 245.5 -31.7
S23 32285.37 1.091 278.4 -30.3
S24 76536.21 1.057 242.1 -40.5
S25 94029.02 1.076 128.4 21.8

1.024 90.7 31.3 0.94 228.1
1.046 43.7 31.5 0.907 233.3
1.019 336.3 2.6 0.945 243.4
1.034 326.9 31.4 0.894 27
1.068 6.3 54.6 0.852 21.4
1.015 63.9 2.3 0.92 334.8
1.009 47.3 75.9 0.945 360
0.996 22.1 78.7 0.967 24.1

1.03 57.2 36.1 0.904 200.2
1.039 113.5 24.4 0.902 357.8

1.03 59.6 38.2 0.906 8.7
1.049 109.8 20.9 0.867 37
1.036 88.8 46.1 0.905 36.7
1.041 53.6 14.3 0.908 170.8
1.051 7.8 19.6 0.878 246.4
1.039 337.8 -10.3 0.904 264.3
1.028 90.7 33.1 0.928 244
1.021 99.7 48.5 0.94 72.2
1.032 345.9 -1.7 0.926 257.9
0.997 63.4 34.4 0.934 247.1
1.048 28.7 25 0.895 265.6
1.022 337.4 -3.2 0.932 252.6
1.065 12 -6.2 0.844 292.3
1.033 342.1 -11.4 0.91 264.7
1.033 3.9 54.7 0.891 49.7

50.5 1.23 8.4 9.62 8.3
58.2 0.13 13.92 14.05 0.5
48.3 1.64 7.48 9.12 12.3

-39.2 3.8 13.98 17.79 15.2
-34.5 1.13 21.64 22.77 3
-22.4 4.93 9.48 14.41 27.5

-9.7 3.59 6.42 10.02 29.2
-11.3 4.06 2.96 7.02 53.8
47.6 3.51 12.6 16.11 15.6
43.7 2.02 13.64 15.66 8.4

-38.7 3.44 12.41 15.85 15.5
-37.8 3.52 18.21 21.73 10.9
-30.6 2.18 13.12 15.3 9.4
60.9 0.99 13.33 14.32 4.2
55.6 2.01 17.26 19.27 6.6
57.4 1.87 13.5 15.38 7.9
53.9 1.56 9.98 11.54 8.9

-38.1 1.85 8.11 9.96 12.9
49.8 1.01 10.61 11.62 5.4
55.6 7.13 6.36 13.49 48.3
49.5 0.94 15.29 16.23 3.5
58.1 2.33 9.01 11.34 14.5
58.9 2.59 22.17 24.76 6.7
47.2 2.48 12.28 14.76 11.4

-26.3 4.29 14.17 18.46 16.8



Table 5.2. CSD data for samples from the Druim Main layered gabbros
Sample Vol. Phase 1 Aspect Ratio Slope Ln(nO) nO t l (Years) J1 (m m ''-3s''-l) No. of crystals

S8 0.38 1 1.4:4.5 -1.3749 2.8343 17.01848 230.6 1.70185E-09 642
S15 0.29 1 1.15:1.6 -1.7535 0.9366 2.551292 180.8 2.55129E-10 270
S23 0.53 1 2.1:5 -0.7614 0.6314 1.880241 416.5 1.88024E-10 1028
S4 0.29 1 2.4:6 -0.4693 -1.4356 0.237973 675.7 2.37973E-11 278
S18AP 0.2 1 3.2:5.5 -1.8763 2.1511 8.594307 174.9 8.59431 E-10 628
S18A PY 0.3 1 1.3:2.1 -1.7404 1.5102 4.527636 186.2 4.52764E-10 688
S18BP 0.2 1 3.2:7 -1.0989 0.7828 2.187589 288.6 2.18759E-10 449
S18B PY 0.25 1 1.8:4.5 -1.1296 0.6931 1.999906 280.7 1.99991 E-10 305
S6 0.27 1 1.6:3.6 -1.9431 2.9882 19.84992 163.2 1.98499E-09 1191
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Chapter 6 The Carlingford Later Gabbros

6.1 In troduction

The Carlingford Igneous Complex is the oldest o f three closely associated Palaeogene intrusive centres 

in NE Ireland dated (U-Pb zircon age) at 61.4 ± 0.8 Ma; the others are the Slieve Gullion Complex and the 

M oume Mountains Complex (Gamble et al. 1999; Cooper and Johnston 2004 and references therein); Fig. 6.1. 

An early series o f basalt lavas exposed on the southern margin o f the complex is believed to mark the earliest 

Palaeogene activity in the area. Two separate phases o f gabbro are believed to have intruded into these basalts, 

the earlier represented by several isolated outcrops in the SW of the complex around Trumpet Hill (Fig. 6.2). The 

later suite o f gabbros (the Carlingford ‘Later Gabbros’) form the prominent ring of hills around the Carlingford 

peninsula including the main Slieve Foye Ridge in the NE o f the complex, Bamavave (SE), Round Mountain 

(SW ) and Camavaddy in the north. These gabbros are the focus of the study outlined in this chapter. Breccias that 

have been interpreted as vent agglomerate (Richey 1932; Le Bas 1960) are associated with a stage of explosive 

volcanic activity. These also contain xenoliths o f an early granophyre, suggesting a prior phase o f felsic 

magmatism. An extensive body o f granophyre that outcrops throughout the centre o f the complex is interpreted 

as the final major intrusive episode in the complex and is believed to have the geometry of a ring-dyke with a 

laccolithic top (Richey 1932; Le Bas 1967). Late-stage basic magmatism is represented by the emplacement of 

cone-sheet and linear dyke swarms.

The Carlingford Later Gabbros (Fig. 6.2) have been previously interpreted as a ring-dyke (Richey 1932) 

or a small lopolithic sheet (Le Bas 1960). Though Richey described a critical vertical contact between gabbro and 

Silurian sediments just to the NW o f Two Mile River, Le Bas’ (1960) mapping o f the Slieve Foye-Ballinteskin 

ridge showed that this supposed contact actually cut across the large-scale layers described above and is thus 

more likely to be a post-gabbro emplacement fault. Le Bas suggested that the Later Gabbros had the form o f  a 

horizontal layered sheet-like structure instead, describing several basal contacts between gabbro and country rock 

sediment that dip sub-horizontally to 20° inward towards the interior o f the complex at Spellickanee (Fig. 6.2).

The Later Gabbros exposed on the Slieve Foye-Ballinteskin ridge exhibit the only evidence o f well- 

preserved primary magmatic layering in the Carlingford complex. This occurs at two scales o f outcrop as 

follows:

(1) The Slieve Foye-Ballinteskin ridge is constructed o f four large-scale conformable cryptic gabbroic 

layers, each varying from 60 to 150 m in thickness. Each layer is principally defined by the modal 

decrease upward of olivine and accompanying increase in plagioclase. Le Bas (I960) showed that
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the Fe content o f  the olivine increased dram atically  tow ard the upper part o f  the low est unit (Layer 

1), the top 100 m o f  w hich is alm ost com pletely  devoid o f  olivine. The o ther layers show  sim ilar 

trends, if  not so well pronounced. C ontacts betw een these units are seldom  observed but Le Bas 

(1960) suggested that they w ere undulose and d ipped gently to m oderately inw ard at 0-50° tow ard 

the centre o f  the com plex. Le Bas also suggested that as all o f  the four layers com prise sim ilar 

gabbro types, it is likely that they w ere fed from the sam e m agm a reservoir and each represents a 

sharply defined pulse or intrusion event.

(2) W ithin the large-scale units described above, m agm atic layering o f  olivine, plagioclase or pyroxene 

is also present at a sm all-scale (up to 7 m  lateral extent). Le Bas (1960) noted that w here present, 

these w ere oriented in a sim ilar m anner to the large-scale units. Le Bas (1960) also described 

saucer-shaped or trough-shaped layers and asym m etrically  folded layers from  the B allinteskin area 

(Figs. 6.2 and 6.3). This he attributed to  slum ping o f  a crystal m ush, and/or the disturbance o f  a 

crystal m ush by gravity  driven density  currents. Le Bas m easured  sm all-scale m agm atic layer plane 

d ips and recorded a dom inant orientation N N E-SSW  strike and dips inw ard tow ard Spellickanee o f  

20-50°. A dditionally , Le Bas attem pted to m easure 'd irection  o f  m ovem ent’ from the m agm atic

slum p structures and found that the prevalen t orientation w as dow n-dip  on layer p lanes, again

tow ards Spellickanee at the centre o f  the com plex. Finally, Le Bas noted that sm all-scale layering is 

best preserved on the northern side o f  the Slieve Foye-B allinteskin ridge, in Layers 2 and 3 around 

the B allinteskin area. TTie southern side o f  this ridge, at the sum m it o f  Slieve Foye, also  exhibits 

m agm atic layering.

6.2 Field observations

The prim ary  goal o f  fieldw ork carried out in the C arlingford  Later G abbros in this study w as, in addition 

to assem bling a detailed AM S sam ple set, to re-assess the degree to w hich the intrusion is layered and, if  

possib le, to gain a further m easure o f  control on its outer and inner contacts. T his study does no t therefore

attem pt to rem ap the internal petrological variation o f  the gabbros in any great detail, and for the m ost part

accepts the m apping carried out by Le Bas (1960). Though som e o f  the field observations m ade in this study 

(described below ) have also been m ade by Le Bas [1960; e.g. (2) below ], they are em phasized again here so that 

the C arlingford  Later G abbros m ay be considered in the context o f  other layered m afic intrusions described in
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earlier chapters. O ther field observations described here have not been reported  in previous w ork and the 

im portance o f  these is also later discussed w ith reference to the em placem ent and post em placem ent h istory  o f  

the L ater G abbros.

(1) V ery subtle m agm atic layering, m ostly  involving changes in the m odal p roportions o f  plagioclase 

and pyroxene, is observed in several outcrops at the R ound M ountain Later G abbro (e.g. at GR 

11239 10289; Fig. 6.2). These layers typically  strike N-S and dip E or strike N N W -SSE  and dip 

N N E at betw een 20 and 45°.

(2) A s noted by Le Bas (1960), sm all-scale (rhythm ic) m agm atic layering is best preserved on the 

northern portion o f  the Slieve Foye-B allinteskin ridge, around B allinteskin (Fig. 6.3A ). Layers are 

typically  enriched in olivine and clinopyroxene w ith interstitial pyroxene, though no 

m onom ineralic layers are observed (Figs. 6.3B and 6.3C). These rocks therefore exhibit 

orthocum ulate textures W ager and B row n (1968): loosely defined as a rock in w hich a late- 

crystallis ing  phase pseudom orphs the pore spaces betw een earlier, fram ew ork-form ing (cum ulus) 

phases]. Folding and slum ping o f  layers is sporadically  observed (Fig. 6.3D ) and layers often have 

a ‘trough-like’ form (Figs. 6.3E and 6.3F). A t outcrops on B allinteskin (around GR 14116 14485) 

w here layer p lanes are sufficiently  distinguishable for m easurem ent to be carried out, orientations 

o f  104 1I S W are typical. U nfortunately, extensive w eathering and lichen cover on outcrop surfaces 

often m ake it d ifficult to  carry out detailed petrological observations or m easurem ents on layer 

orientations. This includes re-checking the ‘flow  o rien tations’ o f  Le Bas (1960) m entioned above.

(3) A contact betw een the C arlingford granophyre and the Later G abbros is observed at B am avave 

(GR 17758 10180). A t this locality, the gabbro clearly  overlies the C arlingford granophyre and the 

contact betw een both is oriented 058 20N W  (Fig. 6 .4A  and 6.4B). T ow ards the contact, the gabbro 

appears to becom e finer-grained in the m anner o f  a chilled m argin.

(4) Several outcrops described as vent agglom erate have been m apped in the C arlingford C om plex. 

These include a zone along the SW  m argin o f  the Slieve Foye-B allinteskin ridge and several in the 

centre o f  the com plex, around Spellickanee. The sm all zone along SW  m argin o f  the Slieve Foye- 

B allinteskin ridge, together w ith another unm apped zone along the inner m argin o f  the B am avave 

gabbro  (im m ediately w est o f  A M S sites 2 and 4 o f  this study) com prise relatively coarse-grained
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angular gabbro blocks extensively net-veined w ith m icrogranite (Figs. 6.5A  and 6.5B). N o contact 

relations are evident here w ith the Later G abbros or the Silurian sedim ents.

(5) A  contact zone along the NE o f  the Slieve Foye-B allinteskin ridge (e.g. at GR 16849 13010) 

exhibits extensive m elting  and m igm atisation o f  Silurian country  rock. Figure 6.6A  and 6.6B 

exhibit the sedim entary country rocks being segregated  into felsic leucosom e and darker coloured 

‘res titic ’ (som etim es folded) m esosom es. Here, the contact o f  the Later G abbros w ith Silurian 

sedim ents can be narrow ed dow n to w ithin 5 m. By exam ination o f  the m anner in w hich this 

contact traverses topography, it is estim ated that it d ips inw ard (SW ) shallow ly (~ 25“) tow ard  the 

centre o f  the pluton.

6.3 A nisotropy o f M agnetic Susceptib ility  (A M S) data

6.3.1 Sampling methodology

Block sam pling  for A M S analysis o f  the C arlingford  Later G abbros w as carried out as follow s (Fig. 

6.2). The Slieve Foye-B allinteskin portion o f  the intrusion w as sam pled at 50 -2 0 0  m intervals a long four 

traverses (5 -7  sam pled stations each) approxim ately perpendicu lar to the outer m argin o f  the body as m apped by 

Le Bas (1960). From  north to  south, these are the B allinteskin, Split Rock, Eagles Rock and Slieve Foye traverses 

respectively. Sam ples for AM S analysis w ere also collected from  other parts o f  the Later G abbros as follow s: five 

from  B am avave, five from the R ound M ountain and five from C am avaddy hill. TLiree sites (15, 23 and 24) were 

double-sam pled for w ithin-site variation. In all cases, n ine to sixteen sub-sam ples w ere then drill-cored from  each 

block, and site mean tensor data w ere calculated  from the m easurem ents as outlined in previous C hapters (3 and 

5) and by O w ens (2000).

6.3.2 AMS re.sults

M agnetic fabric data for the C arlingford  Later G abbros are sum m arised in Table 6.1. The data reveals a 

w ide range o f  bulk susceptibilities (K^tan) from 0.4 x  10“'̂  to  101.9 x  10“’̂ SI in the Later G abbro intrusions, 

indicating  again the dom inance o f  m agnetite (up to ~3 vol% ; see Balsley and B uddington 1958) in contro lling  the 

susceptib ility  (<10 ‘̂  SI for ju s t 5 o f  38 sam ples m easured). H ow everin order to  verify the dom inance o f 

m agnetite, m easurem ents o f  the tem perature dependence o f susceptibility  o f  tw o Later G abbro sam ples (Sam ples 

34 and 38) from the Slieve Foye traverse have been carried out using an A G IC O  CS-3 furnace. The data give
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C urie tem peratures o f  5 75 -580  °C (Fig. 6 .7) for each sam ple supporting the conclusion that m agnetite controls 

the A M S. Le Bas (1960) has given a petrological description o f  the occurrence o f  m agnetite in the Later G abbros 

and notes that m agnetite grains are present in tw o general m odes o f  occurrence. The first is as small grains 

associated  w ith alteration o f  olivine, typically  around the rim s o f  olivine crystals. Le Bas (1960) suggested  that 

these m agnetite  grains crystallized in the later and oxidizing  stages o f  the m agm a m ush. The second type o f  

m agnetite occurrence is usually d istinct from the first, w here it can be found as interstitial crystals associated  with 

ilm enite.

The A M S results for the Later G abbros are sum m arized in F igures 6.8 and 6.9. The L /F  plot (Fig. 6 .8) 

show s that the susceptibility  e llipsoids for the Later G abbros range in shape from highly  oblate to prolate. There 

is little obvious consistency w ithin individual sections o f  the Later G abbros with respect to ellipsoid shape, apart 

from  within the Round M ountain section, w hich show s several very highly  oblate fabrics and the B allinteskin 

area, the sam ples from w hich all exhibit triaxial m agnetic fabrics. In addition to th is, .AMS fabric strengths (H%) 

are quite weak.

M agnetic fabric orientations are also inconsistent over the scale o f  the intrusion and often w ithin 

individual sections o f  the intrusion as w ell (Figs. 6.8 and 6.9). For exam ple, the R ound M ountain, C am avaddy, 

Split Rock and Eagles R ock sam pled sections o f the intrusion have a high degree o f  inconsistency in fabric 

o rientation w ithin the set o f  five A M S sam ples from  each. Thus they m ay range from  being oblate through 

triaxial to prolate w ith no consistent orientation o f  the A M S fabric for any shape o f  susceptibility  ellipsoid. 

M agnetic foliation p lanes dip inw ard or outw ard and the m agnetic lineation m ay have any trend on the plane o f  

foliation plane (e.g. the Eagles R ock sam ple set). The three double sam pled sites (i.e. 15, 23 and 24) also show  

considerable w ithin-site variation (Fig. 6.8).

H ow ever, the B am avave, B allinteskin and Slieve Foye traverses each have som ew hat better defined 

consistently  oriented  A M S fabrics. M agnetic foliation planes for all o f  these fabrics, with no exceptions, strike 

approxim ately  parallel-slightly  ob liquely  to outer contacts and dip inw ards tow ard the centre o f  the com plex at 

Spellickanee. D ip values for these p lanes m ay be sub-horizontal to very steeply dipping. W ith the exception o f  

the B allinteskin traverse, no consistency in m agnetic lineation orientation is observed. In the case o f  the form er, a 

w ell-developed (susceptibility  e llipsoids for this traverse are all triaxial) inw ard p lunging m agnetic lineation 

dow ndip  on m agnetic foliation p lanes is ubiquitous (Figs. 6.8 and 6.9).
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6.4 Discussion

The approxim ately annular outcrop o f  the C arlingford  Later G abbros is strikingly sim ilar to  the classic 

G reat Eucrite intrusion o f  A rdnam urchan in term s o f  the topographic expression the intrusion creates on the 

surrounding area. H owever, at 6 km, the d iam eter o f  the Later G abbro ‘ring -in trusion’ is about 2 km greater than 

that o f  the G reat Eucrite and is im perfectly exposed around its circum ference com pared to the latter intrusion. 

The Later G abbros com prise seven large gabbro segm ents, the largest o f  w hich outcrops along the m ain Slieve 

Foye-B allinteskin ridge. From detailed field m apping and petro logical observations (particularly  on the Slieve 

Foye part o f  the Later G abbros), Le Bas (1960) revised  the assertions o f  Richey (1932) that the Later G abbros 

com prised a ring-dyke intrusion, suggesting instead a sheet-like or lopolithic form.

B eyond som e additional field observations on inw ard-dipping field  contacts with the central granophyre 

and Silurian sedim ents and the presence o f  previously unreported  m agm atic layering from the opposite side o f  the 

com plex at the Round M ountain (as outlined above), this study can do little to  confirm  or refute the m odel o f  Le 

Bas (1960). The reason for this is that the m agnetic fabrics are, in m any parts o f  the Later G abbros, inconsistently  

oriented to the point o f  being o f  little use at an intrusion scale. C onsistently  oriented  A M S fabrics occur in just 

three sam ple sets: those o f  B am avave, Slieve Foye and B allinteskin. The B am avave and Slieve Foye sam ple sets 

are characterized by obiate-triaxial susceptibility  ellipsoids, w ith m agnetic foliations that typically dip inward. 

M agnetic lineations are not consistently  oriented. H ow ever, the B allinteskin m agnetic fabric sam ple set, all o f 

which are represented by triaxial A M S fabrics, have consisten tly  oriented inw ard-dipping m agnetic fo liations and 

m agnetic lineations that typically  p lunge dow n-dip on foliation planes.

The im plications o f  the above observations on the m agnetic fabric data becom e clear w hen the 

distribution o f  layered gabbro throughout the Later G abbros is considered. M agm atic layering is observed in the 

area around Slieve Foye sum m it, but is best exposed at B allinteskin. Le Bas (1960) and this study show  that the 

latter area also exhibits occasional evidence for sm all-scale slum ping and deform ation o f  layers that is not 

preserved elsew here throughout the Later G abbros. G iven these field observations and the evidence presented  for 

a strong link betw een m agm atic layering and m agnetic fabrics for the A rdnam urchan G reat Eucrite in C hapter 3, 

it seem s reasonable to link the occurrence o f  layering at B allinteskin w ith the consistent m agnetic fabrics there. 

It m ay therefore be inferred that sim ilar processes are responsible for both layer form ation (and/or syn-m agm atic 

layer deform ation) and the consistent AM S fabrics. A dditionally , though layering is inconsistent at the Round 

M ountain, the outcrops that exhibit layering exhibit a m agnetic foliation that dips inw ard and a m agnetic
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lineation that plunges shallowly down-dip on the foliation plane (Sample 30). Both magnetic foliation and 

magnetic lineation therefore have dip and plunge values (23° and 19°) that are o f similar shallow magnitude to 

layering (24").

The combination o f field observations and the magnetic fabric dataset for the Great Eucrite led to the 

interpretation o f the intrusion as a lopolithic body that underwent considerable central subsidence and inward 

rotation o f originally horizontal to sub-horizontal features (layering frequently dips inwards at >50“ and magnetic 

lineations plunge inward). The evidence for this is not convincing in the Carlingford Later Gabbros. Indeed, for 

the most part, the origin o f the AMS fabrics is obscure, reflecting a complexity that is not interpretable with the 

current dataset resolution and field evidence available. The relatively shallow dip o f magmatic layering (at both a 

large and small scale) together with shallowly dipping intrusion contacts suggests that if  central subsidence 

occurred, as might be interpreted from the ubiquitous inward dipping nature o f layering and contacts (however 

shallow), then its effects are not as pronounced in the Later Gabbros as they are in the Great Eucrite. It may be 

therefore that though central subsidence occurred at Carlingford, it was insufficient to imprint an intrusion-wide 

AMS fabric on the rocks. This means that the complexity observed in both the orientation and the shape o f the 

magnetic fabrics (susceptibility ellipsoids) may represent primary flow o f a basaltic magma in the intrusion. 

However, the complexly oriented AMS fabrics could also quite easily represent two conflicting magnetite fabrics, 

were mineral grains o f both modes o f occurrence as described above from Le Bas (1960) oriented differently. 

These complexly oriented fabrics also have implications for an issue raised regarding the nature o f the AMS 

fabrics at Ardnamurchan, i.e. whether they represent flow fabrics sen.su stricto  (particle displacement in a 

particular direction) or whether they in fact represent strain fabrics imposed on the rock in a m.agmatic state. This 

is discussed as follows.

Notably, the layers on Ballinteskin that are correlated with AMS fabrics in this study are those where Le 

Bas (1960) extracted linear ‘flow’ or ‘slumping direction’ data, orientations which coincide with the magnetic 

lineations reported here. Though it is uncertain to what degree flow or strain each contribute to the AMS fabric 

here (as it is likely both parallel each other as in the Great Eucrite), it must be concluded that increasing strain 

will have the effect o f increasing the intensity o f the fabric. As the central subsidence mechanism proposed for 

Ardnamurchan (and now Carlingford) has an approximately vertically oriented stretching direction, increasing 

strain and fabric intensity would also result in strengthening o f the linear element o f the fabric, as is observed in
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the h igh ly  pro late  AM S fabrics o f  A rdnam urchan. T his m ight also be suggested for the consistent A M S lineations 

on B allin teskin , as they correlate well w ith syn-m agm atically  deform ed layering.

Finally, several o f  the o ther field observations m ade in this study m ay have im portant im plications for 

p rev ious interpretations o f  the C arlingford C om plex and are now  briefly  discussed. In particular, the extensive 

late granophyre has long been considered to postdate the Later G abbros and to  represent the laccolithic top o f  a 

ring-dyke intrusion. The presence o f  a shallow ly inw ard dipping contact betw een the gabbros and the granophyre, 

very sim ilar in orientation to the contact betw een the gabbros and the Silurian sedim entary country  rock 

described by Le Bas (1960) and by this study, m ight suggest that the granophyre represents earlier country  rock 

to the gabbro. A lthough it is possible to narrow  down the contact betw een the C am avaddy gabbro  and 

granophyre in the north to  a m inim um  o f  approxim ately 10 m in several places, little can be said o f  its nature, i.e. 

w hether it is intrusive o r faulted. The presence o f  gabbro b locks net-veined with granophyre w as used by both 

R ichey (1932) and Le Bas (1967) to suggest the gabbros w ere earlier. H ow ever, the sam e argum ent can be used 

to suggest that the granophyre predates the Later G abbros, as contact m elting o f  the granophyre and ensuing 

back-vein ing  o f  gabbro by m obilized  felsic m elts w ould be a therm al m etam orphic effect, leading to the rocks 

observed and illustrated in Figure 6.5. TTiese rocks do not therefore provide sufficient evidence to assign relative 

ages to both  intrusions. These rocks, frequently  described as ‘vent agglom erate’ by R ichey (1932) and Le Bas 

(1960) are probably not correctly  identified thus, but better referred to  as ‘net-veined gabbro ’ or ‘agm atite’. It is 

concluded  that the evidence previously  used to support the interpretation o f  the intrusion o f  the granophyre body 

as the latest event m ay be flaw ed and that there exists at p resent no grounds for interpreting the granophyre as the 

later intrusive episode.

6.5 Summary

M agnetic fabric data for the C arlingford  Later G abbros are, w ith som e exceptions, obscure. H ow ever, 

consistency  in orientation o f  the m agnetic fabrics is observed at Slieve Foye, B am avave and in particular, the 

Ballinteskin area in the north o f  the com plex, w here both the AM S foliations and lineations are consistent and 

exhibit a close spatial relationship w ith m agm atic layering. T his observation is used to suggest that a sim ilar 

central subsidence m echanism  as proposed for the G reat Eucrite o f  A rdnam urchan m ay have been im portant in 

the evolution o f  the Later G abbros, though its effects are now here nearly  as well preserved. As w ith the G reat 

Eucrite, this m ay indicate that the A M S lineation is in fact a strain fabric reflecting  a stretching lineation rather
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than an a priori flow fabric. Field observations indicate that there is insufficient evidence for models to suggest 

that the large granophyre is the youngest body in the complex, and it might be that the Later Gabbros actually 

represent the youngest intrusive event there. Similar sequences of magma emplacement, i.e. early episodes of 

felsic magmatism with later intrusion o f large mafic bodies are reported from other Palaeogene igneous centres 

(e.g. Rum; Emeleus 1997).

173



Long 6 ‘̂ W
r

200km

S co tla n d  /

C a riing fo rd

C''Sv
Figure 6.1. Regional setting o f the 
Cariingford central igneous complex. Also 
shown are the igneous complexes at 
Slieve Gullion and the Mourne Mountains 
(from Cooper and Johnston 2004).

Co. D own

Co. A rm agh

Newcastle

•  Newry

M ourne M ounta in

Caritngfo

Co.
Louth 1 0 km  ^

D undalk

PRE-TERTIARY PALAEOGENE CENTRAL
ROCKS COMPLEXES

Carboniferous Slieve G ullion
lim estone Com plex

 I------1 W estern M ournes
I I  CentreLa iedon ian Newry

(jra n ite
1------ 1 Eastern M ournes
^ ^  Centre1 1 Silurian

sedim ents m  Cariingford 
Com plex

C a riin g fo rd  
Lough

Foye

C a riin g fo rd

D u n d a lk  Eay

KEY

Granophyre 

Vent agglomerate 

Later Gabbros  

Gabbro (early)

Basalt lava

Carboniferous
limestone

Silurian sediments

AMS sampled sites

IV
-  Large-scale  

layering

Figure 6.2. The position of the Later Gabbros within the Cariingford central complex. Also 
shown are the AMS sampled sites (adapted from Cooper and Johnston 2004).



Figure 6.3. A: Small-scale rhythmic layering o f pyroxene-rich gabbro at Ballinteskin. B and 
C: Orthocumulate texture in layered Later Gabbros from Ballinteskin as described in text. 
Photomicrograph images are both taken in cross polars and the field o f view is 4 mm in 
width. D: Slumped and deformed layers (highlighted) at same locality. E and F: Small-scale 
layering at Ballinteskin also often exhibits layers with a 'trough-like' form.



Figure 6.4. A and B: Shallowly NW  dipping granophyre (below) contact with Later Gabbro 
(above).

Figure 6.5. A and B: Microgranite-net-veined frequently angular blocks o f gabbro close to the 
NW margin o f the Barnavave gabbro. Both photographs courtesy o f Fiona Meade, Trinity 
College Dublin (Ireland).

Figure 6.6. Incipient melting and migmatisation o f Silurian sediment with the formation of 
dark mesosome (restitic) lenses (A) that retain bedding/cleavage which is frequently 
complexly folded (B).



C34. C38.

Temperature Temperature

Figure 6.7. Labelled susceptibility V5. temperature plots showing heating and cooling
paths fo r  selected Carlingford samples (two from the Slieve Foye traverse).
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T ab le  6 .1 . AMS data for the  Carlingford Later Gabbros
S a m p le  No.

B allin tesk in

C a rn a v ad d y

15A
15B

S p lit Rock

16

E a g le s  Rock

23A 
23B 
24A 
24B

22

R ound  M oun ta in
27
28
29
30
31

S liev e  Foye

K m ean

17889.06
15612.53

10525.7
8149.81
7247.39

18228.8
13972.96
12462.86

7101.65
3215.35

11610.72

3739.99
3812.88
1387.77

24166.24
24390.08
36098.75

14275.26
7585.14
12696.9

587.82
3161.3

700.45
828.42
421.38

4463.66
5275.3

11614.56
10827.88

64180.33
40487 .7
62297.2

45851 .97
101896.58

1311.62
1397.7

16971.33
714.25

5713.35
5898.57

4970.2

1.018
1.018
1.013
1.017
1 .011

1.019
1.013
1.036
1,015
1.006
1.009

1.014
1.008

1.01
1.007
1.019
1.017

1.021
1.026
1.022
1.024
1.024

1.041
1.028
1.031 
1.021 
1.017 
1.025
1.032

1.053
1.012
1.025

1.03
1.058

1.01
1.01

1.019
1.012
1.031
1.016
1.025

351.7 
243.9
359.7 
103.2
160.7

125.1
197.9
343.2 

209 
30.4

308.9

311.1
355.2 
328.4
350.3 

75.8
137.2

313.2
353

10.2
300.6

191

122.2
357.6 
351.9
352.7 

29
144.1
242.4

172.1
164.2 

173
234.6

360

292.5
281.8
167.1
277.1 

23.1 
32.3
163

-25.3
5.4 

-12.9 
-43.1

9.4

12.6
83

-67.6
47.5

-20.9
-30

-62.8
79.7

-25.3
15.6

-19.4
-32.1

19.7
21.6

32
- 10.8
75.6

37.9
-19.8
16.1
- 2.6
29.1 

4.3
59.1

24.9
66.2

-23.5
-19.4

-11

20.6
32.8
22.8  

4,4
-21.7
-32.6

-0.3

1
1.01

1,004
0.998
1.008

1
0.997
0.994
0.999
1.001
1.001

1.006
0.999
0.998
1.002
0.993
0.993

0.993
1.014

1
1,013
0,993

1.027
1.006
1.008
1.011
1.011
0.998

1

1.016
0.999
1.009
0.999
1.017

1.009
1.001
1.007
1.007 
0 .997 
0 .996

1

99.7
335.8

99.9
74.1

301.6

231.1
36.9 
81.6 
46.4

112.9
41.9

112.9
341.8 

55
85.1

145.9 
165

44.8
98.3
100

22.2
351,4

356.3
94.7
86.4
80.9

134.7
251.9

321

290.8 
356.3 
103.6
328.9 

96.5

12
355.3
322.8 

5
105.4
126.8 
247.2

-33.3
19.1

-37.8
43

77.9

50.8 
6.7 

-3.5 
41.2
18.8 
-5.2

-26
-10
7.3

16.7 
44

54.7

4.7
33.6 
- 0.2 
37.1
13.6

37
-19.1
15.3
35.6
25.9
76.1
-6.7

46
23.3
39.1

-11.9
-30.1

-25.7
-23.8
65.2

-25.7
18.6
-7.1

87

0.983
0.972
0.984
0.985
0.981

0.981
0.99
0.97

0,986
0.993
0,991

0.98
0.993
0.991
0.991
0.988

0.99

0.986
0.961
0.977
0.964
0.982

0.932
0.966
0.961
0.968
0.972
0.977
0.968
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Chapter 7 Summary o f  Conclusions

7.1. Introduction

The prim ary objectives o f  this thesis, as outlined in C hapter 1, are to investigate the textures and fabrics 

o f  som e o f  the w ell-know n layered and partially-layered m afic and ultram afic intrusions o f  the British 

Palaeogene Igneous Province (i.e. the A rdnam urchan Centre 3 G abbros, the Rum Layered Suite, the Skye D ruim  

H ain G abbros, and the C arlingford Later G abbros). This w as carried out by com bining detailed field observations 

and structural m easurem ents w ith m odem  quantitative m ethods o f  textural and igneous rock fabric analysis, such 

as the Crystal Size D istribution (CSD ) technique and A nisotropy o f  M agnetic Susceptibility  (A M S) analysis. The 

resulting  data has been considered in the context o f  existing m odels for the respective intrusions studied, and 

w here necessary, new  interpretations have been proposed based on discrepancies betw een the findings o f  this 

thesis and the published interpretations.

Each o f  the four results chapters (3-6 inclusive) is self-contained, and distinct conclusions have been 

draw n in each after detailed discussion. Therefore, th is final chapter is a sim ple sum m ary list o f  the principal 

conclusions draw n in each chapter.

7.2. The A rdnam urchan  C en tre  3 Gabbros.

A com bined field, m agnetic fabrics and quantitative textural study o f  the C entre 3 gabbros o f  

A rdnam urchan has led to a com plete re-evaluation o f  their intrusion geom etry  and em placem ent history. Inward- 

d ipping contacts betw een gabbro and Jurassic sedim ents are observed in the NW o f  the peninsula, and used to 

ru le out the ring-dyke hypothesis for the G reat Eucrite intrusion. C onsistently  inw ard-dipping, frequently  syn- 

m agm atically  deform ed layering, together w ith inw ard-plunging strongly-prolate A M S susceptibility  ellipsoids 

are interpreted as suggesting that significant central subsidence o f  the G reat Eucrite, together w ith the interior 

lam inated  gabbros have been o f  considerable im portance at a late-stage in the history o f  C entre 3. The Centre 3 

gabbros are therefore re-interpreted as a com posite lopolithic intrusion, containing d ifferent petrological facies o f  

gabbro . T he late-stage quartz-dolerite intrusion is re-in terpreted  as an annular series o f  anatectically  m elted roo f 

b locks above the G reat Eucrite, and the central tonalite intrusion is suggested to represent the original subsided 

zone o f  country-rock interaction w ith the top o f  the C entre 3 m agm a cham ber, i.e. the cham ber roof. The Meall 

nan Con screen is re-interpreted as ro o f to the G reat Eucrite, ra ther than as a screen, based on flattish contacts 

seen in the field with the gabbro rather than steep contacts, as previously described (R ichey and T hom as 1930).
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The presence o f sedimentary structures and strongly linear AMS fabrics suggests that magmatic flow 

was an important process in layer development. Similar observations, together with detailed quantitative textural 

analysis, suggest a primary cumulus mechanism o f formation of layering and igneous lamination for the 

Glendrian and Achnaha laminated gabbros. The Sithean Mor body displays evidence for a more complex textural 

history, possibly including postcumulus processes, such as compaction induced pressure solution, leading to 

crystal ripening and lamination intensification. The latter is supported by the AMS data for the Sithean Mor 

samples. Microprobe data for feldspar crystals from a Sithean Mor sample show significant zoning o f  up to 10 

mol%, possibly supporting the idea o f enhanced mobility o f one or more interstitial fluids through magmatic 

flow. This is interpreted as having being driven by central subsidence in the Centre 3 Gabbros.

7.3. The Rum Layered Suite.

The work carried out on the Rum Layered Suite presented in this thesis comprises two independent studies on 

two different types of cumulate that occur there.

The first o f these focuses on field observations and magnetic fabric data o f a sequence o f  interlayered 

peridotite and troctolite [Units 8, 9 and particularly Unit 10] in a small area north of Hallival in the Eastern 

Layered Intrusion, Macro-rhythmic layering, small-scale layering and igneous lamination strike parallel to the 

outer margins o f the intrusion and consistently dip inward. Measurements on sedimentary structures suggest that 

magmatic flow was toward a focal point in Atlantic Corrie at the centre o f the Eastern Layered Intrusion. 

Previous work (several independent studies: Putnis 1979; Moseley 1984; Housden et al. 1996) suggests that 

magnetite occurs in these rocks as crystallographically constrained dendrites in olivine crystals.

The magnetic fabrics are probably carried by these magnetite grains (from susceptibility measurements), 

and exhibit a very dominant trend, where magnetic foliation planes are always oriented parallel to the pervasive 

igneous lamination, and magnetic lineations normally trend parallel to the strike o f magnetic foliation planes. In 

some instances, magnetic lineations are oriented down-dip on magnetic foliation planes. The magnetic fabrics are 

interpreted to reflect olivine crystal fabrics, and the data described above are supported by independent work by 

Brothers (1964), which found that plagioclase crystals also display a well-defined lineation parallel to strike o f 

igneous lamination planes. A model is proposed where the alignment o f  tabular grains parallel to flow directions 

(measured from field evidence) is a result o f reshuffling and re-orientation of grains in the cumulate pile. It is 

proposed that this process is also driven by central subsidence o f  the Rum magma chamber.
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The second study undertaken is a detailed crystal size d istribution study o f  g ranular and harrisitic olivine 

crystal m orphologies from the Rum Layered Suite. M ost sam ples are from A rd M heall in the W estern Layered 

Intrusion, but sam ples are also taken from Harris Bay and the E astern Layered Intrusion. R esulting  CSD  plots are 

generally  quite log linear and give exceptionally  fast crystal grow th tim es for harrisite grow th. Form ation o f  

harrisite layers is estim ated to be approxim ately 160 tim es faster than layer form ation in the Skaergaard based on 

rates published by W ager and Brown (1968).

A m odel incorporating these very fast crystal grow th tim es, together w ith low calculated  nucleation rates 

and field  observations o f  extensive interlayering o f  harrisitic peridotite w ith ‘n o rm al’ peridotite  com posed o f  

granu lar olivine grains is proposed. A link betw een the cyclic developm ent o f  harrisite  as a d isequilibrium  texture 

and repeated influxes (o f varying size) o f  picrite m agm a at the base o f  the Rum cham ber is made. H arrisite is 

envisaged as developing through bursts o f  crystal grow th in response to regularly  induced ‘pertu rbations’ o f  the 

liquidus tem perature o f  the m agm a cham ber by influxing batches o f  picrite. Field evidence suggests that 

m agm atic sedim entation and syn-m agm atic deform ation, perhaps also related to the central subsidence o f  the 

Rum cham ber, halted or term inated harrisite grow th. This study therefore supports the view o f  the Rum intrusion 

as an open m agm atic system  as p reviously  proposed (E m eleus et al. 1996 and references therein).

7.4. T h e  Skye Druim Hain Gabbro.

T his study com bines detailed field  observations and structural m easurem ents on m agm atic layering w ith 

m agnetic fabric and quantitative textural studies. Layering and a ubiquitous layer-parallel lam ination dip inward, 

tow ard a central focal point to the NE, and display a m arked steepening inw ard (-3 0 -7 0 °) trend. Sedim entary 

structures are typically  absent, i.e. one exam ple o f  m odally  graded bedding is observed in a section o f  -4 5 0  m 

th ickness o f  layered cum ulate. M agnetic fabrics are sim ilar to the o ther studies (A rdnam urchan and R um ) in that 

the m agnetic foliation plane alw ays parallels layering and lam ination. H ow ever, the m agnetic lineation is highly 

inconsistent: even double sam pled sites show  no consistency in lineation orientation. M agnetic fabrics are also 

h igh ly  oblate, indicating that the p lanar elem ent o f  the fabric is p roportionally  much stronger than the linear one.

Textural evidence suggests that the sam ples w ith the m ost intense p lanar fo liations are those w ith the 

m ost com plex textural histories, i.e. have undergone som e ripening o f  m ineral grains. This is in agreem ent with 

A M S fabric evidence that suggests, in a sim ilar m anner to the lam inated cum ulates o f  A rdnam urchan, late-stage 

intensification  o f  the foliation at the expense o f  the lineation. H ow ever, even those sam ples that appear, from
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textural evidence, to have relatively simple crystallization histories are laminated. TTiis indicates that some 

primary mechanism o f fabric acquisition must be invoked to account for the initial stage o f  lamination 

development. Given the lack o f evidence for flow throughout the Skye cumulates, even though a potential driving 

mechanism, i.e. central subsidence, appears likely to have occurred, in situ  crystallization in the manner of 

McBimey and Noyes (1979) is suggested to be responsible. It is proposed here that localized postcumulus 

compaction caused textural ripening in parts o f the cumulate pile. Late-stage subsidence leading to the 

steepening-inward trend observed in layering affected a relatively coherent almost fully-crystallized mush, 

incapable o f being syn-magmatically deformed.

7.5. The Carlingford Later Gabbros.

A detailed magnetic fabric study o f the annular partially-layered Carlingford Later Gabbros is combined 

with new field observations and existing knowledge to test the ideas proposed in earlier chapters in this study and 

also to constrain existing emplacement models for the Later Gabbros. Fieldwork shows that the mapping o f Le 

Bas (1960) o f  four distinct petrological facies within the Later Gabbros is very accurate. Layering is best 

preserved in the north o f the intrusion at Bailinteskin. Syn-magmatic deformation o f layering is often seen in this 

area and includes deformed slump stnictures and varying thicknesses o f  layering. However, AMS fabrics are very 

inconsistent. Only in three o f seven traverses is consistency observed, suggesting that little can be drawn from the 

magnetic fabric data by way o f interpretation. However, the traverse in the north o f the intrusion, at Bailinteskin, 

corresponds to the area where deformed layering is present and magnetic fabrics here exhibit consistently 

oriented inward dipping and inward plunging magnetic foliations and lineations respectively.

A comparison o f this data with that from the Great Eucrite o f Ardnamurchan suggests that though 

central subsidence may have occurred in the Later Gabbros too, it was neither as important nor as extensive as in 

Ardnamurchan. This is supported to some degree by the presence o f a very shallowly-dipping (-20°) intrusive 

contact between the Later Gabbros and an extensive granophyre intrusion (note that outer contacts between the 

Great Eucrite and country rock dip inward at 50°). The presence of the above contact also has implications for 

age relations between the granophyre and the Later Gabbros, suggesting that the granophyre may not be the 

younger intrusion, as previously thought (Le Bas 1960; 1967).
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Samples from Ard Mheall for AMS fabric analysis are discussed in text in Chapter 4 (part
3). Note that sample numbers HB1-HB3 bear no relation to samples HB1 and HB2 from 
Harris Bay, analysed using the CSD technique and discussed in Chapter 4 (part 2).
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Layered Intrusion analysed as an independent check on 
the results presented in Chapter 4 (part 1). Note that the 
position of each sample is marked on the map and, as with 
other results, the magnetic foliation approximately parallels 
the large-scale magmatic layering and the magnetic 
lineation plunges very gently on this plane. The magnetic 
fabrics measured for these samples are thus interpreted to 
substantiate the data presented in Chapter 4 (part 1).

RUM AMS DATA

Cl :GR 39645 96789

• v% y

2.0 4.0 6.0 8.0 10.0
F \

▲ :

C2:GR 39448 96431

L

32 .0

24 . 0 32.0

16 . 0
16 .0

8 . 0 16 .0 24 . 0 32.0 40
F %



SKYE AMS DATA

2 0 . 0 SI :GR 48988 21900
L 2 4  . 0

1 6 . 0

1 2 . 0 1 6  . 0

B  MAX

•  k :4 . 0 8 .0 1 2 . 0 1 6 . 0 2 0  . 0
F %

S2A:GR 49188 2205620  . 0

2 4  . 0

1 6  . 0

12  . 0 J 6  . 0

2 0 . 01 2 . 0 1 6 . 0

2 0 . 0 S2B:GR49188 22056
2 4  . 0

1 6 . 0

1 2 . 0 1 6 . 0

1 6  . 0 2 0 . 01 2 . 0

S3:GR 49460 2210620  . 0

2 4  . 0

1 6  . 0

1 2 . 0 1 6  . 0

• • •  ^

1 6 . 0 2 0 . 0



30  . 0 S4:GR 49660 22240
3 6 . 0

24  . 0

1 8 . 0 .24  . 0

1 2 . 0

1 2 . 0 1 8 . 0 24  . 0 3 0 . 0

2 0 . 0

L 24  . 0

1 6 . 0

1 2 . 0 .16

4 . 0 8 . 0 1 2 . 0 16  . 0 2 0 . 0
P %

S7:GR49915 217732 0 . 0

24  . 0

16  . 0

12  . 0 16

1 2 . 0 16  . 0 2 0 . 0

1 0 . 0 S8:GR 49800 22024
L 12  . 0

2 . 0 4 . 0 6 . 0 8 . 0 10



3 0 . 0

L 3 6 . 0

24  . 0

1 8 . 0 .24  . 0

1 2 . 0

1 2 . 0

6 . 0 1 2 . 0 1 8 . 0 24  . 0 3 0 . 0

S9:GR 49661 21935

2 0  . 0

L 2 4  . 0

16  . 0

12.0 .16

16  . 04 . 0 8 . 0 1 2 . 0 2 0 . 0

S11:GR 4996721568

2 0 . 0

L 24  . 0

16  . 0

12  . 0 .16

2 0 . 04 . 0 8 . 0 1 2 . 0 1 6 . 0

S12:GR 49911 21782

3 0 . 0

L 3 6 . 0

2 4  . 0

18  . 0 24  . 0

1 2 . 0

12 .0

6 . 0 24  . 0 3012 . 0 18  . 0

S13A:GR4964621879



S13B:GR 49646218792 0 . 0

L 24  . 0

1 6 . 0

1 2 . 0 1 6 . 0

4 . 0 8 . 0 12 . 0 1 6 . 0 2 0 . 0
F I

S14:GR 50053 214292 0  . 0

24  . 0

16  . 0

A -

1 2 . 0 .16

1 2 . 0 1 6 . 0 2 0 . 0

SI 5:GR 49499 2238830  . 0

36  . 0

24  . 0

18  . 0 .2 4 . 0

12  . 0

1 2 . 0

1 2 . 0 1 8 . 0 24  . 0 30  . 0

2 0 . 0

L 2 4 . 0

1 6 . 0

12.0 .16

4 . 0 8 . 0 1 2 . 0 16  . 0 2 0 . 0

▲ :



S17:GR 49144 2272620.0

L 24.0

16.0

12 . 0 .16

▲ :
4 . 0 16 . 0 20.08.0 12 . 0

F %

S18:GR 48987 2305820.0

24 . 0

16.0

12.0 .16
M -

• f .  •
12 . 0 16 .0 20.0

20.0

L 24 . 0

16.0

12.0 16.0

16 . 0 204 . 0 8.0 12 . 0

S19:GR 48854 22708

20.0

L 24 .0

16.0

12.0 16.0

4 . 0 8.0 12.0 16.0 20 . 0

S20:GR 49306 22349



2 0 . 0

L 24  . 0

1 6 . 0

1 2 . 0 .16

1 6 . 04 . 0 8 . 0 1 2 . 0 2 0 . 0

S21:GR 49142 22245

2 0 . 0

L 24  . 0

1 6 . 0

1 2 . 0 .16

•  •

1 2 . 0 16  . 0 2 0 . 04 . 0 8 . 0

S22:GR 48923 22237

S23:GR 49171 225063 0 . 0

3 6 . 0

24  . 0

1 8 . 0 24  . 0

1 2 . 0

12 . 0

18  . 0 24  . 0 3 0 . 012  . 0

2 0 . 0

L 24  . 0

1 6 . 0

1 2 . 0 1 6 . 0

1 6 . 04 . 0 8 . 0 12  . 0 2 0 . 0

S24:GR 48927 22431



S25:GR 49671 222623 0 . 0

24  . 0

18  . 0 -2 4 . 0

12 .0

12  . 0

18  . 0 3 0 . 012  . 0 2 4  . 0



CARLINGFORD AMS DATA

10.0

L

6 . 0 102 . 0 4 . 0 8 . 0

C1:GR 17728 10033

• •

A t

0

C2:GR 17757 0942510.0

L 12.0

A M -

•  •

2 . 0 4 . 0 6 . 0 8 . 0 10.0

C3:GR 17734 0903310.0

12 .0

A-

▲ .

10.0

C4:GR 17615 0943810.0

L 12.0

• • •

•  hi2 . 0 6 . 0 8 . 0 10.04 . 0



C5:GR 17758 101801 0 . 0

12  . 0

•A

A-
1 0 . 0

C6:GR 14076 148701 0 . 0

12  . 0

§ •A A

1 0 . 0

1 0 . 0 C7:GR 14029 14643
1 2 . 0

mm A

10.0

C8:GR 14108 143201 0 . 0

L 1 2 . 0

• •

8 . 02 . 0 4 . 0 10  . 0



1 0 . 0

L 1 2 . 0

2 . 0 6 . 0 8 . 0 1 0 . 04.0

•  •

F I

C 1 0 :G R 14116133611 0 . 0

12  . 0

▲.
▲.

1 0 . 0

C11:GR 13535 137721 0 . 0

1 2 . 0

10  . 0

C12:GR 12488 140171 0 . 0

1 2 . 0

1 0 . 0



C13:GR 12166 1386110  . 0

L 12  . 0

2 . 0 4 . 0 6 . 0 8.0 10 . 0
F %

Cl 4: GR 11693 137971 0 . 0

12  . 0

#..0

V ▲.

10.0

C 15A:GR 1141 91 41 9610 . 0

1 2 . 0

10  . 0

C15B:GR11419 141961 0 . 0

1 2 . 0

•  -

1 0  . 0



C16:GR 11726 145341 0  . 0

L 1 2 . 0

% >
M^i

6 . 0 8 . 0 1 0 . 02 . 0 4  . 0

F I

1 0 . 0

L 12 . 0

8 . 0 106 . 02  . 0 4  . 0

#■

- h

0
F \

C18;GR 15727 13564 
^ — I—

1 0 . 0

1 2 . 0

▲.

▲ :
1 0 . 0

C19:GR 15515 132501 0 . 0

L 12  . 0

A.

•  h :6 . 0 8 . 0 1 0  . 02 . 0 4 . 0



10 . 0

L 12 . 0

2 . 0 6 . 04 . 0 8 . 0 10

C20:GR 15389 12907

▲ .

• -

C21:GR 15438 1272810.0

1 2 . 0

▲ :
10.0

20 . 0

L 24  . 0

1 6 . 0

12 . 0 ,16 . 0

4 . 0 8 . 0 12.0 1 6 . 0 2 0 . 0

C 22:G R 1624212149

A .

2 0 . 0

L 24  . 0

16  . 0

12 . 0 .16

4 . 0 8 . 0 12 . 0 1 6 . 0 2 0 . 0

C23A:GR 16415 12488

• •

• <

▲ -



10  . 0 C23B:GR16415 12488
12  . 0

10  . 0

C24A:GR 16551 125921 0 . 0

1 2 . 0

▲ -

▲ :
1 0 . 0

F I

C24B:GR 16551 12592

• •

0
F I

C25:GR 16737 128111 0 . 0

L 1 2 . 0

m

•  •

2 . 0 6 . 0 9 . 0 1 0 . 04 . 0



2 0 . 0

L 24  . 0

16  . 0

12.0 .16

8«Q

4 . 0 8 . 0 12  . 0 16  . 0 2 0 . 0

C26:GR 16801 13004

2 0 . 0 C27:GR 11357 10354
24  . 0

1 6 . 0

12.0 .16

1 2  . 0 16  . 0 2 0 . 0

10.0

L 1 2 . 0

2 . 0 4 . 0 6 . 0 8 . 0 10

C28:GR 11424 10490

A .

A-

•  -

2 0 . 0

L 2 4  . 0

16  . 0

12 . 0 1 6 . 0

4 . 0 8 . 0 1 2  . 0 16  . 0 2 0  . 0

C29:GR 11512 10737

▲ .



C30:GR 11239 1028910 . 0

12.0

A :
10  . 0

C31:GR 11294 102222 0  . 0 \

2 4 . 0

16  . 0

12  . 0 1 6 . 0
A :

2 0  . 012  . 0 16  . 0

C32;GR 16712 11522

# /

o

C33:GR 16792 11598



4 .»M

C34:GR 16902 11696

a A.

a . e  4 . 0  « . e  « . q l o .

C35:GR 17003 11766

C36:GR 17120 11864

o

C37:GR 17170 11907

o



C38:GR 17296 12035

e



Thermomagnetic Data



Temperature dependence of susceptibility: Great Eucrite (West, A6)

265 6 
267 6 
270 3 
272 5 
27* 6

339 2 
341 5 
343.8

633 3 
632 S 
832 2

767 3 
766.6 
76S9

541 5 
544 2
5473

599 7 
548 9 
501.9

sea 2
590.7
593.8 
5966

6153 
617.8 
620 3 
622 8

242 2 
237 8 
233 7

618 5
617 2 
6153

377 6 
375.6 
373 6

246 8 
244 8
242 6



T e m p e ra tu re  d e p e n d e n c e  of su scep tib ility : G

246 6 
249 2 
251 6

2S4 5 
2S6S 
266 7

ICMP tSUSC
■at E ucrite  (S o u th . A9)

1072 8 
1071 9 

1070

667 2
66&2 
663 3 
6606 
656 2 
655 7 
652 6 
650.3 
647 6 
645 2

S23.6 
922 2
921 6
922 6

1024 2 
1023 6 
1023 6

909 9 
9068
906 2
907 3

331 3 
333 6 
335 8

576 6 
576 5 
574 3

1026 3 
1026 6 
1029 2 
1029 2

1032 
1032 3
1032 6
1033 5
1034 6 
1034.3

1042 3 
1042 8 
1041 6

1066
106S6
loes.s

341.3 
327 6 
3136

934 3 
932 6 
932.6

897 6 
897 8 
696 8

224.5 
226 7 
229 2

241 2
242 6 
244 5

926 9 
928 5
927 5

670 5 
669 6 
668 5
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Tem perature d ep e n d en c e  of susceptibility: G reat Eucrite (North. A28)
f£MP rsusc TEMP TSUSC lEMP rsusc

20? 9 
20S3 
207 S 
209 7 
211 9

2U 2 
290 < 
293 2 
29S7

326 i 
3302 
331 6

33&& 
337 5 
339 S

3607 
363 2 
36S6 
367.6 
370 1 
372 4 
374 7 
377 3 
379 9 
362 2

504 8 
507 2 
506 3 
S11.8 
514 2 
51SS 
519 3

572 4 
574 9 
577 7 
5605 
563 3

234 3 
222 1 
211 6 
202 6

1S7 2 
1794 
1724

1152 
112 1 
106 7 
105 3 
102 2

723 3
725 5
726 2 
730 4

742 6 
744 9
747 2 
749 6

7S6 4 
756 4
758 4 
756 4 
756 7

760.7 
760 7 
760 7

759 7 
758.7
756 4
757 4 
756 4 
754 4 
752.6

747 6 
746 6
745 5 
743 9 
742 2 
739 9 
738 3 
736 7 

735 
733 7 
732 7 
73  ̂7

729 8 
728 5 
727,2 
7255 
723 6 
721.6 
7*97 
718.4

673 9 
672 6 
671 6 
670 7 
669 1 
667 5 
665 2 
663 6

657 6 
655 4 
653 S

639 5 
637 3 
634 6 
632 6 
630 4 
626 2

5608 
556 6 
556 6

491 6
469 2 
466 5

463 6 
460 6 
47«S

307 6 
306 6
306 8
307 2 
306 5 
306 8

4305 
429 4
426 2 
426 7

362 2 
360 2 
376 5

366 7 
365 3 
363 5

359 2 
357 6 
356 7 
355 5 
354 4

351 8 
350 4 
348 7 
346 7 
344 7 
342.7 
340 4

328.7 
326 5 
324 2 
322 2 
320 5
3165
3166 
314.9 
313.2 
311 5

306 4
306 7 
305 3

292 2 
292 7 
291 6 
291.S

290 4
290 9 
290 5

264 8 
262 6 
260 6
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T em perature d ep e n d en c e  of susceptibility: Carlingford Later G abbros (C36)

203 4 
205 6 
207 S

2124 
214 6 
216S 
219 7

249 2 
251 5 
253 4 
255 6 
257 6

262 3 
264 2 
2«64 
2666

267 3 
269 3 
291 S 
293 5 
295 7

311 5 
3137 
3157 
317 7

329 3 
331 6 
333 6 
335 5 
337 5 
339 8

3504 
352 6 
354 7

375 3 
377 3 
379 6 
381 9

170 6 
170 5 
170 2

1687
166 5 
168 3 
167,9
167 7 
187 5

1657 
165 5
1654

1646 
164 6 
164 4
164 3

163 5 
163 4 
163 3 
163 2 
163 1

160 7 
160 4 
156 7 
1578 
144 S 
102.7

-35 9 
-37 6 
•36 9

-43.2 
-44 e 
-46 9

677 7 
680 3 
662 6 
665 4

722 9 
725 2 
727 5 
729 5 
731 7 
733 7 
736 3 
738.9 
740 9 
743 9 
746 5 
748 5 
7506
752 4
753 7
754 7
755 4 
755.7
756 7
757 4
757 7
758 7

759 4
759 7
760 3 
780 7 
760 7

759 7 
759 4 
756 4 
756.7

747 5 
746 5 
7458 
744 9

696 4 
694 7

•88 5 
-664 
-68 3 
•68 1 

46

-69 9 
-69 9 
«9 7 
-69 6 
-69 6 
«9 3 
•69 2

<7 7 
•67 6 

691 5 •e? 3
689 9 -67 2

686 -669
688 -ees

663 6 «6 3
661 6 •eS 6
679 6 -64 6
677 7 439
6758 
673 9 
6719 42 8
669 7 42
667 2 4
664 9 41
662 4 41
6601 40 9
658 2

656
654 4

647 8 
8452 
642 T 
640 2 
638 3

627 6 
625 7 
623 2

811 9 
609 7 
607 5

591 9 
589 6 
587 8 
585 1 
5828 
5805 
578 3 
575 8 
573 7 
571.5 
569 4 
567 2

555 8 
553 7 
551 6

526 6 
524 2 
521 7 
5196 
517 2

496 7 
494 3 
492 5

-60

379 6
377 6
378 2 
374 7

331 6 
329 3 
327 6

325 6 
323 9 
322 2

318 5 
3168 
3152 
3132 
311 5 
309 5 
307 8 
3059 
303 9 
301 9

287 9 
285 9 
284 3

2708 
269 2 
267 5

259 8 
257 5 
255 6 
253 7

2lt 6 
209 7 
207 5

TEMP T9VSC



Crystal Size Distribution Data



CSD Corrections 1.37 -- 1.csd

c
<u
■O
co

c

•0-

•10-

Size

Model - 1.0 : 1.5 : 2.7
Foliated

Roundness = 0.6 
Normal orientation

CD
Quality =

Area = 1607.16 
0.4

Maximun
length

Data Set 
1

Data Set 
2

Corr
Fact

Mid
Interval

Pop Den Min PD Max PD Crystal
number

Vol %

15.8 3 0.00 Yes 17.0 -10.47 -11.33 -10.02 0.000123 8.875
10.00 17 0.02 Yes 10.72 -7.84 -8.12 -7.62 0.00108 19.59
6.31 33 0.07 Yes 6.76 -6.30 -6.51 -6.13 0.00318 14.45
3.98 40 0.12 Yes 4.27 -5.24 -5.44 -5.08 0.00576 6.581
2.51 36 0.19 Yes 2.69 ^.5 1 -4.74 -4.32 0.00758 2.176
1.58 30 0.27 Yes 1.70 -3.88 -4.17 -3.66 0.00897 0.646
1.000 20 0.43 Yes 1.072 -3.62 -4.12 -3.29 0.00736 0.133
0.631 6 0.88 Yes 0.676 -5.49 -Infinity -3.98 0.000712 0.003
0.398
0.251

4
0

0.05 Yes
No

0.427 -2.87 -3.62 -2.45 0.00619 0.007

Total 189

Data in italics were not plotted or regressed

CSDCorrections 1.37; 06/05/2006 14:05:14



CSD Corrections 1.37 --4.csd

■ ? -

Size

Model -1 .0 : 1.6 ; 3.6 Roundness = 0.6 Area = 717.64
Foliated Normal orientation Quality = 0.8

Maximurr Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

6.31 6 0.00 Yes 8.62 -7.43 -7.95 -7.09 0.00105 5.905
3.98 33 0.02 Yes 5.44 -4.82 -5.02 -4.66 0.00896 12.69
2.51 81 0.04 Yes 3.43 -3.03 -3.15 -2.92 0.034 12.10
1.58 153 0.06 Yes 2.16 -1.49 -1.58 -1.40 0.1 8.953
1.000 190 0.09 Yes 1.366 -0.39 -0.47 -0.31 0.19 4.260
0.631 156 0.16 Yes 0.862 0.26 0.16 0.35 0.229 1.294
0.398 67 0.38 Yes 0.544 0.03 -0.19 0.21 0.115 0.162
0.251 5 4.39 No 0.343 Over
0.158 0 No 0.216
0.100 0 No 01366
0.0631 1 0.00 No 0.0862 Over
00398 0 No

Total 692

Data in italics were not plotted or regressed

CSDCorrections 1.37; 06/05/2006 14:10:00



CSD Corrections 1.37 -- 5.csd

i  -6-

-7-

-9 -

S ize

Model - 1.0 : 2.3 : 3.6
Foliated

Maximurr Data Set Data Set Corr
length 1 2 Fact

10.00 3 0.00
6.31 8 0.06
3.98 43 0.03
2.51 67 0.10
1.58 85 0.13
1 000 98 0.16
0.631 54 0.45
0.398 18 1.11
0.251 3 0.00
0.158 0

Total 379

Roundness = 0.6 CD Area
Normal orientation Quality = 0.8

Mid Pop C
Interval

Yes 10.35 -9.05
Yes 6.53 -7.20
Yes 4.12 -4.57
Yes 2.60 -3.28
Yes 1.64 -2.16
Yes 1.035 -1.14
Yes 0.653 -1.22
No 0.412 Over
No 0.260 Over
No

1.24

Min PD Max PD Crystal
number

Vol %

-9.91 -8.59 0.000358 5.020
-7.67 -6.89 0.00143 5.035
-4.74 -4.43 0.0125 11.07
-3.43 -3.16 0.0287 6.378
-2.29 -2.04 0.0556 3.106
-1.27 -1.02 0.0977 1.370
-1.50 -1.00 0.0566 0.199

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 14:10:30



CSD Corrections 1.37 -  6.csd

-3-

a - 4 - -

-G -

Size

Model -1 .0  : 2.3 : 9 Roundness = 0.6 o Area = 320.3
Foliated Normal orientation Quality = 0.3

Maximurt Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

6.31 3 0.00 Yes 15.24 -7.75 -8.61 -7.29 0.000776 5.563
3.98 19 0.02 Yes 9.61 -4.99 -5.26 -4.78 0.00767 13.81
2.51 46 0.04 Yes 6.07 -3.21 -3.38 -3.07 0.0287 12.96
1.58 72 0.07 Yes 3.83 -1.87 -2.01 -1.76 0.0691 7.856
1.000 85 0.10 Yes 2.415 -0.82 -0.95 -0.71 0 125 3.571
0.631 80 0.14 Yes 1.524 -0.01 -0.15 0.11 0.177 1.271
0.398 53 0.26 Yes 0.961 0.35 0.15 0.52 0.161 0.289
0.251 16 0.67 Yes 0.607 -0.75 -2.21 -0.18 0.0338 0.015
0.158 3 0.34 Yes 0.383 -0.80 -2.92 -0.17 0.0203 0.002
0.100 0 No

Total 377

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 14:11:02



CSD Corrections 1.37 -  7.csd

</) -2

-4-

-5-

-6-

Size

Model -1 ,0 : 2.7 : 8 Roundness = 0.5 CTD Area = 211.71
Foliated Normal orientation Quality = 0.5

Maximurr Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

6.31 3 0.00 Yes 11.52 -7.10 -7.96 -6.64 0.00148 7.267
3.98 15 0.02 Yes 7.27 -4.59 -4.89 -4.35 0.0115 14.19
2.51 28 0.05 Yes 4.58 -3.08 -3,30 -2.90 0.0328 10.16
1.58 67 0.05 Yes 2.89 -1.28 -1.42 -1.16 0.125 9 743
1.000 71 0.11 Yes 1.825 -0.37 -0.51 -0.24 0.197 3.846
0.631 80 0.13 Yes 1.152 0.65 0.52 0.77 0.344 1.690
0.398 57 0.23 Yes 0.727 1.11 0.92 1.27 0.344 0.423
0.251 24 0.57 Yes 0.458 0.57 -0.08 0.97 0.127 0.039
0.158 3 3.36 No 0.289 Over
0.100 0 No 0.1825
0.0631 2 0.00 No 0.1152 Over
0.0398 0 No

Total 350

Data in italics were not plotted or regressed 

CSDCorrections 1.37: 06/05/2006 14:11:34
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CSD Corrections 1.37 -- 9.csd

to  -2-

S - y -

-6—

Size

Model -1 .0 : 1.9 : 3.8 Roundness = 0.6 CD Area = 169.08
Foliated Normal orientation Quality = 0.6

Maximurr Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

6.31 1 0.00 Yes 7.74 -7.62 -Infinity -6.93 0.000875 3.811
3.98 12 0.01 Yes 4.88 -4.22 -4.57 -3.97 0.0165 18.03
2.51 19 0.07 Yes 3.08 -2.91 -3.19 -2.69 0.0388 10.65
1.58 40 0.06 Yes 1.94 -1.23 -1.42 -1.08 0.131 9.020
1.000 59 0.09 Yes 1.226 0.05 -0.11 0.18 0.296 5.127
0.631 73 0.12 Yes 0.774 1.15 1.01 1.28 0.564 2.454
0.398 31 0.39 Yes 0.488 0.85 0.50 1.11 0.262 0.286
0.251 11 0.91 Yes 0.308 -1.23 -Infinity 0.28 0.0207 0.005
0.158 1 8.81 No 0.194 Over
0.100 0 No 0.1226
0.0631 1 0.00 No 0.0774 Over
0.0398 0 No

Total 248

Data in italics wore not plotted or regressed

CSDCorrections 1.37: 06/05/2006 14:12:42



CSD Corrections 1.37 -- lO.csd

-2-

■6-

Size

Model - 1.0 : 1.7 : 2.8
Foliated

Maximun Data Set Data Set Corr
length 1 2 Fact

10.00 1 0.00
6.31 0
3.98 5 0.01
2.51 20 0.03
1.58 59 0.05
1.000 86 0.10
0.631 95 0.15
0.398 49 0.45
0.251 21 0.91
0.158 2 0.29
0.100 0

Total 338

Roundness = 0.6 CD Area
Normal orientation Quality = 0.6

Mid
Interval

Pop II

Yes 9.94 -8.60
No 6.27
Yes 3.96 -5.16
Yes 2.50 -2.87
Yes 1.58 -0.88
Yes 0.994 0.36
Yes 0.627 1.32
Yes 0.396 1.13
Yes 0.250 -0.65
Yes
No

0.158 0.04

;.19

Min PD Max PD Crystal
number

Vol %

-Infinity -7.91 0.000512 7.799

-5.76 -4.79 0.00636 6.115
-3,14 -2.67 0.0394 9.514
-1.03 -0.76 0.182 11.02
0.23 0.47 0.398 6.057
1,19 1.43 0.657 2.513
0.83 1.37 0.344 0.330
-Infinity 0.62 0.0365 0.008
-4,83 0.73 0.046 0.002

Data in italics were not plotted or regressed

CSDCorrections 1.37; 06/05/2006 14:06:11



CSD Corrections 1.37 -  11 .csd

-2-

• & -

22 24
Size

Model - 1.0 ; 1.15 : 9 Roundness = 0.6 CD Area = 105.2
Foliated Normal orientation Quality = 0.5

Maximurr Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

3.98 6 0.00 Yes 24.97 -6.07 -6.59 -5.73 0.0034 53.61
2.51 9 0.03 Yes 15.75 -4.78 -5.20 -4.48 0.0078 30.93
1.58 38 0.01 Yes 9.94 -2.40 -2.58 -2.24 0.0533 53.06
1.000 36 0.06 Yes 6.272 -1.58 -1.77 -1.41 0.0763 19.09
0.631 25 0.10 Yes 3.957 -1.07 -1.32 -0.87 0.0801 5.034
0.398 14 0.22 Yes 2.497 -0.86 -1.28 -0.57 0.0619 0.977
0.251 6 0.29 Yes 1.575 -0.89 -1.74 -0.43 0.0382 0.151
0.158 1 0.44 Yes 0.994 -2.00 -Infinity -0.97 0.00794 0.007
0.100 0 No

Total 135

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 14:06:54



CSD Corrections 1.37 -- 13.csd

- >

tft -4-
c0}
•O
c
Bro
3
Q.
O
S  ^
C

• ? -

-8-

•9--

Size

Model -1 .0 : 1.5 : 4
Foliated

Roundness = 0.6 
Normal orientation

CD
Quality =

Area = 349.87 
0.4

Maximurr
length

Data Set 
1

Data Set 
2

Corr
Fact

Mid
Interval

Pop Den Min PD Max PD Crystal
number

Vol %

10.00 1 0.00 Yes 14.80 -9.43 -Infinity -8.73 0.000206 4.465
6.31 1 0.09 Yes 9.34 -8.60 -Infinity -7.86 0.000297 1.619
3.98 24 0.01 Yes 5.89 -4.41 -4.64 -4.23 0.0123 16.90
2.51 35 0.06 Yes 3.72 -3.17 -3.37 -3.01 0.0269 9.241
1.58 72 0.06 Yes 2.35 -1.52 -1.66 -1.41 0.0882 7.627
1.000 59 0.16 Yes 1.480 -0.93 -1.09 -0.78 0.101 2.200
0.631 32 0.43 Yes 0.934 -1.00 -1.37 -0.73 0.0594 0.324
0.398
0.251

Total

17
0

241

0.24 Yes
No

0.589 -0.43 -0.81 -0.15 0.0664 0.091

Data in italics were not plotted or regressed

CSDCorrections 1.37; 06/05/2006 14:07:26



CSD Corrections 1.37 -- ISA.csd
0 ------------------------------------------------------------------------------------------------------------------------

Size

Model - 1.0 : 1.6 : 2.9
Foliated

Maximurr Data Set Data Set Corr
length 1 2 Fact

6.31 3 0.00
3.98 13 0.03
2.51 27 0.06
1.58 67 0.06
1.000 55 0.19
0.631 17 1.04
0.398 5 0.00
0.251 0

Total 187

Roundness = 0.6 CD Area
Normal orientation Quality = 0.4

Mid Pop C
Interval

Yes 6.86 -7.09
Yes 4.33 -4.73
Yes 2.73 -3.11
Yes 1.72 -1.28
Yes 1.087 -0.71
No 0.686 Over
No 0.433 Over
No

.51

Min PD Max PD Crystal
number

Vol %

-7.95 -6.64 0.00145 6.352
-5.07 -4.48 0.00969 10.66
-3.34 -2.93 0.0308 8.505
-1.42 -1.16 0.122 8.439
-0.90 -0.56 0.135 2.359

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 14:03:24



CSD Corrections 1.37 -- 17A.csd

■E -4-

s  -5-

-6-

Sfze

Model - 1.0 : 1.3 : 2.9 Roundness = 0.6 CD Area = 446.44
Foliated Normal orientation Quality = 0.5

Maximurr Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

6.31 3 0.00 Yes 8.15 -7.55 -8.41 -7.10 0.000883 5.281
3.98 12 0.02 Yes 5.14 -5.27 -5.62 -5.01 0.00548 8.232
2.51 53 0.02 Yes 3.25 -2.86 -3.01 -2.73 0.0383 14.47
1.58 133 0.04 Yes 2.05 -1.04 -1.13 -0.95 0.15 14.21
1.000 81 0.17 Yes 1.292 -0.76 -0.90 -0.63 0.125 2.977
0.631 29 0,48 Yes 0.815 -1.33 -1.77 -1.02 0.0446 0.266
0.398 1 11.23 No 0.514 Over
0.251 0 No 0.325
0.158 0 No 0.205
0.100 0 No 0.1292
0.0631 1 0.00 No 0.0815 Over
0.0398 0 No

Total 313

Data in italics were not plotted or regressed

CSDCorrections 1.37; 06/05/2006 14:07:59



CSD Corrections 1.37 -- 19.csd

0-

-2-

a - 3 -

-6-

Size

Model - 1.0 : 1.6 : 3.6 Roundness = 0.5 CD Area = 438.08
Foliated Normal orientation Quality = 0.5

Maximun Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

6.31 7 0.00 Yes 7.91 -6.66 -7.13 -6.33 0.00208 9.681
3.98 27 0.02 Yes 4.99 -4.41 -4.63 -4.23 0.0124 14.52
2.51 66 0.04 Yes 3.15 -2.61 -2.75 -2.49 0.0473 13.86
1.58 132 0.06 Yes 1.99 -1.01 -1.11 -0.92 0.148 10.87
1.000 132 0.12 Yes 1.253 -0.16 -0.27 -0.07 0.218 4.037
0.631 119 0.18 Yes 0.791 0.58 0.46 0.69 0.29 1.347
0.398 65 0.45 Yes 0,499 0.51 0.25 0.71 0.169 0.197
0.251 51 0.38 Yes 0.315 1.30 1.04 1.50 0.235 0.069
0.158 7 1.15 No 0.199 Over
0.100 0 No

Total 606

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 14:08:38



CSD Corrections 1.37 -- 22A.csd

Size

Model - 1.0 : 2 : 4.5
Foliated

Roundness = 0.6 
Normal orientation

CD
Quality =

Area = 191.27 
0.5

Maximurr
length

Data Set 
1

Data Set 
2

Corr
Fact

Mid
Interval

Pop Den Min PD Max PD Crystal
number

Vol %

6.31 2 0.00 Yes 8.82 -7.15 -8.37 -6.61 0.00142 6.892
3.98 7 0.03 Yes 5.57 -5.00 -5.50 -4.67 0.00766 9.314
2.51 37 0.02 Yes 3.51 -2.41 -2.59 -2.25 0.0647 19.77
1.58 60 0.07 Yes 2.22 -1.05 -1.20 -0.92 0.158 12.14
1.000 70 0.11 Yes 1.398 -0.02 -0.16 0.11 0.28 5.401
0.631 80 0.13 Yes 0.882 1.01 0.87 1.13 0.495 2.397
0.398 47 0.28 Yes 0.557 1.20 0.98 1.39 0.38 0.462
0.251
0.158
0.100
0.0631

21
0
0
0

0.58 Yes
No
No
No

0.351
0.222
0.1398
0.0882

0.78 0.04 1.20 0.157 0.047

0.0398
0.0251

Total

2
0

326

0.00 Yes
No

0.0557 2 99 1.76 3.52 0.226 0.000

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 14:09:29



CSD Corrections 1.37 -- HBI.csd

0
T3 I
c  -y-0

1
d

Q . -&-J

C

•0^

-9 -

-1 (H

•11-

45 50

Size

Model - 1.0 : 2 : 10
Massive

Maxlmurr Data Set Data Set Corr
lengtti 1 2 Fact

25.1 2 0.00
15.8 0
10.00 10 0.01
6.31 30 0.02
3.98 34 0.06
2.51 56 0.05
1.58 49 0.10
1.000 57 0.09
0.631 34 0.18
0.398 8 0.68
0.251 4 0.93
0.158 0
0.100 0
0.0631 0
0.0398 0
0.0251 25 0.00
0.0158 0

Total 309

Roundness = 0.4 ( ] Area =

Mid
Interval

Pop D(

Yes 54.9 -11.96
No 34.7
Yes 21.87 -8.52
Yes 13.80 -6.51
Yes 8.71 -5.50
Yes 5.49 -4.08
Yes 3.47 -3.34
Yes 2.187 -2.26
Yes 1.380 -1.96
Yes 0.871 -3.44
Yes 0.549 -4.78
No 0.347
No 0.2187
No 0.1380
No 0.0871
Yes
No

0.0549 4.38

.67

Min PD Max PD Crystal
number

Vol %

-13.19 -11.43 3.23E-5 8.678

-8.90 -8.24 0.000403 6.829
-6.72 -6.34 0.00189 8.055
-5.70 -5.34 0.00327 3.490
-4.23 -3.95 0.00857 2.301
-3.51 -3.19 0.0113 0.765
-2.42 -2.13 0.021 0.355
-2.19 -1.77 0.018 0.076
-Infinity -2.69 0.00258 0.002
-Infinity -2.63 0.000423 0.000

4.16 4.56 0.404 0.000

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 14:56:31



CSD Corrections 1.37 -- HB2.csd

w  - 6 ~
c0)

T3
C

-T-J5
D
Q.
O

S  -8 --
c

- 1 0 -

- I V

Size

Model - 1.0 : 2.5 : 9
Massive

Roundness = 0.5 CD Area = 2083

Maximurr
length

Data Set 
1

Data Set 
2

Corr
Fact

Mid
Interval

Pop Den Min PD Max PD Crystal
number

Vol %

15.8 2 0.00 Yes 31.8 -11.66 -12.89 -11.12 3.51E-5 2.642
10.00 12 0.01 Yes 20.04 -8.96 -9.31 -8.70 0.000329 6.227
6.31 46 0.02 Yes 12 64 -6.70 -6.87 -6.56 0.00198 9.417
3.98 80 0.05 Yes 7,98 -5.26 -5.39 -5.15 0.0053 6.325
2.51 148 0.06 Yes 5.03 -3.73 -3.82 -3.64 0.0155 4.638
1.58 134 0.12 Yes 3.18 -2.98 -3.08 -2.88 0.0207 1.558
1.000 114 0.19 Yes 2.004 -2.30 -2.42 -2.19 0.0258 0.488
0.631
0.398
0.251

Total

44
4
0

584

0.49 
1 12

Yes
No
No

1.264
0.798

-2.80
Over

-3.16 -2.54 0.00981 0.046

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 14:57:00



CSD Corrections 1.37 -  ARH1 .csd

c
1—X)

c
g

-9-

• 10-

Size

Model -1 .0 : 1.4 : 2.8 Roundness = 0.6 CD Area = 2952.08
Massive

Maximurr Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

15.8 2 0.00 Yes 18.8 -11.55 -12.78 -11.01 4.18E-5 3.552
10.00 21 0.01 Yes 11.87 -8.28 -8.53 -8.09 0.00069 14.72
6.31 60 0.03 Yes 7 49 -6.34 -6.48 -6.21 0.00305 16.33
3.98 106 0.06 Yes 4.73 -4.88 -4.99 -4 78 0.00829 11.16
2.51 107 0.12 Yes 2.98 -4.01 -4.13 -3.91 0.0124 4.202
1.58 92 0.18 Yes 1.88 -3.31 -3.45 -3.19 0.0158 1.340
1.000 39 0.46 Yes 1.187 -3.66 -4.02 -3.41 0.007 0.149
0.631 14 1.11 No 0.749 Over
0.398 2 0.00 No 0.473 Over
0.251 0 No 0.298
0.158 0 No 0.188
0.100 7 0.00 No 0.1187 Over
0.0631 0 No

Total 450

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 14:53:54



CSD Corrections 1.37 -- ARH2.csd

w  -6 —
ca>

T3
c

■ E  - f -
S5
D
Q.O
A  M
c

•10“

- I V -

Size

Model - 1.0 : 1.5 : 1.9 Roundness = 0.6 CZ) Area = 3104.98
Massive

Maximun Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

15.8 2 0.00 Yes 12.8 -11.32 -12.54 -10.78 5.66E-5 3.521
10.00 15 0.02 Yes 8.07 -8.40 -8.70 -8.16 0.000662 10.33
6.31 73 0.03 Yes 5.09 -5.90 -6.03 -5.79 0.00505 19.81
3.98 130 0.08 Yes 3.21 -4.46 -4.56 -4.37 0.0135 13.34
2.51 169 0.12 Yes 2.03 -3.32 -3.41 -3.24 0.0266 6.583
1.58 115 0.26 Yes 1.28 -2.97 -3.10 -2.85 0.024 1.490
1.000 70 0.42 Yes 0.807 -2.78 -3.00 -2.59 0.0183 0.285
0.631 27 0.94 Yes 0.509 -5.16 -Infinity -3.66 0.00106 0.004
0.39B 7 3.06 No 0.321 Over
0.251 1 0.00 No 0.203 Over
0.158 0 No 0.128
a  100 0 No 0.0807
0.0631 21 0.00 No 0.0509 Over
0.0398 0 No

Total 630

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 14:54:40



CSD Corrections 1.37 -- ARHS.csd

(/)
c
<r> c_.
■o 
c g
iS3
CL
O
Q.

C

•8-

-9-

•10-

Size

Model -1 ,0 : 1.3 : 2.4 Roundness = 0.6 CD Area = 3214
Massive

Maximurr Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

15.8 8 0.00 Yes 17.6 -10.21 -10.65 -9.91 0.000161 14.04
10.00 15 0.04 Yes 11.07 -8.70 -9.02 -8.47 0.000458 10.02
6.31 75 0.02 Yes 6.99 -6.15 -6.28 -6.04 0.00371 20.41
3.98 97 0.07 Yes 4.41 -5.03 -5.14 -4.92 0.0072 9.945
2.51 186 0.07 Yes 2.78 -3.45 -3.53 -3.37 0.0221 7.652
1.58 179 0.13 Yes 1.76 -2.63 -2.72 -2.55 0.0314 2.737
1.000 126 0.23 Yes 1.107 -2.19 -2.31 -2.08 0.0309 0.676
0.631 55 0.52 Yes 0.699 -2.57 -2.90 -2.32 0.0133 0.073
0.398 8 2.97 No 0.441 Over
0.251 0 No 0.278
0.158 0 No 0176
0.100 0 No 0.1107
0.0631 19 a  00 No 0.0699 Over
0.0398 0 No

Total 768

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 14:55:10



CSD Corrections 1.37 -- ARH6.csd

>,
I
0)

T3
C

B  - f -ro
D
Q.
O  o_
a.
c

•9-

-10-

- 1 2 -

Size

Model - 1.0 : 1.5 : 3.6 Roundness = 0.5 CD Area = 2138.45
Massive

Maximurr Data Set Data Set Corn Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

15.8 1 0.00 Yes 20.7 -12.02 -Infinity -11.33 2.39E-5 1.867
10.00 8 0.01 Yes 13.05 -9.03 -9.47 -8.72 0.0003 5.888
6.31 43 0.02 Yes 8.24 -6.43 -6.60 -6.29 0.00254 12.52
3.98 131 0.03 Yes 5.20 -4.41 -4.50 -4.32 0.0121 14.98
2.51 171 0.07 Yes 3.28 -3.27 -3.36 -3.19 0.0239 7.426
1.58 183 0.12 Yes 2.07 -2.33 -2.42 -2.25 0.0387 3.019
1.000 131 0.21 Yes 1.305 -1.85 -1.97 -1.75 0.0393 0.771
0.631 48 0.58 Yes 0.824 -2.56 -2.98 -2.27 0.0122 0.059
0.398 13 1.76 No 0.520 Over
0.251 1 0.00 No 0.328 Over
0.158 0 No 0.207
a  100 14 0.00 No 0.1305 Over
0.0631 0 No

Total 744

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 14:55:39



CSD Corrections 1.37 -  Pl.csd

7-

-8-

Size

Model -1 .0 :  1 .4 :2 .8  Roundness = 0.6 C 1 Area =1812
Massive

Maximun Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

6.31 4 0.00 Yes 7.45 -8.51 -9.21 -8.11 0.000344 1.814
3.98 59 0.01 Yes 4.70 -4.91 -5.05 -4.79 0.00799 10.58
2.51 249 0.02 Yes 2.97 -2.56 -2.63 -2.50 0.0526 17.50
1.58 251 0.10 Yes 1.87 -1.72 -1.79 -1.65 0.0772 6.455
1.000 121 0.30 Yes 1.181 -1.78 -1.92 -1.66 0.0458 0.960
0.631 38 0.86 Yes 0.745 -3.64 -Infinity -2.86 0.00452 0.023
0.398 12 2.74 No 0.470 Over
0.251 0 No 0.297
0.158 0 No 0.187
0.100 4 0.00 No 0.1181 Over
0.0631 0 No

Total 738

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 14:57:26



CSD Corrections 1.37 -- Rl.csd
- 1 --------------------------------------------------------------------------------------------------------------------------------------------------

1 i 4 5 6
Size

Model - 1.0 : 1.2 : 1.7 Roundness = 0.7 O Area = 648.92
Massive

Maximun Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

6.31 1 0.00 Yes 5.84 -8.70 -Infinity -8.01 0.000315 1.736
3.98 35 0.00 Yes 3 68 -4.23 -4.42 -4.07 0.0174 24.10
2.51 107 0.04 Yes 2.32 -2.23 -2.34 -2.13 0.0813 28.25
1.58 90 0.16 Yes 1.47 -1.61 -1.74 -1.49 0.0952 8.309
1.000 37 0.52 Yes 0.925 -2.14 -2.55 -1.84 0.0355 0.778
0.631 9 1.92 No 0.584 Over
0.398 1 0.00 No 0.368 Over
0.251 0 No

Total 280

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 14:57:51



CSD Corrections 1.37 -- R2.csd

•3-

>.
(/)
S  *5 “

T3
C 1
B  ■&-ro
D

O -7~ 
Cl

c
-8-

-9 -

• 10-

• 12-

22
Size

Model - 1.0 : 1.25 : 1.9 Roundness = 0.7 CD Area = 1218.67
Massive

Maximurr Data Set Data Set Con Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

25.1 1 0.00 Yes 23.9 -12.11 -Infinity -11.42 3.96E-5 12.41
15.8 0 No 15.1
10.00 11 0.00 Yes 9.50 -7.88 -8.24 -7.61 0.00109 21.57
6.31 26 0.05 Yes 5.99 -6.14 -6.37 -5.96 0.0039 19.37
3.98 46 0.07 Yes 3.78 -4.67 -4.85 -4.53 0.0107 13.35
2.51 58 0.11 Yes 2.39 -3.56 -3.72 -3.43 0.0205 6.430
1.58 29 0.31 Yes 1.51 -3.59 -3.90 -3.35 0.0126 0.992
1.000 17 0.43 Yes 0.950 -3.40 -3.95 -3.04 0.00962 0.190
0.631 9 0.75 Yes 0.599 -3.93 -Infinity -3.08 0.00358 0.017
0.398 0 No 0.378
0.251 0 No 0.239
0.158 0 No 0.151
0.100 0 No 0.0950
0.0631 3 0.00 Yes 0.0599 0.96 0.10 1.41 0.0473 0.000
0.0398 0 No

Total 200

Data In italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 15:00:17



CSD Corrections 1.37 -  RIS.csd

•5->-
c
0>

■o - 6 -
c
g
TO
a
o
Q.

C

•10-

Size

Model - 1.0 : 2.5 : 5 Roundness = 0.5 CD Area = 1357.52
Foliated Parallel orientation Quality = 0.6

Maximurr Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

25.1 1 0.00 Yes 25.0 -12.00 -Infinity -11.31 3.54E-5 4.225
15.8 6 0.02 Yes 15.8 -9.30 -9.84 -8.96 0.000331 9.912
10.00 17 0.04 Yes 9.96 -7.37 -7.66 -7.14 0.00145 10.91
6.31 35 0.06 Yes 6.28 -5.75 -5.94 -5.58 0.00463 8.748
3.98 86 0.06 Yes 3.97 -3.92 -4.04 -3.81 0.0181 8.606
2.51 149 0.08 Yes 2.50 -2.47 -2.57 -2.39 0.0486 5.794
1.58 131 0.17 Yes 1.58 -1.78 -1.90 -1.68 0.0611 1.829
1.000 115 0.23 Yes 0.996 -1.06 -1.19 -0.95 0.0792 0.596
0.631 63 0.43 Yes 0.628 -1.05 -1.30 -0.85 0.0508 0.096
0.398 16 1.45 No 0.397 Over
0.251 2 0.00 No 0.250 Over
0.158 0 No 0.158
0.100 0 No 0.0996
0.0631 2 0.00 No 0.0628 Over
0.0398 0 No

Total 623

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 14:58:23



CSD Corrections 1.37 -- R16.csd

-3-

>.
(/>
c
0>

XJ
c
B -6-
S2oa.o 7_ 
3
c

-0-

-11-

S ize

Model - 1.0 : 1.25 : 1.8 Roundness = 0.7 CD Area= 1126.58
Massive

Maximun Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

15.8 1 0.00 Yes 13.3 -11.00 -Infinity -10.31 7.08E-5 4.239
10.00 10 0.01 Yes 8.36 -7.79 -8.17 -7.51 0.00111 16.68
6.31 24 0.05 Yes 5.28 -6.03 -6.27 -5.84 0.00406 15.32
3.98 45 0.07 Yes 3.33 -4.50 -4.68 -4.35 0.0118 11.21
2.51 93 0.07 Yes 2.10 -2.85 -2.97 -2.75 0.0388 9.238
1.58 146 0.09 Yes 1.33 -1.51 -1.60 -1.42 0.0941 5.633
1.000 161 0.13 Yes 0.836 -0.54 -0.63 -0.45 0.156 2.350
0.631 80 0.34 Yes 0.528 -0.59 -0.78 -0.44 0.0933 0.352
0.398 22 1.04 No 0.333 Over
0.251 2 0.00 No 0.210 Over
0.158 1 0.00 No 0133 Over
0.100 0 No 0.0836
0.0631 2 0.00 No 0.0528 Over
00398 0 No

Total 587

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 14:58:57



CSD Corrections 1.37 -- R17.csd

-6-

a  -7 -

-0-

•9 -

- 10-

Size

Model - 1.0 : 1.4 : 1.7 Roundness = 0.5 CD Area = 1105.52
Foliated Parallel orientation Quality = 0.1

Maximun Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal
length 1 2 Fact Interval number

15.8 2 0.00 Yes 11.1 -10.21 -11.43 -9.67 0.000156
10.00 6 0.04 Yes 7,02 -8.22 -8.77 -7.87 0.000715
6.31 22 0.04 Yes 4.43 -6.00 -6.25 -5.80 0.00415
3.98 52 0.06 Yes 2.80 -4.24 -4.40 -4,11 0.0152
2.51 86 0.09 Yes 1.76 -2.85 -2.98 -2.74 0.0386
1.58 80 0.18 Yes 1.11 -2.11 -2.26 -1.98 0.0512
1.000 44 0.40 Yes 0.702 -2.11 -2.40 -1.88 0.0324
0.631 24 0.64 Yes 0.443 -2.30 -3.15 -1.85 0.0168
0.398 10 1.25 No 0.280 Over
0.251 1 0.00 No 0.176 Over
0.158 0 No am
0.100 0 No 0.0702
0.0631 1 0.00 No 0.0443 Over
0.0398 0 No

Total 328

Data in italics were not plotted or regressed

Vol %

7.933
9.127
13.31
12.27
7.804
2.601
0.413
0.053

CSDCorrections 1.37: 06/05/2006 14:59:30



CSD Corrections 1.37 -  R31 A.csd

-4- -

-7-

-9-

•10 -

Size

McxJel- 1.0 : 1.7 : 2.3 Roundness = 0.6 CD Area = 641.48
Foliated Parallel orientation Quality = 0.4

Maximurr Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

15.8 1 0 00 Yes 12.8 -10.33 -Infinity -9.64 0.000142 6.853
10.00 1 0.12 Yes 8.08 -9.54 -Infinity -8.78 0.000198 2.393
6.31 7 0.02 Yes 5.10 -6.56 -7.05 -6.24 0.00244 7.428
3.98 33 0.03 Yes 3.22 -4.10 -4.30 -3.93 0.0182 13.85
2.51 109 0.04 Yes 2.03 -2.00 -2.10 -1.90 0.0939 18.00
1.58 135 0.11 Yes 1.28 -0.94 -1.04 -0.84 0.171 8.222
1.000 82 0.27 Yes 0.808 -0.72 -0.88 -0.58 0.134 1.622
0.631 33 0.65 Yes 0.510 -1.45 -2.15 -1.04 0.0408 0.124
0.398 11 1.67 No 0.322 Over
0.251 2 0.00 No 0.203 Over
0.158 0 No 0.128
01 00 0 No 0.0808
0.0631 1 0.00 No 00510 Over
0.0398 0 No

Total 415

Data in italics were not plotted or regressed 

CSDCorrections 1.37: 06/05/2006 15:00:48



CSD Corrections 1.37 -- R31B.csd

-3-

-4-

a . - 5 ~

- 6-

-8-

Size

Model - 1.0 : 1.25 : 1.8 Roundness = 0.7 CTZD Area = 508.51
Massive

Maximurr
length

Data Set 
1

Data Set 
2

Corr
Fact

Mid
Interval

Pop Den Min PD Max PD Crystal
number

Vol %

6.31 1 0.00 Yes 5.78 -8.45 -Infinity -7.76 0.000395 1.963
3.98 16 0.01 Yes 3.65 -4.76 -5.05 -4.54 0.00995 12.41
2.51 30 0.07 Yes 2.30 -3.28 -3.49 -3.10 0.0278 8.722
1.58 86 0.05 Yes 1.45 -1.28 -1.40 -1.17 0.129 10.15
1.000 113 0.11 Yes 0.916 -0.15 -0.26 -0.05 0.252 4.988
0.631 64 0.30 Yes 0.578 -0.05 -0.25 0.12 0.176 0.874
0.398 30 0.79 Yes 0.365 -1.07 -3.02 -0.45 0.04 0.049
0.251
0.158

Total

4
0

344

0.48 Yes
No

0.230 -1.27 -4.63 -0.60 0.0206 0.006

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 15:01:28



CSD Corrections 1.37 -- R32.csd

_ c  -S —

-7-

Size

Model - 1.0 : 1.6 : 3.2 Roundness = 0.5 CD Area = 744.58
Foliated Parallel orientation Quality = 0.2

Maximurr Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

10.00 4 0.00 Yes 10.91 -8.45 -9.14 -8.04 0.000537 8.301
6.31 14 0.03 Yes 6.88 -6.30 -6.62 -6.06 0.00291 11.27
3.98 44 0.03 Yes 4.34 -4.24 -4.41 -4.10 0.0144 13.99
2.51 75 0.06 Yes 2.74 -2.82 -2.95 -2.71 0.0375 9.190
1.58 88 0.11 Yes 1.73 -1.79 -1.92 -1.68 0.0664 4.084
1 000 69 0.20 Yes 1.091 -1.22 -1.39 -1.08 0.074 1.143
0.631 23 0.65 Yes 0.688 -2.21 -3.10 -1.75 0.0174 0.067
0.398 9 1.33 No 0 434 Over
0.251 2 0.00 No 0.274 Over
0.158 0 No 0.173
0.100 0 No 0.1091
0.0631 3 0.00 No 0.0688 Over
0.0398 0 No

Total 331

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 15:01:54



CSD Corrections 1.37 -- R33.csd

-3-

c
0)

■O
c

TO
D
Q.
O

c

-8-

Size

Model - 1.0 : 1.25 : 2
Massive

Roundness = 0.7 CD Area = 687.45

Maximurr
length

Data Set 
1

Data Set 
2

Corr
Fact

Mid
Interval

Pop Den Min PD Max PD Crystal
number

Vol %

10.00 2 0.00 Yes 10.04 -9.04 -10.26 -8.50 0.000344 7.252
6.31 10 0.02 Yes 6.33 -6.53 -6.92 -6.25 0.00266 14.09
3.98 27 0.04 Yes 4.00 -4.64 -4.86 -4.45 0.0111 14.82
2.51 58 0.06 Yes 2.52 -2.97 -3.12 -2 84 0.0374 12.48
1.58 66 0.12 Yes 1.59 -1.98 -2.13 -1,85 0.0632 5.302
1.000 98 0.11 Yes 1.004 -0.65 -0.77 -0.54 0.151 3.178
0.631 52 0.33 Yes 0.633 -0.65 -0.89 -0.46 0.0949 0.502
0.398 28 0.54 Yes 0.400 -0.73 -1.27 -0.39 0.0553 0.073
0.251 12 0.63 Yes 0.252 -0.87 -2.37 -0.29 0.0305 0.010
0.158
0.100

Total

4
0

357

0.32 Yes
No

0.159 -0.44 -1.79 0.11 0.0294 0.002

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 15:02:22



CSD Corrections 1.37 -- R34.csd

c
<U c 
■O
c
o
TO
a . - 7-  
o
Q.

C

•0-

-9 -

- 10-

Size

Model - 1.0 : 1.2 : 1.9
Massive

Maximurr Data Set Data Set Corr
length 1 2 Fact

15.8 1 0.00
10.00 7 0.02
6.31 23 0.03
3.98 37 0.07
2.51 50 0.10
1.58 44 0.18
1.000 28 0.36
0.631 6 1.35
0.398 2 0.00
0.251 0

Total 198

Roundness = 0.7 CZZD Area =

Mid Pop D(
Interval

Yes 15.5 -10.85
Yes 9.81 -8.00
Yes 6.19 -5.91
Yes 3.90 -4.55
Yes 2.46 -3.36
Yes 1.55 -2.66
Yes 0.981 -2.45
No 0.619 Over
No 0.390 Over
No

Min PD Max PD Crystal
number

Vol %

-Infinity -10.16 8.76E-5 7.285
-8.48 -7 68 0.000957 19.98
-6.15 -5.71 0.00489 25.63
-4.75 -4.39 0.0119 15.73
-3.53 -3.21 0.0249 8.237
-2.86 -2.49 0.0316 2.627
-2.80 -2.19 0.0247 0.516

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 15:02:52



CSD Corrections 1.37 -- R36A.csd

to  -2-

0 -3“

Size

Model - 1.0 : 1.2 : 1.8 Roundness = 0.7 C 3  Area = 220.49
Massive

Maximurr Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

3.98 5 0.00 Yes 3.77 -5.12 -5.72 -4.75 0.0069 9.161
2.51 49 0.01 Yes 2.38 -1.93 -2.09 -1.80 0.106 35.32
1.58 98 0.06 Yes 1.50 -0.37 -0.48 -0.26 0.32 26.81
1.000 74 0.17 Yes 0.948 0.15 0.00 0.28 0.339 7.136
0.631 46 0.28 Yes 0.598 0.45 0.22 0.64 0.289 1.527
0.398 8 2.30 No 0.377 Over
0.251 0 No 0.238
0.158 1 OOO No 0.150 Over
0.100 0 No

Total 281

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 15:03:52



CSD Corrections 1.37 -- R36B.csd

Model -1 .0 : 1.6 : 3.2
Foliated

Roundness = 0.6 
Parallel orientation

CD
Quality =

Area = 290.05 
0.7

Maximun
length

Data Set 
1

Data Set 
2

Corr
Fact

Mid
Interval

Pop Den Min PD Max PD Crystal
number

Vol %

10.00 1 0.00 Yes 10.96 -8.72 -Infinity -8.03 0.000412 6.055
6.31 7 0.01 Yes 6.92 -5.86 -6.35 -5.54 0.00452 16.68
3.98 17 0.03 Yes 4.36 -4.08 -4.37 -3.86 0.017 15.74
2.51 57 0.03 Yes 2.75 -1.94 -2.09 -1.82 0.0907 21.13
1.58 71 0.08 Yes 1.74 -0.86 -0.99 -0.73 0.17 9.953
1.000 42 0.24 Yes 1.096 -0.65 -0.88 -0.47 0.131 1.931
0.631 16 0.87 Yes 0.692 -2.45 -Infinity -1.39 0.0137 0.050
0.398
0.251

Total

7
0

218

0.08 Yes
No

0.436 -0.41 -0.93 -0.06 0.067 0.062

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 15:04:24



CSD Corrections 1.37 -- R37.csd

■5-

Size

Model - 1 .0 : 1.25: 1.7 Roundness = 0.6 C 3  Area = 351.63
Massive

Maximurr Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

6.31 8 0.00 Yes 5.37 -6.00 -6.43 -5.70 0.00452 21.62
3.98 22 0.04 Yes 3.39 -4.10 -4.35 -3.90 0.019 22.82
2.51 52 0.05 Yes 2.14 -2.34 -2.49 -2.20 0.0701 21.17
1.58 52 0.13 Yes 1.35 -1.50 -1.67 -1.35 0.102 7.751
1.000 44 0.21 Yes 0.851 -0.84 -1.06 -0.67 0.124 2.362
0.631 18 0.72 Yes 0.537 -1.87 -3.81 -1.25 0.028 0.134
0.398 2 3.71 No 0.339 Over
0.251 2 0.00 No 0.214 Over
0.158 0 No

Total 200

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 15:05:00



CSD Corrections - S4.csd

V)c
<D
■o -5- 
c,o
S53
Q.
Oa.
c

•8-

-10 '

Size

Model -1 .0 : 2.4 : 6 Roundness = 0.5 i Area = 561.67
Foliated Normal orientation Quality = 0.7

Maximurr Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

15.8 1 0.00 Yes 22.5 -10.80 -Infinity -10.11 8.47E-5 4.927
10.00 3 0.03 Yes 14.22 -8.81 -9.72 -8.35 0.00039 5.699
6.31 5 0.07 Yes 8.97 -7.42 -8.07 -7.03 0.000994 3.650
3.98 24 0.03 Yes 5.66 -4.89 -5.12 -4.70 0.00788 7.266
2.51 39 0.07 Yes 3.57 -3.52 -3.71 -3.36 0.0195 4.507
1.58 56 0.09 Yes 2.25 -2.26 -2.42 -2.12 0.0433 2.518
1.000 82 0.09 Yes 1.422 -0.97 -1.10 -0.85 0.0997 1.457
0.631 48 0.24 Yes 0.897 -0.76 -0.97 -0.59 0.0772 0.283
0.398 12 0.92 Yes 0.566 -3.51 -Infinity -1.95 0.00313 0.002
0.251 5 1.66 No 0.357 Over
0.158 0 No 0.225
0.100 0 No 0.1422
0.0631 3 0.00 No 0.0897 Over
0.0398 0 No

Total 278

Data in italics were not plotted or regressed

CSDCorrections 1.37; 06/05/2006 14:29:53



CSD Corrections - S6.csd

2-

i . 4 -

-6-

Size

Model -1 .0  : 1.6 ; 3.6 Roundness = 0.6
Foliated Normal orientation

Maximun Data Set Data Set Corr
length 1 2 Fact

3.98 2 0.00 Yes
2.51 23 0.01 Yes
1.58 105 0.02 Yes
1.000 204 0.05 Yes
0.631 288 0.08 Yes
0.398 322 0.11 Yes
0.251 184 0.27 Yes
0.158 44 1.14 No
0.100 3 0.00 No
0.0631 16 0.00 No
0.0398 0 No

Total 1191

( ) Area = 516.78
Quality = 0.7

Mid Pop Den Min PD Max PD Crystal Vol %
Interval number

5.41 -7.25 -8.48 -6.72 0.000786 1.097
3.41 -3.90 -4.13 -3.70 0.0142 4.983
2.15 -1.47 -1.57 -1.37 0.101 8.938
1.359 0.08 0.01 0.16 0.303 6.696
0.858 1.32 1.25 1.38 0.658 3.656
0.541 2.32 2.25 2.38 1.12 1.567
0.341 2.48 2.37 2.57 0.832 0.291
0.215 Over
0.1359 Over
0.0858 Over

Data in italics were not plotted or regressed 

CSDCorrections 1.37: 06/05/2006 14:30:32



CSD Corrections - S8.csd

a -3 -

•5-

-6-

Size

Model -1 .0 : 1.4 : 4.5 Roundness = 0.6 CD Area = 257.06
Foliated Parallel orientation Quality = 0.1

Maximurr Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

3 98 2 0.00 Yes 7.16 -6.69 -7.91 -6.15 0.00128 2.322
2.51 14 0.01 Yes 4.52 -3.83 -4.15 -3.59 0.014 6.399
1.58 59 0 02 Yes 2.85 -1.48 -1.62 -1.36 0.093 10.64
1.000 168 0.03 Yes 1.799 0.48 0.39 0.55 0.415 11.92
0.631 214 0.07 Yes 1.135 1.59 1.52 1.66 0.8 5.779
0.398 133 0.19 Yes 0.716 1.91 1.79 2.01 0.69 1.251
0.251 46 0.56 Yes 0.452 1.16 0.75 1.44 0.206 0.093
0.158 1 23.00 No 0.285 Over
0.100 1 a  00 No 0.1799 Over
00631 4 0.00 No 0.1135 Over
0.0398 0 No

Total 642

Data in italics were not plotted or regressed 

CSDCorrections 1.37: 06/05/2006 14:31:17



CSD Corrections - S15.csd

- 3-

^ • 4-

• 5—

-6-

Size

Model -1 .0 : 1.15 : 1.6 Roundness = 0.6 CD Area = 400.6
Foliated Parallel orientation Quality = 0.1

Maximurt Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

6.31 2 0.00 Yes 5.36 -7.53 -8.76 -6.99 0.000954 4.699
3.98 3 0.06 Yes 3.38 -6.26 -7.21 -5.78 0.00213 2.640
2.51 19 0.02 Yes 2.13 -3.45 -3.72 -3.24 0.0223 6.937
1.58 87 0.03 Yes 1.35 -1.28 -1.42 -1.16 0.124 9.647
1.000 92 0.08 Yes 0.849 -0.10 -0.22 0.01 0.255 5.005
0.631 70 0.20 Yes 0.536 0.41 0.25 0.55 0.268 1.319
0.398 13 1.62 No 0.338 Over
0.251 4 0.00 No 0.213 Over
0.158 0 No

Total 270

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 14:24:45



CSD Corrections 1.37 -- S18AP.csd

0—

■ o

-3—

-5—

- 6—

Size

Model - 1.0 : 3.2 : 5.5
Foliated

Maximurt Data Set Data Set Corr
length 1 2 Fact

3.98 5 0.00
2.51 48 0.01
1.58 142 0.04
1.000 193 0.09
0.631 149 0.20
0.398 65 0.49
0.251 17 1.93
0.158 1 0.00
0.100 0
0.0631 8 0.00
0.0398 0

Total 628

Roundness = 0.5 CD Area ■
Parallel orientation Quality = 0.1

Mid
Interval

Pop C

Yes 4.40 -6.17
Yes 2.77 -3.00
Yes 1.75 -1.02
Yes 1.104 0.15
Yes 0.697 0.68
Yes 0.440 0.32
No 0.277 Over
No 0.175 Over
No 0.1104
No
No

0.0697 Over

89

Min PD Max PD Crystal
number

Vol %

-6.76 -5.80 0.00246 1.682
-3.16 -2.86 0.037 6.352
-1.12 -0.94 0.168 7.270
0.06 0.22 0.342 3.710
0.58 0.78 0.37 1.008
0.04 0.54 0.162 0.111

Data in italics were not plotted or regressed

CSDCorrections 1.37: 26/06/2006 13:19:29



CSD Corrections 1.37 -  SISAPY.csd

- 2—

■ o  - 3 —

a.

-5—

- 6-

Size

Model - 1.0 : 1.3 : 2.1 Roundness = 0.6 CD Area = 638.66
Foliated Parallel orientation Quality = 0.1

Maximurr Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

6.31 2 0.00 Yes 5.84 -7.97 -9.20 -7.44 0.000574 2.401
3.98 8 0.02 Yes 3.68 -5.69 -6.14 -5.38 0.00355 3.731
2.51 40 0.02 Yes 2.32 -3.16 -3.33 -3.01 0.0282 7.443
1.58 100 0.04 Yes 1.47 -1.34 -1.45 -1.24 0.109 7.243
1.000 267 0.05 Yes 0.925 0.56 0.49 0.62 0.461 7.683
0.631 172 0.19 Yes 0.584 0.87 0.77 0.96 0.399 1.668
0.398 65 0.56 Yes 0.368 0.21 -0.13 0.46 0.129 0.135
0.251 17 1.93 No 0.232 Over
0.158 1 a  00 No 0.147 Over
0.100 0 No 0.0925
00631 16 OOO No 0.0584 Over
0.0398 0 No

Total 688

Data in italics were not plotted or regressed 

CSDCorrections 1.37: 26/06/2006 13:25:02



CSD Corrections - S18BP.csd

> ,

V)
c.
O)

•O
c

D
Q.
O

C

-8-

Size

Model - 1.0 : 3.2 : 7 Roundness = 0.5 l D Area = 590.47
Foliated Normal orientation Quality = 0.7

Maximurr Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

6.31 1 0.00 Yes 9.14 -9.04 -Infinity -8.35 0.000228 0.864
3.98 9 0.01 Yes 5.76 -5.94 -6.35 -5.64 0.00321 3.059
2.51 52 0.02 Yes 3.64 -3.27 -3.42 -3.14 0.0292 6.983
1.58 125 0.05 Yes 2.29 -1.50 -1.60 -1.41 0.108 6.488
1.000 110 0.14 Yes 1.448 -0.81 -0.93 -0.71 0.136 2.047
0.631 86 0.21 Yes 0.914 -0.22 -0.37 -0.09 0.155 0.586
0.398 44 0.43 Yes 0.576 -0.29 -0.59 -0.05 0.0912 0.086
0.251 11 1.74 No 0364 Over
0.158 4 0.00 No 0.229 Over
0.100 0 No 0.1448
0.0631 9 0.00 No 0.0914 Over
0.0398 0 No

Total 451

Data in italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 14:27:16



CSD Corrections - S18BPY.csd

-2-

• >

0
■o -5 -
co
ro
3
Q.
O
C l

•6-

c

•8-

-9 -

- 10 -

Size

Model -1 .0 : 1 .8 : 4.5 Roundness = 0.5 CD Area = 590.47
Foliated Normal orientation Quality = 0.7

Maximurt Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval nunnber

15.8 1 0.00 Yes 21.3 -10.82 -Infinity -10.13 7.83E-5 5.110
10.00 0 No 13.43
6.31 1 0.05 Yes 8.47 -9.03 -Infinity -8.31 0.000187 0.768
3.98 23 0.01 Yes 5.35 -4.93 -5.16 -4.74 0.00713 7.377
2.51 47 0.05 Yes 3.37 -3.33 -3.50 -3.19 0.0221 5.749
1.58 90 0.06 Yes 2.13 -1.78 -1.90 -1.67 0.0663 4.323
1.000 100 0.11 Yes 1.343 -0.81 -0.92 -0.70 0.111 1.811
0.631 35 0.42 Yes 0.847 -1.36 -1.70 -1.10 0.0401 0.165
0.398 6 1.85 No 0.535 Over
0.251 1 OOO No 0.337 Over
0.158 0 No 0.213
0.100 0 No 0.1343
0.0631 1 0.00 No 0.0847 Over
0.0398 0 No

Total 305

Data In italics were not plotted or regressed

CSDCorrections 1.37: 06/05/2006 14:28:39



CSD Corrections - S23.csd

Size

Model - 1.0 : 2.1 : 5 Roundness = 0.5 CD Area = 684.62
Foliated Normal orientation Quality = 0.8

Maximurr Data Set Data Set Corr Mid Pop Den Min PD Max PD Crystal Vol %
length 1 2 Fact Interval number

10.00 4 0.00 Yes 13.53 -8.69 -9.38 -8.29 0.00044 6.961
6.31 12 0.03 Yes 8.53 -6.70 -7.06 -6.44 0.00203 8.056
3.98 52 0.02 Yes 5.38 -4.31 -4.46 -4.18 0.014 13.99
2.51 105 0.05 Yes 3.40 -2.71 -2.82 -2.62 0.0436 10.93
1.58 192 0.06 Yes 2.14 -1.20 -1.28 -1.13 0.125 7.861
1.000 262 0.09 Yes 1.353 0.00 -0.07 0.07 0.262 4.149
0.631 236 0.15 Yes 0.853 0.75 0.67 0.82 0.349 1.387
0.398 117 0.35 Yes 0.538 0.70 0.55 0 84 0.21 0.210
0.251 34 1.08 No 0.340 Over
0.158 5 0.00 No 0.214 Over
0.100 1 0.00 No 0.1353 Over
0.0631 8 0.00 No 0.0853 Over
0.0398 0 No

Total 1028

Data in italics were not plotted or regressed
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Electron microprobe data: Traverse 3-Ardnamurchan Laminated Gabbros
Point Na Ca Mg Ba Sr Total Olatanc* (m*>6) An% F« K Point Na c« Mfl Ba Sr Total Olatanc* (m

1 4 278 12018 0 072 0 026 0 176 99 686 23 38 75 63833 0 445 0 437 91 3 583 13 491 0 032 0 021 0 176 99 206 2454 9
2 3 997 12 131 0046 0 035 0 181 101 868 46 76 77 03436 0413 0 391 92 3.578 13 306 0 062 0 001 0 176 98 422 2478 28
3 4 155 11 93 0049 0 054 0 178 99 434 70 14 76 03822 0 438 0.377 93 3 57 13 178 0 071 0013 0 166 99 111 2525 04
4 3 956 11 328 0069 0 036 0176 99 718 93 52 75 989 0 468 0388 94 3569 13 385 0062 0029 0 172 96 805 2548 42
5 4 226 12 229 0 058 0.024 0 162 98 206 116 9 76 18024 0 454 0 358 95 3 548 13 325 0 046 0 036 0 167 98 836 2571 8
6 4 003 12 467 0 058 0.026 0 172 99 307 140 28 77 48798 0 394 0 302 96 3 515 13 378 0 047 0016 0 179 96 859 2595 18
7 4 243 *2 197 0 071 0 049 0 175 97 985 163 66 76 05964 0 389 0.365 97 3 572 13 569 0 066 0 026 0 17 98 742 2618 56
8 4417 11 747 0 044 0 034 0 173 99 391 187 04 74 61475 0 48 0.424 98 3 623 13 302 0 062 0011 0 159 98 551 2641 94
9 4638 11 207 0 032 0015 0 18 98 612 21042 72 75619 0 496 0 369 99 3 594 13 383 0 042 0 009 0178 96 963 2665 32

10 4 175 13 141 0 033 0 008 0 159 95 398 280 56 77 67203 0 459 0 35 100 3613 13 195 0069 0 042 0 175 97 924 2688 7
11 3 749 13 365 0 047 0035 0 159 96 478 303 94 79 75712 0 401 0 34 101 3 644 13 245 0 037 0 035 0 167 96 506 271208
12 3 523 13435 0 039 0 028 0 162 99 27 327 32 80 82351 0 379 0 307 102 3 715 13 23 0 043 0 026 0 174 99 2«3 2735 46
13 3 453 12 79 0 237 0 044 0 167 98 177 350 7 80 36796 0 554 066 103 3 687 13231 0 054 0029 0 172 99 303 2756 64
14 3 558 <3451 0 033 0 037 0 171 99 543 374 08 80 68838 0 396 0308 104 3 708 13 155 0 043 0004 0 175 98 922 2805 6
15 3491 13 52 0053 0 018 0 17 99 576 397 46 8106155 0453 0.316 105 3 624 13 184 0 061 0 029 0 164 98 551 2828 96
16 3 555 13454 0 041 0178 99 219 420 84 80 70499 0433 0 33 106 3 662 13 139 0.058 0 027 0 173 98 906 2852 36
17 3 549 13 345 0 053 0 028 0165 99 334 444 22 80 60442 0 506 0 339 107 3639 13 066 0 032 0 017 0 161 96ea9 2899 12
18 3605 13 362 0 026 0 044 0.174 99 114 467 6 80 37858 0 461 0.32 108 3 624 13.18 0 032 0007 0 18 96914 2922 5
19 3.557 13 309 0 029 0 02 0 163 100 074 490 98 80 52687 0504 0317 109 3581 13 329 0 034 0 017 0 16 100 452 2945 88
20 3 603 13 429 0 056 0 003 0 174 99 432 514 36 80 46606 0 464 0 34 no 3 672 12 702 0 052 0 002 0 172 100 201 2969 26
21 3 54 13 373 0 065 0 026 0 18 99 751 561 12 80 67678 0436 0.392 111 3 446 12 975 0 135 0 018 0 184 101 752 2992 64
22 3 027 12 996 0 058 002 0 17 99 57 584 5 82 59371 0 52 0 377 112 3606 12 851 0046 0 003 0 181 99 605 3016 02
23 3 54 13 444 0 038 0015 0 174 99 64 607 88 80 7592 0 467 0.36 113 3 738 12 856 0 061 0035 0 179 97 7 35 3039 4
24 3 566 13 344 0 089 0 048 0 174 99 789 631 26 80 44058 0451 0412 114 3 682 13 153 0 053 0 181 98 804 3062 78
25 3 265 12 978 0 047 0046 0 168 99 05 701 4 81 45769 0 531 0476 115 3 75 13 312 0 042 001 0 168 98 831 3086 16
26 3 456 13476 0 221 0 022 0 145 98 767 771 54 81 16597 0 565 0.385 tl6 4 25 12 354 0 052 0 028 0 151 88 555 3109 54
27 3 385 13 654 0 052 0 016 0 169 99 804 794.92 81 67843 0518 0 286 117 38 13 156 0 056 0 031 0 173 96 133 3132 92
28 3 118 13 903 0 043 001 0 175 102 828 818 3 83 13107 0 466 0306 118 3 743 12 949 0033 0 026 0 182 97 536 3156 3
29 3 322 13 776 0 049 0019 0 16 99 374 841 68 82 08907 0 475 0284 119 3 662 13 178 0 041 0 166 98 677 3179 68
30 3 375 13 955 0 051 0013 0 164 99 921 865 06 82 04612 0.483 0.297 120 3 671 13 265 0 051 0 032 0 181 98 787 3203 06
31 3 402 1399 0 091 0 046 0 157 98.931 956 58 81 9655 0 506 0 216 121 3 726 13 034 0 045 0 034 0 171 98 755 3226 44
32 3 312 14 185 0 025 0 014 0 166 99 678 981 96 82 55865 0 468 0.201 122 3801 12 705 0 047 0018 0 161 97 909 3249 82
33 2 997 14 527 0 041 0 018 0 169 99 761 1028 72 84 26965 0 51 0211 123 3.691 12 896 0 041 0 013 0 188 98 341 3273 2
34 3 198 14 212 0 044 0 019 0148 99 582 1052 1 83 08402 0414 0 246 124 3 944 12 724 0 043 0 031 0 151 96 726 3296 58
35 3298 13 957 0 031 0 037 0 165 99 337 1075 48 82 38565 0446 0 254 125 3.72 13 072 004 0 037 0 178 96 623 3319 96
36 3 324 13 867 0 049 0 055 0 177 99 606 1096 86 82 17685 0 402 0 266 126 3 655 13 348 0 015 0 021 0 165 99 555 3343 34
37 3413 13884 0051 0015 0 167 99 567 1122 24 81 8048 0422 0.265 127 3 696 13045 005 0006 0171 97 372 3366 72
38 3 344 13 975 0 037 0 004 0.18 99 537 1145 62 82 2026 0454 0 258 128 3 645 13091 0 101 0023 0 172 99461 3390 1
39 4 181 12 694 0 047 0 023 0 181 99 633 1169 77 04071 0 406 0 252 129 3 686 13 092 0 185 0 028 0 164 97 786 3413 48
40 3 689 13 593 0 046 0 003 0 166 99 381 1192 38 80 28546 0 321 0298 130 3751 13 366 0 047 0 055 0 166 99 249 3436 86
41 3 312 13818 0 028 0 032 0 173 99 113 1215 76 82 17796 0436 0 251 131 3 806 13261 0 052 0 03 0 181 97 3460 24
42 3 637 13 425 0 055 0 026 0 168 99 182 1239 14 803133 0 384 0 271 132 3 183 14 219 0033 0013 0 168 99 312 3483 62
43 4 59 11 52 0 055 0 03 0 177 99 387 1262 52 73 50188 0 418 0 446 133 3 037 14 504 0 059 005 0 145 98 536 3507
44 4 367 11 529 0 057 0 172 98 748 1285 9 74 47532 0 474 0 36 134 3 257 13 949 0 022 0 027 0 156 99 146 3530 38
45 3 526 13443 0 042 0.02 0 171 99 16 1309.28 80 81954 0 422 0 267 135 329 13 932 0 042 0 044 0 17 96 435 3553 76
46 3 322 13 823 0 066 0 029 0 17 96 895 1332 66 82 13909 0 32 0267 136 3.411 13851 006 0 008 0 169 99 102 3577 14
47 3 371 13 88 0 046 0 018 0162 99 655 1379 42 81 98412 0421 022 137 3 474 13 878 0 051 005 0 177 96 003 3600 52
48 3 877 12 542 004 0 029 0 176 99 024 1426 18 78 14359 0323 0 284 138 3 342 13 778 0 035 0023 0 166 99005 3623 9
49 3 519 13 552 0 028 0 045 0 177 99 177 1449 56 80 97505 0455 0.251 139 3 346 13 756 0 076 0 03 0172 982 3647 28
50 3 753 13068 0 042 0 025 0 167 99 452 1472 94 79 37441 0451 0.264 140 341 13695 0 063 003 0 169 99 171 3670 86
51 3 59 13 324 0 042 0 039 0 168 99 041 1496 32 80 39941 0431 0 273 141 3 336 13 764 0 034 0015 0 159 96 021 3694 04
52 3 561 13633 0 049 0 026 0 173 99 784 15197 80 88391 0 376 0 239 142 3 372 13 799 0 052 0.011 0 168 99 199 3717 42
53 3 755 13 063 0049 0 017 0 17 99 394 1543 06 79 35942 0441 0 314 143 3 334 13 937 005 0 037 0 167 97 806 3740 8
54 3 618 13 394 0042 0011 0.164 99 466 1566 46 80 35952 0448 0 253 144 3319 13 872 0 029 0 024 0173 99 107 3764 18
55 3761 13 225 0 042 0 021 0 172 96 951 1589 84 79 44814 0401 0313 145 3 337 13 794 0 033 0033 0172 96 106 3787 56
56 3 579 13 359 0 071 0 016 0172 99 308 161322 80 48696 0.464 0 305 146 3 474 13 627 0 078 0 007 0 168 97 509 3834 32
57 3 464 13 541 0 045 0 003 0167 99 418 1636 6 81 20416 0 386 0312 147 3 422 13643 0 033 0 007 0171 99 215 3857 7
58 3 548 13412 0 057 0 024 0163 99 089 1659 98 80 68699 0.379 0346 148 346 13 654 0 067 0003 0 175 98 8V6 3881 08
59 3 635 13 344 0 033 0 018 0.166 99 185 1683 36 80 22617 0 42 0.337 149 3 478 13515 0 048 0019 0 162 96 768 3904 46
60 3561 13 219 0 044 0 036 0.174 99 435 1706 74 8040255 0 42 0.344 150 3 464 13 345 0 051 0015 0 181 98466 3927 84
61 3 626 13 141 0 067 0 027 0 176 98 598 1730 12 80 02151 0413 0339 151 3 536 13 338 0 049 0015 0 166 99 046 3951 22
62 3641 13 043 0025 0 013 0 167 99 147 1753 5 79 8352 0436 0343 152 3467 13 498 0 07 0017 0 168 97 725 3974 6
63 3 742 13 039 0048 0.039 0 163 99 098 1776 88 79 38609 0 474 0338 153 3 473 13 529 0 044 0013 0 187 96 981 3997 98
64 3609 13 208 0 051 0.02 0 17 99 853 1823 64 80 17749 0458 0306 154 3 426 13 51 0 066 0011 0 171 97 862 4021 36
65 3 682 13 173 0 021 0 17 96 856 1847 02 79 81458 0 43 0 289 155 3 507 13 503 004 0 057 0 17 98 893 4044 74
66 3731 13047 0 07 0 028 0 169 99 094 1870 4 79 44424 044 0318 156 3 531 13 435 0 039 0 023 0 17 97 56 4068 12
67 3 691 13 306 0 085 0 033 0 169 99 602 1893 78 79 93682 0 474 029 157 3 545 13 321 0 048 0 169 96 857 4091 5
68 3861 12712 0024 002 0 169 98 851 1917 16 78 44268 0431 0 292 158 3664 13 122 009 0 034 0.164 98 316 4114 88
69 3 698 13 247 0 038 0 009 0175 98 932 1940 54 79 83497 0461 0.241 159 3 949 13 003 006 0008 0 163 99 382 4136 26
70 371 13.315 0 074 0 024 0166 99 135 1963 92 79 86522 0.459 0.286 160 384 12 827 0 037 0 035 97 707 4161 64
71 3715 13 188 0038 0 025 0 173 98 94 1987 3 79 68887 0471 0229 161 3 83 13 087 0 045 0052 0.175 99 2W 4185 02
72 3721 13 078 0 053 0 169 98 717 2010.68 79 5267 0.485 0 272 162 3 634 13 075 0 051 0036 0.168 97 901 42084
73 4 08 12 676 0 053 0 033 0 164 90 044 2034 06 77 44561 0 559 0.346 163 4 028 12616 0 095 0016 0 174 99 332 4231 78
74 3 72 13 18 0 055 004 0 183 99 152 2057 44 79 65726 0464 0 327 164 4 557 9 491 0 033 0 039 0 178 96 515 4255 16
75 3 679 13068 0066 0 038 0 172 98 418 2080 82 79 72327 0413 0 349 165 5 045 11 407 0 031 0 025 0 179 99 589 4278 54
76 3 655 12 741 0 036 0 017 0178 96 251 21042 79 39271 0477 0 357 166 4 482 11 432 0 023 0 041 0 189 96 587 4325 3
77 3751 13 1 0034 0 009 0 176 98 784 2127 58 79 42313 0471 0343 167 4 928 10 482 0 036 0 022 0 198 96 805 4348 68
78 3 768 13084 0045 0 054 0172 98 683 2150 96 79 3291 0.435 0.391 168 5 192 10 358 0 047 0039 0 177 98 878 4442 2
79 3 532 13 285 0 042 0 015 0 144 503 734 2174 34 80 60904 0 526 0 359 169 5019 10 463 0 043 0 068 0 167 98 68 4465 58
80 3 7 12 849 0 202 0 025 0 17 96 96 2197 72 79 33054 0488 0.381 170 4861 10 609 003 0 033 0 189 97 913 4488 96
81 3 747 13013 0 031 0 031 0 179 98 73 2221 1 79 33152 0 425 0411 171 4718 10 782 0 044 0013 0 176 98 585 4512 34
82 3731 13094 0 07 0015 0 154 98 878 2244 48 79 5029 0 43 0.345 172 4 727 10 863 0 057 0 023 0178 96 96 4535 72
83 3 636 13 104 0031 0.024 0.173 98 687 2267.86 79 93226 0 408 0 309 173 4 757 10 779 0 039 0 018 0178 96 672 4559 1
84 3 669 13 184 0 07 0 009 0.177 98 572 2291 24 79.68492 0.384 0 331 174 4 565 11 111 0 025 0 029 0176 98 554 4582 48
85 3 632 13 083 0 045 004 0 164 98 965 2314 62 79 92419 0471 0 325 175 4.771 10 792 0 053 0 03 0 186 98 647 4605 86
86 3 628 13 146 0 067 0011 0 165 98 452 2338 80 01878 0418 0 315 176 4 716 10 912 0 024 0 027 0 178 97 977 4629 24
87 3 652 13 426 0 046 0011 0 176 99 041 2361 36 80 24932 0 469 0 293 177 4 731 10 965 0 041 0 034 0 18 98 538 4652 62
88 3616 1329 0 076 0 004 0 156 96 86 2384 76 80 24497 0 464 0 278 178 4 779 11 091 0 044 0 024 0.179 99 158 4676
89 3 654 13 227 0 062 0 022 0 168 98 676 2408 14 80 00281 0423 0 312
90 3 708 1326 003 0007 0.167 99 021 2431 52 79 80727 0 502 0 246

An% F« K 
80 67946 0 426 0 282
804306S 0 422 0 313
80 31368 0 45 0 351
80 56332 0 361 0 354
80 58537 0 412 0 317
8079263 0 4 0 331
80 76317 0 391 0 357
80 22861 0 406 0 339
80 45144 0 533 0 317
80 14421 0 405 0 368
80 06833 0 411 0 346
79 74029 0 527 0.396
79 86345 0 475 0 352
7967865 0451 0351
80 08249 0 536 0 356
79 86066 0 474 0 35
79 87236 0 461 0341
80 07765 0 35 0 341
a0 444A4 0 441 0 43
79 26635 0 565 0.409
80 62527 0 462 0 406
79 75163 0 444 0 409
79 17147 0 496 0 401
7979009 0 45 0 393
79 68657 0 456 0 374
76 26192 0 557 0 48
79 28038 0 432 0 357
79 26812 0 491 0 325
79 90828 0 513 0 36
79 97444 0 431 0 362
7944986 0 446 0 361
78 69711 0 454 0 428
7943016 0 379 0 379
78 09696 0 414 0 493
79 52361 0 427 0 364
80 14375 0 484 0 397
79 58646 0 477 0 349
7987662 042 0414
79 69746 0 497 0 444
79 74971 0 414 0 391
79 38465 0 497 0 371
83 15689 0 426 0 296
84 07189 0 464 0 287
82 5582 0 462 0 314

82 39486 0 449 0 324
81 77809 0476 0 308
81 53312 0 48 0 344
82 00279 0 469 0.331
81 96151 0 45 0 755
816131 0489 0342
82 0143 0 512 0X 7

81 89311 0 643 0 303
82 20658 0 524 0 302
82 20416 0 569 0 323
62 04196 0 493 0 324
81 25673 0 535 0 326
81 50304 0 466 0.33
81 34821 0 525 0 321
61 11309 0 497 0.316
80 9806 0 46 0.355

60 65354 0 391 0 334
81 14232 0 327 0 331
81 15096 0 353 0 358
61 33717 0 417 0 326
80 97187 0 43 0 34
80 78833 0 365 0 381
80 59391 0 445 0.314
79 83103 0 432 0 421
7844433 0 461 0 376
78 68619 0 453 0 376
79 06399 0 411 0368
79 90553 0 393 0 386
77 58647 0 397 0 394
69 71392 0 274 0 339
71 41982 0 4 0 397
73 81508 0 407 0 518
70 15645 0 33 0 462
68 79758 0 309 0 427
69 73366 0 385 0 39
70 6924 0 372 0 494

71 63699 0 329 0.471
71 7502 0.372 0 47

71 46375 0 422 0.539
72 8999 0 374 0.453

71 42839 0 353 0 529
71 88844 0 36 0 501
71 95896 0 3M 0 51
7194904 0 337 0 475



Electron m icroprobe da ta : T raverse 4-A rdnam urchan Laminated Gabbros
Point N t C t Mfl Ba Sr Total D ittsnc* F* K Point Na c « Ba Sr Total DUtanc*

1 5 142 10 497 0 106 0  027 0 196 99 952 33 02 89 28931 0 69 0219 91 3908 12917 0 057 0015 0 162 99 828 3665 22
2 4 575 11 575 0 03 0 038 0 162 99 868 66 04 73 6581 0 573 0 302 92 3 903 12909 006 0004 0 183 99 484 3698 24
3 4 43 11 809 0 038 0013 0 159 99 763 99 06 74 65876 0464 0 27 93 3 909 12 878 0016 0 022 0 156 99 443 3731 26
4 4 476 11 735 0 035 0025 0 178 99926 165 1 74 3431 0 454 0 281 94 3 92 12 868 0 022 0 025 0  164 99 12 3764 28
5 454 11 653 0 032 0041 0 156 100 084 198 12 73 93647 0 464 0  292 95 3 873 12 832 0 026 0 043 0 176 98 956 3797 3
6 4 836 11 036 0 056 0  047 0 189 99 883 264 16 71 60816 0 435 0312 96 3898 12 97 003 0013 0 175 98 927 3830 32
7 4 509 11 508 0 022 0  043 0 186 100 169 297 18 73 82707 0 559 0 323 97 3 845 12 887 0 047 0 024 0 169 98 994 3863 34
6 4 496 11 474 0 047 0042 0 175 99 569 330 2 73 82568 0548 0388 98 3 824 12 865 0 039 0 026 0 155 99 164 3896 36
9 4 451 11 628 0 062 0 026 0 178 99 963 363 22 74 27516 0 457 0431 99 3 89 12 963 0 045 0165 98 401 3929 38

10 12 747 0038 0019 0 162 99 964 396 24 77 88598 0 527 0 334 100 3 701 13 097 0 033 0 01 0 172 98 917 3962 4
11 3 543 ^3663 0 072 0 031 0 164 100 199 429 26 80 996 0 542 0313 101 3 687 13 188 0 038 0.006 0 158 98 473 3995 42
12 3 606 13 59! 0 053 0.052 0 17 100 141 462 28 80 64087 0 535 0 291 102 3 745 13 17 0 037 0016 017 99 346 4028 44
13 3 503 13 706 0 049 0 027 0 172 99 707 528 32 81 21813 0 42 0 304 103 3 594 12 983 0 034 0 047 0 176 99413 4061 46
14 3 33 13 923 0 054 0  032 0 17 100 031 561 34 82 20944 0 534 026 104 3 732 13271 0.06 0 169 9941 4094 48
15 3 358 13 931 0 037 0 032 0 165 99 796 594 36 82 09509 0 492 0 247 105 3 692 13 186 0058 0 042 0 166 99 866 4127 5
16 3 347 13 972 0 055 0 032 0 172 99 887 627 38 82 18634 0 509 0 273 106 3 743 13 24 0 034 0 042 0 166 99 714 4160 52
17 3 296 14 131 0 041 0013 0 169 99 585 6604 82 56473 0 57 0 282 107 3624 13 359 0 07 0 158 99 28 4193 54
18 3 194 14 334 0 039 0  022 0 173 99 907 693 42 83 2213 0 538 0 24 108 3 686 13.12 0 094 017 98 537 4226 56
19 3418 13 881 0 091 0 024 0 174 100 124 726 44 81 77978 0 538 0 266 109 3 723 13 154 009 0 008 0 171 99 296 4259 58
20 3 207 14 417 006 0 026 0 159 100 131 759 46 83 24519 0 501 0 253 110 384 12 91 0 058 0 028 0 187 98 904 4292 6
21 3 t4 14 536 0 039 0048 0 171 99 858 792 48 63 65222 0 535 0 244 i n 3 878 12 715 006 0 034 0 172 98 765 4325 62
22 3 219 14 249 0 031 0  024 0 177 100 222 825 5 83 0285 0 496 0 248 112 3 805 13 167 0 039 0008 0 183 99 058 4358 04
23 3 657 13 018 0 025 0008 0 163 99 186 891 54 79 73353 0495 0 333 113 4015 12 377 0 055 0 044 0  173 98 334 4391 86
24 3 829 13 036 0 033 0 021 0 173 99 637 924 56 79 00362 0 474 0369 114 3 727 12994 0059 0 029 0 161 99 022 4457 7
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80 731593
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81 683604 
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81 340919 
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81 929225 
80 661545
80 330739
81 001634 
81 571173 
81 447319 
81 482961

82 36137 
84 364937 
84 484929 
84 166545 
81 340187 
8 t 340486 
80 793657 
80 630246 

80 63561 
80 991743 
80 517323 
80 238664
77 496457 
80 256566
78 065642 
77 872565
79 336927 
79 14794

75 701658

F» K
0 571 0 347
0 503 0 341
0 512 0 359
0 497 0 351
0 44 0 316
0 503 0 334
0 598 0 347
0 482 0 318
0 508 0 341
0 544 0 338
0 53 0 33

0 565 0 338
0 521 0 472
0 544 0 313
0 518 0 345
0 536 0 354
0 525 0 354
0 626 0 412
0616 0364
0 648 0 377
0 593 0 366
0 555 0 349
0 544 0 381
0 653 0 358
0 603 0 394
0 633 0 355
0 643 0 338
0 602 0 33
0 648 0 343
0 627 0 356
0 568 0 343
0 687 0 34
0 561 0 359
0 582 0 335
0 516 0 289
0 591 0 355
0 442 0 322
0 754 0 323
0 578 0 296
0 548 0 35
0 578 0 31
0 583 0 332
0 465 0 335
0 548 0 303
0 738 0 504
0 544 0 324
0 54 0 296
0 479 0 293
0 508 0 303
0 571 0 296
0 702 0 359
0 587 0 228
0 583 0 225
0 6 0 292

0 515 0 294
0 564 0 296
0 513 0 264
0 551 0 309
0 547 0 274
0 483 0 306
0 493 0 282
0 435 0 346
0 555 0.319
051 0311
0 515 0 279
0 591 0 221
047 02
0 499 0 229
0 501 0 24
0 49 0 212
0 507 0 287
0 506 0 282
0451 0271
0 5  0317

0 514 0 285
0 547 0 306
0 455 0 383
0 543 0 264
0 496 0 268
0 482 0 35
0 499 0 252
0 494 0 253
0 434 0 238
0 489 0 267
0 515 0 29
0 496 0 234
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11
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38
39
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Electron microprobe data: Traverse 1-Druim Main Gabbros
la Ca K Mg Fe An Distance (m '^ -6 ) Total

4,096 10.047 0.209 0,033 0.387 73 .052655 53.46 91.1896
4.58 9.674 0,198 0,051 0,309 70.0100271 106.92 93.1802

4.657 9.957 0.362 0,025 0.28 70.2647464 374.22 94.8283
4.857 11.013 0.297 0,039 0,379 71 .4774689 427.68 100.6042
4.356 11.491 0.262 0,067 0,392 74.4604984 481.14 97,9349
3.323 10.051 0.356 0.107 0.411 76.9738753 534,6 90,8597
4 458 11.843 0.249 0,055 0.391 74.5938966 588,06 99,4831
3.761 11.504 0.306 0,045 0,412 77 .171887 641.52 94.6135
4.121 11.318 0.299 0,034 0,368 75.2190822 694.98 95,4928
4.998 10.97 0.274 0,057 0,351 70.8096879 908,82 100,7214
4,913 11.102 0.283 0.05 0,391 71.4077974 962.28 101.084
4.693 11.638 0.233 0,064 0,404 73.2674805 1015.74 100,7204
4.184 12.506 0.205 0,021 0,425 76.7629357 1069,2 100.4097
4.16 12.631 0.207 0.054 0,494 77 .041775 1176.12 100,3589

4.271 12.271 0.2 0,041 0,437 76.0500105 1229.58 100.5213
4.244 12.384 0.214 0,048 0,389 76 .3313367 1283,04 100,7098
4.524 11.772 0.227 0,062 0,417 74.1994281 1336,5 100,6341
4.22 11.746 0.284 0.089 0,557 75 .467626 1389,96 96,4122
3.233 11.131 0.243 0,098 0.556 79.1890051 1443.42 101.7161
4.464 11.892 0.243 0.074 0,503 74.64662 1496.88 100.5413
4.292 12.209 0.242 0.06 0,356 75.8679422 1550,34 99,8913
4.189 12.452 0.202 0,049 0,461 76 .664299 1603.8 100.7912
4.273 12.208 0.263 0,062 0,473 75.9475814 1657,26 99.3423
4.133 12.549 0.246 0.086 0,423 77.0417468 1710.72 100,7137
4 593 12.011 0.218 0.096 0,426 74.29431 1764,18 100,8493
4.683 11.533 0.222 0,047 0,469 73 .131529 1871,1 100.2556
4.599 11.335 0,261 0.075 0,446 73.1469084 1924,56 103,3481
4.729 11.282 0.229 0.064 0.482 72.5025265 1978,02 100,0727
4.282 12.573 0.217 0.058 0,585 76 .4437496 2031.48 100.6318
4.138 12.777 0.207 0,059 0,445 77.3374864 2084,94 100,4979
4.106 12.486 0,209 0.069 0,503 77.0686428 2138,4 100,0912
4.114 12,654 0.212 0.054 0.473 77.2698234 2191,86 100,5217
4.273 12.567 0.204 0.068 0,441 7 6 .4730296 2245.32 100.2705
4.57 12.157 0,225 0.035 0,454 74.6195708 2352,24 100,5081

4.363 12.078 0,255 0.546 75.3665493 2405.7 101,2232
4.427 11.809 0,251 0.054 0,491 74 .6715768 2459.16 100,2291
4.271 12.219 0,227 0.076 0.53 75.9725769 2512,62 100.5731
4.09 12.647 0,217 0.042 0,472 77 .3627317 2566.08 100,1229

4,123 12.483 0,201 0.05 0,533 76 .991285 2619.54 100.4616
4.159 12.665 0.199 0.059 0,517 77.0935331 2673 100.3883
4.06 12.653 0,213 0.047 0.479 77 .499673 2726,46 99.8625

4.124 12.636 0,17 0,063 0,442 77.2021105 2779.92 100,65
4.119 12.637 0.189 0.038 0,498 77.2248473 2833.38 100.5517

int Na Ca K Mq Fe An Distance (m ^ -6 ) Total
44 4.168 12.553 0,215 0,066 0.465 76 .8979 149 2886.84 99.9234
45 4.101 12.368 0,212 0.055 0.455 76 .9220 358 2940,3 100.269
46 4.344 12.569 0.231 0.035 0.532 76 .1781 308 3047,22 100.8645
47 3.322 12.512 0.216 0.055 0.444 8 0 .6301 307 3100,68 99,6436
48 4.209 12.646 0.232 0.03 0,455 76 .8551 178 3154,14 100,347
49 4,226 12.414 0.217 0.065 0.387 76 .4516 266 3207.6 100.0181
50 4,178 12,537 0.218 0,029 0.494 76 .8326215 3314,52 99,6623
51 4,202 12,59 0.229 0,05 0,504 76 .8057 438 3367.98 100,5893
52 4.146 12,896 0.195 0.042 0.459 77 .4658574 3421.44 100,5557
53 4,204 12,671 0.195 0,06 0,462 76.9113441 3474.9 100,8039
54 4,181 12,515 0.204 0,051 0,488 76 .7885524 3528,36 100,5501
55 4,245 12,474 0.216 0,045 0.463 76 .4576 698 3581.82 100,4483
56 4.247 12.356 0.208 0,059 0,398 76 .2776338 3635.28 100,1982
57 4,206 12,38 0.21 0,074 0,368 76.4876361 3688.74 100,3884
58 4,095 12,016 0.273 0,056 0,434 76.4318791 3742,2 98,9506
59 4,189 12,221 0.209 0,067 0,365 7 6 .3276264 3795.66 100,2549
60 4,518 11,59 0.211 0,035 0,55 73 .9256 107 3902.58 99,9329
61 4,517 11,789 0.252 0,06 0.494 74 .2566 567 3956.04 99,7326
62 4.476 11,889 0.23 0,025 0,441 7 4 .5909982 4009.5 99,998
63 4,508 12,023 0.226 0.043 0.43 7 4 .6683252 4062.96 100,001
64 4,446 11,993 0.221 0.044 0,455 7 4 .8824142 4116.42 99,9875
65 4,296 12,226 0.213 0,046 0,452 75 .8763615 4169,88 100,0791
66 4,474 11,918 0,24 0,045 0,38 74 ,645604 4223.34 100,1683
67 4,869 11,276 0.277 0.054 0.576 71 .9063 399 4276,8 100.2794
68 4,817 11,062 0.271 0.066 0,457 71 .7358 619 4330.26 100,269
69 4,886 11,195 0.267 0.048 0,509 71 .6897893 4383.72 100,2858
70 4,769 11,603 0.268 0,07 0,449 72 .8921 887 4437.18 100,3394
71 4.629 11.588 0.252 0.071 0.502 73 .4516 882 4490.64 100,0211
72 4,531 11,752 0,255 0,046 0,451 74 .1372 287 4544,1 100,2604
73 4,592 11,844 0.332 0.096 0,439 74 .0301 898 4597.56 99,5014
74 4,33 12,219 0,205 0,042 0,395 75.7212451 4651.02 99,534
75 4.274 12,293 0.196 0.025 0,487 76 .0698413 4704,48 100,5966
76 5,265 10,632 0,28 0,045 0,533 6 9 .0577 316 4757.94 95,8958
77 4,847 11,093 0.266 0,052 0,46 71 .6666 679 4811.4 100,2011
78 4,984 10,937 0,274 0,038 0,415 70 .805395 4864,86 99.8711
79 4,957 10,884 0.278 0,043 0,36 70.8172661 4918,32 99,1506
80 5,002 11,043 0,286 0.044 0,33 70.9300961 4971,78 100,3818
81 5.039 10,91 0,28 0,053 0,4 70 .5266 598 5025,24 100.1261
82 4.972 10.787 0.322 0.067 0,43 70 .5692 5078.7 99.802
83 4,963 11,038 0.311 0.036 0,389 71 .0819193 5132,16 100.2864
84 4,827 11.027 0.276 0.043 0,401 71 .6294 398 5185,62 100.1374
85 5.156 10.352 0.447 0.113 0.447 6 8 .9343 343 5239.08 95.7633



Electron microprobe data: Traverse 2-
It Na Ca K M g Fe A n D is ta n c e T o ta l

1 3.322 8.401 0.189 0.047 0.255 73.649231 42.98 77.6307
2 2.878 7.21 0.34 0.052 0.303 73.466196 85.96 69.2305
3 3.401 10.24 0.379 0.319 0.662 76.89274 128.94 91.4668
4 4.963 10.731 0.253 0.062 0.476 70.498678 171.92 100.2563
5 4.981 10.147 0.462 0.045 0.444 69.244608 257.88 98.8641
6 4.374 10.616 0.396 0.067 0.556 72.843896 300.86 97.7855
7 4.738 10.767 0.274 0.071 0.438 71.522612 343.84 98.9032
8 4.316 10.193 0.253 0.058 0.348 72.300259 386.82 92.9588
9 4.526 11.482 0.235 0.061 0.508 73.710479 472.78 100.0268

10 5.051 11.145 0.244 0.064 0.695 70.918668 515.76 90.5734
11 4.348 12.222 0.205 0.053 0.491 75.649421 601.72 100.6967
12 4.079 12.278 0.191 0.073 0.485 76.887855 644.7 100.7407
13 3.248 11.576 0.197 0.114 0.629 79.75299 687.68 102.3207
14 4.22 12.508 0.221 0.074 0.519 76.61263 730.66 100.3228
15 3.787 12.27 0.24 0.089 0.521 78.170253 816.62 103.4575
16 3.969 10.98 0.209 0.132 0.596 75.354211 859.6 96.5398
17 4.324 12.018 0.254 0.05 0.51 75.440715 902.58 99.2296
18 4.243 12.167 0.196 0.044 0.485 76.014768 945.56 100.5801
19 4.408 11.972 0.222 0.075 0.4 75.010681 988.54 100.0703
20 4.449 11.826 0.231 0.056 0.503 74.60497 1031.52 100.7044
21 4.351 12.001 0.25 0.044 0.497 75.298882 1074.5 100.4958
22 4.294 12.2 0.232 0.038 0.442 75.845905 1117.48 100.4005
23 4.389 11.855 0.275 0.071 0.391 74.907421 1160.46 97.263
24 3.488 9.447 0.458 0.171 0.605 74.95852 1203.44 98.5716
25 4.602 11.971 0.216 0.051 0.43 74.193087 1289.4 99.9183
26 4.459 11.971 0.247 0.042 0.308 74.792858 1332.38 100.6397
27 4.888 11.891 0.293 0.038 0.492 72.88965 1375.36 93.9178
28 5.316 10.492 0.353 0.102 0.416 68.566383 1418.34 95.8452
29 5.297 10.559 0.477 0.072 0.421 68.780352 1461.32 100.5546
30 4.369 12.174 0.235 0.042 0.468 75.487815 1590.26 102.4546
31 4.553 11.569 0.291 0.054 0.476 73.741486 1676.22 99.0593
32 4.606 11.96 0.249 0.02 0.479 74.158835 1762.18 99.8351
33 4.686 11.828 0.223 0.057 0.524 73.612468 1805.16 97.584
34 4.615 12.128 0.235 0.058 0.474 74.388073 1848.14 98.9996
35 4.397 12.124 0.208 0.048 0.45 75.292933 1934.1 100.9031
36 4.647 11.993 0.24 0.013 0.469 74.041638 1977.08 99.7918
37 3.892 11.511 0.281 0.063 0.51 76.574025 2063.04 101.5266
38 4.536 11.735 0.277 0.046 0.406 74.088295 2106.02 100.5259
39 4.583 11.82 0,25 0.04 0.374 74.02891 2149 100.5219
40 4.36 11.687 0.225 0.042 0.493 74.763484 2191.98 99.0852
41 4.715 11.422 0.234 0.058 0.365 72.806453 2277.94 100.7435
42 4.85 11.484 0.275 0.052 0.362 72.352377 2320.92 100.7089

im Hain Gabbros
>tnt Na Ca K M g Fe A n D is ta n c e  ( m '^ - 6 ) T o ta l
43 4.87 11.265 0.232 0.034 0.314 71.88246894 2363.9 100.3477
44 4.698 11.468 0.264 0.02 0.373 72.95727891 2406.88 100.2724
45 4.764 11.37 0.28 0.038 0.391 72.51041829 2449.86 100.7337
46 4.565 11.816 0.258 0.032 0.426 74.09800356 2492.84 99.4523
47 4.279 12.173 0.208 0.066 0.507 75.86941575 2535.82 99.6764
48 4.208 12.395 0.205 0.057 0.451 76.50086075 2578.8 99.5847
49 4.166 12.533 0.188 0.071 0.442 76.87810893 2621.78 99.8358
50 4.216 12.185 0.2 0.039 0.434 76.15781819 2664.76 99.4299
51 4.177 12.03 0.218 0.036 0.471 76.09405111 2707.74 99.1197
52 3.821 11.825 0.243 0.094 0.534 77.3772413 2750.72 94.8611
53 4.298 12.131 0.207 0.052 0.445 75.72473398 2793.7 99.4842
54 4.552 11.778 0.193 0.04 0.526 74.09091417 2836.68 100.2868
55 4.174 12.562 0.209 0.062 0.438 76.88508963 2879.66 99.4984
56 4.177 12.437 0.222 0.04 0.456 76.69404441 2922.64 99.5303
57 4.428 12.235 0.243 0.045 0.448 75.33175912 2965.62 99.9466
58 4.859 11.424 0.31 0.051 0.501 72.2102802 3094.56 94.0341
59 4.993 11.652 0.267 0.048 0.436 72.06067781 3137.54 99.2278
60 4.182 12.654 0.24 0.054 0.402 76.98060312 3180.52 99.9322
61 4.396 11.587 0.343 0.067 0.368 74.44487915 3223.5 99.1794
62 4.701 11.548 0.252 0.019 0.411 73.08165827 3266.48 99.9313
63 4.776 11.872 0.538 0.117 0.482 73.31398663 3309.46 99.2679
64 4.242 12.311 0.331 0.062 0.44 76.23289943 3352.44 100.9878
65 3.968 12.415 0.353 0.075 0.525 77.56816145 3395.42 98.5204
66 5.011 11.111 0.158 0.04 0.436 71.01952727 3438.4 99.9547
67 4.868 11.345 0.255 0.049 0.441 72.03355096 3481.38 100.249
68 4.973 10.946 0.276 0.03 0.473 70.86803215 3524.36 99.6903
69 5.081 10.759 0.249 0.036 0.465 70.06231552 3567.34 100.0412
70 3.235 8.363 0.916 0.272 0.533 74.07404856 3739.26 71.5779
71 5.007 11.284 0.251 0.08 0.416 71.35281002 3782.24 100.4851
72 4.348 12.254 0.214 0.047 0.389 75.69755603 3825.22 100.4852
73 4.451 12.168 0.245 0.038 0.446 75.13290698 3868.2 100.7803
74 5.017 10.797 0.329 0.049 0.431 70.40103733 3911.18 99.5674
75 3.309 7.795 0.299 0.05 0.663 72.24944857 3954.16 78.3898
76 4.432 9.667 0.358 0.065 0.479 70.68014119 4126.08 91.2507
77 4.401 10.035 0.372 0.063 0.34 71.59133218 4169.06 92.0264
78 3.991 10.355 0.273 0.074 0.351 74.14387946 4212.04 90.9267
79 3.855 11.312 0.25 0.043 0.362 76.43225246 4298 92.6036



Electron microprobe data: Traverse 3-Druim
nt Na Ca K Mg Fe An Distance (m ^ -6 ) Total

1 4.629 11.915 0.24 0.041 0.439 73.9907869 48.89 101.1182
2 4.696 11.626 0.266 0.067 0.463 73.2347454 97.78 100.5369
3 4.798 11.585 0.216 0.061 0.457 72.7414572 146.67 100.532
4 4.493 12.017 0.212 0.067 0.662 74.7218883 342.23 87.8563
5 4.262 12.503 0.19 0.067 0.392 76.4275142 391.12 100.1264
6 4.174 12.651 0.198 0.047 0.457 77.010319 440.01 100.5752
7 4.357 12.464 0.198 0.064 0.551 75.9710547 488.9 100.524
8 4.172 12.63 0.192 0.041 0.537 76.9893847 635.57 100.7046
9 4.684 11.783 0.258 0.031 0.533 73.5466653 880.02 100.4023

10 4.402 11.979 0.221 0.066 0.487 75.047152 928.91 99.7788
11 4.118 12.712 0.249 0.062 0.422 77.3330119 977.8 100.6097
12 4.127 12.632 0,257 0.087 0.483 77.1837341 1026.69 99.5005
13 4.058 12.912 0.217 0.06 0.492 77.859534 1075.58 100.3568
14 4.314 12.305 0.226 0.07 0.513 75.9176985 1124.47 100.5128
15 4.331 12.122 0.218 0.061 0.474 75.5701576 1173.36 99.9621
16 4.47 12.237 0,226 0.048 0.559 75.1589607 1222.25 100.2612
17 4.436 12.332 0.203 0.068 0.597 75.4447876 1271.14 100.8134
18 3.922 11.775 0.432 0.11 0.778 76.8419706 1320.03 99.1665
19 4.183 12.857 0.202 0.047 0.469 77.2572127 1368.92 100.1524
20 4.145 12.78 0.2 0.04 0.497 77.3119673 1417.81 100.3074
21 4.15 12.926 0.2 0.029 0.49 77.4895765 1515.59 100.7683
22 4.276 12.487 0.199 0.045 0.383 76.3452634 1564.48 100.1365
23 4.594 11.934 0,217 0.042 0.295 74.1671209 1613.37 100.674
24 4.378 12.259 0.189 0.033 0.486 75.5783692 1662.26 100.1484
25 4.692 11.686 0.219 0.063 0.481 73.3521848 1711.15 100.0966
26 4.695 11.584 0.21 0.033 0.515 73.1679268 1760.04 99.6711
27 4.727 11.629 0.243 0.054 0.483 73.1106497 1808.93 100.4792
28 4.661 11.734 0.234 0.068 0.433 73.5613559 1857.82 99.7436
29 4.404 12.429 0.225 0.058 0.54 75.7229852 1906.71 100.8666
30 4.324 12.476 0.199 0.079 76.127064 1955.6 99.5211
31 4.468 12.326 0.215 0.03 0.549 75.3023358 2004.49 100.2092
32 4.439 12.186 0.246 0.057 0.471 75.2108815 2053.38 99.8868
33 4.702 11.785 0.243 0.035 0.51 73.4752839 2102.27 100.1787
34 4.282 12.575 0.201 0.061 0.616 76.4466137 2151.16 100.0571
35 4.08 12.872 0.165 0.05 0.43 77.7124964 2200.05 99.8374
36 4.087 12.835 0.207 0.053 0.516 77.6328469 2248.94 99.9547
37 4.16 12.83 0.174 0.041 0.456 77.3170966 2297.83 100.1109
38 3.579 12.534 0.209 0.077 0.627 79.4683957 2395.61 103.9501
39 4.3 12.677 0.185 0.08 0.586 76.5164723 2444.5 100.0916
40 4.306 12.621 0.191 0.061 0.555 76.4117037 2493.39 100.4634
41 4.583 12.022 0.242 0.028 0.537 74.3533736 2542.28 99.8218
42 4.247 12.381 0.257 0.082 0.549 76.3141888 2591.17 100.0807
43 4.236 12.595 0.214 0.049 0.53 76.6689729 2640.06 99.8627

Gabbros
C Na Ca K Mq Fe An Distance Total
44 4.293 12.263 0.217 0.085 0.487 75.9443935 2688.95 99.4002
45 4.929 11.099 0.262 0.055 0.485 71.3358419 2737.84 99.8367
46 4.973 11.141 0.238 0.057 0.426 71.2312362 2786.73 99.7035
47 4.944 11.158 0.261 0.049 0.417 71.3820955 2835.62 99.5866
48 4.994 11.165 0.24 0.044 0.492 71.188962 2884.51 100.1003
49 4.708 11.537 0.221 0.048 0.477 73.0336122 2933.4 99.1169
50 4.736 11.432 0.196 0.059 0.564 72.7357374 3031.18 99.5166
51 4.779 11.543 0.238 0.054 0.505 72.7481166 3080.07 99.9022
52 4.522 12.089 0.204 0.069 0.609 74.7131966 3128.96 99.6096
53 4.644 11.657 0.222 0.067 0.501 73.5043361 3177.85 99.8155
54 4.47 12.133 0.208 0.051 0.523 74.9992655 3226.74 99.9736
55 4.211 12.608 0.215 0.037 0.523 76.7930777 3275.63 99.8859
56 4.053 12.942 0.19 0.053 0.546 77.9207322 3324.52 99.6735
57 4.369 12.186 0.248 0.068 0.542 75.5060403 3373.41 99.709
58 4.998 11.207 0.3 0.052 0.558 71.2495126 3422.3 99.261
59 4.969 11.167 0.301 0.059 0.449 71.2954507 3471.19 99.7378
60 5.016 11.034 0.294 0.056 0.482 70.855598 3520.08 98.7892
61 4.998 10.993 0.281 0.045 0.486 70.8529601 3568.97 100.0037
62 5.548 9.986 0.376 0.041 0.489 66.5472699 3617.86 99.0663
63 5.286 10.271 0-309 0.041 0.474 68.2285516 3666.75 99.2874
64 5.035 10.945 0.305 0.034 0.456 70.6096766 3715.64 98.9109
65 4.818 10.663 0.371 0.049 0.367 70.9808344 3764.53 96.1112
66 4.721 11.468 0.282 0.041 0.423 72.8608163 3813.42 99.7097
67 4.74 11.604 0.284 0.032 0.329 73.0142414 3862.31 99.7602
68 4.713 11.609 0.273 0.051 0.416 73.1351139 3911.2 99.8311
69 4.663 11.528 0.269 0.025 0.418 73.2070385 4106.76 99.5262
70 4.186 12.701 0.218 0.06 0.446 77.0293219 4155.65 99.282
71 4.32 12.412 0.255 0.042 0.443 76.0503307 4204.54 99.8451
72 4.401 12.41 0.252 0.018 0.515 75.7073851 4253.43 99.9901
73 4.549 12.013 0.268 0.034 0.477 74.4808801 4400.1 99.5855
74 3.466 11.238 0.247 0.028 0.516 78.1824791 4448.99 91.8331
75 4.687 10.75 0,318 0.026 0.392 71.7104813 4546.77 96.4631
76 4.987 10.685 0.319 0.021 0.299 70.3086457 4595.66 98.5638
77 4.351 10.607 0.263 0.052 0.542 72.9313226 4644.55 101.6874
78 4.601 8.495 0.281 0.088 0.562 67.1115934 4693.44 66.9045
79 5.002 9.829 0.339 0.029 0.373 68.4716333 4742.33 95.0468
80 4.405 10.072 0.278 0.042 0.273 71.6476726 4840.11 91.3521
81 4.193 9.819 0.262 0.042 0.285 72.1303241 4889 89.9295
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Electron microprobe data: Traverse 4-Druim Hain Gabbros
Na Ca K Mg Fe An Distance (m ^ -6 ) Total Point Na Ca K Mq Fe An Distance (m '^-6) Total

4.254 12.498 0.148 0.072 0.593 76.4541463 48.37 100.0783 46 4.729 11.572 0.205 0.029 0.42 73.0056083 2757.09 100.0225
4.22 12.644 0.15 0.071 0.534 76.8058404 96.74 99.8053 47 4.782 11.565 0.243 0.052 0.602 72.7734172 2805.46 100.1858

4.267 12.618 0.157 0.039 0.66 76.5710364 145.11 100.3741 48 4.811 11.725 0.2 0.04 0.484 72.9255951 2853.83 100.2764
4.24 12.811 0.162 0.059 0.571 76.955025 193.48 99.7827 49 4.676 11.709 0.183 0.048 0.508 73.4572554 2902.2 100.3376

4.213 12.735 0.173 0.05 0.579 76.9627955 241.85 99.9422 50 4.68 11.652 0.229 0.045 0.508 73.3452865 2950.57 100.1911
4.182 12.714 0.168 0.047 0.584 77.0643206 290.22 100.1409 51 4.641 11.794 0.2 0.055 0.519 73.7437769 2998.94 100.0265
4.143 12.958 0.141 0.045 0.603 77.5620703 386.96 100.3358 52 4.567 12.111 0.24 0.049 0.602 74.5601645 3047.31 100.6814
4.204 12.773 0.166 0.056 0.541 77.0534126 435.33 99.5359 53 4.595 12.015 0.19 0.051 0.477 74.2923548 3095.68 100.6007
4.135 12.83 0.147 0.076 0.582 77.4226356 483.7 99.9476 54 4.534 11.945 0.183 0.058 0.567 74.4357365 3144.05 100.3001
4.131 12.863 0.174 0.06 0.478 77.4843957 532.07 100.1575 55 4.298 12.52 0.17 0.051 0.666 76.3002204 3192.42 100.4278
4.358 12.658 0.179 0.06 0.468 76.2477148 580.44 100.4026 56 4.177 12.906 0.18 0.014 0.55 77.3491383 3240.79 100.6965
4.713 12.499 0.191 0.067 0.517 74.5614239 628.81 99.8979 57 4.55 12.056 0.192 0.067 0.495 74.5445627 3289.16 100.2313
4.406 12.324 0.162 0.072 0.611 75.5582998 725.55 100.0021 58 4.685 12.059 0.201 0.073 0.564 73.990558 3337.53 100.5694
4.177 11.88 0.207 0.121 0.508 75.8650579 773.92 97.6752 59 4.545 11.953 0.205 0.061 0.66 74.4023519 3385.9 100.7985
4.343 12.39 0.167 0.072 0.593 75.9210661 822.29 99.6319 60 4.718 11.887 0.187 0.074 0.512 73.5769079 3434.27 100.3555
4.345 12.588 0.136 0.068 0.608 76.2013574 870.66 100.1914 61 4.453 11.972 0.149 0.056 0.625 74.8198092 3482.64 100.1159
4.486 11.407 1.214 0.103 0.688 73.7554835 919.03 100.2091 62 4.381 12.3 0.194 0.072 0.601 75.62732 3531.01 100.4105
4.312 12.492 0.151 0.049 0.534 76.2007841 967.4 99.4115 63 4.638 11.882 0.176 0.06 0.499 73.8999307 3579.38 99.7648
4.289 12.764 0.149 0.045 0.648 76.6849718 1015.77 99.9495 64 4.485 12.334 0.149 0.066 0.565 75.2437282 3627.75 100.5177
4.176 12.953 0.162 0.069 0.572 77.4169492 1064.14 99.9552 65 4.322 12.304 0.151 0.066 0.483 75.8823223 3724.49 99.9439
4.073 13.02 0.136 0.067 0.571 77.939416 1112.51 100.4604 66 4.137 12.798 0.155 0.056 0.473 77.3704882 3772.86 99.8814
4.775 11,454 0.193 0.067 0.555 72.6110516 1160.88 99.7514 67 4.153 12.895 0.141 0.042 0.421 77.4350409 3821.23 100.1016
4.853 11.39 0.174 0.054 0.565 72.1752488 1209.25 100.8603 68 4.233 12.786 0.158 0.044 0.456 76.9496857 3869.6 100.3618
4.857 11.469 0.178 0.057 0.633 72.2973478 1257.62 99.6235 69 4.203 12.908 0.138 0.06 0.441 77.2429599 3917.97 100.8317
4.802 11.57 0.219 0.055 0.431 72.6992234 1305.99 99.8496 70 4.332 12.679 0.149 0.048 0.487 76.3858302 3966.34 100.7084
4.729 11.621 0.252 0.046 0.416 73.0887994 1354.36 99.655 71 4.65 11.859 0.205 0.044 0.443 73.812625 4063.08 100.3816
5.019 10.938 0.23 0.024 0.494 70.6624234 1596.21 100.1347 72 5.046 11.247 0.174 0.032 0.417 71.1265477 4159.82 100.5347
4.109 12.853 0.152 0.059 0.505 77.5638865 1644.58 100.1552 73 4.891 11 485 0.183 0.151 0.716 72.1854164 4208.19 100.8344
4.196 12.757 0.154 0.046 0.546 77.0649269 1692.95 100.3469 74 4.228 12.839 0.167 0.047 0.524 77.0438852 4256.56 100.4532
4.282 12.571 0.138 0.076 0.63 76.4408848 1741.32 99.6892 75 4.137 12.75 0.148 0.061 0.668 77.3046297 4304.93 100.328
4.169 12.63 0.149 0.055 0.568 77.0021259 1789.69 100.1547 76 4.149 12.896 0.141 0.021 0.536 77.4532283 4353.3 100.4825
4.142 12.541 0.143 0.11 0.706 76.9919554 1838.06 100.2038 77 4.171 12.979 0.157 0.05 0.518 77.4729034 4401.67 100.1107
3.264 10.63 0.613 0.097 0.718 78.2578992 1886.43 87.8907 78 4.191 12.695 0.123 0.049 0.513 76.9998256 4498.41 100.5479
4.111 12.812 0.166 0.046 0.612 77.4997525 1983.17 100.3298 79 4.672 11.823 0.182 0.054 0.472 73.6623444 4546.78 100.4969
4.081 12.844 0.16 0.062 0.525 77.6705067 2079.91 100.2083 80 4.973 11.738 0.131 0.04 0.457 72.2889628 4595.15 101.0887
4.142 12.89 0.199 0.098 0.656 77.4745823 2176.65 100.1528 81 4.531 12.185 0.189 0.056 0.419 74.8249042 4643.52 100.4465
4.116 12.787 0.161 0.038 0.63 77.4444495 2273.39 100.3267 82 4.545 12 0.161 0.044 0.429 74.4770206 4691.89 100.1004
4.215 12.561 0.181 0.073 0.527 76.7094944 2321.76 100.2928 83 5.077 11.58 0.171 0.059 0.529 71.597672 4740.26 100.6642
4.166 12.698 0.21 0.335 0.781 77.1097852 2370.13 100.1308 84 4.538 11.985 0.161 0.055 0.515 74.4825434 4788.63 100.4018
4.12 12.853 0.166 0.048 0.45 77.5173275 2466.87 100.2784 85 4.314 12.24 0.165 0.047 0.439 75.8207328 4837 99.9303

4.218 12.764 0.202 0.049 0.554 76.9820891 2515.24 100.4698
4.081 12.931 0.182 0.059 0.495 77.7873691 2563.61 100.1916
4.107 12.668 0.181 0.054 0.513 77.3191167 2611.98 99.6849
4.117 12.769 0.18 0.046 0.496 77.4155863 2660.35 100.3231
4.491 12.039 0.189 0.031 0.645 74.7648218 2708.72 100.2171
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The Great Eucrite intrusion of Ardnamurchan, Scotland: 
Reevaluating the ring-dike concept
B O ’Driscoll* I
^  P  ^ ^ ^ 1 1  J -  D epartm ent of Geology, Museum Building, Trinity College, Dublin 2, Ireland 

R.J. R e a v y  D epartm ent of Geology, University College Cork, Cork, Ireland
P. Turner School of Geography, Earth, a n d  Environmental Sc ien ces ,  University of Birmingham, Birmingham B15 2TT, UK

A B ST R A C T
Kin;>-dike.s are cylindrical sheet intrusions that develop at a 

subvolcanic level due to ascent o f m agm a along steep outw ard- 
dipping ring fractures. M agm a ascent is triggered by central block  
subsidence, and fully formed ring-dikes are com posed o f  a flat- 
lying sill-like roof as well as steeply outw ard-dipping walls on all 
sides. The G reat E ucrite o f the A rdnam urchan Paleocene igneous 
com plex, N W  Scotland, is a spectacular gabbro intrusion that has 
been cited as one o f  the classic exam ples o f a ring-dike for the past 
70 yr. W e com bine field observations, detailed structural m easure­
m ents o f  prim ary m agm atic features, and anisotropy o f m agnetic  
susceptibility  data in a reinvestigation o f  this intrusive body. M ag­
m atic layering and m acroscopic p lanar crystal arrangem ents dip  
inw ard, and m agnetic lineations plunge consistently toward the 
center o f the intrusion , in contrast to what would be expected for  
a ring-dike. W e propose that the G reat E ucrite ring-dike is in fact 
a lopoiithic intrusion with an overall funnel-shape geom etry. This 
conclusion brings into question the presence o f three individual foci 
o f activity in A rdnam urchan, purported to have shifted throughout 
the developm ent o f  the com plex. It also has significant im plications 
for the status and structural evolution o f  other igneous com plexes 
o f the British Paleocene igneous province, which contain layered  
mafic intrusions currently regarded as ring-dikes.

Keywords: G reat Eucrite, Ardnam urchan, lopolith, ring-dike.

IN TR O D U C T IO N
C aldera ring-fault developm ent and associated subsidence o f a 

central block are the dom inant structural processes that allow the in ­
trusion of ring-dikes (Roche et al., 2CKX)). Ring faults are w idely en­
visaged as steeply outw ard-dipping (reverse) structures, because m od­
els for ring-dike developm ent require that subsidence o f  the central 
block is accom m odated during collapse (Roche et al., 2(KM); W alter and 
Troll, 2001). R ing-dikes are therefore traditionally envisaged as having 
a bell-jar-like geom etry, forming broadly cylindrical intrusions at shal­
low, subvolcanic levels (Fig. 1).

The igneous com plexes o f the British Paleocene igneous province 
represent the deeply dissected roots o f  m ajor volcanoes in a region that 
was the site o f  intense igneous activity betw een ca. 60.5 and 58.7 Ma 
(Cham bers et al., 2005). The British Paleocene igneous province is also 
where m any o f  the original m odels for ring-dike em placem ent were 
first developed (Richey and Thom as, 1930; A nderson, 1936). The A rd­
namurchan igneous com plex hosts the Great Eucrite, frequently re­
ferred to as the classic exam ple o f  a wholly com plete mafic ring-dike 
(Wager and B row n, 1968; W oodcock and Strachan, 2000; Bell and 
W illiamson, 2002). This interpretation has never been seriously ques­
tioned since it was first proposed by Richey and Thom as (1930). Our 
study o f  m agnetic fabrics o f the Great Eucrite, com bined with structural 
m easurem ents on m acroscopic, prim ary m agm atic features, suggests 
that m agm a em placem ent was not parallel to outw ard-dipping ring- 
fractures (Fig. 1), a key criterion in the identification o f  ring-dikes 
(Anderson, 1936; Roche et al., 2000).

C aldera 
Ring Fault 

M agma C ham ber

Figure 1. Schem atic diagram show in g  su b volcan ic level and 
ring-fault system  along which ring-dikes are em placed  (after 
Walter and Troll, 2001). Inset: Bell-jar geom etry of typical ring- 
dike intrusion and exp ected  m agma flow  directions during 
em placem ent.

Three distinct foci o f  activity have been recognized in the A rd­
nam urchan com plex (centers 1, 2, and 3; Fig. 2). Each o f  these is 
dom inated by intrusive mafic rocks that were em placed either as con ­
centric, inw ard-dipping sets o f  cone sheets related to dom ing and ex­
tension, o r as larger annular intrusions historically interpreted as 
outw ard-dipping ring-dikes associated with central subsidence (Richey 
and Thom as, 1930). The areal extent o f center 3 is dom inated by the 
G reat Eucrite ( —70% ), corresponding to the area ( —10 km -) occupied 
by gabbros 1 -4  o f this study (Fig. 2). The Great Eucrite wholly en- 
compas.ses a suite o f smaller, arcuate gabbro bodies, w hich have been 
interpreted as partial ring-dikes, and a central tonalite body, which is 
considered to be a late-.stage intrusion into these arcuate gabbros (R ich­
ey and Thom as, 1930).

L IT H O L O G IC A L  R E L A TIO N SH IPS A N D  PRIM ARY  
M A G M A T IC  FEA TU R ES

The term  eucrite is given to gabbroic rocks containing plagioclase 
that is bytow nitic to anorthitic in com position (AnjH-AnKX)). Detailed
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Figure 2. Location map for cen ters 1, 2 (unornam ented), and 3 of 
Ardnamurchan intrusive com plex, together with position  of an iso­
tropy of m agnetic susceptibility  (AMS) sam pling traverses. A-D are 
localities o f photographs in Figure 3. Inset bottom  left: Equal-area 
projections illustrating p o les to lamination p lanes for Achnaha, 
Glendrian, and Sithean Mor areas.
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Figure 3. A: Well-developed magm atic layering in gabbro 1 (lens cap 
for sca le  is highlighted). B: Slump structure in layered gabbro 2. C: 
Magmatic layers draping block (highlighted) in gabbro 1 (lens cap 
for sca le  above highlighted block). D: Strong lamination of tabular 
p lagioclase fe ldspars in Achnaha lam inated gabbro. E and F: Large 
subhedral m agnetite grains in Great Eucrite gabbro.

rem apping o f  the Great Eucrite o f  Ardnam urchan suggests it includes  
four further, d istinct petrological facies o f  gabbro, d istinguished  on 
textural and m ineralogical grounds, and traceable around the full cir­
cum ference o f  the intrusion (F ig . 2). The tw o m ost com m on  lilh o log ies  
are a dark-gray, p an ially  layered o liv in e  gabbro (1 ) that is surrounded 
by an extrem ely  heterogeneous, brownish light-gray, partially layered  
o liv in e  gabbro (2). Both o f  these rocks contain variably sized  xenoliths 
and rafts (from  < 1  m up to 1 km in length) o f  an o liv in e- 
glom erocrystic , unlayered gabbro (3). A  h igh ly altered, unlayered, 
o liv in e-defic ien t gabbro (4) is found around the outer margin o f  the 
intrusion.

M agm atic layering is com m on in gabbros 1 and 2, com p osed  o f  
thin seq uences o f  plagioclase-rich  layers alternating w ith oliv ine-rich  
layers, and less  com m on ly  pyroxene-rich layers (F ig . 3A ). Individual 
layer th icknesses rarely exceed  25 cm , and the m axim um  th icknesses  
o f  sequences o f  layers is typ ically  ~ 1 0  m. Layer planes consistently  
strike parallel to the outer m argins o f  the Great Eucrite, can be traced 
for up to 2 0  m  laterally, and generally  dip inward toward the center o f  
the intrusion at 4 0 -6 0 ° . M agm atic sedim entary .structures are present 
and are associated  with the layering. The.se include slum p structures, 
fallen -b locks that affect layering (F igs. 3B  and 3C ), and graded 
bedding.

Three arcuate areas o f  a fifth o liv in e-d efic ien t, plagiocla.se-rich  
gabbro are observed  at the center o f  the pluton, at Achnaha, Sithean  
Mor, and around Glendrian (F ig. 2 ). T his gabbro is characterized by a 
very com m on , som etim es intensely d eveloped , igneous lam ination de­
fined by the planar arrangement o f  tabular p lag ioclase  crystals (Fig. 
3D ). Earlier work (R ichey and T hom as, 1930) referred to these rocks 
as fluxion gabbros, in particular the Sithean Mor and Glendrian lam i­
nated zones, and interpreted them  as distinct fluxion gabbro ring-dikes.

H ow ever, no ch illed  m argins or intrusive contacts have been observed  
b etw een these bod ies and gabbro 1, and their lam ination alw ays strikes 
parallel to their outer m argins and consisten tly  dips toward the center  
o f  the pluton (F ig . 2).

Poor exposure m akes contact data from  around the outer margin 
o f  the Great Eucrite extrem ely  rare, but one boundary w ith Jurassic 
sed im ents in the north o f  the peninsula is traced laterally for — 15 m 
and is observed  to dip inward at —50°. T w o late bod ies intrude the 
center 3 gabbros (F ig . 2). The first o f  these is a thin, fine-grained, sheet- 
like dolerite intrusion ex ten sively  net-vein ed  with a younger m icro­
granite. Contact m easurem ents for this intrusion show  that it a lso  dips 
inward at 5 0 -7 0 °  around its circum ference. The second  is the central 
tonalite that disp lays a steep ly  outward-dipping intrusive contact and 
a ch illed  margin toward the lam inated gabbro.

M AGNETIC FABRIC ANALYSIS
The anisotropy o f  m agnetic susceptib ility  (A M S ) o f  a rock sam ple  

is  described by a second  rank tensor ( K)  and can be v isualized  as a 
susceptib ility  e llip so id  (Tarling and Hrouda, 1993; D unlop  and O zde- 
mir, 1997). K  is specified  by six  parameters that define the m agnitude 
and orientation o f  the three principal susceptib ilities (A'l S: K 2 ^  K^) 
o f  the e llip so id . T hese principal su sceptib ilities  are used to derive a l­
ternative com bin ations o f  m agnitude param eters, such as the bulk su s­

ceptib ility  [/Cmean ~  ( ^ 1  +  ^ 2  +  ^ 3 )/-^]. the m agnetic lineation [L =  
(A'|-Ai3)/A'meanl' ^nd m agnetic foliation  (F  =  The total
anisotropy ( H  =  L  +  F) h  n m easure o f  the strength o f  the m agnetic 
fabric (O w en s, 1974). The relative strength o f  Z, to F  is used to c lassify  
the shape o f  the e llip so id  as prolate, triaxial, or oblate.

A M S m easurem ents w ere carried out on drilled cores from  a set 
o f  42  field-orientated gabbro block specim en s using an A G IC O  KLY3 
Kappabridge, w hich m easures specim en  susceptib ility  axes to within  
± 2 °  (95%  confid en ce lim its). B lock  sam pling w as carried out at 8 0 -  
100 m intervals along four radial traverses (8 - 1 0  sam pled stations 
each), w hich  were approxim ately perpendicular to the outer margin o f  
the Great Eucrite (F ig . 2). Ten to fourteen subsam ples were then drill- 
cored from  each block , and site m ean tensor data w ere calculated from  
the m easurem ents (O w en s, 2000).

The data revealed bulk susceptib ilities o f  7 .9  X 10“  ̂ to 3.3 X 
10“  ̂ SI in the Great Eucrite. T hese values suggest that the su scep ti­
b ility  (and therefore the A M S) in these sam ples is overw h elm in gly  due 
to  m agnetite, in volum e concentrations o f  up to — 1% (B a ls ley  and 
B uddington , 1958). T his has been corroborated by m easurem ent o f  the 
temperature dependence o f  susceptib ility  using an A G IC O  C S -3  fur­
nace, w hich  a lso  sh ow s the dom inance o f  m agnetite with Curie tem ­
peratures o f  5 7 5 -5 8 0  °C (F ig . 4 ). R eflected  and transmitted light m i­
croscopy indicates that m agnetite occurs as large (generally  > 1 5 0  |xm) 
subhedral grains throughout the rock (F igs. 3E  and 3F).

In m agnetite-bearing rocks, susceptib ility  anisotropy norm ally  
arises from  the shape-preferred orientation o f  inequant grains (w ith the 
m axim um  susceptib ility  in the direction o f  m axim um  long-axis co n ­
centration). The anisotropic distribution o f  grains m ay also  influence
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Figure 5. A-D: Equal-area projections illustrating magnetic fabric 
data for each of four traverses. E: Subdivision of anisotropy of mag­
netic susceptibility (AMS) data from Great Eucrite into prolate, tri- 
axial, and oblate fabrics on basis of an L-F plot.

the AMS if  the magnetite concentration is sufficiently high and the 
distribution of magnetite sufficiently nonuniform (Hargraves et al., 
1991; Bouchez, 1997; Launeau and Cruden, 1998). However, the vol­
ume concentration of magnetite in rocks of the Great Eucrite, for which 
H is typically 5% (range 2%-9%), is sufficiently low for it to be un­
likely that distribution anisotropy is a significant contributor to the 
fabric.

The AMS results are summarized in Figure 5. For all but one of 
the blocks sampled, the susceptibility ellipsoids are triaxial to prolate 
in shape (Fig. 5E), indicating that the magnetic lineation (A'l) is the 
most clearly defined component of the magnetic fabric overall. The 
directions of this axis are remarkably consistent, generally plunging 
toward the center of the intrusion at 40-70° (Fig. 5A-D). The axis 
also exhibits a weak steepening-inward trend on both the southern and 
northern traverses (see the GSA Data Repository'). The magnetic fo­
liation also dips inward without exception, though the strikes are not 
as consistent, trending either parallel or slightly obliquely to the outer 
margins of the intrusion at different stations (Fig. 5A-D).

DISCUSSION
The presence of an inward-dipping intrusive contact along the 

northern margin of the Great Eucrite strongly suggests that the intru­
sion does not have the classic bell-jar geometry of a ring-dike. The 
well-developed magmatic layering in gabbros I and 2 exhibits sedi-

'GSA Data Repository item 2006036, plot o f K I axes vs. distance towards 
the center o f the Great Eucrite, is available online at www.geo.society.org/pubs/ 
ft2(X)6.htm, or on request from editing@geosociety.org or Documents Secretary, 
GSA, RO. Box 9140, Boulder, CO 80301-9140, USA

Figure 6. Schematic diagram along the line X-Y(see Fig. 2) showing 
proposed (pre-tonalite) form of center 3 gabbro intrusion and its 
magma flovi/ planes as suggested by structural data and magnetic 
fabric results.

mentary structures that suggest that layering developed from magmatic 
How and associated fluid-dynamic processes. Such localized, gravity- 
controlled layering is generally considered to form due to the action 
of crystal-laden density currents on horizontal to gently sloping 
magma-mush interfaces that are often parallel or subparallel to the 
outer walls of the intrusion (Wager and Brown, 1968). The fact that 
layering typically dips comparatively steeply toward a central focal 
point in the intrusion suggests a significant degree of syn- to postde- 
positional tilting of basal surfaces toward the center of the pluton.

Magnetic fabrics in the Great Eucrite are dominantly triaxial to 
prolate, with a clearly defined A"i axis in the direction of flow described 
above. These fabrics are unusual as flow fabrics in that they are not 
oblate (Rochette et al., 1999) and the magnetic foliation is not always 
coincident with layering. This inconsistency may result from abnormal 
or complex fabrics, in the sense of Rochette et al. (1999), because of 
the strongly prolate nature of some of the susceptibility ellipsoids. 
However, the consi.stent inward plunge of the magnetic lineation at 40- 
70° (approximately downdip on layering) in the Great Eucrite suggests 
that it may be validly used as a structural element. We suggest, there­
fore, that the magnetic lineation may also have developed due to the 
sedimentation processes described here, and tilted inward simulta­
neously with layering.

Evidence from contact relations, magmatic layering, and magnetic 
fabrics suggests that the center 3 gabbros comprise a lopolithic, com­
posite pluton, of which the Great Eucrite forms a component part (Fig. 
6). This is in agreement with one of the principal findings of Wager 
and Brown (1968) that layered mafic and ultramafic intrusions are pre­
dominantly funnel-shaped lopoliths. Rotation of originally subhorizon­
tal, magnetic lineations has been described by Cowan (1999) in the 
Sudbury igneous complex, where it may have been related to a 
cantilever-type, syn- to postemplacement, inward-tilting of the intru­
sion floor (Cruden, 1998). Indeed, such centrally directed sagging and 
inward-dipping magmatic layering is well documented for layered maf- 
ic-ultramafic lopoliths worldwide, e.g., the Bushveld complex (Carr et 
al., 1994), the Rum Layered Suite (Emeleus et al., 1996), and the 
Skaergaard intrusion (McBirney and Nicolas, 1997). In addition, the 
weakly developed steepening-inward trends observed in the northern 
and southern traverses bear similarities to documented examples of 
inward-steepening structures attributed to central sagging in a number 
of mafic-felsic complexes (Wiebe and Collins, 1998).

An important line of evidence used by Richey and Thomas (1930) 
for their ring-dike model was the reported outward-dipping nature of 
the late dolerite sheet. The contact data measured for the dolerite sheet 
in this study indicate that it has the form o f a large inward-dipping 
cone sheet, removing another argument in favor o f the ring-dike model 
for center 3 gabbros. We consider the three arcuate zones of laminated
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(f lu x io n ) g a b b ro  to  be an u p p e r fa c ie s  o f  g ab b ro  in the  lopo lilh , In 
w h ich  an  o rig in a lly  h o rizo n ta l to su b h o rizo n ta l ig n eo u s lam ina tion  w as 
ro ta ted  p ro g re ss iv e ly  inw ard  to g e th e r w ith  the m ag m atic  layering  and  
the m ag n e tic  lin ea tio n s  (F ig . 6). A  ch ille d  m arg in  and  in tru siv e  co n tac t 
to w a rd  the  g a b b ro s  su g g es t the cen tra l to n a lite  body rep re sen ts  a  late 
in tru s io n  in to  c en te r  3.

T h e  in te rp re ta tio n  o f  the  c en te r 3 gab b ro s  as an  in tru sio n  fed  from  
a cen tra l so u rce  has s ig n ifican t im p lica tio n s  fo r the p resen ce  o f  the 
th ree  te m p o ra lly  a n d  sp a tia lly  d is tin c t foci o f  ac tiv ity  p u rp o rted  to  have 
sh ifted  th ro u g h o u t the e v o lu tio n  o f  the  A rd n am u rch a n  co m p lex  (R ic h ­
ey  and  T h o m as , 1930). K -A r age s tu d ies  c a rried  ou t on  the g ab b ro  
in tru s io n s  o f  c en te rs  2 and  3 sh o w ed  th a t very  little  tim e ( ^ 0 . 2  m .y .) 
p a sse d  b e tw een  e m p la ce m e n t o f  bo th  se ts  o f  in tru sio n s , an d  su g g est 
th a t th e  c en te r  2 g ab b ro s  m ay  ac tu a lly  be the y o u n g e r in tru sions 
(M itch e ll and  R een , 1973). If  the laye red  g ab b ro s  o f  c en te r  2 are al.so 
lo p o lith ic  in g e o m e try , then  the  co n cep t o f  m ig ra tin g  cen te rs  o f  activ ity  
m ay  be ser io u sly  flaw ed. In th a t case , the  g e o m e try  o f  the A rd n a m u r­
ch an  in tru s io n s  w o u ld  be b est en v isag ed  as a ve rtica l stack  o f  o ffse t 
fu n n e l-sh a p ed  b o d ies, w ith  the  g ab b ro s  o f  c en te r 2 c o m p ris in g  a y o u n ­
g e r b o d y  u n d e rly in g  th o se  o f  c en te r 3.

T h e  h is to ric a l im p o rtan ce  o f  the  B ritish  P a leo cen e  ig n eo u s c o m ­
p lex es  in lay in g  the  fo u n d a tio n  fo r u n d e rs tan d in g  the  em p lacem e n t 
m ech an ism s  o f  sh a llo w  c ru s ta l-lev e l in tru sions  e lsew h e re  is w ell d o c ­
u m en ted  (see  W oodcock  and  S trach an , 2CKX), and  B ell and  W illiam son , 
2 002 , fo r rev iew s). In p a rticu la r, the c o n cep t o f  r in g -d ik e  in tru sio n  and 
cen tra l su b sid en ce  o f  c a ld e ra  v o lcan o es  has b een  a p p lied  to  subvo l- 
can ic  g eo lo g ic a l p ro b lem s w o rld w id e  fo r d ecad e s  (A n d e rso n , 1936; 
W ager and  B ro w n , 1968; R o ch e  e t a l., 2(XX)), as it p ro v id es  c ritica l 
in fo rm a tio n  re g a rd in g  the  w ay m ag m a sy stem  em p la ce m e n t and  e v o ­
lu tion  o ccu rs , in p a rtic u la r  the  p h y s ica l and  c h em ica l in te rac tio n  b e ­
tw een  the  su b sid in g  cen tra l b lock  and  the u n d erly in g  m ag m a cham ber. 
H ow ever, even  th o u g h  rin g -d ik e s  a re  em p laced  at sh a llo w  (2 -3  km ) 
c ru sta l levels  (S a u n d e rs , 2(K)4). goo d  e x am p les  are ra re ly  w ell e x p o sed , 
beca u se  they len d  to  be o b scu red  by sed im en ta ry  v o lcan ic  c a ld e ra  infill 
and  o th e r  in tru siv e  bcxlies w ith  d iffe ren t em p la cem en t m ech an ism s  and  
th re e -d im e n s io n a l g e o m e tr ie s ,  e .g . ,  co n e  s h e e ts ,  la c c o li th s ,  and  
lopo lith s .

W c have ca rr ie d  ou t the  first m ag n e tic  fabric  an d  s tru c tu ra l study  
o f  one o f  the c la ss ic  B ritish  P a leo cen e  ign eo u s p ro v in ce  rin g -d ik es, 
and  p ro p o se  in s tead  that it has the  g e o m e try  o f  a lo p o lith  o r funnel- 
shape in tru sion . T h is  ra ises  the p ro sp ec t that the  layered , m aflc- 
u ltram afic  “ r in g -d ik e s ”  o f  the  o th e r P a leo c en e  ig n e o u s  co m p lex es , 
such  as C a rlin g fo rd  (N E  Ire lan d ) and  the Isles  o f  M ull and  Skye  (S co t­
land), are lo p o lith s  as w ell. T h e  im p lica tio n  fo r B ritish  P a leo cen e  ig ­
neous co m p le x es  is that a reap p ra isa l o f  the m ech an ism s  o f  e m p la ce ­
m ent and  s tru c tu ra l a rch ite c tu re  o f  th e ir  in tru siv e  e lem en ts , e m p lo y in g  
m odern  m e thods o f  ig n eo u s fab ric  an a ly sis  to g e th e r w ith  o th e r a d ­
v anced  g eo p h y sica l te ch n iq u es  e .g ., th ree -d im e n s io n a l se ism ic  m o d e l­
ing  (cf. M alth e -S o re n sse n  e t al., 2(X)4), is now  req u ired . To be id e n ­
tified as r in g -d ik e s , in the B ritish  P a leo cen e  ig n eo u s  p ro v in ce  and  
e lsew h ere , in tru s io n s  m ust be show n  to  have in tru d ed  a long  a vertical 
to  o u tw a rd -d ip p in g  co n ce n tr ic  rin g -frac tu re  an d  to  have b een  a cc o m ­
p an ied  by  b lock  su b sid en ce  re la te d  to c a ld e ra  co llap se .
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M agmatic lineations inferred from anisotropy o f magnetic susceptibility fabrics in 
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Abstract

The Eastern Layered Series o f  the Rum Layered Suite, NW  Scotland, comprises a 
sequence o f  sixteen (30-150m thick) cyclic units, each comprising a peridotite base and a 
troctolite top. The upper troctolite parts o f  each o f these units exhibit small-scale 
magmatic layering, as well as a pervasive, layer-parallel igneous lamination. Magmatic 
layering and igneous lamination in troctolite are frequently associated with ‘sedim entary’ 
structures, and a sporadic, macroscopic, magmatic lineation, that is occasionally 
m easurable on igneous lamination planes. Three o f these units, (8, 9, and 10) were 
studied for Anisotropy o f Magnetic Susceptibility (AMS) fabrics in the north o f  the 
Eastern Layered Series, on the basis o f com paratively good exposure and Unit 10 being 
the type unit o f  the Eastern Layered Series. M agnetic fabrics m easured for the troctolites 
o f  each Unit generally yield consistent layer-parallel, NW -SE striking, SW -dipping 
magnetic foliations and NW -SE trending, shallowly plunging, bimodal magnetic 
lineations. M agnetic fabrics m easured for two detailed traverses through Unit 10 on the 
northern side o f  Hallival yield one dominant trend, sim ilar to that described above for 
other m agnetic foliations and lineations measured throughout the Eastern Layered Series. 
A second m inor trend is observed toward the centre o f  Unit 10 in each traverse, in which 
the magnetic lineation trends approxim ately downdip (SW) on magmatic layer planes. 
The im plications o f  these results are discussed with reference to previous textural and 
rock fabric observations on Rum, and a model in which cumulus olivine and plagioclase 
crystals are oriented transverse to current flow during central sagging o f  the Rum mafic 
intrusion is proposed.
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Scotland: A Crystal Size Distribution Study
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Dendritic crystal morphologies occur in a number o f igneous rocks and are thought to 
originate from the rapid growth o f crystals, yet many examples o f dendritic morphologies 
are found in plutonic igneous rocks where cooling rates should be low. Results from 
crystal size distribution (CSD) measurements on harrisitic olivines from Rum, Scotland, 
combined with estimated olivine growth rates, suggest that the characteristic skeletal 
hopper and branching olivines o f harrisitic cumulates that are up to centimetres long, may 
have exceptionally short crystal growth times (several hours to several hundreds of days). 
This, together with very low calculated nucleation densities for harrisitic olivine, supports 
the interpretation o f harrisite being a disequilibrium texture, developed in response to 
supersaturation o f the magma in olivine. We propose that this supersaturation arose 
through undercooling of thin picrite sheets emplaced along the Rum magma chamber 
floor, beneath cooler resident magma. It is envisaged that the picrite sheets were largely 
free o f suspended olivine crystals. Coupled with the olivine-enriched composition of the 
melt and the increasing cooling rate, this allowed homogenous nucleation o f olivine to set 
in at deeper undercooling and greater olivine supersaturation than if there had been 
plentiful suspended olivines to act as heterogeneous nuclei. The enhanced supersaturation 
caused rapid growth o f olivine once nucleation began, with skeletal and dendritic shapes. 
It is suggested that the observed, interlayered sequences o f harrisite and cumulus 
peridotite found throughout the Rum Layered Suite are a result o f multiple episodes of 
harrisite crystallisation resulting from picrite emplacement that alternated with periods of 
crystal growth and accumulation in the main body of magma at lesser degrees of 
undercooling.
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MAGMATIC LAYERING AND MAGNETIC FABRICS IN THE PALAEOGENE 
CARLINGFORD LATER GABBROS, CO. LOUTH, IRELAND

BRIAN O ’DRISCOLL
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Abstract

A detailed magnetic fabric study o f the annular partially-layered Palaeogene Carlingford 
‘Later Gabbros’, Co. Louth, is combined with field observations to constrain existing 
emplacement models for the intrusion. The Anisotropy o f Magnetic Susceptibility (AMS) 
fabrics are generally quite inconsistently oriented. Only in three o f seven traverses o f the 
intrusion is consistency in orientation observed, suggesting that little can be drawn from 
the data by way o f interpretation. However, the traverse in the north of the intrusion, at 
Ballinteskin, corresponds to an area of considerable syn-magmatic deformation of 
layering. Magnetic fabrics in this area exhibit consistently oriented inward dipping and 
inward plunging magnetic foliations and lineations respectively. Comparison o f this data 
with a recent AMS study o f the Great Eucrite o f Ardnamurchan, NW Scotland, suggests 
that though central subsidence may have occurred in the Later Gabbros too, it was neither 
as important nor as extensive as in Ardnamurchan. This is supported to some degree by 
the presence o f a shallowly-dipping (-20°) intrusive contact between the Later Gabbros 
and an extensive granophyre intrusion, which also suggests that the latter is the older 
intrusion. This conclusion is inconsistent with previous interpretations o f the granophyre 
as the youngest intrusion in the Carlingford igneous centre.



The Great Eucrite intrusion of Ardnamurchan, NW Scotland: re-evaluation 
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4. Magmatic Layering1. Ring-dykes
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7. Structure of the Great Eucrite

Figure 1. A. Schematic diagram Htustrating caldera ring-fault development and associated sutfsidence o f a central block causing ring-dyke intrusion, (modified 
l i  from Hdohan  et al. 2004), and B. The typk^ l b e ii ia r  like geometry o f a ring-dyke forming a broadly cyHndrical intrusion with steeply outward-dipping walls 

on all sides and a fla t s ilN ike  roof.

2 . Ardnamurchan: Geological Setting

\  c * * *  2 QMm* /

Figure 2. A. Location of ̂ e  Ardnamurchan central intnjsive complex. B. 
NW Ardnamurchan: the Gabbros of Centres 2 &3.

•  The central intrusive complexes of the British Palaeogene 
Igneous Province (BPIP) (Fig. 2A) represent the deeply- 
dissected roots of major volcanoes in a region that was 
the site of intense igneous activity during the Palaeocene 
and early Eocene (c.a. 63-52Ma, Bell & Williamson 2002).

•  The intrusive complex of Ardnamurchan consists of three 
distinct volcanic centres (Fig. 2B), each of which mainly 
comprise mafic rod<s. They consist predominantly of suites 
of rocks emplaced mainly as cone-sheets, but also larger 
intrusive bodies that have traditionally been interpreted 
as ring-dykes (Richey et al. 1930),

•  The third and youngest of these centres is dominated by a 
major, concentric gabbro intrusion called the Great Eucrite 
(Fig. 2C), frequently refen'ed to as the classic example of 
a wholly complete basic ring-dyke.

•  Magmatic layering in the gabbros of the Great 
Eucrite typically exhibits structures that indicate 
it developed due to magmatic sedimentation 
(Fig. 4A&4B).

•  Layering in both the Inner Gabbro and the 
Outer Layered Gabbro typically strikes parallel 
to the outer margins of the Great Euaite, and 
dips inwards (Fig. 8).

•  Strong igneous laminations developed in the 
plagioclase-rich rocks towards the middle of 
Centre 3 are oriented similarly, and dip inward 
without exception (Fig. 4C. 7A & 7B).

Figure 4. A. Well-developed magmatic layering in the 
Inner Gabbro. B. Magmatic sediments deposited onto 
a block of earlier crystallized gabbro. C. Strong lamination 
o f tabular plagiociase fekispars in the Achnaha laminated 
Gabbro. D. SmaK-scale layering developed in the Inner 
Gabbro at the outer margin o f the Achnaha Laminated 
Gabbro.

Figure 2. C. Map o f Aninanriurchan peninsula and the Great Eucrite (blue- 
cokxjred central mass (uE). after Rk;hey et al. 1930), & D. Aerial photograph 
illustrating the annular topography expression o f the Great Eucrite.

3. Lithological Relationships

Figure 3. A. Bocidxenotth of Olivine Glomerocrystic Gabtxo in Inner Gabbro (see Fig. S). Pen in the middle of photo gives scale. B. Arcuate raised ndge 
area in the middle o f Centre 3 defines the concentric area o t outcrop of the Glendrian Laminated Gabbm.

•  Detailed re mapping of Centre 3 suggests that the Great Eucrite comprises 4 distinct generations of gabbro, all of which | 
are traceable around most of the circumference of the intrusion (Fig. 3A & Fig. 7C).

•  A fifth, plagioclase-rich, well-laminated gat)bro crops out in 3 arcuate zones towards the middle of Centre 3; at AchnahaJ 
Sithean Mor, and around Glendrian (Fig. 3B & Fig. 7C).

•  Contact data from the outer margin of the intrusion Is rare, but one boundary with Jurassic sediments in the north of the 
peninsula is observed dipping moderately inward at ~50 (Fig. 7C).

•  Two late txxlies intrude the Centre 3 Gabbros. One of these is an intermediate tonalite body that displays a steeply 
outward dipping contact and chilled margin towards the gabbros. The other is an Inward-dipping sheet-like dolerite 
intrusion frequently net-veined with granophyre (Fig. 7C).

5. Anisotropy of Magnetic Susceptibility (AMS) analysis

•  Anisotropy of Magnetic Susceptibility (AMS) analysis allows 
the three-dimensional anisotropic distribution of magnetic 
minerals in a rock to t>e established, and may be used as 
reliable magma flow indicators to a high degree of accuracy.

•  Mafic magma will generally acquire a magnetic fabric 
(anisotropy) with the maximum axis (lineation) oriented 
parallel to the direction of magma flow.

•  AMS data for the gabbros of the Great Eucrite are remarkably 
consistent. Anisotropies are generally of moderate strength, 
and magnetic lineations typically plunge toward the centre | 
of the intrusion (Fig, 5A, 5B, & 5C),

Figure 5. A. AMS fabric data plotted on equal area stereonets. Squares represent 
the AMS ellipsoid major axis (magnetic lineation), triangles the intermediate axis, 
and circles the minor axis (or poles to the magnetk: foliation plane). B. Equal-area 
stereonet h igh li^ ting  magnetic lineations p lunging toward the m iddle o f Centre 
3. Small circies, triangles, squares and diamonds represent the southern, western, 
northern, and north-eastern traverses respectively. C. L-F illustrating the largely 
prola te-triaxia l nature o f AMS fabrics o f the Great Eucrite.
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6. Thermomagnetic analysis

•  The AMS of any rock is earned by minerals that may vary in the 
strength of their susceptibilities, Thermomagnetic analysis was 
carried out on samples of the Great Eucrite in order to quantitatively 
establish which magnetic minerals define the prolate-triaxial 
anisotropy observed,

•  Sufficient thermal energy eventually overcomes the magnetization 
of any magnet, which will tend to zero at a particular temperature 
called the Curie temperature (Tc),

•  The Curie temperature is thus an intrinsic property of any given 
mineral, and may t>e used as a diagnostic parameter for identification 
purposes,

•  The gabbros of the Great Euaite exhibit very strong susceptibilities, 
as illustrated by two examples (Fig. 6A & B) on the left, and as would
t>e exp>ected for mafic rocks. In each case, Tc is ~575-580°C, indlcating| 
that magnetite, whose Curie temperature falls in this range, is 
responsible for the AMS in these rocks.

Inner Gabbro El Okler Marginal Gabbro 2

m Outer Layered Gabbro Lamiruted Gabbro

H m  divine Gtomerocrysbc Gabbro | | Tonalile

Okler Marginal Gabbro 1 ■  Quartz Monzonite

Dolerite (veined with Grarwphyre) 

tgrwous Laminatkjn 

Liltxjlogical CorlacI

V^ 4 0  Magnetic Layering

Above: Figure 7. Equal-area stereonet 
prqjectk>ns for poles to macroscopic 
lamination planes in: A. The Glendrian and 
B. The Sithean Mor Laminated Gat>bros.

Left: Figure 7. C. Geok)gk)al map of the 
Anjnamurchan Centre 3 gabbros showing 
AMS sampled sites. AMS and macroscopK 
data, lithological divisions, and contact data 
(see key below).

52;
5 7  sampled sites together 

^  with kr>ear arxl planar data

8. Discussion & Conclusions

Magnria

Figure 8. A. Schematic diagram showing the development 
of magmatic layering due to density current action.

•  Sedimentary processes in magma chambers may deposit magmatic layers 
or igneous laminations through the action of small-scale crystal-laden 
density currents sliding down the walls or floor of the body at the magma/ 
crystal mush interface (Fig. 8A).

•  Magmatic layering and lamination that dips ubiquitously inward therefore 
strongly suggests that inward-dipping liquid-mush interfaces existed in 
the Centre 3 gabbros and that magmatic sedimentation occured as shown 
in Fig. 8A.

•  Dominantly linear arrangements of magnetite crystals (AMS fabrics) whose 
orientations are taken as a proxy for the magma flow direction during 
emplacement of the gabbros plunge toward a focal point at the centre 
of the intrusion without exception.

•  It is hardly conceivable that an intrusion with the steeply outward-dipping contacts of a ring-dyke (Fig. IB) could produce 
anything but magma flow indicators that plunged outward and away from the intrusion centre. Linear magnetic fatirics thus I 
indicate that initial emplacement of magma occured as illustrated in Fig. 8B, and that subsequent gravity driven 
sedimentary processes (Fig. 8A) resulted in the inward dipping layering observed throughout Centre 3.

We propose that there are no outward dipping intrusions (ring- 
dykes) in Centre 3, Ardnamurchan, and that the gabbros of the 
Great Eucrite comprise part of a composite lopolithic intrusion 
with an overall 'funnel-like' geometry (Fig. 8B). These conclusions 
bring into question the status of other layered, mafic 'ring-dykes' 
elsewhere in the BPIP, and further afield.

Figure 6. B. Simplified hypothetical model for the overall form of the Great Eucrite. Emplacement o f 
magma occured in the directkx) o f the arrows, with the outer sheet intruded first, followed 
successively by each of the progressively smaHer inner sheets. Magmatic layering is envisaged to 
have developed after magma emplacenwnt.
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1. The Rum Harrislte 4. CSD Results
•  Harnsite is an ultrabasic, plutonic rock that 

occurs interlayered with feldspathic peridotite 
in the Rum Layered Intrusion, NW Scotland 
(Fig. 1a)

•  It typically contains >25% olivine crystals, 
many of which are characterised by skeletal 
(e.g. poikilitic, dendritic, spinifex) crystal forms 
(Fig. 1b).

•  Harrisitic olivines typically grow at steep 
angles to planes of magmatic layering, and 
may grow up to 2m in length (Fig. 1c).

•  Harrisitic olivines are therefore generally larger 
than olivine crystals in contiguous peridotite 
layers

A. Harris Bay B. Askival

Kinlcxjh

O--10
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9  H a rr i» te  M m p l*  toca litw s  

I I C entra l La yarcd  S *h *«  (CS) 
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Fig. la .  M ap o f the Rum  Layered Intrusion illustrating the 
harnsite sampling localities at Harris B ay an d  Askival. The 
form er is the type locality for harrislte.

F ig . 4. C S D  curves for A. Harris B ay sam ples, an d  B

10 15 20
M ajor axis length (m m )

Fig. 1b. Olivine 'dendrites' a n d  'spinifex' texture in 
harrisite, Harris B ay

Fig . 1c. Cross-cutting skeletal olivine crystals at Harris 
B ay (crystal m ajor axes highlighted).__________________

Olivine residence times hours)

Harris Bay Sample 1 9.59

Harris Bay Sample 2 11.62

Askival Sample 1 17.79

Askival Sample 2 15.14

Askival Sample 3 15.94

Askival Sample 4 13.27

Askival PericJotite Sample 39.9

Askival samples.

•  Log linear to mildly concave-up curves are observed in both 
Harris Bay and Askival samples. Most of the curves also exhibit 
a 'humped' profile at smaller crystal sizes (Fig. 4).

•The  CSD plots yield magma chamber residence times as 
follows; harrisitic olivine crystals 3-4cm in length have grown 
in 9-11 hours, whilst smaller crystals from the ELS (Askival) 
have only marginally longer residence times (13-17 hours). 
Olivine crystals in a regular 'control' peridotite sample from 
Askival have grown in -40 hours.

2. Field Observations

Fig. 2a. Small-scale altem ating peridotitelharrisite layers.

•  Peridotite layers are often associated with small- 
scale structures (slumping, graded bedding, and 
scour structures) that suggest deposition of the 
peridotite as a magmatic sediment.

•  However some of the thicker peridotite layers 
contain larger, fragmented xenocrysts of harrisitic 
olivine. These are often imbricated, and may occur 
as linear trains of crystals (Figs. 2b & 2c).

•  Harrisite layers do not contain any such evidence 
for an active magmatic flow regime, and thus 
harrisitic olivine probably crystallised in-situ in the 
magma chamber, rather than being deposited.

5. Discussion and Conclusions
•The development of harrisite has previously been attributed to the breakdown of convection 

cells and subsequent massive supersaturation in olivine of melt in the Rum magma 
chamber (Donaldson 1975).

•The presence of imbricated fragments of harrisitic olivine in magmatic sediment (peridotite) 
confirms that harrisite could not have developed in an active flow regime (i.e. a convecting 
magma chamber).

•  Harrisitic olivines exhibit slightly concave upward to log linear OSD's curves, indicating an 
environment in which neither crystal fractionation nor accumulation was occurring, i.e. an 
open system in dynamic or 'steady-state' equilibrium. The 'humped' profiles at small crystal 
sizes suggest Ostwald ripening and/or annealing may have been important processes during 
olivine crystallisation.

•The repeated occurrence of interlayered sequences of peridotite and harrisite, and the fact that 
the Rum reservoir is a well-documented example of an open magmatic system characterised 
by frequent replenishments of mafic magma (Troll et. al. 2004), support the idea of a system in 
equilibrium, and help explain the geometries of the CSD's illustrated above.

Fig. 2b. Imbrication (highlighted) o f fragm ented harrisitic 
olivine crystals in feldspathic peridotite.

#4

Fig. 2c. Linear train o f fragm ented olivine crystals In 
feldspathic peridotite.

Fig. 5. Development of harrisite in the Rum Intrusion

Fig. 5a. Nudeation  and subsequent deposition o f  o/ivine crystals o a x u s  l/uougt) 
density current action on the wails a rx i floo r o f  a convecitng m agm a c tiam ber This 
leads to  the build-up o f  peridotite  layers A & B  through m agm atic sedimerrtation

E xso lu liorvofM tor _  _

Broakdowm of N

3. Textural Analysis: Methodology

/ •
»CSD analysis is a means of quantitatively 
studying the textures of igneous rocks by 
measuring the distribution of different crystal 
populations in the rock (Fig. 3a).

•  CSD curves plot crystal size (length) against the 
natural logarithim of the population density. 
Log linear CSD curves suggest a non­
fractionating equilibrated system, whilst curved 
(kinked) CSD's suggest fractionation or 
accumulation of crystals (Fig. 3b).

convftcttori c«Us

Influx o f ollvin«>b««ring 
p ic r it*  magma

Okvln*auVtr»i1unM«(l ^ \  ^
'  -  I ,  ^  ^  -  I

Fig. 3a. High quality scans o f harrisite photomicrographs 
are digitised and the crystal populations analysed using 
commercially available N IH  Im age software.

I  Morphology GR (cms'^) Relative
!  0  Equant 1.2 X 10^ 1

^  Rounded 3.1 x IO ^ 2.5

^  Irregular 3.1 X 10^ 2.5

Tabular 4 .8 x1 0 ^ 4

Harrisitic 6.4x10'® 5.3

Fig. 3b. Hypothetical C S D  
curves illustrating: A. Crystal 
fractionation, B. Equilibrated  

system, C. Crystal 
accumulatiort. i

Fig. 5b. Breakdown o f convection cells and replenishment o f  the reservoir by hot 
dense picritic magma. This spreads across the cham ber floor onto new ly deposited  
cum ulus olivine crystal piles.

F ig. 5c. Cooling o f  hot picrite against the colder magma above induces the  form er to degas and devolatise. causing its liquidus temperature to  increase As 
convection has broken down, cooling occurs through conduction in to the chamt>er floo r 5d. The increased Hquidus tem perature causes undercooling, and  
inhibits nudeation o f  new  olivine grains. The m elt becomes supersaturated in d iv ine , and rapid ly precip itates olivine onto already existing (deposited) cumulus 
d iv in e  grains. 5e. Re-establishm ent o f convection cells and density current action then causes em sion and fragm entation o fha rris itic  d iv in e  crystals.

•The CSD's also indicate astonishingly short crystal-liquid contact periods (9-17 hours) for harrisitic 
olivine, with olivine crystals up to 30 times smaller in a peridotite sample taking up to 4 times as 
long to grow.

C ry ttti majot axis hngth

Fig. 3c. Growth rates (G R) have been calculated for olivine 
crystals o f a range o f different morphologies using uranium  
diffusion (after Henderson & Williams 1979).

►The slope of a CSD plot may also be used to 
estimate magma chamber residence (crystal- 
liquid contact) times, using the equation T r  =Gm, 
where is the residence time, G is the growth 
rate, (Fig. 3c) and m is the slope of the CSD curve]

► Samples for texture analysis were taken from 
the type locality for harrisite growth, (Harris Bay, 
WLS), and also Askival, (ELS) (Fig. 1a).

In summary, cyclic perturbations of the liquidus temperature of a replenishing picrite melt 
occurred repeatedly in the Rum Layered Intrusion. It is proposed here that this was 

I caused by exsolution of volatiles upon contact with the cooler magma already in place. 
This triggered oscillatory, but short-lived and exceptionally fast, bursts of olivine crystal 

growth as the system re-equilibrated, giving rise to harrisitic texture.

*
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