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Abstract 

Attempts were made to sample the Bodmin Moor pluton, S. W. England, 

at grid intersections of a plan employing a 1.4 km spacing between grid 

lines. As a result of poor exposure the oolleotion of material was 

extended to include sampling within a 0.5 km radius of the grid line 

intersections although even this could not be maintained at all the 

looalities (ciroles about the grid interseotions). 

Major element determinations have been carried out on 34 samples, 

taken from three localities, to'determine looal and regional variations. 

Visual inspection reveals difficulties in locality olassification of 

samples, although statistioal analysis indioates a signifioant regional 

variation in FeO, CaO, Na20 a~d K
2
0. 

Na, K, Li, Cu, Zn, Rb, Sr, Y, Zr, Sn, Cs, Ba, La, Ce, Nd, Pb, U 

and Th determinations have been carried out on 195 samples of granite 

and assooiated rook types oolleoted, wherever possible, from the local-. 
ities on the gridded sampling plan. Computerised process extraotion 

teohniques have been employed in the assessment of the analyses and the 

majority of elements exe interpreted as following a "typical" igneous 

differentiation trend. The metallic elements and K, however, are 

oonsidered to have been influenoed by "post-magmatio" prooesses. 

The 130dmin Moor grani te is envisaged as having developed at a low 

orustal level and intruded at higher levels by pa.saive upward emplacement 

and stoping. Subseq,uent tectonio actin ty, oontrolled by the regional 

setting of the S. W. England batholith, is reearded as having influenced 

the distribution of the metallio elements and K. 
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Introduction 

The initial motivation for a geochemical study of the Bodmin MOor 

granite was multi-fold and whilst some of the original ideas were 

modified during the course of the research it is important that they 

should be recorded. 

Previous work by Edmondson (1910) proposed a 'division' of the 

BodlJlin Moor granite on the basis of differences in the structural 

state of the alkali feldspars and a logical continuation to this work 

was a verification, or contradiction, of the 'division' from chemioal 

evidence. It was also hoped that the chemistry might lead to a better 

understanding of the history of the granite and its relationship with 

the other S. W. England plutons, as well a.s beine of possible economio 

interest. 

The Bodmin Moor gran! te is one of five, broadly similar major 

plutons and several smaller masses emplaoed in the Upper Paleozoic 

sediments and basic rooks of S. W. England. The e;rani tes have been 

typified as post-kinematic high level plutons (Exley & Stone, 1964) 

of Heroynian age. Dodson & Rex (1911) give K-Ar dates of 260-280 my 

which equate with similar age figures quoted by Miller & Mohr (1964). 

Bott ~ (1958), Bott & Soott (1964) e.nd Bott ll& (1910) have 

interpreted geophysical evidence as indicating that the granite masses 

form the surface expression of what is probably a oontinuous ridge of 

granite stretching from Dartmoor to the Soi11y Isles. The axis of 

the gravity anomalies associated with the granites has also been shown, 

by Bott ~ (1958), to closely follow the belt of mineralisation 

reoognised by Hoskings (1950) as traversing the length of the Cornubian 

batholith. 
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A fairly comprehensive review of the geology of the S. W. Englana 

granites has been carriea out by Exley & Stone (1964) and a summary 

of the previous research ~or the Bodmin Moor granite is given by 

Edmondson (1970). It is not intended, therefore, to re-iterate locality 

maps, history of research or details of petrography in this account as 

all are adequately covered in the previously mentioned summaries. 
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PART! 

The Sampling Plan 

As the results, from any survey, are no better than the data upon 

which they are based, it is essential to consider the criteria for 

judsine the ade~uacy of the data before attempting to interpret them. 

In geochemical problems the invesUgator has some control over the 

analytical processes and evaluation of the results is basically depend

ent upon the validity of the sampling plan. Theoretically, therefore, 

the best assessment of regional chemical variation should be based on 

objective colleotion, preferably with some test of local variation, 

though in practice these re~uirements can rarely, if ever, be fully met. 

For the Cornubian granites objective sampling is limited by poor 

exposure. Doth Exley (1963), for the Dodmin A~or granite, and Dooth 

(1966), for the Land's E..'1.d grMite, found that the outcrop pattern 

controlled hand specimen collection to the extent that a completely 

random sample could not be e,cquired. Similarly, surface relief is 

negligible when compa,red with the geophysioal evidence for the granite 

depth (12 km, Dott & Scott, 1964) and, at its beat, a~ interpretation 

of the results is only a reflection of the exposed part of the near

planar surface of the pluton. To what extent this can be extrapolated 

to the 3-dimensional form of the granite is a matter of personal 

reasoning. 

Exley (1963) collected material from the Dodmin MOor granite 

based on a rectilinear erid having a 1.4 km (1500 yd) spaoing, though 

irregularity of outcrop necessitated the oollection of material from 

within a 0.5 km (500 yd) radius of the intersecting grid points (see 
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Fie. 1). It seemed logical to accept this gridding and attempt to 

ca:rry out a similar sampling plan, particularly in view 01' Exley's 

(1963) statistical and economio considerations. Durine the course 

of collection, however, it became apparent that sampling on this grid 

could not be strictly adhered to and though in principle the ideals 

were maintained, sampling was inevitably controlled by outcrop 

distribution. 

Although prior studies 01' major element chemical variability in 

igneous rocks (Baird ll&, 1961; Morton~, 1969) provio.ed a 

general guide to sampling, a preliminary survey was considered appropriate 

for the 130dmin Moor erani te in order to determine, 

a) the variability in analyses of specimens from individual outcrops, 

i.e. optimum hammer collected sample size, 

b) the ve~iability in locality sampling, i.e. looal variation, 

c) the variability produced as a result of weathering. 

As a test four "circles" (sllbsequently to be termed "localities") 

were selected for initial sampline. These were the aree,8 surroundine 

Dozmary Pool, De Lank Quar~ies, Cheesewrine QUarTY and Roughtor (see 

Fig. 1). These localities were conside~ed not only to be areally 

representative but also to be a. reflection of the various "divisions" 

of the Bodmin Moor gran! te that had been reooenised by earlier workers 

(Reid~, 1910, 1911; Ghosh, 1927; Edmondson, 1910). 

Of the four localities, that at Dozmary Pool was somewhat of a 

failure in terms of exposure, there being only a small quarry to the 

south side of the pool. 'The quarry is important, however, for it 

represents the best exposure 01' Reid et aI's (1910, 1911) '1'ine-grained 

granite'. Seven samples (KEBI-1) were collected from the quarry, the 
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Fir,. 1 The Bodmin Moor era..l1i te 

Specimen localities and partial overlay to explain the sampling 

grid and U, V co-ordinates. 

(Soffie artistic amendment of overlay to overcome photographic 

distortion) 
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first five of these being spaced at 3 m intervals around the quarr~' 

and the remaining two being collected adjacent to a greisen vein. The 

specimens were all petrographically similar (Edmondson, 1970) and it 

was decided to analyse only KEBI/2 and 5 for major elements. 

The De Lank Qu9Xries area is marginal to the 'no microcline' and 

'with miorooline' divisions of the coarse-grained granites as recoenised 

by Edmondson (1970). Specimens KEB8-l2 were selected at 12 m intervals 

around the main quarry with KEB8, e, large q,uarried block, comil".g from 

the base of the present workings (about 30 m derth). Other than KEEl 3 , 

an elvan sample, the remaining specimens from the De Lank Quarries 

locality were taken from old workings to the N.W. of the main quarry 

(KEB14-l6) and from the nearby Hantereantick Quarry (KEB17/l8). 

Specimen KEB17 was taken from a surface exposttre and KEE18 from the 

base of the main workings at about 30 m depth. 

The Roughtor locality is representative of Edmondson's (1970) 

'with microcline' coarse-grained granite. All the samples, KEB19-25, 

came from tor exposures. 

The locality based on Cheesewrlng Quarry is included in Ghosh's 

(1927) 'normal granite' and Edmondson's (1970) 'with microcline' 

coarse-grained granite. The a~&a'also lies within the zone of 

mineralisation which follows the length of the S.W. England granites 

(Hosking, 1950). Of the material collected from the locality, however, 

KEB29 was the only specimen that could be regarded as mineralised, 

having been obtained from an old pit to the south of Cheesewring Qparry. 

KEB30-34 were taken from Goldigeines Quarry (Approx. i km to the west 
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of Cheesewring Quarry). The form of this quarry is like a figure of 

eieht. At the linkage of the two ciroular quarry workings the rock 

appears quartz rich with an abundance of tourmaline crystals. Petro-

graphioally perhaps the most charaoteristic features are that orthoclase 

and plagioclase are present in almost equal proportions and tourmaline 

occurs as euhedral to subhedral bronzy pleochroic crystals, sometimes 

zoned, sometimes with blue pleochroic spots, and in proportions as much 

as four times as great as the coarse-grained granites from elsewhere in 

the quarry (see mona! analyses, Table 4). The fact that this rock ha~ 

not been quarried also suggests that it does bear some difference to the 

surrounding material. Further collecting, both in used and disused 

quarries, reveals that similar occurences of unworked rock often exhibit 

both unusual hand specimen end petrographic featl~es. In fact, with 

only a 11 ttle practice, it beoomes quite easy to pick out "anomalous" 

rocks by observing the way in which the quarry has been worked. (Care 

must, however, be taken as the attraction of these features can be such as 

to mislead the collector from taking representative samples from the 

quarry.) Specimens were taken at 15 m intervals around Goldiegings 

Quarry and of these sample~KEB30 and 31 were from the vioinity of 

the "anomalous" linkage area. The relationship between the quartz 

and tourmaline rich gran! te and the ooarse-grained granite is gradational 

and there appears to be no marked contact relationship. In faot it was 

thought on colleoting, that KEB3l was representative of the coarSA-

erained erani te and it was not until it was examined petrographioally 

that it was found to be mo~e comparable to KEB30 than the other speoimens 

from elsewhere within the quarry. Other than KEB36 and 31 (from Stowes 

Hill Tor and Cheesewring Tor respectively) and one other exoeption, 

the remaining samples (KEl338-42) .from the locality were collected at 

15 m intervals around Cheesewring Q)J.arry. The third exoeption, KEB43, 

represents the reddened, tourmaline veined, porphyritic potash feldsnar 
" 
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rich rock of the q,uarry entrance. 

The resll.l ts of the major element chemical analyses of these samples 

is considered in Part II and the trace element analyses in Part III and 

suffice it to say now' the. t further se.mplin,g, b:l.sed on these results, was 

directed wherever possible to the collection of one large hand specimen 

from each of the "circle" localities based on the erid points of Fie. 1. 

A number of specimens from aplites, peematites and elvens were also 

collected when these rock types were encountered. In addition to the 

specimens collected by haIT'J1ler a number of core samples were I3.cquired 

from the East Cornwall Water Board (12, 14A, A, C, E, N', p), the 

Cornwall River Authority (C216, C217, C21G, LI04, Llll, L1l4 - letter 

prefixes added personally to si$nify localities, L = Lameleate, C co 

Colliford), Berk Ltd. (ESE3, H3, DllE2, DHA), E~lish Clays Loverinc 

Pochin Ltd. (BB45) and The Institute of Geoloeical Sciences (El, E2, I'll, 

K2). Six specimens, (117, 119, 121, 123, 124, 125), were collected 

from a road cutting at lanzies Down on the A30 ro::td, this cuttil"-e beille 

under cO~1struction durine the period of sampli"lS. Specimens with EB 

rrefixes were kindly donated by Dr. C. S. Exley. 

Each ~ample locality, with 'u' and 'v' co-ordinates, io recorded 

in the 8.vpendix and illustrated in Fie. 1. The samples are eiven an 

abbreviated rock type description based mainly on their field relation

ships and in some Cases on petroaraphio features. 1.!a.ny of these prefixes 

are self-explanatory, for exam~le Ap a aplite, Pee - pegmatite, Qv _ 

quartz vein, FGG • fine-grained GTanite, CGG - coarse-erained granite. 

Of the remainder, ~eGG (weathered), XeGG (contaminated), eeGG (kaolinised: 

!.IeGG (mineralised) and VCGG (veined) are somewhat loosely arIJUed 

descri:Dtions of the coarse-grained erani tee n.li tered" (ACGG) has been 
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used for any rock which does not fall readily into any of the other 

groups and yet appears to deviate from the general description of 

coarse-grained biotite granite (Exley & Stone, 1964; Edmondson, 1970). 

In fact it is more than likely that all the rocks of the Bodmin Moor 

gram te, if not all the S. W. England granites, could be described 

usi~e one or more of these prefixes. Further discussion about these 

terms, end their appropriate usage, will be considered after presentation 

of all the chemical results though the use of the terms "weathered" 

and "contaminated" perhaps warrants further clarification. 

In general "weathered" haa only been applied to material which is 

very rotten and friable in the hand. Samples collected from tors rarely 

fall into this category. In some ce.ses "contaminated" is undoubtedly 

a misnomer for, as will subsequently be shown, some specimens classified 

under this title have a chemistry intermediate between the coarse-grained 

end fine-grained granites rather than that whioh might have been expected 

from xenoli thio material. No attempt has been rnl:'.de to amend the XCGG

description and it should be borre in mind that there is Borne embigui ty 

in its use. 
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PART II 

Major Element Chemistry 

1) Variation in Compos;tion 

A) SOtT\E? atatisticl"J. conside"'E'.tions e.riFl~ t"e from the presentati.on of 

~nalyses 8S a constant sum 

Prior to presenting the results of the major element chemistry 

of the Bodmin Moor granite and studying the possible variability, it 

is, perhaps, desirable that some consideration be given to the 

statistics! interpretation of geoohemioal data. Some of the implica

tions co~sidered now will be referred to e~ain throughout this work. 

The major problem, both in the application of statistics and 

in visual inspection, with compositional data arises from the use of 

closed arrays in presenting results. Closed arrays are those in which 

the data from each sample has a fixed or constant sum, e.g. major 

element rock composition - 10~. In simple terms the problem can 

be expressed by considering a set of rock samples containing Si0
2

, 

Al203 plus the remaining elements summed as one component. If any 

of these individuals remains fixed, say, the sum of the remaining 

elements, then any variation in Si0
2 

will produce a variation in 

Al.203 such that there is a perfect negative correlation between the 

two. This is not necessarily because of differences in geological 

processes but by the fact that the composition is expressed on an 

equal weight basis. Ey increasine the number of oomponents the 

effect of the closed array is still present, albeit less pronounced. 

Much of the work on the influence of closed arrays in geological 

studies has been considered by Chares, and is summarised in Chayes 

(1971). To study induced correlations Chares (Chayes & Kruskal, 1966, 
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Chayes, 1971) postulates a model in which an open array is defined 

having an equal number of variables to that of the closed array. 

The algebraic properties of the model allow the means and variances 

of the closed array to be obtained from the open array. If the 

calculated correlations from these mee.ns and variences differ from 

those observed from the original data, then it can be assumed that 

the element relationships are not merely a product of presentine the 

data as a constant sum. Certain limitations arise in the use of tha 

model for which there is a marked deficiency of worked eXaffivles, 

not only by other authors but by Chayes himself. 

The problem has also been considered by Vistelius & Saramonov 

(1961) who have shown that a known constant component among those 

being analysed can be used as a divisor of the other comr>onents to 

"open" the array, i.e. the sum of the components is no lOIlL!er 10CYi~ 

but variable. In their study of ferromaenesium mica compositions 

they employed the oxygen content as a divisor, thu3 deriving the 

component correlation coefficients from the "opened" a.rrp.:.lo ll:if'!sch 

~t a1 (1966) emploYl?d the Si0
2 

content HS their constant divisor in 

studies of the com;;>osi tion of tektites but rreferred to consid.er the 

ratio produced as a property of the collected rock specimen rather 

than those of either an actual or a theoretical "open" system. Pearce 

(1960) has extended the use of the const~nt divisor, within certain 

limits, to include any independent constant within the system, 

regardless of whether it is an analysed component or not. 

-. 
';'Ihilst the effects of presenting data as a constant Stun should 

not be ignored it is worth notin.::; tha~ l.riesch et a.+.. (1966) found that 

the correlation coefficients produced by dividing throuehout by Si0
2 

ve..ried 11 ttle from those derived from the ori!jinal data. Similarly 
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Webb & BrigGs (1966) sueeested in their use of principal component 

analysis to screen mineralogical data that the results of using 

uncorrelated variables did not vary appreciably from that obtained 

using the untransformed data. 

In conclusion, therefore, whilst it appears logical to continue 

to present ~~jor element chemistry results, norms and modal analyses 

in the familiar terms of percent8~e proportions any implications with 

regard to component correlations should be treated with caution unless 

the data are transformed. 

B) Variation in composition in spE"cimens from individual o11tcrops 

For quantitative analyses it is requisite that the rock specimen 

collected is of an adequate volume to inolude all the mineral phases in 

a proportion closely approaching that of the typical rock. These 

problems of variability in minimum sample volume and the influence of 

grain size on major element variation have been fairly comprehensively 

discussed by Baird ~ (1964, 19678., 1967b) and Morton ~ (1969). 

For the Lakeview MOuntain tonalite, having a coarseness index of 

15 - 28 (Chayes, 1956), Baird ll1!l (1967b) found that a 76mm (3") x 
\ 

22mm (li") diameter core, weighine about 40g was satisfactory for 

suitably precise major element determinations. They also found that 

although the mean composition determined by analyses of a 2,OOO-3,OOOZ 

hammer collected sample was not significantly different from the 

analyses determined from 76mm cores, there were greater differences 

in the means between sets of 2,OOO-3,OOOg specimens. This they 

a.ttributed to addition~ errors arisine from the inconvenience in 
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handline a large specimen in sample preparation. For the Rattlesnake 

Mountain pluton (Baird et aI, 1967a) having a coarseness index of 

11-23, it was found that a 152mm (6") to 305mm(12") core of 22mm 

diameter was the minimum required size for major element analysis of 

appropriate precision. 

The coa.rse-grained erani te of Bodmin Moor, coarseness index of 

14 - 22, is similar in grain size to the Rattlesnake Mountain pluton 

and whilst it may have been suffici.ent to have a,ccepted Baird etal t s 

(1967a) conclusion that a 100-200g sample would be adequate, a test 

was made on the laree qua~ried block collected from De Lank Quarries 

(KEn8). The block was split into a number of parts, each of about 

500e. One of these parts was separated from the remainder and 

treated as an individual sample (KEB8 500g) whilst the other parts 

were similarly crushed and prepared as 500g specimens but then 

mechanically homogenised to eive a bulk sample (KEB8 bulk). It was 

hoped that this later step would overcome any errors that might have 

arisen from handling the bulk sample as one large block. The single 

and bulk samples were then analysed in a similar manne~, and the 

results are as follows:-

KEB8 (bulk) 

KEB8 (SOOg) 

Si02 Ti02 A1 20
3 

Fe20
3 

FeO WillO l~ CaD Na20 K20 P205 

72.83 0.21 14.45 0.28 1.47 0.05 0.44 0.94 3.66 4.88 0.24 

72.91 0.20 14.86 0.24 1.47 0.06 0.44 0.92 3.40 4.8) 0.25 

S.Deviation 0.06 0.01 0.28 0.03 0.01 0.01 0.18 0.04 0.01 

The analyses are similar, within the limits of experimental 

error (see appendix or Table 2), for the major element oxides e~d it 

is concluded that a sample of about 500g is adequately representative 

of an individual outcrop as well as being a conve~tent weight to 

handle during sample preparation. 

- 12 .. 



'l'l1ble 1 l,hj2r Ell')rrlont .\:n~l~:!l 

Dozrnary Pool (KBTI1/2 & 5) l~ine-c;rn:Lne(l cranite 

KEBl KJ!:132 KEB5 
S'O l. 2 74.10 73.15 74.98 

Ti02 0.°9 0.06 0.07 
A1 20

3 14.41 14.64- 15.24 

Fe 203 0.31 0.14 0.11 
FeO 0.92 0.86 0.80 
1,1nO 0.04 0.02 0.02 
NgD 0.18 0.19 0.17 

, CaQ 0.55 0.31 0.41 
Na20 3.35 2.32 2.54 . 
K

2
O'" 5.09 6.54 5.56 

P205 . 0.27 0.25 0.24 

H~p . 0.76 1.24 0.64 -------
Total 100.07 99.78 100.78 -

De Lank Quarri es (lCEB8-12/14-18) COal.'se-ernined. grnni te 

KEBB KE139 Kl!iB10 !illD11 Kr:B12 KIm14 KED15 KEE16 KED17 Kl~E18 

Si0 2 72.87 12.13 73.14 '{1.08 71.83 72.61 72.20 72.136 .12.11 12.81 
Ti02 

0.20 0.23 0.20 0.22 0.21 0.19 0.22 0.19 0.22 0.20 
A1 20

3 
14.65 14.99 14.71 14.88 14.86 14.92 14.81 15.41 15.58 15.41 

FC 20
3 

0.2G 0.34 0.24 0.29 0.69 0.24 0.39 0.18 0.43 0.11 
FeO 1.41 i.55 1.50 1.58 1.21 1.51 1.61 1.,,0 1.40 1.46 
HnO 0.05 0.05 0.04 0.05 0.04 0.03 0.04 0.03 0.03 0.04 
Mt10 0.44 0.41 0.43 0.49 0.43 0.112 0.45 0.110 0.46 0.40 . 
CaO 0.93 0.82 0.80 0.95 0.89 0.14 0.92 0.62 0.111- 0.95 

Nn,20 3.30 3.16 3.21 3.19 3.15 3.08 3.21 2.51 2.70 3.54 
K20 4.89 4.97 4.60 5.28 4.83 5.13 5.00 5.70 5.31 4.8tl 

P205 0.211- 0.28 0.21 0.25 0.27 0.24 0.21 0.24 0.29 0.26 
H

2
O 0.96 0.'{6 0.52 1.24 0.98 1.44- 0.65 0.96 1.45 1'.15 

·-.. • ______ R ... _. _____ ._ -.. -.... ~.~ ---.-~--- ... --... _ ....... -... ~-- .. --.. -.-. ' .... .... _ ... -~ 
Totn.l 100 .. 26 100.35 99.66 '99.50 99.45 100.55 99.83 100.58 100.84 101.23 -----_ ... _--_ .. _---- . __ ....... -._----------



,T:"l;ble 1 1.!n..jor .E~~n.1Y~~Cs:.9ntd..J. 

Roughtor (KEB19-25) Coarse-erained Grnnite 

KEJ3l9 KEB20 KEB21 l<EJ322 KEJ323 KEB2t1 ImJ325 

Si0 2 11.56 12.45 71.82 73.40 12.45 72.10 12.90 

TiO.2 0.25 0.24 0.23 0.20 0.24 0.24 0.25 
A1 203 15.10 15.02 15.11 14.14 14.62 14.99 14.99 
Fe20

3 0.38 0.42 0.55 0.44 0.29 0.58 0.50 
FeO 1.51 1.13 1.55 1 • .:';0 1.10 1.51 1.10 
nnO 0.04 0.04 0.03 0.04 0.04 0.04 0.03 
r.lg0 0.49 0.45 0.43 0.37 0.39 0.43 0.44 
CaO 0.10 0.14 0.13 0.70 0.81 0.59 0.16 

lJa,20 3.15 2.75 3.30 3.02 3.23 2.59 3.12 
K20 5.20 4.12 5.06 4.89 4.62 5.48 4.88 

P205 0.34 0.28 0.29 0.25 0.33 0.29 0.27 
H2O 0.65 0.89 0.61 0.83 0.19 0 .. 61 1.29 
Total 99.31 99.13 99.8) 100.28 99.51 100.17 101.19 ----------------_._._---

.. 

Chcesc ... rrini; Quarry (KEB32-34!36-42) Conrse-gruined grnnitA 

KJm32 KEB33 ImB34 KEB36 KED37 KEB38 KEB39 KEB40 KE].:1,l KEB42 
SiO 2 12.28 11.64 12.61 11.75 ,13".21 12.96 12.44 11.53 12.69 13.62 
Ti02 0.23 0.23 0.25 0.19 0.23 0.28 0.27 0.22 0.19 0.24 
A1 20

3 
14.92 15.55 15.27 15.01 14.85 15.23 15.14 15.05 14.58 14.04 

l~c a 
2 3 0.36 0.4"t 0.34 0.55 0.3(1 0.81 0.1;9 0.20 0.23 0'.33 

FeO 1.58 1.53 1.14 1.65 1.64 1.38 1.11 1.18 1.Go 1.69 
r·lnO 0.03 0.02 0.04 0.03 0.04 0.02 0.04 0.03 0.06 0.03 
J.t~o 0.39 0.41 0.46 0.48 0.45 0.52 0.48 0.45 0.49 0.42 
CaO 0.55 0.51 0.18 0.'79 . 0.62 0.81' , 0.85 . 0.68 0.85 0.85 
Ha'O 

2 2.23 2.44 2.51 3.00 2.54 2.15 2.27 2.48 3.15 2.50 
K20 5.86 5.51 5.40 4.90 5.48 5.23 5.23 5.80 '5.29 5.08 

PIPS 0.21 0.28 0.28 0.21 0.21 0.28 0.29 0.21 0.23 0.26 
H2O 0.64 1.25 1.03 0.81 o.no 1.05 1.18 1.61 , 0.15 1.49 ----------'l'o"ba1 99.34 99.90 100.G3 99.49 100.55 101.43 100.45 100.15 100.11 100.55 "-_._----- _ .. _-- ---........... -.- ... -....... - .... -.. -~- .. -----.. ---. -----------... ~ ... 



Cheescn·ll.'ing Quarry (KEB29-31/43) KEB29 - Mcaa, KED30/31/43 - xcaa 

. KED29 KEB30 KED31 KEB43 
Si02 70.83 15.0~ 15.14 12.24 

Ti0 2 0.24 0.11 0.14 0.33 

Al203 15.21 13.62 14.02 13.11 

Fe 203 0.12 0.31 0.32 0.60 

FeO 1.L]6 0.80 1.10 2.61 

MnO 0.01 0.04 0.02 0.01 

Mgo 0.45 0.11 0.23 0.51 

CaO 0.24 0.51 0.55 0.63 

Na
2
0 2.80 2.42 2.40 3.41 

K20 6.43 5.59 6.02 ·4.69 

P205 0.17 0.28 0.27 0.22 

H2O 1.10 0.36 0.62 0.17 

Total 100.32 99.37 100.83 ')9.91 

A11alYflt K .Mmolldr;on 
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Table 2 ~9-u.mmar:y: of major el('!rr;ent chemistry a.'rld, standard deviatio!!J1 for theJ30Clmin 1100r ~rani.i.~. 

<:"0 .;:>J. 2 

Ti02 

Al 203 
Fe20

3 
FeO 

HnO 

1.lgO 

CaQ 

Na 0 
2 

K
2
0 

P
2
0

5 
H

2
0 

1 

0.41 

0.01 

0.36 

0.05 

0.02 

0.03 

0.07 

0.21 

0.20 

0.01 

2 

0.06 

0.01 

0.28 

0.03 

0.01 

0.01 

0.18 

0.04 

0.01 

0.04 

I' 
1 

:3 
74.08 0.83 

0.07 

14~76 

°r1
9 

0.86 
I 

0.03' 
I 

o.V3 
0.44 
2.14 

\ 

5.13 , 

0.25 . 

0.01 

0.01 

0.29 

0.55 

0.88 ,0.10 

I 

4 
72.43 0.62 

0.21 0.01 

15.03 0.32 

0.32 0.15 

1.48 0.10 

0.04 0.01 

0.44 0.03 

0.84 0.11' 

3.11 0.30 

5.06 0.32 

0.25 0.02 

1.01 0.31 

5 
12.48 0.64 
0.230.02 

14.95 0.20 

0.45 0.10 

1.59 0.12 

0.04 0.01 

0.43 0.04 

0.12 0.07 

3.02 0.26 

4.98 0.29 

0.29 0.03 

0.83 0 .. 22 

6 

12.721.24 

0.22 0.06 

14.74 0.62 

0.44 0.19 

1.60 0.41 

0.03 0.02 

0.42 0.10 

0.67. 0.17 

2.64 0.34 

5.41 0.46 
0.26 0.03 

1.01 0.40 

(Blank spaces indicate that resul is aI'e insienificant to t\10 clocimal places) 
j 

1 
12.49 0.10 

0~23 0.03 

14.96 0.42 

0.42 0.19 
1.64 0.12 
0.03 0.01 

0.45 0.04 

0.13 0.12 

2.60 0.30 

5.38 0.30 

0.21 0.02 
1.01 0 :32 

8 
72.71 1.02 

0.21 0.06 

14.S1 c.ltl 
0.39 0.17 
1.50 0.34 

0.04 0.01 

0.41 0.10 

0.11 0.17 

2.87 0.38 

5.27 0.48 
0.26 0.03 

0.96 0.3'\ 

1 Analytical err'ors (maxinuln standard deviation in duplica-te ana1yf.lef.l, see appendix; major element cheinistry) 

2 Standard deviations in analyseo from one outcrop. 

3 ~leans and stanclard deviations. in locality sn.mpling - Dozmury pool. 

4 Means and standard d.eviations in locality sampling - Do Lank Qital'rics. 

5 1,1eano and standard dcvia:'cions in 100ali ty sampling - nOUChtor. 

6 Means and standard d.evtationfJ in 100ali ty sn.mpling - Choeoe\,l1'inc: Quarry 

i 

1 Means B.nd stand.ard deviat:Lons in locality sa.llpling - ChCCeC\f.ring Qiln.rry, lmt cx,c1udinc; cnmp1co KEJ329/30/31/43. 

I 
8 I,leans and standard deviations in ma,jor oleme11t chemistry of th(~ Bodmin f,toor Cl'ani tt'! from the dn.ta of Tn.blo 1. 

} , 

1, " 
." 

I ' 
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c) Variation in compost tion in J.oca'. t ty samrl in;; 

The results of the enalyses of the samples oollected from the 

four localities are Given in Table I with the means and standard 

deviations summarised in Table 2. 

As KEB29-3l and 43 reflect significant field, petrographio and 

chemical variations from the remaining swnples from the Cheesewrine 

Quarry locality the means and standard deviations have been calculated 

both by including and excluding these speoimens (oolumns 6 & 1, Table 

2). Exolusion lowers the standard deviation for each major element 

OXide, except Fe20
3

, whioh remains unaltered. As a result of the 

obvious "anomalous" nature of KEB29-31 and 43 the Cheesewring Quarry 

locality is re-defined to exclude these four speoimens in the 

followine discussion. For similar reasons the Dozmary Pool locality 

oan be temporarily disregarded. 

Vlhilst it is possible to distineuish between certain swnples 

merely by visual inspection and oomparisons this is not always 

possible When dealing with larger quantities of data and it is 

neoessary to turn to statistioal tests to deteot any signifioent 

variations. Such is the case in determining whether any meaningful 

variation exists between the major element ohemistry of the De Lank 

Quarries, Roughtor and Cheesewring Quarry localities. 

Although sample sizes are too large to compare visually they 

are too small to assess the natura of the population distribution. 

An underlyine assumption in applyine parametric statistics (F-test, 

t-test, etc.) is that the population is normally distributed, a fact 

which is all too frequently accepted and rarely proved. The 
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observations are replaced by ranks, i,e. all the results from the 

k localities are oombined and ranked in one series. It oan be shown 

that if the k looalities are from the same or identioal population 

then H, the statistio defined in the Kruskal-Wallis test, is 

distributed as ohi square with degrees of freedom (d.f.) - k - 1, 

provided that the sizes of the various localities are not too small. 

The statistio is 

H -
12 

N(N+l) 

where N -= ~ nj' the number of cases in all the looali ties oombined 

end 

k a the number of localities 
k 
~ direots the sum over the k looalities 
j-l 

Rj = sum of ranks in the 'j'th locality 

nj - the number of cases in the 'j'th looality 

For 8i02 the null hypothesis (HO) oan be stated as being the 

oondition in whioh there is no differenoe in the distribl1tion of 

8i02 results between the three localities. The alternative hypothesis 

(H+) is that there is a differenoe between the three looalities. 

For 8. significance level ofo<.- 0.05 the region of rejeotion oonsi.sts 

of all values of the statistio H whioh are so laree that the 

probability associated with their ooourrenoe under the null hypothesis 

is e~ual to or less than 5 in 100. 

Thus, tabulating the data for 810
2 

gives the fo11owingl-
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De Lank Quarries Roughtor Oheesewring Qu.a.rry 

Spec. No. 8i02 Rank Speo. No. Si02 Rank Spec. No. Si02 Rank 

8 72.87 21 19 71.56 2 32 72.28 10 

9 72.73 18 20 72.45 12.5 33 71.64 4 
10 73.14 24 21 71.82 6 34 72.67 15 
11 71.08 1 22 73.40 26 36 71.75 5 
12 71.83 7 23 72.45 12.5 37 73.27 25 
14 72.61 14 24 72.70 17 38 72.96 22.5 
15 72.20 9 25 72.96 22.5 39 72.44 11 
16 72.86 20 40 71.58 3 
17 72.17 8 41 72.69 16 
18 72.81 19 42 73.62 27 

R1 - 141 R2 - 98.5 R3 - 138.5 

n1 - 1O n2 - 7 n3 - 10 
R 
JC - 3, 11 - 27 
d.f. - k-l - 2 

and substituting into the Kruskal-Wal1is statistio 

B - 12 [(141)2 + (98.5)2 

27(27+1) l 10 7 

- 3(27+1) 

• 0.148 

Fbr k - 1 - 2, degrees of freedom, the chi square value at 

ol- 0.05 is 5.99 (Siegel, 1956, Table 0, p.249). Sinoe B - 0.148 

for Si02 is oonsiderab1y smaller than 5.99 the null hypothesi a ia 

acoepted. That is, there is no signifioant differenoe in the 

distribution of 8i02 results between the three looalities. 

It should perhaps be noted that when a tie ooours between two 

or more scores, eaoh soore 18 given the mean of the ranks for whioh 

it bas tied. In the example with Si02 there are only two ties and 

no attempt has been made to oorreot the value ot B tor the influenoe 

of ties. If required, Siegel (1956) indioates that the etfect of 

ties can be corrected by computing the value or H and then dividing 

by 
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1 - ~! 
N3 _ N 

where T = t 3 - t (when t is the number of tied observations in a tied 

group of results). 

Even by visual inspection of the major element results (Table 1) 

it is evident that there·is a lack of variation in Ti02, MnO, and 

P205 and for these oxides, plus H20, no attempt has been made to 

apply the Kruskal-Wallis statistic. For the remaining elements the 

test has been applied in a similar manner to that outlined for 5i02 

and the value of the st~tistic, H, is quoted below. 

Fe20
3 

FeO MBO cae Na20 K20 

H. 4.5 8.0 2.0 6.0 11.9. 8.0 

(For MgO the value of H has been corrected for 9 ties) 

At a significance level of 0( - 0.05 the chi square value is 

5.99 and it can be concluded from the test that the null hypothesis 

holds for 5i02, Fe
2
0
3 

and MgO. For FeO, CaD, Na20 and K20, however, 

it can be postulated that there is a difference between the three 

local! ties. 

It should be stressed that this test makes no allows.noe for 

analytical or outorop error and variation and whilst rankine may be 

regarded as en attempt to break the influenoe of the closed array 

such implications cannot be entirely dismissed. It is also not~ble 

that whilst this statistical test indicates that sienificant 

differences do occur for four of the major elements in the three 

localities it does not necessarily imply that these oxides viz. 

FeQ, CeO, Na20 and K
2
0 offer a method for classifying individual 

samples to one particular locality. In fact insvection of Table 2 

reveals, in the case of the four oxides, that for a spread of one 
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standard deviation about the mean of aP$ one of the three localities 

there is an overh.!' with thA mean of e~t let"st one or the other 

loca.lities. 

D) !a!'ietion in composition produced a.s a rAsnl t or wea.therim 

Although it implies some degree of atmospherio alteration, the 

geological application of the term weathering appears to vary from 

author to author. A number or attempts have been made to generalise 

mineral stabilities and define indices of weathering for silicate 

rocks; for example, Harris & Adruns (1966) have indica.ted that 

plagioclase, biotite, K-fe1dspar, quartz comprise the common "lee.st 

to most" stable mineral sequence in the weathering of gran! tes and 

consequently SOdiunl and calcium are more likely to be released 

during the early stages or weathering than potassium. Ruxton (1968) 

has considered several proposals for quantifying the degree of 

weathering and has suecrested the use of the mole ratio of silica to 

alumina. More recently, Parker (1970) has offered an index of 

weathering based on the proportions of the alkali and alkaline earth 

metals present, using the bond strengths of these elements with 

oxygen as a weiehting factor. 

Whilst any or these attempts to olassify weathering may be 

applioable to other igneous bodies, a certain difficulty arises in 

their use with the S. W. England granites. In addition to atmospherio 

effects chemical variations have arisen as a result of what may, at 
Il .. 

this junoture, be best desoribed as post-meems.tio rrocesses and 

there is little doubt that weathering accentuates or is intima.tely 

related with these processes. Any attempt, therefore, to decide 

whether chemical variations between localities or particular hand 

specimens are solely a result of weathering may be inhibited by the 
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fact that the present surfaoe relief could initially have been 

influenced by II non-a tmospherio I' processes. 

It seems logical, however, to oompare the chemistry of a rock 

sample taken from a tor with one taken from an adjacent quarry to 

determine whether extensive atmospheric exposure produces any 

chemical change. A visual inspection of the major element chemistry 

of specimens KEB36 and 37, from Stowes Hill Tor and Cheesewring Tor 

respectively, with any of those from Cheesewrins Quarry (KEB38-42), 

see Tables 1 & 2, suggests that 'any varia.tion would be imperoeptible 

within the limits of experimental and sampling error. 

The use of the term weathering will be considered further in 

dealine with the trace element chemistry and as outlined in the 

preceding section on the description of the sampling plan (see 

Part I), its application in this text is confined to material that 

is friable in hand specimens. The majority of tor exposures yield 

material which is outside this physioal description. 

E) The conclusions of the major element tests of va.riation 

The most siBnificant conclusion from the three tests of 

variation in composition indicates that only four of the major 

elements - FeO, caO, Na20 and K20 - appear to reflect deteotable 

differences in chemical distribution between localities. In view 

of these results it w~s thought that the probable value of 

continuing with wet chemical analyses for the major elements for 

the remaining localities was fairly limited and certainly unecono~tc 

in terms of the amount of time that would be required in carrying 

out the work. Attention was turned, therefore, to the trace 
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element chemistry, although sodium and potassium were subsequently 

determined. The results of this work will be presented in Part III 

but having commenced with the major element chemistry it seems 

legitimate, at this point, to exrand upon the data already obtained. 

2) Composition of the grgnite 

A) The coarse-Brained granite 

From a visual inspection of the analyses listed in Table 1 it 

can be seen that those rocks which fall outside the generally 

accepted petrographic and field descriptions of the coarse-grained 

grani te also fall outside certain chemical limits. Though analyses 

are presented for only a small pest of the Bodmin Moor granite, the 

means and standard deviations quoted in cO~UIIml3 4, 5, and 6 of Table 

2 are regarded as a basis for defining these limits for the major 

element chemistry of the coarse-grained granite. 

CIPW norms (computer calculated, atter Morgan, 1968) for the 

analysed specimens are quoted in Table 3. Parslow (1969) has 

indicated that mesonorms, which account for the presence of biotite 

or muscovite, or both, are more sienificant than CIRV norms when 

5T anite rocks axe reduced to three components and plotted on 
I 

experimental cUaerems. Such advantaees, however, were found to be 

minimal in connection with the present work, the mesonorm values 

(calculation of which are described by Barth, 1959) being similar 

to the CIPW norm values. For this reason the mesonorm values are 

not tabulated. 

When plotted on normative Q-Ab-Or 'and An-Ab-Or diagrams (see 
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Table 3 gPH norms 

Dozmn:ry Pool (KEJ31/2 &, 5) Fino-grained erru1ite 

KEEl KEB2 KEB3 
Q 33.85 33.63 37.90 
C 3.04 3.67 4.87 
Or 30.07 38.64 32.85 
Ab 28.33 19.62 21.48 
An 0.97 0.20 0.47· 
En 0.45 0.47 0.42 
Fa 1.36 1.40 1.30 
J.lt 0.45 0.20 0.16 
I1 0.17 0.11 0.13 
Ap 0.64 0.59 0.57 
Others 0.76 1.24 0.64 
'1'0 tal 100.09 99.77 100.79 

Q 36.69 36.60 41.09 Q-Ab-Or and I~-Ab-Or Ab 30.71 21.35 23.29 
Or 32.60 42.05 35.62 re-calcu1ated to 100 

An 1.63 0.35 0.85 for tri~~gu1ar diagrams. 
Ab 47.72 33.56 39.20 See Fig. 2 
Or 50.65. 66.09 59.94 

-
De Lank Quarries (KEE8-12/14-18) Coarse-~raincd grru1ite 

KEn8 KEE9 KEElO KEBll KEE12 KEE14 KED15 KED16 KEE17 KErn 8 
Q 31.98 32.64 33.72 29.19 32.58 .32.49 31.46 34.16 33.61 30.78 C 2.81 3.59 3.40 2.79 3.t18 3.53 3.15 4.56 4.68 3.25 Or 28.89 29.36 27.18 31.20 28.54- 30.31 29.54- 33.68 31.73 28.60 
Ab 27.91 26.73 27.66 26.98 26.64 26.05 27.15 21.23 22.04 29.94 
An 3.05 2.24 2.60 3.08 2.65 2.10 2.[;0 1.51 1.78 3.02 En 1.10 1.17 1.07 1.22 1.07 1.05 1.12 1.00 1.15 1.00 Fs 2.25 2.28 2.30 2.39 1.49 2.32 . 2.35 2.31 1.91 2.28 
I·It 0.38 0.49 0.35 0.42 1.00 0.35 0.57 0.26 0.62 o "'II" • t...) Il 0.38 0.44 0.38 0.42 0.40 0.36 0.42 0.36 0.42 0.33 Ap 0·57 0.66 0.50 0.59 0.64 0.57 0.64 0.57 0.69 0.62 
Others 0.q6 0.76 0.'32 1.211- 0.90 1.LlI1 0.61) o.CJ6 1.11') 1.1') 
'fota1 100.28 100.36 99.68 99·~2 99.47 100.5'( 99.b') 100.00 100.u0 101.27 ... 
Q 36.02 36.79 38.08 33.41 37.12 36.57 35.69 38.35 38.12 34.46 
Ab 31.44 30.12 31.23 30.88 30.36 29.32 30.80 23.83 25.90 33.52 Or 32.54 33.09 30.69 35.71 32.52 34.11 33.51 37.81 35.98 32.02 
An 5.09 3.84 4-.52 5.03 4.59 3.60 4.11 2.68 3.16 4.90 Ab 46.64 45.82 <'18.16 44.04 46.07 44.56 45.64 37.63 40.53 48.64 Or 48.27 50.34 41.32 50.93 49.34 51.84 49.66 59.69 56.31 46.46 



Table 3 CIPH norms (contd.) 

Roughtor (KEE19-25) Coarse-grained grnnite 

lillB19 KEJ320 KE:D21 KEE22 KEB23 KEJ324 KEB25 
Q 31.12 35.80 30.95 34.90 33.45 34.64 33.56 
C 3.83 4.11 3.63 3.81 3.62 4.42 3.84 
Or 30.12 21.89 29.90 28.89 21.30 32.38 28.$3 
Ab 26.64 23.26 21.91 25.54 21.32 21.91 26.39 
An 1.25 1.84 1.13 1.84 1.86 1.03 2.01 
En 1.22 1.12 1.01 0.92 0.97 1.07 1.10 
Fa 2.12 2.51 2.07 1.95 2.56 2.08 2.35 
Mt 0.55 0.61 ' 0.80 0.64 0.42 0.84 0.12 
I1 0.41 0.46 0.44 0.38 0.46 0.46 0.41 
Ap 0.81 0.66 0.69 0.59 0.18 0.69 0.64 
Others 0.65 0.89 0.67 0.83 0.79 0.67 1.29 
,£?tal 99.38 99.75 99.86 100.29 99.53 100.19 101.20 

Q 35.17 41.17 34.87 39.01 31.98 38.96 37.S0 
Ab 30.11 26~75 31.45 28.59 31.02 24.63' 29.12 
Or 34.72 32.01 33.68 32.34 31.00 36.41 32.48 

An 2.14 3.48 2.90 3.21 3.30 1.81 3.51 
Ab 45.45 43.89 46.88 45.39 48.37 39.60 46.11 
Or 52.41 52.63 50.22 51.34 48.33 ' 58.53 50.38 

Cheesew:ring Quarry (KE:n32-34/36-42) Coarse-grained granite 

I<EJ332 KEE33 KEB34 KEE3£) KEB31 KEB38 KEJ339 KEBtiO KEB41 KEl342 
Q 34.86 34.39 ' 34.33 ,32.26 35.20 34.42 36.39 32.33 31.08 36.80 C 4.56 5.21 4.45 3.98 4.26 4.19 4.90 4.10 2.68 3.51 
Or 34.62 32.55 31.90 28.95 32.38 31.20 30.90 34.27 31.25 30.01 
Ab 18.86 20.64 21.74 25.37 21.48 23.26 19.20 20.91 26.64 21.14 
An 0.91 1.00 2.04 2.16 1.31 2.19 2.32 1.61 2.72 2.52 
En 0.91 1.02 1.15 1.19 1.12 1.29 1.19 1.12 1.22 1.05 
Fa 2.28 2.08 2.58 2.32 2.41 1.39 2.41 2.80 2.55 2.49 
J.1t 0.52 0.68 0.49 0.80 0.52 1.26 0.71 0.29 . 0.33 0.48 
II 0.44 0.44 0.47 0.36 0.44 0.53 0.51 0.42 0.36 0.46 
Ap 0.64 0.66 0.66. 0.64 0.64 0.66 0.69 0.64 0.55 0.62 
Uthers 0.64 1.25 1.03 0.87 0.80 1.05 1.18 1.61 0.75 1.49 
total 22·36 ~2.~~ 100.eLl. . 22.50 100.)6 101.44 100 .1]6 100.16 100 .13 100. ')1 

Q 39.46' 39.26 39. 02.' 31.69 39.53 33.73 42.01 36.92 34.93 41.84 Ab 21.35 23.56 24.11 29.10 24.12 26.17 22.20 23.95 29.94 24.04 Or 39.19 37.11 36.21 33.21 36.35 35.10 35.13 ~9.13 35.13 34.12 
An 1.71 1.85 3.61 3.82 2.38 3.81 4.43 2.83 4.48 4.69 Ab 34.64 38.08 39.04 44.92 38.94 41.06 36.62 36.89 L13.96 39.39 Or 63.59 60.01 51.30 51.26 58.68 55.01 58.94 60.21 51.57 55.91 



" 

Table 3 crPo'1 norms (contd.) 

Cheesewring Quarry (KEE29-31/43) KEJ329 - HCGG, KEB30/31/43 - XCGG 
' , 

KEE29 KEB30 KEE31 KEB43 
Q 28.47 38.42 36.69 31.17 
C 3.68 3.22 3.20 2.47 
Or 37.99 33.03 35.57 27.71 
Ab 23.68 20.47 20.30 28.84 
An 0.08 1.00 0.97 1.69 
En 1.12 0.42 0.57 1.27 
Fa 1.71 1.06 1.56 3.99 
J.1t 1.04 0.54 0.46 0.87 
11 0.46 0.21 0.27 0.63 
Ap 0.40 0.66 0.64 0.52 
Othors 1.70 O~36 0.62 0.77 
'l'otn1 100.33 99.39 100.85 99.93 

- .... ~ 

Q 31.58 41.80 39.64 35.53 
Ab 26.27 22.27 . 21.93 32.88 
Or 42.14 35.93 38.43 31.59 

1m 0.13 1.84 1.70 2.90 
Ab 38.35 37.56 35.72 49.52 
Or 61.52 60.61 62.58 47.58 

, , 



Fie; 2 An-Ab-Or and Q-Ab-Or triangular diazrams 

k~-Ab-or (top). The numbered lines represent approximate limits 

of the thermal troughs behleen 1 and lOkb l'later vapour pressure. 

(After Kleeman, 1965) 

Q-Ab-Or (bottom). The numbered circles represent the positions 

of the ternary r:d.nimum from 0.5 to lOkb lrater vapour pressure. The 

line linking these points defines the trend of the minima, the thermal 

trouGhs containin~ these minima run parallel to the base and throu~h 
\;) <.l 

these points. (After Tuttle & 13o1'1en, 1958 and Luth,Jahns & Tuttle, 1964) 
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Fig. 2) the three coarse-grained granite localities fall into a 

fairly compact group, thOllgh it is just possible to distinguish 

the Cheese\vring Quarry locality from the other two localities. The 

plot of the norms on the Q-Ab-Or diagram fall in the field of the 

experimental 'ternary minimum' (Bowen & Tuttle, 1958) with an 

extension towe.rds the quartz-orthoolase sideline. This is the case 

with similar Q-Ab-Or normative plots presented by other workers for 

S. W. England granites (Exley & Stone, 1964; Booth, 1966; Hawkes, 

in Edmonds ~, 1968; Hall, 1911). When plotted on the An-Ab-Or 

diagram the norms fall, as might be expeoted for grani tea, in the 

low temperature trough (Kleeman, 1965). 

Hawkes (in Edmonds et al, 1968) has interpreted normative data 

from the Dartmoor gram te as indicating that the coarse-grained 

granites from that pluton are 'adame11itio' in composition. If the 

clay mineral content of the modal analyses (Table 4) is added to 

plagioclase then both the normative and mode~ data of the present 

work sue~est that the use of th~ term 'adamellite' would not be 

invalid for the Bodmin Moor ooarse-grained granites as the K-fe1dspar 

and plaaioclase proportions are almost equal in a number of specimens. 

The traditional use of the term \I grani ten, however, is preferred 

here for the Bodmin Moor pluton and the plot of the normative data 

towards the orthoclase-qu~tz sideline in the Q,-Ab-Or dia~am and 

towards the orthoclase apex in the An-Ab-Or diggram are offered as 

suffioient evidence for its retention. 

Modal analyses quoted in Table 4 were calculated from a minimum 

of 4,200 points from at least two large thin sections. T):}e validity 

of using these counting ratios has been expressed by Dooth (1966). 

Exley (personal communicatio~see Edmondson, 1910) has employed 
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Table 1 J'!odal M<'!.lynM 

De Lank Quarries (KIm8-12/14-18 ) Coarse-grained cranito 

KEBi3 KEB9 KEBI0 KEEll XEB12 KEBl4 KED15 KEBl6 KED17 Jai.:D18 

Qtz 25.0 33.9 37.1 33.9 31.1 33.8 28.2 33.0 32.5 33.7 
Plag 26.0 17.9 19.0 16.3 24.5 18.5 21.5 17.2 16.3 19.1 
Ortho 32.7 30.7 30.5 30.5 23.4 34.4 35.6 28.9 27.9 36.0 
Biot 4.9 3.9 4.4 5.4 6.1 3.1 2.5 5.3 2.9 1.7 
luse 4.4 8.0 3.8 6.1 6.0 5.5 5'.8 7.2 11.7 3.5 
C.Min 4.3 4.6 4.0 4.7 5.6 2.6 4.6 6.5 4.7 2.2 
T'ne 0.1 0.0 0.3 0.6 0.4 0.0 0.2 0.1 1.0 0.9 
2 Hie 2.4 0.8 0.7 2.5 2.5 1.1 1.1 1.7 2.6 2.7 
Ap. 0.2 0.1 0.0 0.2 0.0 0.0 0.2' ·0.1 0.2 0.2 
And 0.0 .0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ore 0.0 .. . 0.0 0.1 0.0 0.2 0.1 0.0 0.1 0.0 0.0 
Total 100.00 99.9 99.9 100.2 99.8 99.7 99.1 100.1 99.8 100.0 . 

Rouehtor (KEB19-25 ) Coarsc-grf'ined gro.ni to 

l{EJ3l9 KED20 KEJ321 ImB22 KEB23 KED24 KEI325 
Qtz 32.3 40.0 23.6 36.4 31.9 37.8 48.2 
PIng 21.2 15.4 20.1 19.8 26.1 24.1 15.6 
Ortho 28.2 24.3 40.0 26.1 25.2 17.8 11.6 
Biot 4.7 4.1 4.1 3.1 3.1 5.5 6.2 
l,b.ts9 6.5 9.1 6.2 1.4 8.0 4.8 1.6 
C. Min 4.9 3.8 4.7 

.. 
8.4 9.6 6.1 3.5 

Tl no 0.6 1.1 0.1 0.1 0.8 0.3 0.5 
2 IUc 1.5 1.1 0.9 0.4 0.4 1.1 0.5 
Ap 0.1 0.3 0.1 0.2 0.2 0.1 0.2 
And 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ore 0.0 0.0 0.0 0.0 0.1 0.0 0.0 
Total 100.0 99.8 99.8 100.2 99.9 99.9 100.0 



Table .t1 1·10cla1 Analyses (contd.) 

Chccnel'Tl'ing Quarry (KEn32-34/36-42) Coarsc-erained granite 

KED32 KEn33 ~B34 KEB36 KED31 KED38 KEB39 KEB40 KEJ341 KEl342 
Qtz 34.5 21.3 28.9 34.1 43.9 29.6 51.1 31.9 40.2 38.1 

. P1ag 15.2 11.1 18.8 18.9 13.0 14.4 14.0 14.8 8.3 14.9 
Ortho 32.0 28.4 35.1 28.5 25.1· 35.9 11.1 39.4 29.8 21.6 
Biot 4.4 5.1 2.6 1.1. 5.1 4.1 6.2 2.1 5.9 5.8 
I.iUGC 5.1 10.1 1.1 4.4 5.5 4.8 5.3 . 4.9 5.1 6.8 
C.Min 5.9 8.6 4.8 5.1 5.1 8.3 4.5 5.2 8.1 4.1 
Tine 0.9 1.0 1.2 0.4 0.0 1.0 0.0 0.2 1.1 0.5 
2 I.lic 1.4 1.0 0.8 0.4 0.2 1.0 0.1 0.6 0.5 1.1 
Ap 0.6 0~2 0.1 '0.2 0.2 0.0· 0.3 0.3 0.2 0.3 
And 0.0 0.0 0.0 0.3 0.0 0.2 0.0 0.0 0.0 0.0 
Ore 0.0 0.0 0.0 0.0 . 0.0 0.0 0.1 0.0 0.0 0.1 
Total 100.0 100.0'100.0 100.0 99.9 99.9 99.9 100.0 99.8 99.9 

Cheesewring Quarry (KEB29-31/43) KEB29 - i.1Caa, KEB30/31/43 - xcae 

KEJ329 KED30 KED31 ImB43 
Qtz 22.6 34.5 36.0 33.4 
Plag 19.6 29.9 20.5 13.7 
Ortho 40.4 26.2 21.6 40.8 
Biot 3.1 0.8 4.1 4.1 
~lusc 6.0 5.0 1.2 5.3 
C.Min 6.2 0.6 0.9 0 .. 9 

,;. 

Tine 0·9 2.2 1.1 0.0 
2 r·lic 0.8 0.3 1.1 0.0 
Ap 0.0 0.5 0.3 0.0 
And 0.0 0.0 0.1 0.0 
Ore 0.3 0.0 0.1. 0.0 .. 
Total 99.9 100.0 99.6 98.8 Annl;y:st K. Ji~d m ond son 



similar techniques for the derivation of modal data from Do&nin 

Moor and the continued use of these methods may prove to be of 

value for future comparative purposes. The present modal res\uts, 

however, merely indicate that a considerable mineralogical variation 

occurs both within and between localities and reliable relationships 

based on modal and chemical data are difficult to aBAess. For 

example, the high ratio of the means of K-feldspar to plagioclase 

for the Cheesewring Quarry could be used to explain the higher K20 

values associated with this locality but it does not satisfy any 

CaQ or ~a20 variations and the fo:rmer conclusion may be l'urely 

fortuitous. 

K-fe1dspar 

P1a.g. * 

De Lank Quarries 

m. at.dev. 

31.1 

24.7 

K-fe1d/Plag. 1.3 

*includ~s clay minerals 

AverA.p;ed modAl datA. from Ta.ble 4 

Rouzhtor 

m. st.dev. 

24.9 8.8 

26.1 4.1 

0.9 

Cheesewrine Qnarry 

m. st.dev. 

30.0 6.1 

21.1 3.1 

1.4 

Although the presentation of results in the form of a constant 

sum is intended to permit comparison with the results of other workers 

therA is invariably an absence in publica.tions of any deBTee of 

accuracy or precision associated with quoted analyses. In Aome cal'lee 

it is possible to challense the accuracy of another workers' results 

but in the majority of cases the validi.ty of the analyses has to be 

assumed. Such assumptions may seriously bias interpretation but 

until evidence proves otherwise any possible inaccuracies will have 

to be regarded as contributing a neeligible influ~nce and have, 

therefore, been ignored i~ this account. 

There are few other records of major element analyses from the 
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Bodmin 1~or eranite; only eight have been found in the literature 

end these are reproduced in Table 5. From the descriptions and 

10c,,",11 ties quoted by the authors, analyses 1-5 (Ghosh, 1921) and 85 

(Brammall & H~,ood, 1932) are interpreted as being from COarse

grained granite samples. In the context of the proposed definition 

of the chemistry of the coarse-grained gram te it is difficult to 

acce~t the validity of Ghosh's analyses. His specimen 1, which is 

recorded as bei~~ from Chees9wring Quarry, has a ten-fold increase 

in the MnO content compared with the mean of the sampl'3s analysed 

in this work for the same locality. In fact there is no evidence 

for such a high lImO value in MY published analyses for S. W. Eneland 

coarse-grained granites. There are similar discrepanoies throughout 

the remaining samples and it is concluded that Ghosh's analysed 

speoimens should be treated with caution. From this it follows 

that the authenticity of Ghosh's (1921) separation of the ooarse

grained erani te into 'normal' and 'Godaver' types mieht be invalid. 

A similar challenge to these divisions was made by Exley (in Exley 

& Stone, 1964) on modal analysis evidence and by Edmondson (1910) 

on the inferences of structural state distribution of the alkali 

feldspars. Although there are some minor variences, the analysis 

quoted by Brammall & Harwood (1932) for a specimen from De Lank 

Quarry (85, Table 5) is comparable to those quoted here for the same 

locality. 

In Table 6 the results of analyses for the ooarse-e;rained 

granites are presented for other S. W. England plutons, based on 

the available data of other workers. Column 5, Table 6 is p~rhaps 

out of place, for according to :Booth (1966, p.ll1) "fine-erained 

later granites cannot be separated from the coarse on the basis of 
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Table 2 l1a,jor elem~nt anal;yses of Bon min Ho 01' lZ<lnit(') (T'uot~d in 

.other ''lorks. 

1 2 3 4 5 6 
Si02 70.96 71.25 71.66 72.99 73.01 74.16 
Ti02 0.36 0.20 0.32 0.13 0.11 

Al 20
3 15.92 15.12 15.31 15.33 15.26 14.68 

Fe 203 0.20 0.16 0.19 0.29 
FeO 0.84 0.86 0.84 1.09 0.13 
MnO 0.30 0.21 0.28 0.06 0.01 
~'[gO 0.49 0.32 0.25 0.28 0.06 
CaD 1.11 1.42 1.21 0.64 0.68 
Na20 3.53 3.56 4.31 2.96 3.18 
K20 5.60 5.51 4.26 5.59 5.41 
P

2
0

5 0.03 0.32 0.32 0.18 0.21 
+-H2O 0.80 0.71 0.83 1.18 0.63 

1 'Normal' granite, Cheeset1'l'ing Quarry. 

(Ghosh, 1927, a~alysis 1, p.307) 

2 'Normal' granite, Fox Tor. 

(Ghosh, 1927, analysis 2, p.307) 

3 'normal ' granite, Notter Tor. 

(Ghosh, 1927, analysis 3, p.307) 

4 'Godaver' grn.nite, N.Hill Tor. 

(Ghosh, 1927, analysis 4, p.307) 

5 'Godaver' granite, Godaver region. 

(Ghosh, 1921, analysis 5, p.301) 

6 'Fine granite', N.Dozmary farmhouse~ 

(Ghosh, 1927, analysis 6, p.301 

85 'Granite', De Lank Quarry. 

(Brammcll & Harwood, analysis 85, p. 234) 

7 'Fine leucogranite', Stannon Clay Pit. 

(Exley, 1966, Table 2, nnnlysis 7, p.366) 

0.26 

0.65 

0.01 
0.18 

1.01 

2.51 

5.51 
0.27 

0.53 

85 7 

71.86 13.45 
0.50 0.09 

14.63 15.20 

0.15 0.30 

1.26 0.99 
0.06 0.01 
0.66 1.85 

0.81 0.51 

2·92 3.41 
5.32 3.63 

0.42 0.14 

0.99 1.14 



chemical composition, 8S a wide variation in the main granites 

completely overlaps the composition of the finer varieties". The 

results quoted for the Landis End granite by Wilson (1912), (column6 & 

7, Table 6) are probably more representative of the coarse-grained 

granite than that of Booth's. At present, the only available data 

for Carnmenellis are offered by Ghosh (1934) and both Chayes (1955), 

on modal evidence, and Austin (1960), on petrographic evidenoe, have 

challenged Ghosh's (1934) division of the Carnmenellis granite. As 

with the previously criticised Bodmin Moor analyses of Ghosh (1921) 

(p. 23) it seems possible that his Carnmenellis data may require 

caution in their reproduotion and they are subsequently omitted 

from Table 6 and comparative oonsiderations with the other plutons. 

It is apparent, even by visual inspection, that analyses 2, 4 

and 8 (Table 6) refleot a marked chemical variation when oompared 

with their oounterparts, 1, 3 and 7 respeotively (Table 6), from 

the same pluton. Although all the grsnites in Table 6 are reoorded, 

by their analysts, as coarse or medium-grained they are still sub

divided for each pluton on field or petrographic featQ~es and as 

With specimens KEB29-31 and 43 from Bodmin tfuo~recogni8ably 

distinot physical attributes are reproduced chemically. As analyses 

2, 4 and 8 (Table 6) are similar to KEJ330 and 31 further comment 

on these results is deferred until the Bodmin Moor speCimens have 

been considered. 

Analyses 1, 3 and 7 (Table 6) are comparable with the data of 

Table 2 for the three coarse-grained 10ca11 ties of Bodmin ~fuor. 

Any attempt to relate results from the different Cornubian plutons, 

however, is immediately beset with a multitude of problems; some 

of the statistical difficulties have already been covered and 



Table 6 i1ajor element ann.lys.£~ of 'gl'ani t~s' fro~. 'Rnr~ll"nd 

1 2 3 4 5 6 7 8 
S'O' J. 2 71.24 74.43 71.30 73.4 71.90 70.7 71.7 70.9 
Ti02 0.41 0.20 0.34 0.10 0.25 0.36 0.23 0.07 
A1

2
0

3 14.02 13.27 14.80 14.8 15.05 14.3 14.6 14.9 

Fe 203 0.55 0.44 0.25 1.32* 0.94 0.73 0.60 1.13 
FeO 2.20 1.37 1.82 1.33 1.62 1.04 0.51 
J.!nO 0.06 o.oe 0.06 0.01 0.03 0.04 0.03 0.04 
MgO 0.60 0.47 0.48 0.32 0.80 0.62 0.48 0.22 

. CaO .~ 
0.87 0.67 1.54 0.63 1.05 0.91 1.02 0.70 

Ua20 3.00 2.86 3.20 2.52 2.73 2.71 3.15 3.91 
K20 4.85 4.86 5.15 4.63 5.24 5.34 5.61 4.81 
P20S 0.21 0.18 0.26 0.23 0.24 0.26 0.19 
H2O+ 0.87 0.90 0.63 0.57 0.85 0.82 1.20 
H2O- 0.32 0.23 0.14 0.15 0.15 0.11 
* Total Fe as Fe20

3 

1 'Big-feldspar granite', Dartmoor, m9an of 1 analyses. 

(Hallkcs, in Edmonds at AI, 1968, analyses 1-1, Table 5, p.10S) 

2 'Poorly megacrystic granite', Dartmoor, mean of 5 analyses. 

(HaNkes, on.cit., 1968, analyses 8-12, Table 5, p.l05) 

3 'Porphyritic (big-feldspar) eranite', Lux.ulyan Quarry, St.Austcll, 

analysis of sample produced by combining equal portions of 

six separate specimens. 

(Harding & Hmvkes, 1971, Table 1, p.4) 

4 'Porphyritic lithionite granite', St.Austell, mean of 3 rulalyscs. 

(Exley & Stone, 1964, Table 6, p.141) 

5 'Granite', Land's l!.nd, mean of 25 Ma.lysco. 

(Dooth, 1966, p.290-294) 

6 'Unaltered granite', 13oscafHlel1, Land's End, mean of 15 nnalyses. 

(~lilson, 1972, Table 14, p.126) 

7 'Unaltered coarse-grained e.ranite', Gt • .Britain'a Rock, St.l.b.:ry'e 

SCilly Isles. 

(Hilson, 1972, Table 15, p.12Ft) 

8 'Unaltered mcdiu:n-gl'aincd grani to', POl'thloo, st. Mary , s, Scilly 
Isles. 

(rlilson , 1972, Table 15, p.12FO 



these are further complicated by considering results in which 

analytical accuraoy is diffioult to assess. Any of these problems 

oould be impressively employed as an argwnent against any attempt 

at statistioal oomparisons of the results from the various plutons, 

though such arguments oould equally be applied to any visual or 

intuitive jUdgments. The data from the Scil1y Isles and St. Austell 

grani te are lim! ted but there are suffioient results from Dartmoor 

(Hawkes, in Edmonds et aI, 1968, analyses 1-1, Table 5, p. 105), 

Land's End (Wilson, 1912, analyses 951-955, 959-960, Table 22 & 23, 

p. 160/1) and Bodmin Moor (analyses of !<EB8, 9, 12, 14, 11, 25 & 34, 

selected at random from Table 1, p. 13) to be a.ble to apply the 

Kruskal-Wallis test. As Wilson's (1912) results for silioa and 

alumina a~e only quoted to the first deoimal plaoe these two 

elements have been ignored. Using the same sienifioanoe level, 

d....- 0.05, as for the test of vadabili ty of the Bodmin Moor ooarse-

grained granite (p. 16), a value of 5.99 is offered by ohi square 

for two degrees of freedom (k-l). The Kruskal-Wallis statistio, 

H,is tabulated for eaoh element as followsl-

H _ FeO MgO ceO 

9.3 12.0 15.0 

It is concluded that Fe
2
0
3

, FeO, ~-,.o and CaO reflect a. meaninei'1l1 

Variation between the three plutons. A visual comparison of the 

data suggests that the major cause of this variation oan be explained 

by the relative enrichment of iron and oaloium in the Dartmoor granite 

compared with the other plutons. A possible explanation for these 

differences is that there has been extra assimilation in the 

Dartmoor pluton, together with this granite being a slightly more 

basic differentiate than the other plutons. Certainly assimilation 

and differentiation have been advocated by Brarnmall & Harwood (1932) 

and Hawkes (in Edmonds ~, 1968) for differenoes in the ohemiatry 
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of the Dartmoor granite and it is probable that these prooesses 

have been on a variable scale in the major S. W. England plutons. 

B) KEB29-31 and 43 

As already noted, specimens KEB29-31 and 43 from the Cheesewring 

Quarry locality reflect "anomalous" physical and chemical properties 

when compared with the other coarse-grained granite specimens from 

BOdmin Moor. 

The field and petrographic relations of KEB30 and 31 have been 

desoribed (1". 6 ) and their major element chemistry is presented in 

Table 1. Compared with the ooarse-grained granite this chemistry 

indicates an apparent enrichment in Si02 and K20 with depletion of 

A1 203, Ti02, Fe20
3

, FeO, MgO and caO. Obviously these are not all 

"real" variations; an increase in silica, for example, will produce 

a deorease in the other elements and conversely there will be 

similar reciprocal relationships (p. 9). Indeed, it is worth 

noting that when KEB30 and 31 are recaloulated into three components 

and plotted on the Q,-Ab-Or and An-Ab-Or diagrams their posi tj.ons 

are oomparable to other specimens from the same locality (Fig. 2), 

thus suggesting that there are compensatory relationships in 

recalculation. 

The value of quotine all these arDarent variations, however, is 

manifest in COml)aring analyses 2, 4 and 0 (Table 6) with their 

respective counterparts (1, 3 and 7, Table 6) from the other S. VI. 

Ene-land plutons. In each case various authors ha.ve subdivided 

the coarse-grained granites on some physical attribute and although 

different names have been B·rplied to the subdi vi sions a oomparison 
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of the chemical data reveals almost exactly the same variations as 

recognised above for Bodmin Moor, that is enrichment in Si02 and 

K20 and deI?letion in Al20
3

, Ti02, Fe
2
0y FeO, MeO and C8'o. For 

De.rtmoor, chemical variat10n in the 'bie-felds:r?sr grani te t l:I.nd 

'poorly meeacrystic granite' (employing the terminoloeY of Hawkes, 

in EUllIonds ~, 1968) was recognised by both Brrurunal1 & Harwood 

(1932) and Hawkes (op.cit.) and Hawkes actually sta.tes (OP.ci t., 

p.106) "that, compared with the poorly megacrystic material, the 

big-feldspar rock is richer in total iron oxides and CaO, but 

oontains approximately 3% less Si02". Exley (1959) has also pointed 

to similar chenical changes in the St. Austell granite and whilst 

the silica variation is less emphatically displayed in Wilson's 

(1972) Scilly Isles results it is surprising that no prevlous 

author appears to have noticed that the same chemica.1 trends occur 

in the coarser grained granites throuehou t S. 'u. England. 

Though it is not sueeested that the terminolosy of the different 

"coarse-grained erani tes" of the S. W. England plutons should be 

i~nediately changed, the chemical analyses so far carried out 

see'n to indicate that each petroera.phic group has, at least in 

general terms, a similar chemistry. It would appear, therefore, 

that the petroeraphio terminology haa a wider meanine than oriein

ally conoeived and throughout the rest of this work the term "cof.lxse

grained granite" will be used, as it has a1rea.dy been a.pplied, with 

relation to the Bodmin Moor granite but with certain chemical 

implications and "medium-type gran! te" will be used for mate:dal 

similar in oomposition to specimens KEB30 and 31 from Bodmin MOor. 

The latter term is a.ppropriate for most of the S. W. Enelsnd plutons 

end in the light of the intermediate ohemical nature of the "medium 
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-type granite", compared to that "coarse-erained granite" and the 

"fine-grained gram te" (to be considered in the following section), 

its usage is justified. Subsequently, the 'big-feldspar granite' 

(Hawkes, in Edmonds at a1, 1968) or 'gient granite' (Erammal1 &: 

Harwood, 1923) of Dartmoor, the 'porphyritic (big-feldspar) granite' 

(Harding & Hawkes, 1971) or 'biotite-muscovite granite' (Exley, 

1958) of St. Austell, and the 'coarse-grained grenites' (Wilson, 

1972) of Land's End and the Scil1y Isles will now be expressed 

as "coarse-grained grani te" having a distinct chemical range of 

composition and the 'poorly megacrystio granite' (Hawkes, op.cit.) 

or 'blue granite' (Brammall & Harwood, 1923) of Dartmoor, thg 

'early-lithionite granite' (Exley, 1958) of St. Austell and the 

'medium-grained granite' (\1i1son, 1972) of the Scilly Isles as 

"medium-type gram te" also with a distinct ranee of composition, 

e.lthoueh a somewhat variable texture. Thus, while Exley &: Stone 

(1964) preferred to consider the sub-varieties of various authors 

as one type, 'coarse, porphyritic biotite granite', in their 

summary of the coarser grained grani tea of S. W. Enaland, it is 

clear that compositional differences are sufficient to introduce 

a two-fold division. 

KEB29 and 43 are regarded as ooarse-grained gran! tee whioh 

have been chemically affeoted by "post-consolidation" influences. 

Exley & Stone (1964) have sueeested that the use of "pre" and 

"post-oonsolidation", with regard to the Cornubian eranites should 

be aVOided as the exact nature of the erani te magma is uncertcp.n. 

For tourmalinization Exley & Stone (1964) prefer to use 'pre

jointing or primary' and 'poat-jointing or secondary' thoUCh the 

implication of the meanings remains virtually the same as pre and 
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Table 7 Major element analyses of fine-f,;rainp.d Ijrani tee 

from S. H. England 

1 2 3 
Si0

2 14.68 13.16 72.5 

Ti02 0.16 0.04 0.09 

A1
2
0

3 ,13.25 13.95 15.9 
Fe20

3 0.12 0.03 1.1* 

FeO 0.11 0.41 
J-IfnO 0.-02 . 0.01 0.01 

MgO 0.25 tr 0.01 
CaQ 0.48 0.43 0.35 
Na

2
0 2.66 2.57 3.43 

K
2
0 5.42 8.16 4.70 

P205 0.74 0.16 

1120+ 0.93 0.31 

H
2
O- 0.60 0.33 

*Tota1 Fe as Fe 20
3 

+Total Fe as FeO 

xEstimated 

1 '.Aplogranite, fine-Cl'ainod grani to' - intrusive beloH 

grainotl granite, Hay tor ·Rocks, Enst Dartmoor. 

(Brammall & Harl'1ood, 1932, analysis 3, p.234) 

4 
15.5:x: 

0.28 

12.5:x: 

1.10+ 

0.04 

0.31 

1.21 

2.19 

5.50 

coarsc-

2 'Aplogranito t - intrusive relation to coarse-crainod cranite, 

Hi ttabarro\'l, Dd.'rtmoor. 

(J3.rammall & Hart-rood, 1932, analysis 8, p.234) 

3 'Non-porphyritic lithionite Cl."nnite' - St.Austello 

(Exley & Stone, 1964, Tablo 6, p.14l) 

4 'J.Iicroeranite' - Castle-an-Dinas, Landlo End. 

(nowler, 1959, Table 6~ opp. p.19) 



post-oonsolidation. Little here seems to be gained in discussion 

of terms so long as their implioation remains understood and it 

is assumed that the desoriptions of "mineralised", for KEJ329, 

and "contaminated", for KE1343, are suffiojently indioative of a 

ohemioal process which has locally affected part of the granite 

body after it has been emplaced. 

c) The fine-fTAined {;rani te 

Although Reid et a1 (1910, 1911) mapped four areas of 'fine

grained eranite' - near St. Brew~~d, a little west of Bolventor, 

east of Dozmary Pool and on the hill top near Newel Tor - they are 

by no means easily distinguished in the field. In fact no evidence 

was found during the present worl, of the fine-grained granite at 

St. Ereward or Eolventor and that at Newel Tor, as described by 

Reid ll..& (1911), is obscured and rather than being a continuous 

mass, appears as a group of veins which locally coalesce. As 

previously indicated in the introduction, the small quarry south 

of Dozmary Farm is the best exposure of the granite type. 

The results of major element analyses of the three speoimens 

from the Dozmary Pool locality are presented in Table 1 from whioh 

it is evident that even for suoh relatively olosely associated 

samples there is a marked range of Si02 and K20 oonoentrations. 

This is brOUGht out in the hieh standard deviations for thpse elements 

in Table 2. Comparison with the coarse-grained and medium-type 

granites reveals that the general trend of Si02 and K20 enrichment 

and Al203, Ti02, Fe20
3

, FeO, MgO and cae depletion evident between 

the ooarser granites is continued in the fine-grained granites. 

(It is for this reason that the use of the term "medium-type granites" 
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is considered valid for KEB30/31 a.s these rocks lie between the 

coa~se and fine-grained granites in composition, see p.28). Exley 

(1966) presents a major element analysis of a leucogranite from 

Stannon Clay Pit (reproduced in Table 5) and whilst it is recognised 

that there is a compositional and textural range within theNfine-

grained srani tes" the equality of Na
2

0 and K
2
0 and rela ti vely high 

A120
3 

values suggest that Exley's (1966) leucogranite is perhaps 

more comparable to the aplites (in composition) (see, for example, 

Exley & Stone, 1964, analysis No.3, Table 8, p.145) than the fine-

grained granites. 

There are relatively few fine-grained granite analyses for 

other S. W. England plutons. Four are presented in Table 1 and it 

is notable that each analysis, when compared to the respective' 

coarse-grained and medilun-type granite analysE's from the same pluton 

(Table 6), reflects a similar trend in composition to that recoeni~ed 

in the coarse, medium and fine-grained granites of Bodmin Moor. 

D) The major element ch~mjAtry - a discussion 

In dealing with the coarse, medium and fine-grained granites 

it is appreciated that the evidence upon which deduotions are to be 

made is minimal and in some cases insufficient to apply satisfactory 

statistical tests. Subsequently the oonclusions that are to be 

made should be striotly limited to the few presented analyses and 

the inference that the conclusions are applioable to the eTsnite aa 

a whole can only be assumed. 

The analyses of the major elements have shown that the coarae-

grained granite of Boc1min Moor apparently exhibits a limited but 
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nevertheless significant variation, thoucrh the results ElXe insllffic

ient to confirm or oontradiot any of the granite divisions implied 

by earlier workers (p. 1). It seems probable that similar varia

tions could exist in both the medium and fine-grained granites, such 

variations refleotifiS a continuous "spectrum" in chemistry from 

coarse to fine-gra,ined granite with the whole sequenoe followifl..g 

a typical magraatic differentiation trend. ~me chemical changes 

would probably also arise from cont8mination and assimilation of 

country rock material. The !'ield evidence sugsests that the later 

fractions, i.e. the medium-type and fine-grained granites, m~ 

have punctured through the earlier coarse-grained granite so that 

the aotual distribution of th~ rock types is complex and their 

relationships obscured by gradational boundaries. In other words, 

the pluton has probably been in A. kind of "plastic" or "semi-mobile" 

state throughout these period'i of injection. Suoh intarpret!1,tions 

and. conclusions will be discllssed in further detail aftel:' cons:i.cleration 

of thl'! trece element chE'lmistry. 

From the available results it is possible to reco~nise similal:' 

variations for soma of the other major S. W. England cranites, 

thongh the arani te ty:oes are not necess8.l:'Hy e<lui va.lent in chemical 

composition from one pluton to Mother, and a similar genetic history 

to that for the Bodrnin Moor granite appears to be a. legitimate 

assumption. 
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PART III 

Trace EleMent Chemistry 

1) Variation in Compos! tion 

A) Introduction 

In considering the trace element chemistry of the Bodrnin Moor 

granite the swne general format will be followed as was used in 

dealing with the major element variability. Discussion about element 

concentrations and their relevMce is deferred until all the r~sults 

have been presented. 

Although all the results are expressed as parts per million, 

the statistical implications which arise in presenting th~ analyses 

a,s a constant sum are lass important than those that Occur in major 

element chemistry. This 1s because there is a relative inorease 

in the number of components, and. despite the fact that not all of 

them have been determined, the influence exerted by one oomponent 

on the remainine oomponents, e8 a result of vc-.'t'iation, is less 

apparent. 

As there exe few other recorded trace element an'3.lyeea of the 

Bodmin 1!00r gran! te, or for that matter for any of the oth€'r S. VI. 

Ens1and plutons, a few specimens were analysed for a nwnber of 

elements spectrogr.aphically in an attempt to assess the ranee of 

chemical conce!1trations. On the besis of thMe results the srike 

serif'ls for calibration of the X-r~ fluorescence spectrometer (XRF) 

were prepared (sec appendix. XRF analysi8). The s!:,octroernrh 

results axe reproduced in Table 8, essentially for comparativo 

purposes as all the data considered in the subseC"ucnt discussion .. 
are exclusively the llroduct of XRF and ra.pid wet analYSis (Ih, K, 1i). 
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Table 8 Results of spectroeraryh analyses 

Specimen Li Sc V Rb Sr Y Cs Ba La 
KEBI 215 485 42 12 90 92 
KEB2 136 n.d. 34 21 81 119 
KEJ35 140 490 56 25 53 119 
KEBB 345 12 ~40 90 14 70 234-
KEJ39 300 12 446 138 24 41 277 
KEBll 243 13 382 93 18 40 404 
KEB12 343 10 454 74 12 61 162 
KEB17 238 11 481 85 22 40 227 
KEE19 330 9 514 73 12 ~4 125 
KEB2l 324 11 569 70 16 54 106 
KEB23 329 16 550 93 18 52 135 
KEB25 228 12 524 84 18 37 136 
KEB32 232 16 652 97 17 40 200 
KEJ334 529 22 508 105 26 84 259 
KEB37 295 18 664 135 22 47 294 
KE]40 264 10 688 90 16 50 260 
KEJ343 658 22 n.d. 29 9.3 29 

All values in ppm ,Analyst K.T'~clmondson 

n.d. - not determined. 

Blanks indicate that concentrations were below the level of 
detection. 



B) Variatiol1 in composi_ tion in specimens from incl:l.vidtt.<l.l outcro!,s 

Althoueh a 500g hand specimen was found to be representative 

of an individual outcrop in terms of the major element chemistry 

of the Bodmin Moor granite, it cannot be assumed that this conclusion 

is so of the trace element chemistry. As a test, therefore, the 

two splits of KEB8 (see p. 12) were again analysed and the results 

are recorded below. 

Cu Zn Rb Sr Y Zr Sn Cs Ba La Ce Nd Pb 
a) 0,0 69.4 422.2 89.7 37.5 115.9 18.7 37.1 211.0 29.0 35.4 32.9 43.6 
b) 0.0 71.2 426.6 90.2 41.1 116.2 16.9 32.4 206.2 29.1 40.4 34.6 46.8 

c) 1.) 2.8 0.4 2.5 0,2 1.3 3.3 2.1 0.1 3.5 1.2 

All values in ppm 

a) a REB6 (analysis of greater part of large quarried block) 

b) • KEB6 (analysis of 500g hand specimen from block KEB6) 

c) - standard deviation 

(Note:- In the subsequent TablA 9, the results of all the trMe 

element analyses from J30dmin Moor, lCEB6 is represented by a) and 

not E'.S an averace of the two results as wa.s the case in the major 

element analyses tables). 

3.7 

Other than for Rb, Y, Cs and Pb the standaxd deviations from 

the above test fall within the estimated limits of analytical error 

(see Table 10). Although there is a close affinity between the 

chemistry of Rb B.nd Cs a conclusive reason for their relatively 

le~ee variation in the two s~lits of KEB8 is not readily apparent. 

It would be convenient to sug~est that as the greater concentration 

of these elements, and possibly also that of Pb, is incorporated 

in the alkali feldspars, a 500g hand specimen was not adequately 

representative of an outcrop in this mineral, particularly as the 

alkali feldspars predominantly occur as meeacrysts. Within the 
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Table 10 Stu1;:]2,ry of itra.ce element chemistry Mel standard deviations for the' Bod min t,Toor e:rani tee 

1 2 3 4 5 6 7 8 9 
Li 163 27 ' 254 56 211· 11 262 90 269 91 . .233 11 220 104 
Ha 20303 2149 23045 2223 22318 1921 19562 2519 19266 2223 21261 2186 16711 1106 
K 47502 4559 41941 2653 41284 2404 45346 3813 44600 2481 43688 3919 45145 9411 
CU 6.1 3.0 1.8 3.4 1.6 3.2 86 136 68 123 33 90 30 161 
Zn 2.1 1.3 48 8.6 62 18 56 8.5 93 55 92 64 10 39 55 21 
Rb 2.5 2.8 L144 31 . 419 29' 465 31 469 46 458 40 451 41 411 17 
Sr 1.8 0.4 43 4.0 94 1.4 61 5.2, 13 24 84 5·2 11 23 12 22 
Y 0.1 2.5 40.- 3.8 41 4.3 45 3.2 44 4.5 .43 3.4 43 4.4 45 8.1 
Zr 9.3 0.2 :34 2.4 121 11 114 11 110 38 127 14 99 40 116 43 
Sn 1.5 1.3 29 4.1 23 4.9 11 3.0 17 . 3;.1 16 2.2 21 6.0 26 39 
Cs 0.1 3.3 48 6.4 28 8.5 29 1.0 31 9.6 ·33 10 32 11 31 16 
Ba 4.2 2.1 102 9.0 196 21 103 22 149 71 112 25 144 58 183 83 
La ,1.1 0.1 12 0.4 31 3.0 28 3.6 29 8.6 32 4.0 27 8.9 29 9.7 
Ce 3.5 3.5 2.3 2.9\ 38 8.2 32, 5.7 35 17 40 1·4 29 17 36 18 
ll'd 3.9 1.2 20 2.4 37 3.9 35 4.5 31 6.5 39. 4.1 34 8.2 35 8.8 
Pb 2.6 3.7 42 2.3- 46 3.1 39 3.0 38 6.8 40 5·9 41 5.8 36 13 
(Blank epaces indicate that results have not been ca1ouNded) 

}t'or Li e.na1ytic,al error see appendix; major element chemistry. 
For Na and K analytical 'error see 'l'able 2. 

" 

1 Analytical error (standard deviation based 011 2x instrument relative de-viation, as quoted in Tables XRFI & 2, 

'of KEB8, Table. 9. 
2 Standard deviation in analyses from one outcrop. 

3 !olean and standard deyiation in locality sampling - Dozmary Pool. 

4 I,lean and standard deviation in locality sampling - De Lank Quarrief3. 

5 Mean and standard deviation in locality sampling - Cheescl'lring QUarry. 

6 Mean and standard deviation ,in locality sampling - Cheosewring QUa.-:ry, but ex.cluding "KEB29/30/31/43 

7 Hean and standaxd d.evintion in 3, 4, 5, & 6. 

B Hean and standn.rd deviation in analyses quoted in 'llable 9 



present limits of experimental error, however, Na and K for a 500g 

sample axe typical of an outcrop and whilst it might have been 

anticipated that a:tJY inadequacies in the alkali feldspar content 

would also have been reflected in the standard deviations of these 

elements, this is not the case. Any shortcomings in outcrop 

sampling with regard to the alkali feldspar megacrysts, therefore, 

remains unproven. 

c) Vaxiation in composition in locality sampling 

The results of the trace element analyses of the samples 

collected from the four test localities are given in Table 9, with 

the means and standard deviations summarised in Table 10. :By 

expressing the standard deviations on a partitioned scale it is 

possible to see the contribution to the overall standard deviation 

of each element from the various levels of sampling. Thus, for 

Sn, Ce, Nd, Zr, Pb and La the analytical errors will predominate 

as the largest component of standard deviation in locality compo

sition. 

In the subsequent analyses of the other localities each 

sampling "circle" (see Fig. 1) is represented by a single specimen 

and even where it was possible to collect two or more specimens 

they have been treated individually rather than being bulked or 

averaged. Some patterns of regional variations, therefore, may 

be masked or obscured by the standard deviations arising from the 

scale of outcrop and locality sampling. Thoueh it might have been 

logical to have collected and analysed several specimens per 

outorop or per locality to reduce these errors, exposure is a 

limiting factor. There is little benefit in collecting and bulking, 
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s~, ten specimens £rom one locality when another locality cen only 

be represented by one specimen at the most. 

Tests to determine whether e;ny meaningful variations exist in the 

trace element chemistry o£ the Bodmin Moor granite and associated 

rocks will be considered in ~xrther detail a£ter discussion o£ the 

variability arising £rom weathering. 

D) Variation in composition produced as a result o£ wea,thering 

The problem implied in the use o£ the term "weathering" and the 

difficulty in its application to the Eodmin Moor and other S. W. 

England gram tes has already been discussed in dealing with the 

major element chemistry (see p. 18). 

Although the term "weathered" has been employed as a £ield 

description for rocks which are regaxded as £riable in the hand 

specimen, it is the validity o£ the usage of the term in respect 

o£ possible chemical variation between quarry and exposed tor 

samples which is o£ interest at this point. It, as with the major 

element test of variability, the chemistry of KEB36 and 31 is 

compared with any o£ the specimens from Cheesewring Quarry (KEB38-42), 

see Table 9, then no apparent differences can be visually recognised. 

Although U concentrations are lower in KEB36 and 37 than in the quarry 

specimens, any conclusions about variation may be £ortllitous in view 

of the inadequacies in detection of this element (see appendix; XRF 

analysis). 

Fuge &.Power (1969), on the evidence of Cl and F analyses £rom 

the Cornubian granites, have indicated that "alteration has an 

- 35 -



important effect on the distribution of chlorine in granitic rocks, 

and, as even a slight alteration can cause a large change in the 

chlorine content, care is needed in the interpretation of the 

apparent distribution of chlorine in granitic rocks where their 

alteration history is unknown". Fuge (personal communication) has 

suggested that weathering may also be included as alteration, 

though this is not directly specified by Fuge & Power (1969). A 

number of specimens from the Dozmary Pool, De Lank ~arries, Roughtor 

and Cheesewring Quarry 10cal1 ties were analysed for F and C1 by 

Fuge (see Fuge & Power, 1969, for experimental details) and though 

'. 1 t WaS not intended that these elements should. be determined purely 

as a test of weathering 1t is worth considering the results in this 

light. 

It would be difficult to claim that Cl concentrations for 

KEB36 ~~d 37 (see Table 11) were significantly different from those 

of KEB38-42, though there is a marked reduction in Fl content. 

For KEnS, from the base of the present workings in the main De 

Lank Quarry, the Cl content reflects a marked increase compared 

to the other specimens (KEBI0-12) from upper parts of the quarry. 

This relationship is not apparent, however, in the Hantergantick 

~arry specimens (KEB17 - outcrop exposure; KEE18 - base of present 

workings). 

It is suggested, therefore, that although extensive atmospheric 

exposure may effect Fend Cl concentrations the results of Table 11 

are by no rnel'ms conclusive end in th~ overall terms of ma.jor and 

trace element chemistry analyses carried out in this work, tor and 

quarry specimens are similar. A more det9.iled, statistically 
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T~ble 11 Fluorine and chlorine analyses 

Dozmar;y: Pool (fine-grained granite) 

KEl31 KEl32 KEB5 
F 1013 946 800 

C1 124 95 74 

De Lank Quarries (coarse-grained granite) 

KEB8 KEl310 KEB11 KEB12 lCEB14 KEn15 KEB16 KEB17 KEB18 

F 1805 1682 1515 2016 1432 1910 100& 1860 1762 
C1 118 249 238 350 263 171 113 334 274 

Rour,htor (coarse-grained granite) 

KEB19 KEB20 KEJ321 KEB22 KEB23 KEB24 KEB25 
F 1752 1522 1515 1393 1900 175 1388 
C1 227 165 151 295 239 56 217 

CheeseVTring Quarry (coarse-grained granite) 

F 

Cl 

KEB32 KEB33 

1128 1956 
71 286 

KEB34 KE1336 KEB37 KEB38 KEB39 KEJ340 KEJ341 KEJ342 

6330 1261 1190 5080 5290 1611 2095 5590 

245 200 133 216 220 153 172 259 

Cheeseuring Quarry (KEB29 , mineralised coarse-grained granite) 

(KEB30/31/43, contaminated coarse-grained granite) 

KEB29 
F 1598 
Cl 331 

KEl330 
2220 

273 

All values in ppm 

KEB31 

1561 

117 

KEJ343 
5650 
248 

Analyst R.Fuee 



controlled, stu~ of near-surface and fresh, deep quarried rock 

might help, however, to clarify the extent to which weathering is 

important. 

2) The s.pplic8.tion of statistical methods 

A) Introduction 

Where large sets of chemical d~te are being considered, as 

in the present case of the trace element chemistry of the Bodmin 

Moor granite end e,ssocis.ted rocks, the extraction of meanifl.gful 

results is hampered by the sheer volume of analyses and use must 

be made of the computer in statistical and graphical methods for 

the breakdown of much of the data into more readily comprehensible 

terms. 

All of the following processing was carried out by Mr. E. 

Stephens at the Computing Laboratory of St. Andrews University 

on an IE~ 360 computer. For brevity, only the sources of the 

programmes employed will be noted, though some relevant details 

of the basic aspects and usefulness of each programme will be 

considered. To scme extent computer assessment 0 tten becomes 

cyclic with attempts at improving the output. For example, once 

a significant classification has been derived the next step could 

be to re-analyse the sub-groups, end so on, ad infinitum. For 

the present work, however, the computer has been used only for 

the initial requirements of assessment of the data and refinements 

have been minimised. 
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Frequency distributions 

Computer calculated frequency distributions, top set of figures 

indicate the number of specimens falling "Tithin a particular class 

level. LOHer set of figures indicate class number. 

Each element distribution is accurately scaled but scale varies 

for each element. 

See text for further discussion and interpretation 

.' 



.IO.IIIIIIM ..... II~I. 

u 

.. ,.2 •• t __ 

,17 
K 

12~56 
2.2.10_.11 ... S •• an 

Zn 

1.5,7.90IlQl.)lo4ew. :'(' 
"tD"gll IS 

n 

2 I I I 

... "" .. ' .... , 
Sn 

II 12 
I I .,_ Sl1I2aQOI3. •• • • • 

6' I. 

D .. It 

I • I I 

17 



1~ statistical tests and procedures, including those to be 

dealt with in this account, are founded on the assumptions that 

the samples have been randomly drawn and come from a normally 

distributed parent population. Consideration of the latter point 

is undertaken in detail in the next section in dealing with the 

frequency distributions and to some extent the former has been 

deal t with earlier in the section outlining the sampling plan. 

It is, however, worth stressing that the granite has by no means 

been sampled randomly. For chemical mapping, or trend surface 

analysiS, the effects of random sampling are not necessarily 

suitable as good areal distribution is required to prevent the 

trend surfaces from passing through unreal maxima and minima in 

regions of poor or even of no control. A partial sacrifice of 

randomly collected specimens for areally representative material 

would possibly be a suitable compromise but as stated earlier, 

exposure is the dominating influence and although inferences are 

made about the granite as a whole they are theoretically only 

applicable to the exposed granite that was sampled. 

B) Frequency distribution 

As noted in the preceeding section, statistical methods 

generally assume that the data upon which they are based is 

distributed normally, an implication which is not necessarily 

valid. 

In the late 'fifties and early 'sixties the geochemical 

literature abounded with discussion and argument about element 

distributions, mainly as a result of a series of papers by 
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Ahrens (1954, etc) in which lognormal distributions were invoked 

for some trace elements. It is not intended to follow or summarise 

the details of these earlier works but to consider each element 

distribution for the Bodmin 1wor grenite as analysed in this work -

an interpretation which Shaw (1961, p.111) also concludes as the 

most logical when he states that "theoretical distribution laws 

differ according to the situation" and "the errors of sampling, 

preparation and analysis are all reflected in the dispersion of 

a series of analyses". 

All the 195 specimens recorded in Table 9 have been plotted 

by computer (Data Screen Programme, IBM Programmers' Manual, 1968) 

in the form of histograms for each trace element, Fig. 3. Sometimes 

it is possible to make general conclusions about the distribution 

of the data from histograms; for example if they are strongly 

bimodal the system is obviously complex. A visual inspection of 

Fig. 3 suegests that although a number of elements give the 

impression of being symmetrically dispersed some, such as Na, 

Zr, Sr and Ba, appear to be negatively skewed while others, such 

as Cs, Sn, Zn and Cu appear to be positively skewed. 

A visual inspection of histograms is not, however, a rigorous 

test of frequency distributions and though presentation in other 

graphical forms may be an improvement a test of significance is 

required. The most suitable is the Kolomogrov-Smirnov (K-S) test 

which, being nonparametric, makes no assumption about the form of 

the population under consideration. In the present case this is 

an obvious requirement as there would be little value in testing 

for normality, etc., if this had to be initially assumed. The 
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K-S statistio is well dooumented in numerous statistioal texts 

and is adequately explained by reference to geological applications 

by Miller & Kahn (1962, Appendix G). Basically the test involves 

the comparison of the cumulative frequency curve which occurs under 

a theoretical distribution (in the present case normal and loenormal 

distributions) with the observed frequency curve. The maximum point 

of divergence of the two distributions is then determined and 

reference to the sample dispersion indicates whether such a large 

divergence is likely on the basis of chance. 

The results of the computer application (Kolomogorov-Smirnov 

Test, IE;! Proerammers'Manual, 1968) of the tests by comparison of 

the 195 samples of Table 9 with the theoretical normal and lognormal 

distributions are Biven below. The results are presented on a 0 

to 1 sca.le of probability, the higher the probability value the mor~ 

comparable is the sampled distribution to the theoretioal distribution. 

Probability 

Normal Lognormal Normal Lognormal 
Li 0.504 0.008 Sn 0.000 0.012 
Na 0.000 0.000 cs 0.004 0.706 
K 0.007 0.000 Ba 0.131 0.001 
Cu 0.000 0.000 La 0.136 0.000 

Zn 0.000 0.013 Ce 0.150 0.000 
Rb 0.059 0.001 Nd 0.704 0.137 
Sr 0.204 0.001 Pb 0.002 0.000 

Y 0.014 0.003 u 0.000 0.016 

Zr 0.119 0.000 Th 0.661 0.000 

The majority of elements are more comparable to a normal 

distribution than a lognormal distribution, although Cs, with the 
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hiehest probability value is lognormally distributed. The failure of 

the metallic elements, Cu, Zn, Sn end Pb to follow a normal distribution 

could be logically explained by the fact that some mineralised specimens 

give hieh concentrations for these elements when compared with the 

majori ty of coarse-erained gr~"I1i te and a.ssocil'ded rock specimens. The 

other two elements which fail to reflect a simple normal or lognormal 

distribution trend are Ira and K. There is little doubt that the history 

of these two elements is complex, as will subsequently be shown, and as 

already shown by others for the Cornubian granites (Bowler, 1959; Exley 

& Stone, 1964; Stone, 1966; Hawkes, in Edmonds et aI, 1966; etc.). The 

failure to conform to either of the theoretical distributions, therefore, 

is not entirely unexpected. 

HaVing established that the majority of the elements are more 

likely to follow a normal, rather than loenormal distribution in the 

Bodmin Moor granite it appears valid to aSSUllle normality in the 

following statistical tests. The exceptions to this assumption will 

be considered when justified, though it is perhaps appropriate now 

to mention one conse~uence which has already arisen but has been 

overlooked. The mean and standard deviation values quoted in Table 9, 

for those elements whose distribution is not normal, may be slightly 

displaced as a result of assuming normality. For example, the 

geometric mean value for the lognormal distribution of Cs, for 195 

samples, is 26 compared with the arithmetic mean of 31 quoted in 

Table 10. The effeot on the standard deviation for Cs, however, is 

not significant. 

c) Process extra.ction tecbniques 

These techniques enable the investieator to extract information 
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pertaIning to those variables which work together, those which are 

opposed and those which axe mutually exclusive vii thin a particular 

system. In the present context they may be regarded as a means of 

characterising geochemical trends or processes within a set of 

analyses. 

(i) Principal component analysis 

If a rromber of vadables are measured on a group of samples, 

then by linear transformation a set of new independent variables 

can be deterwined, generally fewer in number than those 

Originally measured, to account for as great a part of the 

total variation as possible. These new variables are called 

"principal components". 

The basis of principal component analysis can be explained 

in fairly simple geometric terms by considering a plot of all 

the samples in m-dimensional space, where m - the number of 

variables. The cloud of pOinte, thus formed, can be interpreted 

in terms of an ellipsoid, or hyper-ellipsoid if there are more 

than three variables. This hyper-ellipsoid can now be used to 

construct a set of axes to describe the variability within 

the samples. The major, or longest axis will represent the 

greatest amount of variability, the second longest axis the 

maximum of the remaining amount of variability and so on until 

all the variance has been accounted for by the constructed 

axes. If there are significant relationships among the 

original variables then the number of hyper-ellipsoid axes 
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necessary to explain a greater part of the variance will be 

fewer than the original number of variables. Further details 

of the geometrical interpretation are given by Koch & Link 

(1911, Vol. II, p. 119-126). 

In algebraic terms the analysis consists of a sequences 

of operations on a oovariance matrix and it is perhaps of value 

to consider some aspects of the mathematical development in 

the transformation, albeit in very general terms. The covariance 

matrix represents a measure of underlying variability in 

mu.1tive..riate date". The diagonal elements of the matrix are 

the variances and the off-diaeona1 elements are the covariances 

of the Original variables. Being a square (m x m) matrix 

the roots, or eigenvalues, can be solved from the determinant 

equation 

I A - ~I r - 0 

where A - the oovaria~ce matrix, I - the identity matrix and 

).. is an eigenvalue. The solution leads to a polynomial in 

~ of the 'm'th degree for whioh the roots generally have to 

be found by iterative methods. Associated with each eigenvalue 

is a (1 x m) matrix or eigenvector. These matrices, of which 

there are 'm', are found by solving the equations that may be 

written as 

x /A-).iII.o 

where X - a (1 x m) matrix and 1 i is one of the roots. If the 

eigenvalues of the covariance matrix are distinct, that is 

unequal, then the eigenvectors are independent and it is these 

vectors which are the required transformations and equivalent 

to the "axes' outlined in the geometric interpretation of the 

analysis. 
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It is relevant at this point to mention that the same 

procedures of analysis can also be applied to a correlation 

matrix. This matrix is constructed in a simile~ manner to 

the covariance matrix except that the original data are 

standardised so that each variable has an equal weighting and 

is independent of the magnitude of its concentration. This is 

done by making the means of the variables equal to zero e.nd 

the varie~ces e1ual to 1. Thus, instead of the transformed 

variables being based on the maxinrum amount of variance wi thin 

the system they are b~sed on the maximum amount of intercorrel

ation. 

The trace, or sum of the diagonal elements, of the 

covari~~ce or correlation matrix and the sum of the eigen

values are equal and represent the total variance or the 

total correlation respectively. The eigenvalues are calculated 

in their order of magnitude and the percentage total of the 

variance or correlation can be calculated by dividing the 

eigenvalues by the trace. Generally the first few eigenvalues 

account for the majority of this total, or so it is hoped, 

and those in excess of an acceptable proportion can be 

disregarded. Similarly the squared ve~lues of the terms of the 

eigenvectors c~~ be summed and the individual terms divided 

by the total to give an indication of the percentage contribution 

of the original variables to the principal component represented 

by that vector. If only a few of the original variables 

account for most of a principal component it may be interpreted 

by considering the nature of this combination and ignorine 
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Table 12 The principal component correlation matrix and the 

first seven "principal component s". 
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element to the eigenvector. Minus signs indicate that there 

is a negat i ve correlat i on wi t h positi ve-signed elements. 



the contribution of the other variables. Rather than consider 

the contribution of the orieinal variables in terms of a 

percentage of the transformed variables they are presented 

here on a linear scale such that a loading close to !l indicates 

that a variable contributes significantly to' the component and 

a loading close to zero signifies a negligible contribution. 

Further details and references to the mathematics are given 

by Wahlstedt & Davis (1968), whose computer programme was 

employed for the principal component analysis of the Bodmin 

Moor data. 

Geological uses of principal component analysis have been 

presented by McCammon (1966), Webb & ~riggs (1966) and Cann 

(1911) among others, with the latter two illustrating 

application of the analysis to geochemical data. Considerably 

more use has been made of factor analysis in the process 

extraction of geological data anQ this technique is, in fact, 

considered in the next sub-section of this a.ccount. As the 

first part of factor analysiS is be.sed on principal component 

analysis most of the literature cited in the followine section 

is also applicable to this section. 

Little is gained from a display of the principal component 

analysis of the covariance matrix for the ~odmin 1~00r data. The 

Ua and K concentrations are so high, compared with the other 

elements, that they swamp the matrix and two principal 

components contain 99.9% of the total variation. The first 

of these components, accounting for 61.3% of the total 

variation can be attributed to X, with a small add! tiona! 
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inf'luence from Na (having a negative correlation with K). The 

second component, 8.ccountine for 32.6;10 of the vaxia.tion is 

attributable to Na, with a small Hddi tional influence from 

K (having a posi ti ve correlation with Na). In other words, 

in terms of concentrations of those elements analysed the 

most significant v8~iation arises in K and Na, a conclusion 

that might have been expected from studying the table of 

trace element results (Table 9). 

Principal component ~alysis based on the correlation 

matrix for the :Sodmin Moor data is presented in TEI,ble 12. Only 

the first seven eieenvectors are presented and these a.ccount 

for 82% of the total Variation. The ideal situation would be 

to have a few va.rie.bles contributine to each component, 

thereby simplifyine a geological interpretation. Unfortunately 

this only happens in the sixth component where U has a very 

high loading. As this component accounts for only 5% of the 

total variation and the experimental detection level for U 

is unsatisfactory in the I!l8jority of s8l!lples (see appendix; 

XRF analysis) little sienificance can be attached to the result. 

The first component, accounting for 297~ of the total 

variation, is essentially controlled by Ce, Nd and La and to 

a lesser extent by Zr and Th. As the elements are normally 

distributed and mathematically independent a test can be 

applied to indicate the level of sienificance that can be 

attached to the correlation between the rare earth elements, 

Zr and Th. For the null hypothesis where two variables are 

independent let p - 0 (where x and y are the two variables xy 

and Pxy is the correlation coefficient). If rxy' which is an 
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estimate of p , is close to zero then the two variables are xy 

indenendent and if r .is far from zero then the two variables • xy 

are significantly correlated. Thus for a significence level of 

0<. .. 0.05 for 195 samples the critical region is -0.104'> I.' <0.104 

(Dixon & W~ssey, 1969, Table A30a, p.569); that is if r lies 

between -0.104 and 0.104 the variables are independent and if 

r is greater than :°.104 the variables are not independent. 

Taking the correlation between Ce and Nd as an example, the 

value of r NdCe from the correlation matrix, Table 12, is 0.9409. 

Thus at the significance level of 0<. - 0.05 Ce and Nd are 

strongly correlated (not independent). A similar check indicates 

that for the same level of significance Ce, Nd, La, Zr end Th 

are all strongly intercorrelated. It follows, therefore, that 

the variation recorded by the first eigenvector of the principal 

component analysis can be e.ssessed as significant. 

The second component, accounting for 1~ of the total 

variation, can be attributed to Y and Rb and to a lesser extent 

to K. The third component, accounting for 1(Y;·~ of the total 

variation, is influenced by Li and to a lesser extent by Cs 

and Na. Applying the same test as for the first component and 

at a level of 0<... .. 0.05 then, the correlation coefficients 

between the variables in the second and third components are 

also significant, except those between Cs and Na. 

The fourth, fifth and seventh components reflect variations 

that arise from the metalliferous elements though the actual 

amount of variation that accol~ts for each component is 

relatively small. 
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(ii) Faotor analysis 

For the purpose of this acoount factor analysis may be 

considered as an extension of princip~.l component analysis as 

it attempts to highlight to a greater degree the variables 

that contribute to a particular principal component. It is 

convenient to explain the details involved geometrioally, the 

reader being referred to Harman (1960) or Cattell (1965) for 

the full mathematioal and statistical details. (There is also 

a number of works which consid.er the signifioances and 

interpretations of factor analysis with respect to the 

processing of geoohemioal data. Some of the more recent, in 

which references are made to earlier works, include laesoh 

~ (1966), Nichol et a1 (1969), Reeves & Saadi (1971) and 

Mottana ~ (l971~. 

If the orientations of the hyper-ellipsoid axes defined in 

the prinoipal component analysis are signifioantly different 

from the original axes then inter~retation of the results may 

be diffioult. In an attempt to overcome this problem the 

principal component axes are "rotated" so that some of them 

lie as olose as possible to the original axes. Thus, in the 

"rotated" components high variable loadings are maximised and 

low loadings are minimised. For the l30dmin :Moor data an R-mode 

factor analysis has bp.en applied (Factor Analysis, IBM 

Programmers'Manual, 1968), where R-mode indicates that it is 

the variables, rather than the samples, which describes the 

m-dimensional space. 
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The effect of "rotationlf on the first eigenvector found in 

the principal component analysis merely enhances the loadings 

of Nd, Ce, La, Zr and Th. Similarly in the second component, 

Rb and Y are enhanced though K remains almost constant. Cs, 

however, also becomes a significant contributor. In the third 

eigenvector, although Li is slightly enhanced the factor analysis 

points to K and Ba, acting with a negative correlation to Li, as 

the most effective variables. 

The loadings for the first three factor analysis components 

are shown in Table 13. A minus sign indicates that a particular 

variable is acting with a negative correlation to a positively

signed variable. Table 13 should be compared with Table 12 to 

identify the effects of factor analysis "rotation" on principal 

component analysis. 

The statistical. meaning in "rotating" the hyper-ellipsoidal 

axes is not satisfactorily known and there are no tests of 

significance that can be suitably applied to the results. t~Yt 

for example, Ba and K should become the high loading factors in 

the third component as a result of factor analysis is difficult 

to assess both mathematically and geologically. At a 

significa~ce level of v( - 0.05, however, it is evident from 

the correlation matrix (Table 12) that Ba, Li and K are all 

significantly related, whereas Cs and Na in the third principal 

component are not. In theory, while it would be better if the 

implications of the process extraction techniques were confined 

to the results of the principal component analysis, the 

geological interpretations and element correlations are 
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simplified by accepting the results of the factor analysis. 

As the third fa.ctor accounts for only l~~ of the total 

variation and the first two factors are essentially those 

recognised in the principal component analysis little is 

lost in accepting what Illa3 possibly be a statistically 

inexplicable transformation. In the subsequent discussion 

of the trace element statistical tests, therefore, the simpler 

alternative of factor analysis is accepted. 

D) Classification technioues 

i) Cluster analysis 

Cluster analysis is a method for grouping similar samples 

so that samples within one particular group are more comparable 

with each other than with the members of other groups. In the 

present context the technique perIni ts a classification of the 

analysed samvles based entirely on chemical data without being 

influenced by field or petroeraphic evidence. 

The progre.mme (Clustran II, Wishart, 1969, 1970) employed 

for the cluster analysis of the Bodmin l!oor rocks is based on 

a measure of the Euclidean distance between two samples in 

m-dimensional space, where 'me is the total number of variables. 

The shorter the distance between two samples the greater the 

degree of similarity, and vice-versa. Distance coefficients 

are thus built up for all the possible pairs of samples in a 

similari ty matrix. The Clustran II programme allows one of a 

namber of final classification techniques to be employed and 

Ward's (1963) method was selected. This inspects and reduces 
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Table 13 Factor Analysis Results (First Three Components Only) 

Eigenvector (or component) 1 2 3 
% of Total Contribution per 

Eigenvalue 29.1% 17.6% 10.3% 

Cumulative % of Eigenvalue 29.1% 46.7% 57.05;' 

Li -0.08333 -0.40428 0.68431 

Na -0.10837 O.2iL077 0.33588 
K 0.03688 -0.41100 -0.70782 

cu -0.03255 0.40016 0.21367 

z."1 0.11819 0.12870 0.35180 
Rb -0.20281 -0.88370 -0.14394 

Sr 0.50136 0.18851 -0.34620 
Y 0.07508 -0.87794 ~.15302 
Zr 0.90536 -0.01283 -0.09185 

Sn 0.02811 -0.40740 -0.06147 
cs -0.34664 -0.65388 0.45611 
Ba .0.34306 -0.11687 -0.78757 
La 0.95500 -0.00269 -0.14255 
Ce 0.90597 0.15543 -0.07661 
1M 0.92269 0.04543 -0.10151 
Ph -0.01897 0.23772 -0.05108 
U 0.15863 0.08514 -0.00648 
Th 0.83367 0.06295 -0.06490 

The hieher the value the more cignificant the contribution of 

the element to the eigenvector. r.Iinus siens indicate that there 

is a negative corrclatiol1'l1ith positive~~igned elements. 



the similarity matrix of the recognised groups (k) into k-l 

groups by considering the union of all possible k(k-l)/2 pairs 

that can be formed and accepting the one with the optimum 

distance coefficient. The process is repeated until all the 

groups finally merge into one. 

One of the problems of using Euclidean distances as the 

similarity measure is the fact that there is an underlying 

assumption that the variables are orthogonal, which in turn 

implies that they are not correlated. Some elements are, 

however, chemically related as it has already been shown in 

the preceding section and the effect of applying a cluster 

analysis classification is that these related variables are 

enhanced over the weakly correlated elements. Parks (1966) 

and Rhodes (1969) describe a number of methods of overcoming 

this shortcoming, though Rhodes (1969) finally ienorecl. the 

orthogonal reCluirements when he found that weishting of the 

good discriminators produced results almost identical to those 

using the oriGinal data. In the Clustr~ II proeramme the 

first part of the ~~alysis incorporates a principal com,onents 

transformation of the standardised data, thus eliminating the 

effects of correlation of the orieina.l variables. 

Althoueh the objective of clu3ter analysis is to arrive at 

a meanincful eroupi~ of the samples a. difficulty ['.:!.'ises as 

to the interpretation of "oeanincful". In the present case 

this has been identified by i~specting the dendogr~ table 

(a listing of the distance coefficients between groupings) and 

noting the point at which the distance coefficients exhibit a 
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marked discordance. This is perhaps explained in simpler· 

terms by considering, say, eight samples of whioh four belong 

to one group and four to another. The first reduotion will 

produoe four sub-groups and the second the two eroups whioh 

are already knovm. For these reduotions the distanoe , 

ooefficients will be comparable but in the final step of 

reducing to one group the distance coefficient will be large 

because of dissimilarity. In other words these two eroups 

are interpreted as "meaningful" because of the relatively 

large distance coefficient necessary to merge them. 

The most "me,g,ningful" [."I'ouping on this basis, for the 

Bodmin l!oor specimens, gives .five groups but as two of these 

groups contain only one sample and the reduction to three 

gToupS absorbs these two oddities it is perhaps more appropriate 

to consider these three groups together with their make-up. 

A sample listing of the groups is given in Table 14 together 

with the abbreviated notation of the field and petrographic 

classification outlined in the chapter dealing with the 

sampling plan. Although the cluster analysis is by no means 

equivalent to the field and petrographic classification a 

broad generalisation can be made. Group 1 contains the 

majority of the fine-grained and medium-type ~anites, aplites 

and kaolinised coarse-grained gr&~tes, Group 2 the elvans, 

and mineralised coarse-grained granites and Group 3 the coarse

grained grani tee. This last grouping is particularly strong, 

for going back e.s far as the clustering to 10 groups it has 

been virtually completed, whereas Groups 1 & 2 are still being 

formed from their sub-groups during the reduction from 10 to 

3 clusters. 
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.Tab1e 14 Cluster <tnalysis groupings 

Group 1 Sub-Group A 26 Specimens 

KEB1-1 (FOG), KEB30/31 (XCGG), KEB43 (XCGG), KEB400/421/423/425 (CGG), 

. EB190 (XCGG), KEB504 (XCGG), KEB525 (CGG), KEB527 (ACGG), KEB541 (FOG), 

KEB551 (AP),KEB160/U(91) (CGG), E1(19) (AP), L104(40) (XCGG), 

HARR (vlCGG), LL (VCGG). 

Sub-Group B 19 Specimens 

BB45 (CCGG), KEB410 (CGG), KEB416 (XCGG), K1JB417 (vICGG), KEB508 (ELVAN), 

KEB538 (PEG), KEB539 (HCGG), KEBl17 (QV), KEB149/162 (CGG), n(70) (AP), 

L114 (CGG), mlE2 (XCGG), BSE3 (CCGG), H3 (CCGG), 121/123 (CGG), 

124 (MCGG), 125 (eGG). 

Sub-Group C 

KEB426 (VCGG). 

1 Specimen 

Group 2 Sub-Group A 18 Specimens 

KEB26 (ACGG), KEB27 (ELVAN), KEB28 (ACGG), KEB39/408 (CGG), KEB420 (}~~G), 

KEB429 (CGG), EB79 (ELVAN), EB164 (ELVAN), KEB507 (HCGG), KEB521 (CGG), 

KEB528 (VCGG), KEB544 (CGG), I<EB112 (ACGG), El(65 )/U1 (MCGG), DIIA (CCGa). 

Sub-Group B 24 Specimens 

KEE13 (ELVAll), KE:B402 (VCGG), KEB414, (XCGG), KEB419 (ACGG), 

KEB422 (ACGG), EB69 (ELVAN), EE76 (PEG), KEB509/10 (ACGG), KEB514 (PEG), 

KEB522/523 (ELVAN), KEB524 (CGG), KE:3526 (ELVAN), KEB532/534 (ACGG), 

KE:B119 (UCGG), C (CGG), E2(38)/E2(39)/E2(63) (r.1CGG), K2 (XCGG), tIll (AP), 

119 (CGG). 

Group 3 Sub-Group A ·106 Specimens 

KEB8-12 (CGG), KEB14-25 (CGG), KEB29 (MCGG), KEB32-34/36-38/40-42 (CGG), 

KEB401/404:(CGG), KEB405 (ELVAU), KEBL106 (ACGG), KEB407 (CGG), 

KEB409/411/412 (CGG), KEB413 (CCGG), KEB415/418 (CGG), KEB424 (HCGG), 

KEB421/428 (CGG), KEE430 (\'ICGG), KE13431 (CV), EBlOl/119/121/123 (COG), 

EE195 (VCGO), KEE500/501 (CGO), KEB502 (XCGG), KEB5~3 (CGG), 

KEB505/506 (XCGG), KEB512/513/515-517 (CGG), KEB519 (PEG), KEB520 (CGG), 

KEB529 (CGG), KEB531 (ELVAN), KEB530 (ACGG), KEB533/536 (CGG), 

KEB531 (n::GG), KEB541 (XCGG), KEB540/542/543/545/546/548-550 (CGG), 

KEE552/44 (CGG), KEB65 (MCOG), KEB108/115/116/131/132/135/138-145 (CGG), 

KEE149/151/161 (CGG), KEB193 (HCCG), A/E/P/12/14A (CGG), C216 (ACGO) 

C217(CGO), C218(6)/C218(45) (ACGG), L104(26) (CGG). 

Sub-Group B 

E1(56) (NCGG) 
• 

1 Specimen 
''::' 



The Clustran II progr~e gives a diaenosis of the most 

powerful discriminators in the sample grouping. The statistic 

employed is based on the F-ratio test, the principles of which 

are described in most introductory texts on statistics (e.g. 

Dixon & N~ssey, 1969). In the present case the test is based 

on the ratio of the variance of the cluster samples to the 

variance of the total number of samples. The hypothesis that 

an element is a good discriminator is accepted when the 

calculated F-ratio value is less than that determined at a 

particular significance level from statistical tables. For 

a significance level of 0< - 0.05 the ~Nl-l)(N2-1) value is 

approximately 0.7 (Dixon & Massey, 1969, Table A-7c, p.483/4), 

where Nl • the number of samples in the group (Group 1, 

Nl - 46; Group 2, Nl - 42; Group 3, Nl - 107) and N2 - the 

total number of samples (195). As Nl is fairly large the 

F-ratio value is approximately constant for all the three 

Bodmin l.!oor groups. The calculated F-ratio values are given 

in Table 15 for the five-group level of the three recognised 

cluster groups. The reason for this is that in incorporating 

the two odd specimens from the five-group level to the three-

group level there are marked changes in the F-ratio values 

for Sn and au in Groups 1 and 3. KEB426 has a very high Sn 

content (S23ppm) and El(56') a high eu content (2138ppm) giving 

changes in the F-ratio values of 0.11 to 3.62 and 0.17 to 1.77 

respectively. It can be seen from Table 15 that this would 

result in both elements being the worst discriminators in 

their respective groups whereas they are in fact among the 

best discriminators. 
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Table 15 F-Ratio values fo"!" the five-p;roupinc; level for the 

cluster analysis of the Bodmi'n 111001' rocks. 

Group1 Group2 Group3 

Element F-ratio Element F-ratio Element F-ratio 

Cu 0.04 Cu 0.01 Sn 0.02 

Sn 0.11 Cs 0.23 cu 0.17 
u 0.29 Sn 0.31 K 0.21 
Sr 0.30 Li 0.39 La 0.28 

Nd 0.30 Zn 0.45 Nd 0.30 
Ce 0.30 Zr 0.46 Ce 0.31 
La 0.34 U 0.47 Zr 0.34 
Zn 0.36 Pb 0.52 Rb 0.36 

Zr 0.46 Rb 0.63 Ba 0.39 
Fb. 0.51 Ce 0.76 y 0.39 
Th 0.60 Th 0.82 Sr 0.44 
Ba 0.68 La 0.90 Na 0.45 
K 0.86 y 0.96 Th 0.46 
Rb 1.21 11a 0.99 Cs 0.51 
Na 1.28 Nd 1.09 Li 0.66 

Y 1.36 Sr 1.25 Pb 1.04 

Li 1.38 l3a 1.53 Zn 1.21 

Cs 1.41 K 2.01 U 1·48 

The 10Hcr the F-ratio value the more significant is that e1et1cnt 

as a croup discriminator. At a siCnificf'..l1ce level of ex.. = 0.05 

only F-ratio values losfl th()n 0.10 arc significant. 



When the results from the F-ratio test are considered in 

terms of the element means and standard deviations for the 

three groups (Table 16) it is evident that there is no 

distinctive relationship in Cu and Sn, the best element 

discriminators. Instead a spread of one standard deviation 

about the mean of any of the three groups gives an overlap 

of values such that it would not always be possible to "pigeon

hole" any particular specimen Pllrely on the basis of its Cu or 

Sn concentrations. In fact only Zr appears to offer such a 

possibility for classification. 

In terms of overall trace element chemistry, however, the 

three cluster analysis groups are adequately defined and 

although odd specimens appear to be incorrectly allocated 

there is a distinctive set of field and petrographic character

istics to each group. No attempt has been made to re-classify 

the apparently "anomalous" specimens. 

When the results of the process extraction techniques are 

considered in the light of the three cluster analysis groups 

the variations accounted for by La, Ce, Nd end Zr are readily 

apparent from an inspection of the three group means (Table 16). 

For Os, Ba and Li at least one of the three groups is distinot

ively defined but there is an overlap of values about the 

means of the other two groups. For Rb, Y and K a spread of 

one standa~d deviation from at least one group overlaps the 

mean values of the other two groups and similarly a spread of 

one standard deviation arising from some of the sampling 

localities (Table 10) also embraces the means of at least two 

e;roups. In other words variations in Rb, Y and K oannot be 

- 54 -



Table 16 I.lean comnosi tions and standard deviations for the 

three cluster anal~sis e,::roups. 

GrOll!! 1 Gran!! 2 Group 3 
mean s.d. mean s.d. mean s.d. 

Li 258 123 126 65 240 85 

Na 16382 8961 10613 1148 19257 5478 
K 45514 9111 52223 13466 43302 5832 

cu 15 34 28 43 31 215 

Zn 50 16 41 18 64 30 

Rb 540 89 481 62 448 58 
Sr 41 13 18 25 80 15 
Y 50 10 41 8.0 43 6.1 

Zr 62 29 153 29 125 28 
Sn 39 14 31 24 18 5.1 
cs 41 19 22 1.8 28 12 

Ba 121 10 248 103 185 54 
La 18 5.9 39 9.3 30 5.3 
Ce 15 11 56 16 31 11 

Nd 25 5.0 44 9.3 36 4·9 
Ph 31 9.4 29 9.6 42 14 
U 7.1 5.2 12 6.1 8.3 12 

Th 8.2 6.6 24 1.5 17 5.8 

All values in ppm 

!!.2.12 -. If KEB426 is excluded from Group 1 the mean for Sn 

is 12. If El(56) is excluded from Group 3 the mean 

for Cu is 11. standard deviations (s.d.) are also 

amended if these tNO samples are omitted, see text 

for further detai10 and explanation. 



adeQuately defined within any particular group. 

(ii) Discriminant analysis 

Discriminant analysis is another statistical method for 

classifying multivariate data and in the present case it h~9 

been employed as a basis for oheoking the field and petrographic 

groupings with the ohemical data. Geometrically the analysis 

can be considered as a method of relating individual samples 

within a particular group, which defines a characteristic, 

hyper-ellipsoid, to the distance between the centres of paired 

hyper-ellipsoids. The closer a semple is to a hyper-ellipsoid 

centre the more closely it is related to the group defining 

that hyper-ellipsoid. 

Briefly, in algebraic terms, the principle is to compute 

some linear combination of 'm' variables that define the 

reoognised groups of samples in m-dimensional space so that 

the ratio of the between-groups' variance to the within-

groups' variance is Iraximised. The linear function is 

specified for the variables (X) and a series of constants (~) as 

The values of the constants are obtained by solving 'm' 

simul taneous equations based on the variable -means and 

estimates of the pooled covariance of the variables within 

the reoognised groups. Full mathematioal details are explained 

in detail by Koch & Link (1911, Vol.II, p.102-ll1) who consider 
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the distance concept between means from univariate throueh 

to multivariate data in readily comprehensible steps. Koch 

& Link (1971) also give examples of the use of discriminant 

analysis, as does Rhodes (1969), in terms of classifying 

geochemical data. 

In the IE! programme (Discriminant analysis, IBM Progr8nuners 

l!anua1, 1968) employed for the discriminant analysis of the 

Bodmin Moor rocks the relationship of a sample to a group is 

expressed by the probability associated with the largest 

discriminant fUnction on a 0 to 1 linear scale such that the 

nearer the value to 1 the more satisfactory the classification. 

In Table 11 the results of the discriminant analysis test of 

, 

the grouping outlined in the sampling plan are presented. One 

point of note is that after the original sampling classification 

one or two samples were re-classified on further petrographic 

study and some samples in Table 17 may be included in groupings 

dissimilar to those referred to elsewhere. The incorrect 

location of these samples in running the discrimin~~t analysis 

test is of minor consequence in view of the followine conclusions. 

The discriminant analysis does not offer a very satisfa.ctory· 

confirmation of the eleven recognised field and petrographic 

divisions. Discounting the fine-grained granite, because 

seven of the samples are known to be related_by virtue of their 

field aSSOCiations, only the kaolinised coarse-grained granite, 

pegmatite, aplite and mineralised coarse-grained granites can 

be considered as ch9Xacterised from the chemical data. Even 

so there e.re "anomalous" s'lmples within these e;roups; for 
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example, KEB5l9 and Llll in the pegmatite and aplite groups 

respectively have a greater association with the elvan group 

though neither has the physical or mineralogical attributes of 

elvans. Similarly there are specimens in other groups which 

are more closely related to these fairly well defined four 

groups. KEB50e, from the elvan group, and KEB402, from the 

veined coarse-grained granite group, are both classed as 

pegmatites though again neither is physically cOffipatible with 

this description. 

It is possible to test the significance between groups on 

the basis of. the Mahalanobis' generalised distance (D2) which 

is a measure of the distance between multivariate meanso In 

the present case, however, such a test is of little value as 

the majority of the field and petrographic groups appear to be 

poorly defined chemically and there is no advantage in 

attempting to apply significances to groups which have 

inconclusive physical and chemical relationship~. 

In conclusion, whilst it is appreciated that classification 

"anomalies" do occur both.chemically and petrographically, 

the three cluster analysis groups appear to satisfy the relationships 

between the chemical and physical attributes more adequately 

than the eleven field groupings. It has, therefore, been 

decided to adopt these three cluster groupso A consequence of 

this is that there no longer appears to be any justification 

for retaining the prefixed sampling descriptions (see p. 1 ) 

for the coarse-grained granite, that is apart from 

mineralised and kaolinised and possibly contaminated 
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Table 17 Discriminant analysis results 
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when this term refers to the m~dium-type granite. Vlhen the 

petrographic prefixes were first introduced it was admitted 

that they were loosely applied (p. 7) and as the discriminant 

analysis classification reveals that they are not chemically 

verified their use can be discontinued. 

E) Multiple rep;ression 

lfultiple regression enables the change of the mean of one 

particular variable to be followed in terms of the other variables. 

Its use is perhaps more applicable in economic geology where, for 

example, in one area the behaviour of a particular geological 

property can be found to vary in accordance with other, more 

readily measurable, properties. By assumine a similar relationship 

of properties in another area the benefits of the test are immediately 

apparent. 

Both geometrically and a1eebraically the prinCiples of the 

mathematics in multiple regression analysis are similar to those 

of trend surface analysis (to be considered in the following section). 

Geometrically the aim of regression analysis is to plot multivariate 

results and fit a plane or curved surface to the observations in 

order to minimize the sum of the squared distances from the fitted 

surface to a reference plane, the squared distance being measures 

perpendicularly to this reference plane. In other words it may be 

considered as an extension of the techniques of linear regression 

of one independent variable. Thus one variable is selected as a 

dependent while the other variables are independent such that the 

followi~~ equation relates the variables 

••••••••• + P kXk + e 
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where, 

w - the dependent variable, 

~- the general coeffioient, 

~ l' ~ 2' • ···~k· the ooeffioients for the independent variables, 

%1' x2, •••• :lJc - the independent variables and 

e • the random fluotuation. 

The correlation can then be estimated between the dependent 

and independent variables by a least squares solution of the 

parameters representing the general and independent variable 

coefficients. Further mathematical details are given by Koch & 

Link (1971, Vol. II, p.87-89) and programme oomputation details 

given in the IEM programmers' manual (:M'ul tiple Regression, IEM 

Programmers' Ma.nual, 1968). 

The results of the regression for each element in all the 

samples and then in each of the three oluster-analysis defined 

groups are tabulated, here, in terms of the standard error of the 

estimate of the dependent variable (Table lS). It is possible to 

determine the significance of the fitted surface, and henoe that 

of the standard error of the estimate, from an analysis of variance 

test on the ratio of the mean for the sum of squares "explained" 

by the fitted surface (regression sum of squares) to the mean of' 

the sum of squares "unexplained" by the fitted surface (residual 

sum of squares). The null hypothesis is accepted when this ratio 

is less than or equal to & theoretical value at some particular 

signifioance level. Taking Li, therefore, in all the samples as 811 

example, at & signifioance value of ex.. - 0.05 the theoretical F-ratio 

value '1 _~(N1-1)(N2-l) - '0.95(17, 177) - 1.75 (Dixon & Hassey, 1969, 

Table ~7o, p.485), where N1 - no. of elements (18) and N2 - no. or 
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Table 18 J.lultiplc reGression results 

L1 
Na 

K 

Cu 

Zn 

Rb 

Sr 
y 

Zr 

Sn 

Cs 

:Sa 

La 
Ce 

Nd 

Ph 

U 

Th 

All Samples 

SEE F 

62 22 

4813 18 

7092 9.1 

98 20 

23 4.6 

31 59 

13 21 

3.9 40 

20 44 

35 3.1 

8.9 26 

51 19 

2.1 222 

5.6 113 

2.9 91 

12 4.3 

9.9 0.4 

4.9 21 

Groupl 

SEE F 

Group2 

SEE F 
Group3 

SEE F 

62 8.4 50 2.8 48 14 

4672 8.1 5144 4.1 3195 13 

1614 2.1 1335 6.7 3066 17 

31 1.6 31 

13 2.4 14 

25 31 28 

7.8 5.1 17 

3.3 23 4.2 

15 9.0 11 

64 1.8 11 

10 1.3 6.5 

34 9.3 73 

1.6 34 2a 
5.3 8.6 5.8 

2.6 8.1 3.1 

5.4 6.2 6.7 

4.6 1.8 6.6 

6.5 .1.0 4.8 

1.8 9Q 31 

2.6 27 2.6 

10 25 29 

4.0 9.5 9.9 

7.1 3.4 15 

5.4 16 13 

3.4 4.7 3.9 

2.0 5.9 19 

3.4 34 11 

42 2.2 31 

18 5.2 24 

21 2.1 15 

3.6 12 2.1 

1.0 12 0.7 

4.6 4.0 8.2 

SEE = standard error of the estimate (in ppm). 

F = F-ratio value. 

The hypothesis that the standard error of the estimate is significant 

is accepted "then the F-ratio value of the analysis of variance is 

greater than that derived from statistical tables (Dix.on & nassey, 

1969, Table A-1c, p.485). Foro<..';' 0.05 the F-ratio values are 

D.freedcm 

F-ratio 

All samples 

(17,171) 

1.15 

Group1 

(11,28) 

2.01 

Group2 

(17,24) 

2.11 

Group3 

(11,89) 

1.75 

Thus the higher the F-ratio value the more sicnificant the standard 
error of the estimate. 



samples (195) - HI. The calculated value for the regression for Li 

is 21.8 and, therefore, the alternative hypothesis is aocepted. In 

other words the fitted surface "explains" more of the variance than 

the residual and from this it can be assumed that there is a 951a 

chance that the Li value of MY sample can be detected to ~62 ppm 

on the basis of measurements of the other elements. The importance 

of this can then be considered in terms of the means and standard 

deviations for the element in Table 10 and for the three cluster 

groups in Table 16. (Note that N2 for the oluster analysis groups 

ceases to be 177 and becomes a lower figure depending upon the 

number of samples in the cluster group. The effeot on the 

theoretical F-ratio value is noted in Table 18). 

While the implications of the various statistical tests will 

be considered together in the conclusion, it is of interest to note 

at this point that although OIl and Sn are found to be good 

discriminators in the cluster analYSis grouping their concentrations 

cannot be significantly assessed by multiple regression techniques. 

This inability to assess concentrations of OIl and Sn, and also Pb 

and Sn, on the basis of the other elements that have been analysed 

in this work implies that the present statistics and chemistry 

would be of little assistance in the economic exploration for 

these metallic elements. 

F) Trend surface analysis 

Of the numerous statistical tests that have been applied to 

geo1oeica1 data in recent years that of trend surface analysis is 

perhaps the most familiar. A1tho1~h Grant (1951) is generally 

aocepted as introdUCing the term 'trend surface' Krumbein & 



Graybill (1965, p.32l) offer what is probably a more comprehensible 

explanation of the process when they write tI ••••• trend surface 

analysis may be defined as a procedure by which each map observation 

(chemical observation, in this case) is divided into two parts: 

some associated with the 'large-scale' (regional) systematic changes 

that extend from one map edge to the other and others associated 

with 'small-scale' (local) apparently nonsystematic fluctuations 

that are superimposed on the large-scale pattern". 

As with the other analysis techniques it is not intended to 

review in detail previous results or applications of trend surface 

analysis, though references to such work will be made when appropriate. 

Although the algebraic computations in the analysis could be covered, 

such details are adequately expressed in other texts (e.g. Krumbein 

& Graybill, 1965, p.3l9-351) and as the methods involved are 

applicable to most trend surface procedures there is little point 

in reiterating these basic concepts. 

Geometrically the analysis can be considered as an attempt 

to tlfi ttl a planar or curved surface to a set of areally distributed 

points in order to assess variations within the results. By 

increaSing the complexity of the mathematics the shape of the fitted 

surface can be amended in an attempt to account for a greater 

percentage of the variation. The criterion for obtaining the 

best fit or "explanation" is to reduce the sum of squares of the 

departures of the data from the computed surface. In other words 

the principles are very similar to those expressed earlier in 

multiple reeression analysis except that each element is treated 

indiVidually and it is the "geography" of the geological trend, 

rather than the predicted concentration which is beine assessed. 
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As the fitted surface rarely corresponds exactly to the actual 

observations there is a residual variation, measured as the vertical 

dista...'1.ce between the sample point and the fitted surface. This 

residu.u variation may represent random ttnoise", such as sampling 

or analytical error, or it may contain geologically significant 

information. \7hitten (1959), for example, in the trend surface 

analysis of the Donegal granite interpreted the residual variation 

as 'ghost stra.tigraphy'. Thus the removal of a gen9ral trend 

surfa.ce may emphasize local departures of significance and both 

the trend surface and residuals may have meani~~l geological 

implications. 

When observations can be made on a rectangular grid the 

algebraic computations of the trend surface are generally derived 

by orthogonal polynomial analysis but when the observa.tions are 

limi ted and irregularly distributed over an area, as with the Bodmin 

Moor samples, a form of non-orthogonal analysis is necessary. As 

the height for the Bodmin Moor samples appears to offer little 

chemical variation, in terms of the 3-dimensional form that can 

be sampled, the trend surface for the gram te was computed in two 

dimensions, U and V, for which the polynOmial relationship may be 

expressed as 

where, 

w - the trend surface estimated from a polynomial of the 

degree (p,q) that fits the observed data 

.-.J. () = the parameters vo...,',... PC! 

e = the random fluctuation. 

In the present work the co-ordinates U and V were based on the erid 

- 62 -



lines employed for the sampling of the granite (see Fig. 1). For 

non-orthogonal points the method of computing the polynomial 

expression is that of least squares, this being based on a 

conventional method of analysis in matrix algebra. 

The method of trend surface computation applied to the Bodmin 

11!oor gram te results (all elvan, aplite, pegmatite and fine-grained 

eTanite samples having been discounted for the purpose of this 

test) was that of Cole (1968, 1969). Although the initial part 

of this programme is similar to others the final steee involves 

an "iterative-fit" technig,ue the purpose of which is to "smooth

out" any discontinuities or irreeulari ties in the ini tisl ltovereJ.l

fit" surface. The methods involved in this "smoothinc" technig,ue 

are described by Cole (1968, 1969) 'nth the mathematics expressed 

in further detail by Cole & Davis (1969). The iterative staees 

are repeated until either the maximum correction at any grid pOint 

has just failed to exceed some ir~tially stipulated value or until 

a specified number of iterations has been carried out. In the 

present work it was found that for most elements ten iterations 

were necessary in order that the "iterative-fit" surface accounted 

for at least 90% of the total variation and in order to maintain 

a consistency throughout, ten iterations were applied to each 

"overall-fit" surface. On the "overall-fit" trend surface print

out, triangular markers are placed at data pOints where the 

calculated value differs from the real value by some chosen 

percentage. 25~!o of the standard deviations of the original value 

was selected here as a suitable percentage as this figure was 

thought to be large enough to allow for a:ny sampling or analytical 

err(jr but small enough to permit detection of "anomalous" samples. 
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These markers, therefore, reveal aJJY abrupt "anomalies" in the 

observed data which would result in contour gradients too steep 

to be accurately represented on the final "iterative-fit" surfaceo 

For clarity, however, the triangular markers are not reproduced 

on the trend surface diagrams for the Bodmin Moor erani te (Figs. 

4-12), though details of the "anomalous" specimens are given in 

the tables accompanying each figure. The computer programme' also 

plots "difference-maps" showins the difference between the "iterative

fit" and the "overall-fit" trend surfaces and when the final fit is 

good, i.e. better than 90%, the "difference-map" can be oonsidered 

as being similar to the traditional residual map. 

Cole (1969) indicates that some of the adv~~taees of employing 

the "iterative-fit" technique are 

1) that the "overall" trend surface fit is not critical, in other 

words it is purely a guide for the computer construction of the 

"iterative-fit" surface, 

2) that as the in! tial data are used at every iteration there is no 

"round off" error to aocumu1ate, 

3) that the data points after the "overall-fit" surface has been 

applied are not interdependent and "anomalous" points do not 

affeot the entire map as they may do in some other trend surface 

techniques, and 

4) that the statistical fit is generally good, quickly achieved and 

does not incorporate any preoonceived ideas of the user. 

Use of the "iterative-fit" trend surface technique in the assessment 

of geological data is well illustrated by Read ~ (1911) in which 

the Cole (1969) programme is employed. 

As with all other mathematioal tests, trend surface analysis 
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requires thoughtful use in order that any interpretations are 

geologically, rather than statistically influenced. Being one of 

the more familiar statistical tools the implications of these 

analyses have received more attention than other tests and a 

particularly useful discussion on deciding whether trend surfaces 

are meaningful are given by :Baird li& (1971) and Whitten (1972) 

the former work being a reply to criticisms by Chayes (1970). As 

with the other statistical methods the use of significance tests 

or the repetition of the analysis employing only part of the data, 

or further independent data, may be of assistance though the final 

acceptance, or rej ection, of a res III t is generally based on 

intuitive judgment. Such a check, for example, can be made by 

explaining the results on the basis of a model which is already 

known to be geologically authentic. This is preferable to the 

erection of a specific model to justify the .statistics and yet 

having an improbable geological interpretation. 

For all the elements the cubic "overall-fit" trend surfaces, 

upon which the "iterative-fit" surfaces have been based, are 

relatively "weak" and in none of the cases account for more than 

a 3CY% "fit". In applying the iterative steps the use of the third 

order polynomial was taken as a compromise. For the present data, 

lower order surfaces account for only very small percentage "fi ta" 

and higher order polynomials, though possibly giving a good 

"overall-fi tIt are likely to produce unjustified local detail in 

poorly sampled areas. Even for the third order polynomial, 

sampling effects are still apparent for Bodmin MOor, though these 

arise from clustering, rather than spexsity, of data. In the 

Wheal Bray locality (Figs 4-12), for example, there is a cluster 
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of speoimens taken from a series of mineralised oores surrounded by 

an area whioh has been poorly sampled. The "overall-fi til trend 

surface maps reflect a marked "high" for this area whioh in turn 

produoes a dominant inoreasing trend in oonoentration for the 

metallio elements, Cu, Fb, Sn, Zn, towards the north in the 

"iterative-fi ttl surface. Hosking (1950) has indicated that a. 

zone of mineralisa.tion cuts the S.E. part of the granite, rather 

than the northern part, and it would have been expeoted, therefore, 

that the trend surfaoes would have revealed an increase in metal 

concentrations towards the south. Although such an increase is 

just perceptible the picture is obscured by the "high" in the 

north of which the few speoimens from Vfueal Bray are the cause~ 

In the majority of cases, however, the iterative stages tend 

to smooth out the local inconsistencies which can be quite marked 

in the "overall-fit" surface and the effects of sample olusters 

and sparse data areas are not so strongly noticeable. It is 

admitted, however, that there m~ be some minor inflections, the 

most visible of which ocour in the Na and K trends, that could be 

ascribed to sampling imperfections. 

The statistical restreints in trend surface contouring are 

not so easily assessed. Chayes (1970, p.1273) has indicated that 

as trend surf","ce calculations are a form of analysis of variance 

then they should be subject to the same general analysis of 

variance test procedures; in other words the F-ratio test of the 

mean sum of squares of the variance accounted for by a particular 

polynomial surface and the mean sum of squexes of the total 

variance. Baird et a1 (1971) have shown, however, that this 

oomparison does not always hold. In the present work no attempt 

has been made to apply significance tests to the "overall" or 
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"i terative-fi ttl surfaces but by virtue of the large percentage 

expla.'1ation of the distribution by the "i terative-fi ttl surface 

it can, at least, be assumed that it gives a close approximation 

to an objective contour map of the data. 

For Ou the standard deviation of the error of the observed 

chemical va.lues to the chemical values after ten iterations of 

the "iterative-f'it" computation (see Table 19) is greater than 

some of the errors associated with locality sampling (see Table 

10). As a consequenoe a oertain limitation is placed on the 

validi ty of' the Ou trend surface. Similarly for U and Th, where 

the analytical accuracy is known to be poor (see appendix, XRF 

analysis) the chemical restraints are such that figured trend 

surface distributions are of interest rather than of academic 

importance or validity. 

The "iterative-fit" trend surface results for the non-metallic 

elements, with the exception of Na and K, all reflect concentration 

increases, or decreases, in an approximately concentric configuration 

within the pluton. In considering the theoretical significances, 

therefore, of the trend surface analysis the requirements of 

interpretation in terms of a geological model are met, e.s concentric 

chemical zoning in plutonic bodies is a known geological phenomenon. 

There is no immediately apI'arent pattern in the "difference

maps" though it is possible to perceive a very general N.W.-S.E. 

elongation for some of the "difference-pools" for many of the 

elements and it is notable that this similar trend occurs not 

only in the elongation of' the concentric "iterative-fit" surfaces 

but also.in the actual exposure of the granite body as a whole. 
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.Table 19 Percentap;e of total variation, ex:n:res~ed. as Rums of 

Squa:res, satisfied by' overall-fit' linear, cruad:ratic ru".A. cubic 

trend surfCl,ces and by'it8rative-fit't:re::::td surfaces. 

Li 

Na 

K 

Cu: 

Zn 

Rb 

S:r 

Y 

Zr 

Sn 

Cs 

Ba 

La 

Ce 

Nd 

Ph 

U 

Th 

1 % 
2.0 

1.3 
6.4 
1.7 
1.4 
5.3 
2.9 
2.4 

0.8 

0.7 

3.3 
2.3 
0.6 

1.5 

1.3 

4.3 
1.4 
0.4 

2 % 
12.2 

8.8 

9.4 
4.3 
6.2 
21.7 

16.4 
16.4 

7.2 
2.4 

19.6 
6.4 
9.2 
13.4 
10.0 

10.6 

1.8 
4.2 

3% 
25·0 
13.0 

11.8 

6.2 
8.8 

25.3 
18.2 

18.4 

13.0 

4.2 
27.1 
9·0 
18.3 

26.5 

11.5 
10.9 

4.0 
10.6 

I % 
95.3 
96.2 
91.4 
98.1 
96.0 
92.0 
94.3 
91.9 

95.7 
96.8 

95.9 
92.5 

96.4 
95.9 
95.7 
95.1 
94.4 
94.1 

1 - Linear 'overall-fit' trend surface. 

2 - Quadratic 'overall-fit' trend surface. 

3 - Cubic 'overall-fit trend surface. 

s.d. 

100.5 
6939.2 
1411.6 
176.9 
26.5 

61.8 
19.0 
1.4 
36.8 
41.6 
16.0 
61.1 
8.1 
16 0 6 

8.2 

12.9 

10.3 

7.5 

13.9 
693.0 
1365.9 
29·3 
1.9 
8.6 
2.9 
1.1 

3.8 
4.6 
1.9 
10.9 

1.0 
2.0 
1.2 

I - 'Iterative-fit' t:rend su:rface (afte:r 10 ite:rations). 

s.d. standa:rd deviation in 160 samples employed for trend 

surface analysis. 

s.d.e. - standard deviation of error of observed chemical values 

to calculated values after 10 iterations. 

~., 



Lithium (left-hand side of facing plate) 

'Overall-fit' cubic trend surface (top) 

Percentage of total variation, expressed as sum of squares, satisfied 

by fitted surface - 25.0%. Contour levels at 60ppm. 

'Iterative-fit' trenc1 sllrfe.ce (middle) 

Percentage of total variation, expressed as sum of squares, satisfied ". 

by fitted surface - 95.3%. Contour levels at 60ppm. 

Anomalous specimens Zobs. Zcalc. s.d.% 
. 
KEI3552 311 412 35 
A 313 338 26 

LI04(26) 419 493 14 
'Difference ma12~ (bottom) 

Contour levels at 100ppm. 

Fig.5 Sodiurn (right-hand side of facing plate) 

'Overall-fit' cubic trend surface (top) 

Percentage of total variation, expressed as sum of squares, satisfied 

by fitted surface - 13.0%. Contour levels at 5000ppm. 

'Iterative-fit' trend surface (middle) 

Percentage of total variation, expressed as sum of squares, satisfied 

by fitted surface - 96.2%. Contour levels at 5000ppm. 

Anomalous specimens Zobs. Zcalc. s.d.% 

KEn533 21145 23530 34 

KE:B135 20255 22455 32 

J"Difference maul (bottom) 

Contour level at 10000ppm. 
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Fig.6 Potassium (left-hend side of facing plate) 

,'Overall-fit' cubic trend surfacp. (top) 

Percentage of total variation, expressed as sum of squares, satisfied 

by fitted surface - 11.8%. Contour levels at 5000ppm. 

'Iterative-fit' trend surface (middle) 

Percentaee of total variati.:m, expressed as sum of squares, satisfied _, 

by fitted surface - 91.4%. Contour levels at 5000ppm. 

Anomalous specimens Zobs. Zcalc. s.d.% 

KEB28 ,," 

53936 55962 21 

KED410 60651 65586 66 

KEB4l8 41151 38945 30 

KE:B532 59145 '64845 69 
'Difference maE' (bottom) 

Contour levels at 10000ppm. 

Copner (right-hand side of facing plate) 

'~T~rall-fit' cubic trend surface (top) 

Percentage of total variation, expressed as sum of squares, satisfied 

by fitted surface - 6.2%. Contour levels at 40ppm. 

'Iterative-fit' trend surface {middle} 

Percentaee of total variation, expressed as sum of squares, satisfied 

by fitted surface - 98.1%. Contour levels at 40ppm. 

Anomalous specimens Zobs. Zcalc. s.d.% 

KEB533 0.0 -51.2 29 
E2(63) 53.6 -60.9 65 
WI 55.6 -33.2 50 

K2 1.1 -149.0 85 

'Difference-man' -- ... (bottom) 

Contour levels at 1000ppm. 
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Fig.8 (left-hand side of facing plate) 

'Ovcre.l1-fi t' cubic trend surface (top) 

Percentage of total variation, expressed as sum of squares, satisfied 

by fitted surface - 8.8%. Contour levels at 20ppm. 

'Iterative-fit' trend surface (middle) 

Percentage of total variation, expressed as sum of squares, satisfied 

by fitted surface - 96.0%. Contour levels at 20ppm 

Anomalous specimen 

EB1l9 

Zobs. 

"Difference map' (bottom) 

Contour levels at 10ppm 

Zcalc. 

115.4-' 31 

Fig.9 Rubidium (rieht-hand side of facing plate) 

'Overall-fit' cubic trend ~urface (top) 

Percentage of total variation, expressed as sum of squares, satisfied 

by fitted surface - 25.3%. Contour levels at 50ppm. 

'Iterative-fit' trend surface (middle) 

Percentage of total variation, expressed as sum of squares, satisfied 

by fitted surface - 92.0%. Contour levels at 50ppm 

Anomalous specimens Zobs. Zca1c. s.d.% 

KEB410 161 180 28 

KEB421 352 316 53 

KEB421 424 404 30 

m(56) 91 66 31 
'Difference man' (bottom) 

Contour levels at 100ppm. 
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Fig.10 Strontium (left-hand side of facing plate) 

'Overall-fit' cubic trend surface (top) 

Percentage of total variation, expressed as sum of squares, satisfied 

by fitted surface - 18.2%.' Contour levels at lOppm. 

'Iterative-fit' trend surface (middle) 

Percentage of total variation, expressed as sum of squares, satisfied 

by fitted surface - 94.3%. Contour levels at 10ppm. 

Anomalous specimens Zobs. 

KEB11 112 

KEB502 88 

lCEJ3533 90 

100143 101 

H(91) 60 

'Difference man' (bottom) 

Contour levels at 20ppm 

Zcalc. 

118 

95 

99 
108 

53 

s.d.% 

31 

36 

45 

38 

35 

Yttrium (right-hand side of facing plate) 

.!.Overall-fit' cubic trend surface (top) 

Percentage of total variation, expressed as sum of squares, satisfied 

by fitted surface - 18.45~. Contour levels at lO'Ppm , 

'Iterative-fit' trend surface (middle) 

Percentage of total variation, expressed as sum of squares, satisfied 

by fitted surface - 91.9%. Contour levels at 10ppm 

Anomalous specimens Zobs. Zcalc. s.d.% 

KE.B410 80.0 82.3 31 .. ' 

KEB414 48.0 49.9 26 

K:eB421 31.6 27.4 57 
EBl19 32.3 28.9 46 
E 37.2 34.8 32 

El(56) 7.0 4.4 35 
WI 39.8 37.5 31 

'Difference ma-q' (bottom) 

Contour levels at 10ppm 
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F'ip;.12 Zirconium (left-hand side of facing plate) 

'Overall-fit' cubic trend surface (top) 

Percentage of total variations, expressed as sum of squ~'es, satisfied 

by fitted surface - 13.0%. Contour levels at 40ppm. 

'Iterative-fit'trend surface (middle) 

Percentage of total variation, expressed as sum of squares, satisfied 

by fitted surface - 95.7~. Contour levels at 40ppm. 

Anomalous specimens Zobs. 

KEB11 149 

El(56} 0 

'Difference map' (bottom) 

8ontour levels at 20 ppm 

Zcalc. 

160 

11 

s.d.% 

30 

29 

(right-hand side of facing plate) 

'O'lcrall-fit' cubic tre!ln surface (top) . 
Percente~e of total variation, expressed as sum of squares, satisfied 

by fitted surface - 4.2%. Contour levels at 10ppm. 

'Iterative-fit' tre!ld surface (middle) 
,.. 
Percentage of total variation, expressed as sum of squares, satisfied 

by fitted surface - 96.8%~.Contaur levels at 10ppm. 

Anomalous specimens 

KE:8429 
KEB160 

KE:B162 

Zobs. 

9.9 

11.9 

22.0 

'Difference man' (bottom) 

Contour level at lOOppm 

Zcalc. 

-10.03 
6.21 

4.9 
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Fie. 14· Caesium (left-hand side of facing plate) 

'Overall-fit' cubic trend surface (top) 

Percentage of total variation, lexpressed as sum of squares, satisfied 

by fitted surface - 21.1%. Contour levels at 10ppm. 

'Ite~ativ~-fit' trend su~face (middle) 

Percentage of total variation, expressed as sum of squares, satisfied ". 

by fitted surface - 95.9%. Contour levels at 10ppm. 

Anomalous specimens 

KEJ3501 

LL 

Zobs. 

'Difference man' (bottom) 

Contour levels at 10ppm 

Zcalc. 

11.1 

26.2 

41 
36 

Fig. 15 Barium (right-hand side of facing plate) 

'Overali-fit' cubic trend surface (top) 

Percentage of total variation, expressed as sum of squares, satisfied 

by fitted surface - 9.0%. Contour levels at 50ppm. 

'Iterativ~-fit' trend surface (middle) 

Percentaee of total variation, expressed as sum of squares, satisfied 

by fitted surface - 92.5%. Contour levels 

Anomalous specimens 

KEB25 

KEB29 

KEB502 

KE:B506 

KEB541 

KEB135 

Zobs. 

10 

261 

216 

282 

101 

191 

'Difference mapt (bottom) 

Contour levels at 100ppm 

Zcalc •. 

52 

295 

239 

311 

88 

210 

at 50ppm 

s.d.% 

21 
41 
34 

53 
28 

29 
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Fig. 16 Lanthanum, \ (left-hand side of facing plate) 

'~,erall-fit' cubic trend surface (top) 

Percentage of total variation, expressed as sum of squares, satisfied 

by fitted surface - 18.3%. Contour levels at 5ppm. 

'Itnrative-fit' trend surface (middle) 

Percentage of total variation, expressed as sum of squares, satisfied 

by fitted surface - 96.4%. Contour levels at5ppm. 

Anomalous specimens 

ICEJ3542 

Zobs. 

22.2 

EB1l9 ' 31.4 

'Difference n'lan " (bottom), 

Contour levels at 10ppm. 

Zcalc. 

31 
31 

Fie. 11 Cerium (right-hand side of facing plate) 

• Overall-fit , cubic trend surface (top) 
~ 

Percentage of total variation, expressed as sum of squares, satisfied 

by fitted ~urface~- 26.5%. Contour levels at 10ppm. 

'Iterative-fit' trend surface (middle) 

Percentage'of total variation, expressed as sum of squares, satisfied 

by fitted surface - 95.9%. Contour levels at. 10ppm. 

Anomalous specimens 

KEJ?421 

KEB542 

En~19 

Zobs. 

15.1 

22.8 

40.2 

E 31.2 

1l(91) 20.5 

'Difference ria'!)' (bottom) 

Contou~ levels at 20ppm. 

Zcalc. 

10.0 

15.3 

34.5 

26.6 

15.3 

s.d.% 

31 

45 

34 

28 

31 
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Fig. 18 Neocl;\Tmium (left-hand side of facing plate)" 

'Overall-fit' cubic trend surface (top) 

Percentage of total variation, expressed as sum of squares, satisfied by 

fitted surface - 11.5%. Contour levels at 5ppm. 

'Ite~ative-fit' trend surface (middle) 

Percenteage of total variation, expressed as sum of squares, satisfied by 

fitted surface - 95.1%. Contour levels at 5ppm. 

Anomalous specimens Zobs. Zcalc. s.d% 

KEB428 30.1 28.2 30. ~" 

EBl19 36.1 33.0 38 

ICEB542 28.3 25.1 39 

ICEBl16 33.4 31.1 28 

E 21.4 23.6 46 .. ~-

'Difference mal?,' (bottom) 

Contour levels at 10ppm. 

Fir. 19. Lead. (right-hand side of facing plate) 

'Overall-fit' cubic t~end surface (top) 

Percentage of total variation, expressed as sum of squares, satisfied 

by fitted surface - 10.9%. Contour levels at 5ppm. 

'Iterative-fit' trend surface (middle) 

Percentage of total variation, expressed as sum of squares, satisfied 

by fitted surface - 95.7%. Contour levehat Sppm. 

Anomalous specimens Zobs. Zcalc. s.d.% 

EB1l9 62.7 67.0 33 

lCEE503 32.4 29.0 26 

lCEl3l3l 41.0 35.4 43 

KEB149 33.0 27.0 41 

El(S6) 54.0 60.1 47 

~ference 
- , mc..£ (bottom) 

Contour levels at 10ppm.' 



'Oll~rtll/-FII' S" ; ur,aCtt -Nd 

-Nd 

I 

I 
I 

-Pb 

•• 1 •• 0____ :I N 

t 

, 
-Pb,' 

-Pb 



· Fig.-1Q Uranium (left-hand side of facing plate) 

'Overall-fit' cunic trend surface (top) 

~ercentage of total variation, expressed as sum of squares, satisfied 

by fitted surface - 4.0%. Contour levels at 3ppm. 

'Iterative-fit' trf'nd surface (middle) 

Percentage of total variation, expressed as sum of squaxes, satisfied 

by fitted surface - 94.4%. Contour levels at 3ppm 

Anomalous specimens Zobs. Zcalc. s.d.% 

ICEB30 5.2 -0.5< 56 

KE:B3l 19.1 22.6 28 

KEll43 1.5 -1.1 32 

KEJ3416 4.8 -1.5 62 

l(E"O,4l9 1.9 3.1 41 

KEJ3423 5.2 -1.0 60 

KEB540 6.1 3.5 31 

KE:B545 5.-9 1.1 41 
lCEJ3552 6.1 1.1 43 
HARR 1.2 -9.2 102 
'Difference ma12' (bottom) 

Contour levels at 20ppm 

Fie. 21 Thorium (right-hand side of facing plate) 

'Overall-fit' cubic trend surface (top) 

Percentage of total variation, expressed as a sum of squares, satisfied 

by fitted surface - 10.6%. Contour levels at 5ppm •. 

'Iterative-fit' trend surface (middle~ 

Percentage of total variation, expressed as a sum of squares, satisfied 

by fitted surface - 94.1%. Contour levels at 5ppm. 

Anomalous specimens 

E 

Zobs. 

1f(91) 

'niffcrence r.1c.;Q' 

6.1 

(bottom) 

Contour levels at 10ppm 

Zealc. 

1.2 

4.2 

30 

34 

Z = concentration in ppm, obs. = observed, calc - calculated 

s.d. = sta.!'ldard ul;)viation. See text for explanation of anomalous specimens. 
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G) Some conclusions from the trace element tests of variation 

A series of conclUsions can be drawn from the v8.!'ious 

statistical tests of the analysed trace elements from the J30dmin 

Moor granite and associated rocks. FOr ease of expression these 

can be tabulated as follows:-

a) The majority of elements follow a norma.l, rather than loenormal, 

distribution. 

b) For all the samples the greatest amount of variation (29.l~) can 

be attributed to concentration cha,nees in La, ce, Nd and Zr 

with smaller contributions from Rb, Y and Cs (11.~) and Li, 

K and Ba (10.)%). 

c) There appears to be no strong compatible relationship between 

physical and chemical properties. The closest affinity between 

the two sets of properties is derived by a cluster analysis 

g-roupil".g. From this grouping three assemblaees can be recognised 

and characterised as, 

Group 1 Physical Characters Fine-grained and medium type 

granites, aplites and kaolinised 

coarse-grained granites. 

Chemical Characters Relatively low concentrations of 

La (mean l8ppm), Ce (mean l5ppm), 

l~d (mean 25rpm), Zr (mean 62ppm) 

and 8r (me~~ 47rpm). 

Group 2 Physical Characters Elvana and mineralised coarse

grained gram tea. 

Chemical Characters Relatively low concentrations of 

Cs (mean 22ppm), Li (126ppm) and 

relatively high concentrations 

of Zr (mean 153ppm). 



Group 3 Physical Characters Coarse-grained granite. 

Chemical Characters Tending to have conoentrations 

intermediate to Groups 1 and 2. 

For example Zr (mean 125ppm). 

Concentrations also show exeegerated 

high or low values compared to 

"typioal" ooarse-grained granites 

(e.e. low ca10ium gram te average 

of Turekian & Wedephol, 1961). 

d) The overlap of results of locality sampling and group deviations 

reveal inadequacies in considering certain elements in terms of 

variation within the three cluster groups. However, if the 

elements exhibiting the greatest amount of variation (those 

elements included in b) above, but excluding Rb, Y and K) in 

all the samples are considered in terms of the three cluster 

analysis groups then the same sequence of increase or decrease 

can be recognised, that is Group 1 - Group 3 - Group 2 (see 

Table 16). 

e) Multiple regression techniques indicate that wi thin the sampling 

standard deviation limits the concentration of any element, 

oharaoteristic of a cluster group, can be assessed on the basis 

of the other elements in the cluster group. This rule does not 

apply to Li and Cs in Group 2. 

f) Apart from the metallio elements, Na, K and U the geographical 

distribution trends for the physically defined coarse-grained 

granites reflect an epproxim~tely concentric zoni~~ for the 

exposed portion of the pluton. Li, Rb, Y and Cs concentrations 

deores.se from the centre towards the perimeter of the pluton 

whereas Sr, Zr, Ba, La, Ce, Nd, and Th oonoentrations increase 

towards the perimeter. 
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g) It is possible to perceive a very general N.W.-S.E. trend in a 

number of the trend surfaoe "differenoe-maps". 

Further expansion on some of these conolusions is oonsidered 

in the subsequent chapters but instead of employing petrographic 

groupings for the section headings, as with the major element 

chemistry, it is more oonvenient to make interpretations under 

traoe element section headings. 

3) The behaviour of some elements in the Bodmin Moor fITani te 

A) Lithium 

The Li ion, being smaller in atomio size than the other alkali 

elements, is unable to ocoupy similar lattioe positions. Instead 

it enters into six-fold co-ordination sites and is commonly reearded 

as substituting for~. Li is, therefore, predioted as being likely 

to occur in hieh concentrations in ferromagnesian minerals during 

fractionation. 

Butler (1953), referring to the Bosahan (Carnmenellis) adamellite, 

and Hall (1971), referring to the Clieea Head granite, both in S.W. 

England, show that biotite (Hall uses the term protolithionite 

rather than biotite) acoepts Li preferentially to musoovite. Exley 

(1959), used the term lithionite (-zinnwaldite) to describe a dark 

brown to colourless lithium bearing mioa, and ooncluded that the 

tendency for enriohment of Li in the St. Austell granite 

differentiation series is also attributable to an inorease in 

dark mica. While insufficient modal analyses have been com~leted 

to demonstrate the faot conclusively, there can be little doubt 
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that a similar interpretation tor the mineral distribution ot Li is 

also applicable to the ]odmin MOor granite tor though Li also oocurs 

in tourmalines Power (1968) does not oonsider that oonoentrations show 

any systematio variation that oould be related to a traotionation 

trend in the acid igneous rock types trom S. W. England. 

Reier & ]illings (1969) express the crustal abundanoe ot L1 as 

being between 10 and 20 ppm and T~lor (1965) considers that the most 

common rook types probably have concentrations lying within a tactor 

ot two or three ot the average. Turekian & Wedephol (1961) quote a 

mean of 40 ppm. tor low caloium granites in which case the Li values 

for the Bodmin MOor granite (mean 220ppm) must be regarded as 

indicating extreme enrichment. From Table 20, a oompiled list ot 

some traoe element values recorded by other authors for the S. W. 

qland granites it is evident that relatively high Li values are 

common to all" the plutons, though the actual conoentrations show 

considerable variation and otter little hope tor regional comparison. 

For the ]Odm1n Moor granite the trend surtace analYSis (Fig.4) 

indioates a deorease in conoentration ot Li towards the perimeter ot 

the pluton and it variability is attributed to a magmatic differentiation 

series then the central portion ot the granite can be interpreted as 

the later traotion. Exley (1959) distinguishes a similar sequence tor 

the St. Austell granite, though the sequence is broken by the Li 

depleted. I nuor! te-grani te' whioh Exley" (1959) regards as the last 

differentiate. Although there is an apparent ditterentiation trend 

tor other elements between cluster analysis Groups 1 and 3 within the 

l30dmin Moor granite, the conoentrations of the tine-grained gran! tes, 

aplites and kaolinised coarse-orained granites show no marked increase 

in Li compared With the ooarse-orained gran! tea. In oontrast, 

however, the elvans and mineralised ooarse-grained grani tea of Group 
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2 reflect a notable fall in concentration (see Table 16). For the 

St. Austell granite Exley (1959) conoluded that the Li in the late 

stages of the "magma" development JIIIl.st have been depleted by some 

process and a similar interpretation is appropriate for the Bodmin 

}.{oor granite, although the actual decrease in Li concentrations are 

found in the post-magmatic elvana and mineralised gfan1tes rather 

than in the "granite magma". It is also ot interest to note that 

Hall (1971), describing the Cl1gga Read gran! te, round that the 

highest Li contents occurred in the protolithlonite or the unaltered 

grani te, although the mineral is not sufficiently abundant to carr.y 

more than 1/2 to 2/3 of the conoentrations or Li found in the greisened 

gran! tes and greisens. 

For marine shale Reier & ~illings (1969) quote a 'range ot Li 

contents or 4-400 ppm and on the basis of the very high values 

assooiated with the S. W. England plutons the feasabllity of a 

derivation tram such a highly concentrated source could possibly 

be implied, espeoially as the gran! tea are known to be contaminated 

by shale (~rammall & Harwood, 1932J etc.). ~owler (1959), however, 

has interpreted the anomalously high conoentrations of trace alkalis 

in the aureole rocks or the S. W. England granites as being 

metasomatic in origin and it seems unlikely, therefore, that an 

assimilation of the surrounding country rocks could account for the 

high Li content or the gran! tes. lla1nly on the basis ot structural 

evidence Stone (1971) has concluded that the exposed parts ot 

the S. W. England granites are probably close to the original 

root and a more logical conolusion for the unusual Li values 

could possibly be that a fraotionation process, within the differen

tiation ot the gran! te, has led to an enrichment ot the uppermost 

part of the gran! te bathol1 the For a comparable ore bes:'!'ing Li 
.;' 

rich granite in the Xrusnehory Mts. ot Czechoslovakia, Stemprok 

& Sulcek (1969) reached a similar conolusion, though they suggested 

that the Li enrichment of the apical portions 01' the gran! tes was 

metasomatic and related to the source at alkalis rather than to 

d1fferentiation within the granite. Experimentally, Wyllie & Tuttle 

(1964) have shown that Li02 loyers the melting temperature at gran! te and 

loy temperatures of solid1fication may be in accordanoe with the high 
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Ta.ble 20 Trace element analyses of Eodrnin Moor and other S.H.England 

eranites quoted in other Horks. 

All values in ppm 

Blanks ind.icate that no analysis figures are available 

Tr. - trace 

Bracketed values refer to the means of analyses from more than 

one pluton. 

Underlined values refer to a~alyses from Eodmin Moor. 

See quoted authors for methods of analyses and further details. 

J·lean composition for'loH-calcium'granites ("Vlorldldde), 

for comparative purp0:Jes (after Turekian & Uedephol, 1961, Tab1e:2) 

Li 40 Ba 840 
Cu 10 La 55 
Zn 39 Ce 92 
Rb 170 Ud 31 
S1' 100 Pb 19 
Y 40 U 3 
Zr 115 Th 11 
Sn 3 F' 850 

.. 

cs 4 C1 200 



I,hIOl<\d (1 966) 

Cu cOlle en trnH on .. 

analys •• rM£., 116&'."1 at.dfJv . 

Land. I. bl/1 ~ Carn oend 11. 

Coe.rao-cr.uned gTa.ni t. 19 21-108 16 

J'1ne-i:1'ained .,..,,1\. 53~1 71 

!pUh 11-91 62 

Totl>l 13 

st. Al,lIstell , Bod:llin Moor & I>a.rtnoor 

Coarec-g-ra1 ned gran! te 25 

Flne,:ra.lned grani to 9 

!PUte 4 

Pop.Ute 5 
1'.111 t. 

"0'\&1 

5-30 

15-33 

25-29 

21-47 

16-47 

Blgland (1911, TobIe 2, p.317) 

17 

24 

n 
30 

n 
21 

16 

17 
26 

18 

8 

5 
2 

13 

12 

9 

S-plo Woo CBIO ( Crld Rer. sxjl86-102753, -

Do Lank ~.~) 

!'n 11'1 'bloH te 

A2l!.l..u: (1959, T •. blo I, fa<1 r.[! p.5) 
S ... pl. No. B .. 399 ( probably from n" Lank Quarries, 

cleacI'1bed ... We Ll t, Bodmi n .oor) and Xt nn avel'at' ft 

ot 6 tD&..1n-bo<!y t «ro.n1tee trom S.W. r.neland . 

~ B399 I 

Ll ~ (595 ) 
Rb .4.:i2 (435) 

c. i£ (43) 

p ~ (3 500 ) 

~ (1961, Figs. 4, 5. 8 . 10 , 11, 12, 1-4,4. 16) 

aeA.rul of 3 r ample o f:'OlII Bodmi n Mo or, bracketoti 

y&.1u •• axe m~ A."la of ~5 8M1ples fro m S. W. En,gl a.nd 

'" ldep~ 

12 ( 25 ) 

!! (14) 

.Bio ti t eo Muncov1te 

.!l2Q (900 ) 

ill ( 200 ) 

<.!.2 
.!2 ( 29 ) 

200 (1 54) 

~ (1 95) , Tobl. 2 , p.160 ) 

~ ( 23 ) 

5Q2 (3 :/l) 

~(1020 ) 

..l (5) 

.!.2 ( 31) 

~ (44 ) 

n Ol) 

( 30 ) 

(1 30 ) 

( 2000 ) 

(17 5) 

(no ) 

(70 ) 

!odld.n r.o.)r Ca....."aaene llie ( Boea..han adamellite) 

Carad on Hill v. rock. ortho blo t ftlURC tour 

U2 ~OQ 80 1600 320 80 

1jQ 400 400 3500 Boo <5 

.§Q Bo 45 220 <1 0 000 

. .lQ 150 <10 150 <10 55 

~ 45 <15 15 )0 20 

50 < 50 1 350 <)0 <)0 

llO 225 120 <10 <10 

~o ~O 150 <70 40 ? 

40 35 15 <1 5 <1 5 

!:!.l.a (1 959 , Tc.b le 1, p. 202 ) 

Ka..1n .arl~t 1~8 of t h e St. Au s t. ell gran ite 

Biot1te-IIIJ,. C. Earl,. 11 t h . La to 11 \ h . 

frani ttl 

Fl u. o r! t" 

tren1 t. e r a.n i 18 

20 

1120 

130 

94 

)70 

1 21 

1850 

13 

96 

74 

Grani te 

29 
1 21) 

44 

II 

43 

r.::tl"y (1 966 , T/,b l,. 2, p.}(.6 ) 

Nf; fVI, o f 3 • f,T tJ'.i t f'l I cH\ .... n l oeD fro"ll 

Hail!: hao ( I\nnlY ftflle 1, 2 4: ) a,n.1 .. 

'fin.~ I ftucorT hr. l \et rM~ 3 tM.n on Cl ey 

Pi t, Bodmin ~ OOT ( M e.lyc;18 1) 

L1 

Cu 

Rb 

~ 

7..

Bn 

Hate F"raa 

~ O 

B 

3'>6 
103 

)4 

207 

"lee 4: Powe:- (1 969, TablA 2, p.89Q ) 

Me an of 90 ·unal1,ered grAn.ite l c pec1~enft 

fro!!! 3 .W.F.ne 1and 

r (1395 ) 

Cl ( 507 ) 

!!.ill (1 911 , Table II, p.213) 

Mean \) f 1,wo ll.nAl yses 

CH eLa Head. . 

l.1 485 

Cu 107 

Zn 

I!'o 

Sr 

Zr 

~ 

Ba 

c. 
I'b 

102 

695 

175 

65 

40 

150 

95 

35 

of I grM i te' troll 

fu.rdin~~ (1911 , "pble 2 . p . 6 ) 

1) ' Pol'phyTitlc (Li e -fel rlGpa.r ) &ra.n lto', 

Luxulyan Quarry , S1.Aut:l1ell Cl" anit e (nnalysi f'l of • 

COClpoo it o 8Br.1 ple) 2 )' Po r phyritic (bie-feld.apa.r ) 

fr!'arll t e ', Bl .:.ckin.gntone Quarry, Da.r1moc.r &Ta..-ute. 

Cu 

Zr 

~ 

Zr 

Ba ,. 

1 

300 

~O 

100 

100 

640 

<400 

2 

260 

100 

130 

50 
130 

1"(0 

1600 

~'lnc lli"C (1169, T3ble I, p. 48) 

'CraJli1.', Pol l ard aock 70f t be l o ... X. L.V.S, 

Soven St oneo grnn.1 te • 

Ll 

Cu 

Sr 

Zr 

~ 

11& 

? 

190 

<10 

400 

«0 

10 

<10 

700 

~ (1972, !able . 16 .. 17, p .U 2 .. 1))) 

l)'Coaruc-c rain O'd gTM1te', Ct. &l 1. td.n '. fi:ock . 

Sc111)' le leD. 2) 'Med iul':)o-grai ned gra.nl. h'. Porthloo, 

Sci 111 hIee. 3 ) "OL"'I. of 7 8 lUII!) lu f ro !! the Bo.e .... v.l1 

'gra.nlte', Ceevor Ki ne, L&nd'. Cnd (Malya •• nM. 9 51-')5, 

959~O ) 4j'Pine-grt\.1n. d grnnl1.e'. ~8C •• ..,.tl .1ft_, LanI1', 

I},d 

l.1 

Cu 

In 

l!'o 

~ 

1000 

46 

(90 

116 

10 

120 

6 
)~ 

)0 

1000 

<-1 0J 

)5 

)70 

6 

(~ 

(SO 

9~ 

)0 

185 

19 

2)0 

15 

4 
)20 

7 
)5 

160 
22 

20 

40 

11 
15 

c::.) (lO 



level positions of the S. W. England granites end their high L1 

concentrations. 

13) Sodium and potassium 

The behaviour of Na and K in magmatic melts is fairly well 

known and there is Ii ttle value in expanding upon it in great 

detail. In general there is a trend towards enrichment in K 

during differentiation, this being reflected by increases in the 

K20/Na20 ratio. This conduct can be attributed to the behaviour 

of the main Na and K-bearing minerals in igneous rocks, viz. the 

feldspars, with the K-feldspars crystallising out during the later 

stages of differentiation. It might be assumed, therefore, that 

modal analyses would give an assessment of Na and K relations, 

though work that has so far been completed on the 130dmin Moor 

granite in terms of orthoclase/plagioclase ratios is not conclusive 

(see p. 22). 

The average abundances for all the analysed specimens from 

:Bodmin Moor, compared with the figures quoted by Tureldan & 

Wedephol (1961) for low-calcium granites, indicate a depletion 

in Na and an enrichment in K 

Tureldan & Wedephol (1961) 

Ua 

K 

25800 
42000 

130dmin Moor 

16717 
45745 

The trend surface data for Ua (Fig. 4) are not easily 

interpreted in terms of a simple geoloeical model in that there 

appears to be an increase in concentration towards the western 

part of the :Bodmin Moor pluton. This agrees with the results of 
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the Kruskal-Wallis statistical test (see p.17) which indicated a 

significant variation in Na20 concentrations between sampling 

locali ties. 

The "iterative-fit" surface for K (Fig. 5) indicates an 

increase in concentration in the southern part of the Bodmin Moor 

pluton with the 45000 ppm "contour" follOwing an almost identical 

path to that illustrated by Edmondson (1970, Fig. 4) for the 

division between the 'no microcline' (in the south) and the 'with 

microcline' (in the north) coarse-grained granites. Edmondson 

(1970, Table 2) shows that the alkali feldspar compositions in 

the south are K-rich compared to those in the north, therefor~, 

the overall K chemistry closely follows that of the e.lkali £eldspars, 

as mieht be expected. Edmondson (1970) suggested that the variation 

in the alkali £e1dspar structural states and compositions o£ the 

Bodmin MOor pluton were related to a 'post-magmatic, metasomatic' 

process involving K-rich fluids and, therefore, the relatively 

high overall K concentrations in the southern part of the granite 

must also be related to this process. 

Edmondson (1970) considers that the fine-grained granite has 

also been affected by the metasomatic process and evidence of 

alkali feldspar megacrysts across aplite-granite mareins (Stone 

& Austin, 1961, Exley & Stone, 1964) implies that the final K 

distribution occurred after the aplite and fine-grained eranites 

had been injected. The metasomatic process can, therefore, be 

interpreted as post-dating cluster analysis Groups 1 and 3 and 

by virtue of the hi~h K values associated with cluster Group 2 

it might be sug:;ested that the process W!:l.S related to that of 
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elvan injection and mineralisation. This is also borne out by the 

fa.ct that the high K values, in the Eodmin Moor pluton, occur in 

the southern part of the pluton, thus being related to both 

Hosking's (1950) Cu-Zn-Sn-Pb mineralisation belt and Bott et· al's 

(1958) axis of gravity anomalies. The significance of this 

relationship will be discussed further in the section covering the 

metallic elements. 

It might be expected that the elements which closely follow 

K in their geochemistry might also exhibit the same distribution 

patterns but as can be seen in the trend surface patterns of such 

elements as Rb 8nd Cs there is no similarity, neither is there any 

enrichment of these elements in cluster Group 2 (see Table 16). 

Thus, the metasomatic process must have, in the main, derived its 

relatively hieh K content from some S011rce other than that of 

normal maema differentiation. Contamination and a.ssimilation are 

invoked in virtually every account dealing with the S. W. E.r'lc1and 

granites, with Erammall & Harwood (1932) probably bein3 the first 

instieators eivins chemical evidence. The fact that contamination 

has occurred cannot be contested as there is sufficient field 

evidence, in the presence of xenoliths and rafts, and textural 

evidence, in the presence of typical pelitic hornfels minerals 

snch as andalusite and cordierite occurring as accessories in 

the eranite, to cop1irm that cont~nination has taken place. Can, 

however, assimilation of country rock produce ~~ extensive chemical 

enrichment in terms of a post-injection metasomatic fluid? In 

dealing with the metalliferous elements it will be postulated that 

hig-h concentre.tions of these elements were probably "provided by 

the re-mel ting of er9.Ui te or mobilization of screens of c01l..1'J.try 
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rock" (after Daneerfield & Hawkes, 1969) but the volume of K in 

the metasomatic process, though it is impossible to attempt to 

Cluote figures, !:lUst be envisaeed on a cousiderabl!" larger scale 

than that of mineralisation. In other words it would seem that 

the role of assimilation is unlikely to be the main factor in K 

e!U'icMent. 

Exley & Stone (1964) in reviewir~ some field, textural and 

chemical evidence on the role of magma and magma differentiation 

in the S. W. Eneland CTemites also concluded "differentiation 

appears to be consequent upon contamination ••••• whilst the 

effects of local potash metasomatism have been superimposed upon 

the results of both differentiation and contamination". They 

continue by suggesting that 'metasomatic differentiation' cOlud 

be the answer to the K enrichment and quote the work of Orville 

(1963) on the rapid transfer of alkali ions between feldspar and 

vapour containing large amonnts of alkaliS, mainly alkali chlorides, 

as a possible mechanism. Hawkes (in Edmonds~, 1968) also . 

accepts that there was a late preferential concentration of K in 

the Dartmoor granite but prefers to envisage the mechanism for 

such a concentration to be related to an aqueous phase of 

magmatic crystallisation. Hawkes (op. cit.) quotes the experimental 

models of Tuttle & Bowen (1958) and Luth, Jahns & Tuttle (1964) 

as evidence for this theory. Wyllie & Tuttle (1964) on the 

experimental evidence of silicate systems containing two volatile 

components found that the combination of H20 and HCI appeared 

to destroy the feldspars, there being a strong affinity for Na 

ions by the Cl ions. The presence of H
2
0 and HP, on the other 

hand, caused a lowerine of the temperature with the dominant 
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effect of the HF appearing to be that of a flux; dissolving in the 

liquid and lowering the temperature, though it seems likely that 

in high concentrations some chemical reactions must occur. In view 

of these results it may be more appropriate to combine the views 

of Exley & Stone (1964) and Hawkes (in Edmonds ~, 1968) and 

sv-egest that the "metasomatic differentiation" could be related 

to an aqueous K-halide rich late stage "fluid". 

Favourable to such a theory are the relatively high F and Cl 

concentrations of the Bodmin Moor (see Table 11) and the S. W. 

England eranites (Fuge & Power, 1969) and the fact that in the 

final stages of emplacement the granite had possibly become 

saturated by the absorption of meteoric waters from the surrounding 

coUntry rocks. The model would also fit in with Edmondson's (1970) 

theory that variations in the alkali feldspar structural states 

and meeacryst development were produced by the transformation of 

the original magmatiC feldspars in the presence of a 'catalytic 

material'. However, the model cannot offer an explanation for 

the distribution of Na and there is also a difficulty in introducing 

alumina if the model is employed to explain the alkali feldspar 

megacryst development. Similarly there is a problem of a source 

for the K-rich halides, for while "metasomatic differentiation" 

may be a suitable title for their development it still does not 

explain their origin and obviously much further research is necessary 

before the whole alkali history can be satisfactorily unravelled. 

In establishing that K, at least, does not appear to follow 

the same differentiation trend exhibited by the majority of the 

other elementa, the validity of ratiOS, based on either Na or K, 
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to show that the Bodmin Y.oor granite is "well differentiated" 

become suspect. In other words, the use of the ratios may be to 

relate two separate events and interpret them as one, that of 

magma differentiation. As a result of possible ambiguities ratios 

are not employed in this work and their suitability in connection 

with the magMatic histories of the other S. W. England granites is 

also open to question. 

c) Copper, Zinc, Tin & Lead 

It is generally accepted that the chemistry of the four 

metallic elements, Cu, Zn, Sn and Ph, is such that their relatively 

strong covalent bonding nature with oxygen, compared with the 

major mineral forming elements, resl~l ts in the enrichment of the 

metals in late stage melts. There is, however, a tendency for the 

metallic elements to form sulphide minerals, rather than to be 

incorporated into silicate lattices (Sn also forms a (Sno
4

)4-

complex which gives rise to cassiterite), and relatively high 

element concentrations are not necessarily indicative of 

differentiation. 

Compared with the abundances quoted by Turekian & Wedephol 

(1961) for a low-calcium gran! te the Bodmin Moor average values 

are enriched in all four metals although the inclusion of 

mineralised specimens probably accounts for part of this increase. 

Turekian & Wedephol (1961) :SOdmin }!oor 

Cu 10ppm 30ppm 

Zn 39ppm 55ppm 
Sn 3 ppm 26ppm 
Ph 19ppm 36ppm 
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Some values for the other S. W. Engle.nd granites are quoted in 

Table 20 and though there is a general enrichment in compa.rison 

to Turekian & Uedepho1's (1961) averages there is considerable 

variation between the S. W. Eneland plutons. Ahmad (1966), for 

example, has interpreted Cu distributions in the Land's End and 

Carnmenel1is granites (mean 13ppm) as generally higher than those 

of St. Austell, Bodmin :Moor and Dartmoor (mean 21ppm). Such 8. 

conclusion is not substantiated, however, by the relatively low 

values quoted by Wilson (1972) for the Land's End granite (see 

Table 20). 

Little significance can be read into the trend surface 

patterns for Cu, Zn, Sn or Pb for the Bodmin Moor granite 

(Figs. 5, 6, 8 and 11), mainly as a. result of the anomalies 

produced by the Wheal Bray specimens (see p. 65 ). Apart from 

Sn, it is possible, however, to perceive a concentration increase 

towards the perimeter of the pluton and although this may be 

purely foruitous it is of interest to note that Hosking (1967) 

also recognises a similar trend for Cu and Pb in the Carnmene11is 

grani teo In the cluster analysis grouping the mineralised granites 

are identified with the elvans in Group 2, with each of the four 

metallic elements classed as good discriminators (see Table 15). 

This chemical relationship between the miner~ised granites 

and the e1van samples from Bodmin Moor is of particular interest 

for it is generally accepted that both post-date the pluton; 

certainly both exhibit 8. cross-cutting relationship to the granite. 

Dangerfield & Hawkes (1969) consider that there is some justifi

cation for believing that a relatively open fracture system was 

8. prerequisite for both e1van intrusion and development of the 
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metalliferous lodes in S. W. England. They regard the development 

of the fracture system as being explained by stress release 

resulting from the rapid erosion of the land surface. Further 

evidence for the relationship between elvans and dykes is also 

implied by Dangerfield & Hawkes (1969) on the basis of similar 

age dates and a figure approximatins to 225rny is quoted. There 

are, however, indications that uranium mineralisation, at least, 

was repetitive with Darnley et e.l (1965) quoting dates of 290, 

225 and 50-6Orny. 

Dangerfield & Hawkes (1969) suggest that the source for 

water and the metalliferous substances that gave rise to the 

lodes and elvans cou~d "have been provided by the re-me1ting of 

granite or mobilization of screens of country rock within the 

~lorican batholith and with both connate and meteoric water 

possibly playing a part in mineralisation in the early stages". 

Such a model would explain the somewhat unusuel chemistry of the 

elvans and minera.li~ed granite specimens from Bodmin :Moor, 

particularly the relatively hieh Ba and ra.re earth element values 

and relatively low trace alkali concentrations, none of which fit 

adequately into a differentiation series model. The possibility 

of some late stage maematic material being involved cam1ot, 

however, be entirely ruled out. 

Henley (1972) has also employed Dangerfield & Hawkes's (1969) 

model for the intrusion of S. W.·Eneland elvans by explainir~ that 

when a fracture "extending downward, encountered a reservoir of a 

fluid-~lus-crystals mixture the swift pressure release would 

resul t in a self-accelera.ting fluidization". Henley (1912) also 
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envisages the intrusion as being a near surface process, though 

the scale of "near" is not implied. Such an idea of a self

accelerating fluiaization seems more appropriate than one based 

on an initial water-borne mechanism, though there can be little 

doubt that meteoric waters were involved in the later phases of 

mineralisation. 

There are, it is admitted, possible objections to the model 

proposed by Dangerfield a.nd Hawkes (1969). These could include 

queries about the heat source for the late aspects of mobilisation 

and the mechanism by which the initial fractures were developed. 

I1' a conclusive and unambiguous heat source for the batholith as 

a whole could be invoked then it seems probable thet a heat 

source for the later stages 01' mobilization could be allied to it, 

possibly as a waning phase of activity. However, as such a heat 

source for the batholith has not been explicitly de1'ined, thoueh 

many have been postulated, there is little point in attempting 

to deduce later heat sources of relatively minor importance. 

Dines (1956) suggests that the trend of elvans within the 

grani te is NE-S'1l but nearer the martP-n and in the surroundiIlS' 

country rocks the direction becomes E-W orientated. These trends 

are also closely followed on Dines's (1956) maps by the mineral 

lodes, although some do have a more N-S directional form. Exley 

(1965) indicates that the "Bodmin Moor granite is fractured on 

a relatively large scale along at least six important 'belts' 

and probably as many less important onea" and that the majority 

of these "follow the ENE-WSW trends of the 1'old-axes and tension

joints usually reearded as being Armorican in central and east 
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Cornwall and south Devon". This explanation for the fraotures 

along which elvan and mineral lodes could develop seems much more 

logical than that proposed by Dangerfield & Hawkes (1969) 

particularly as their weathering and subsequent stress relea,se 

theory is more likely to be associated with sub-horizontal 

jointing and tor formation (?) than vertical fissuring. By 

implyiI"-S that the mineralisation of the Bodmin WiQor granite was 

controlled by structural effects the relationship between the 

Cu-Zn-Sn-Pb zone of mineralisation (Hoskings, 1950) and the belt 

of gravity anomalies recognised by Bott ~ (1958) across the 

S.W. England batholith becomes apparent. The effects of 

structural oontrol can also be extended to include the influence 

upon the K enrichment recognised in the preceding chapter as well 

as that of variation in alkali feldBpar struotural states 

(Edmondson, 1970) and the logical conclusion of this is that all 

the post-injection processes which have affected the Bodmin 1:oor 

pluton have been structurally controlled from the south by the 

influence of the S. W. England . batholith a,s a whole. 

D) Rubidium & Caesium 

Both Rb and Cs have similar chemical properties to K wi th 

which they both show a close coherence. Rb has a similar 

electronegativity ~~d ionisation potential to K but is slightly 

larger in size. This difference becomes partioularly effective 

under extreme oonditions of differentiation when Rb beoomes 

enriched. Cs is considerably larger than both Rb and K and 

replacement of K lattice sites is subsequently restricted, even 

though the Cs-O bond is slightly more ionic than the K-O bond. 
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Cs also tends, therefore, to become concentrated in late stage 

melts and ultimately may form a separate mineral phe,se, pollucite, 

though there is no evidence of such an occurrence in the Bodmin 

1~or granite. It is, however, possible that this trend of extreme 

late stage concentration of Cs could account for the element 

following a lognormal, rather than normal, frequency distribution 

(p. 40) in the Bodmin Moor pluton. 

Rb end Cs enter biotite and muscovite in preference to the 

feldspars and Butler (1953) confirms this distribution for the 

Carnmenel1is pluton (Bosahan adamellite) quoting the followi~~ 

figures 

Orthoclase Muscovite Biotite 

Rb 400 ppm 800 ppm 3500ppm 

Cs 50ppm 50ppm l350ppm 

Althoueh Edmondson (1970) quotes figures as M.gh as 1200ppm for Rb for 

the K-feldspars from the Bodmin Moor granite there is no reason 

to doubt that muscovite and biotite concentrations are 

correspondinely higher and that the same distribution relation-

ship also exists for the Bodmin lIioor pluton as fOr the 

Carnmenellis pluton. 

When compared with the low calcium granite abundances quoted 

by Turekian and Wedephol (1961), Rb 110ppm (411ppm) and Cs 4ppm 

(3lppm), the Bodmin Moor values (in brackets) reflect a marked 

enrichment, as do the published results from other S. W. England 

plutons (see Table 20). 

The trend surfaces for both Rb and Cs for the coarse-grained 

gran! te (Figs. 6 & 9) of the Bodmin Moor pluton reflect increasing 
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concentrations towards the centre, thus being similar to the results 

of the other non-metallic trace elements in showing that the central 

part of the pluton is the later fraction. Both Cs and Rb, in the 

cluster-groupings, show increases in concentration from Group 3 

to Group 1 (see Table 16), this being expected if the two groups 

represent a coarse-grained granite to fine-grained gran! te and 

aplite differentiation trend. For Cs, Group 2 exhibits a reduced 

concentration compared to both Groups 1 and 3 and even though there 

are some problems in considering Rb values because of the overlap 

of the means within the limits of one standard deviation (see p.54) 

there is an apparent reduction in concentration of Group 2 Rb 

values compared to Group 1. In other words the elvans and 

mineralised coarse-grained granites of Group 2 appear to be 

unconnected with the magmatic differentiation associated with 

Groups 1 and 3. 

It is commonly argued. (Taylor~, 1956; Bowler, 1959, 

Floyd, 1912; etc.) that K/Rb and K/Cs ratios :for the S. W. Eneland 

granites reflect extreme :fractionation when compared to the 

results quoted. :for other igneous bodies. However, the use of K 

is not considered. satisfactory as an indicator o:f di:f:ferentiation 

:for the Bodmin Moor granite, and. probably :for the other S. W. 

England granites (see p. 77), and. the implications of K/Rb and 

K/Cs ratios may be misleading and are consequently not employed 

in this account. 

There is the alternative possibility that the high Rb and 

Cs concentrations could. be the result of contamination or 

assimilation but in view of the facts that the crustal abundances 
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of Rb and Cs are relatively low (Cs in particular is regerded as 

aver~cing only 3ppm by Taylor (1965)) and that Bowler (1959) found 

that there was an increase in Rb and Cs concentrations in the 

aureole rocks of the S. W. England plutons toward~ the granite 

contacts, it seems unlikely that assimilations could have produced 

the high granite concentrations. 

E) Strontium 

The Sr ion, being intermediate in the size between K and Ca, 

has a complex geochemistry. As the S. W. England granites are 

deficient in Ca, however, Sr can be considered in terms of its 

relationship with K, thus simplifying the behaviour pattern. With 

K the capture prinCiple operates and Sr tends to enter early 

fractions, thoueh this can be complicated by the covalent character 

of the Sr-O bond working in the opposite direction. 

Taylor (1965) points out that Sr does not enter micas to 

any extent, not because of valency difficulties, but probably 

because of its sIYI811er size and preference for eight or ten-fold 

co-ordination sites, rather than twelve. Sr will, therefore, 

prefer K sites in alkali feldspars to those in the mica.s, although 

this is not brought out in Butler's (1953) analyses from 

Carnmene11is (Bosahan adamellite) in WJlich the biotite content 

(222ppm) is much higher than that of orthoclase (45ppm). Bradshaw 

(1967), on the other hand, gives a ranee of values up to 10ppm for 

Sr in Cornish eranite biotites and figures of over lOOppm for the 

feldspars. Apatite is fre~uent1y associated with biotite in the 

Cornubian brranites and Sr can be captured in the Ca positions in 

the apatite lattice. It is possible, therefore, that the apparently 
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anomalous figures quoted by Butler for Sr in biotite were due to 

the presence of apatite impurities in his separated mica fraction. 

The avera.ge concentra.tion of Sr for the Bodmin lIoor pluton 

is 72r::!m a,'1d when this is com~ared with the avera.ze figuxe of 

1,000!,pm o..uoted by Turekian & Wederhol (1961) for calciuni-"de:!!leted 

granites the implication that the Dodmin Moor pluton is a late 

stage magmatic aifferentiate is readily appaxent. Some Sr values 

for other S. W. England granites are reproduced in Table 20 and 

these show a similar magnitude to those from Bodmin Moor. 

As with the other elements which reflect the differentiation 

of the coarse-grained granite there is a concentric zonin~ of the 

Bodmin Moor pluton and in the case of Sr the hieher concentrations 

are towards the perimeter, again indicatina that fra.ctionation 

has evolved towards the later, central part of the pluton (see 

Fig. 7). A similar trend is also apparent between cluster Group 

3 and Group 1 (see Table 16) and once again Group 2 values do not 

appear to be related to the sequence. 

F) Yttril'!'l, Le.nt'»~num, CE':r'illJll, neod.,;rr:litun and Zirconium 

Although Y is generally considered to exhibit a similar 

chemical behaviour to La, Ce and nd, part of the lanthanide 

series of elements, such a character is not immediately apparent 

from the Dodminl~oor results. Zr, however, does bear some 

affini ties to the la.'1thanides of the gram te a.'1d whilst its 

treatment is normally covered sep8~ate1y in geochemical texts 

it is convenient, here, to treat the element with Y and the 
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lanthanides. It is common practice, in dealing with the lanthanides, 

to divide the abundance or each element by the abundance in 

chondrites, or to express the concentrations as a percentage 

value or one or the end members or the lanthanide series in an 

attempt to standardise values and enhance variations. Such 

amendments, however, are not re~red tor the »Odmin Moor results 

and all values are quoted in ppn as determined. 

The Y ion is closest in size to the Ca ion, among the major 

cations, and though it may be expected that trivalent Y would be 

captured in early tormed Ca posi tiona, by virtue or both its size 

and valency, it tends to concentrate in accessory minerals such 

as apa ti te and monza.ni te. The reason tor thi s behaviour can be 

attributed to the Y-O bond having a much more covalent nature" than 

the Ca-O bond so that the efteot or the bond type is greater than 

that ot the size or valency. A similar explanation also holds 

tor the behaviour or the lanthanide elements with the oovalent 

R-O bond, ~a.in resulting in a poor artini ty tor oapture in Ca 

sites. 2+ With the possible exception or Fe there is no common 

major element oation oomparable in size to Zr and this element 

normally torms a separate mineral phase, ziroon, whioh like the 

aocessory minerals harbouring Y and the lanthanides, tends to 

become concentrated in late stage melts. 

There are relatively rew analyses or the distribution 

abundances or Y, La, Ce, Nd and Zr in the individual co-eXisting 

. rock torming minerals. Herrmann (1969) summarises the available 

data ror Y and the lanthanides and shows that biotites from 

granites have higher concentrations ot these elements than 00-

eXisting teldspars and quartz. This is borne out by the results 
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of Towell et al (1965) for the Ribidoux lJountain (U.S.A.) 

leucograni te and by G avril ova & Turanskaya (1958) for a Ukrainian 

granite. This latter work, however, found that 60% of the 

distribution of Y and the lanthanides was supplied by accessory 

monzani te and of the remaining 4(ft~, apatite was the major 

contributor. There is no evidence of monzanite in the Bodmin 

Moor granite though modal data show values of up to 0.410 apatite 

(Table 4 and Edmondson, 1910, Table 1) for the coarse-grained 

granite and CIFN norms give apatite values of 0.5-0.~ (Table 3). 

It seems probable, therefore, that the major proportion of Y and 

the lanthanides is concentrated in apatite in the Bodmin I.roor 

gram tee Zircon is not recorded in the modal data of Edmondson 

(op. cit.) as greeter than O.l~, though figures as high as O.~ 

are recorded by Jones (1963) for the Soilly Isles gre~te. For 

the St. Austell granite Exley (1959) notes the presenoe of zircon 

crystals inside pleochroic haloes wi thin 11 thioni te mica and 

Hawkes (in Edmonds et aI, 1968) also reports the p:!'esence of -
apatite and zircons included in biotites from Dartmoor. 

Turekian & Wedepho1 (1961) quote the follOwing figures for 

the abundance of the lanthanides in low-calcium granites, Y - 40ppm 

(45), La - 55ppm (29), Ce - 92ppm (36), Nd - 31ppm (35) end 

Zr - 115ppm (116) (the figures in brackets ere the average values 

for Bodmin }.!oor, Table 10). Other than Ce, which is approximately 

1/3 the concentration, the lanthanides for Bodmin Moor are 

comparable to those quoted by To~e11 ~ (1965) but are 1/2 to 

1/3 lower than those quoted by Gavrilova & Turanskaya (1958). Y, 

however, is markedly higher for Bodmin Moor than the results 

quoted by either of the preceding authors. Some of the few 
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available results published for other S. W. England granites are 

given in Table 20. 

For the lanthanides and Zr the trend surfaoe patterns (Figs. 

8, 10 and 11) for the ooarse-grained granite of :Bodmin Moor all 

exhibit a very similar pattern with increases in conoentration 

towards the perimeter of the pluton. For Y (Fig. 1) it is 

possible to perceive a similar concentric zoning but in the 

reverse direction. The concentrations of Zr and the lanthanides 

in the cluster analysis groups (see Table 16) show a decrease 

from Group 1 to Group 3, with Group 2 averages lower than either 

Group 1 or Group 3. If the chemistry of La, Ca, Nd and Zr is 

accepted as reflecting a differentiation series then the trend 

surface zoning of the Bodmin 1~or pluton implies that the central 

portion of the granite is the earlier fraction. In other words, 

the Variation in the lanthanides contradicts the results of the 

other non-metallic trace elements. It is of interest to note, 

however, that Exley's (1959) results for Zr in the 'fluorite

granite' of the St. Austell pluton also show a very marked 

depletion when compared with the concentrations of the earlier 

granite differentiates. Taylor (1965) has suggested that if a 

magma is dry a pegmatite phase rna:! not separa.te and Zr and the 

lanthanides may similarly fail to separate out into a residual 

phase and instead "will remain disrersed through the granite, 

perhaps in the lsttices of the common minerals, or in small 

pockets or rare minerals scattered sporadically through the 

granite". It has been noted in an earlier paragraph that apatites 

and zircons do occur as inclusions, particularly in the micas, 

in the S. W. England granites and it is suegested, therefore, 

that these apatites and zircons must have separated out as an 
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early phase duri~~ the magma crystallisation and in doing so 

tied up the available lanthanide elements; thus giving the 

impression of a reversal in the differentiation trend of the 

granite. This explanation would also be an accepta.ble 

interpretation of the rela.tively low average values for the 

rare earths in cluster Group 1, compared to Group 3, and assuming 

Dangerfield & Hawkes's (1969) model for the origin of the later 

elvans and mineralised coarse-grained granites, the comparatively 

high average values associated with Group 2. 

The failure of Y to follow the same behaviour 'pattern as La, 

and the other elements, is not fully understood although the 

high standard deviations associated with the cluster-analysis 

erouping (Table 10) and a weak trend surface pattern could be an 

indication that the experimental accuracy is insufficient to 

clarify significant variations in the regional chemistry. The 

factor analysis processing verifies this conclUSion, to some 

extent, by showing that La, Ce, Nd and Zr are the most significant 

contributors to 27;~ of the total chemical variation of the Bodmin 

1,Ioor pluton and Y is practically insignificant (Table 13). Y is, 

however, a significant contributor to the second factor analysis 

component accounting for l~ of the chemical variation of the 

grani tee 

G) Barium 

The Ba ion is almost identical in size to the K ion and there 

is a tendency for ::Sa to behave a.ccording to the classical capture 

prinCiple and enter early formed K minerals. In other words Ba 

concentrations are likely to be high in K rich rocks although 
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later stage melts may not exhibit this relationship as Ba becomes 

depleted by substitution for K. 

Unlike Rb and Cs, Ba tends to enter K-feldspars mo~~ r~8dily 

tha..'1. biotite or musoovi te, probably bece.us~ of the difficulty of 

balancing charges in the mica.s. Butler's (1953) analyses for 

Carnmenellis (Bosahan adamellite) confirm this distribution with 

K-feldspars (225ppm) having almost twice as much Ba as biotite 

(120ppm). In view of the high modal content of the alkali feldspars 

in the Bodmin Moor, and S. W. England grani tes as a Whole, it can 

be assumed that the majority of Ba is harboured in these minerals. 

Turekien & Wedephol (1961) ~uote e~ abundance of 840ppm for 

low-calcium granites and though Te,ylor (1965) quotes a fie;ure of 

600ppm for the average granite content this fieure is still 

considerably higher th~m that for the Bod.min Moor gram te (average 

l83:?Illn) • The Bodmin Moor figure i9, however, comparable to other 

figures quoted for the S. i'l. Eneland granites (see Table 20) though 

any variations between plutons a~e aeain difficult to assess because 

of the limited roLmber of available results. 

Trend surface data (Fig. 9) for the coexse-grained granite of 

]odmin 1~or shows a concentration decrease towards the centre of 

the pluton. As the relatively low averaee Ba concentrations for 

the pluton exe indicative of a late stage erB-~te differentiate, 

the decrease in concentration towards the centre of the pluton 

indicates that the fractionation of the granite must also have 

proceeded along this trend. The behaviour of Ba in the cluster-
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analysis €TOUpine is also comparable to the other non-metallic 

trace elements and shows a decrease in concentration in the 

differentiation trend froD Group 3 to Group 1. In Group 2 the 

averaee concentration is considerably higher than the other two 

groups (see Table 16), thus implying some enrichment in the elvan 

and mineralisation phase. This erxichment could be derived from 

the re-meltine of eaxlier granite or screens of country rock, 

both of which could have relatively high Ba concentrations. 

Exley (1959) found a similar differentiation trend for Ba in 

the St. Austell granite with a decrease in concentration from the 

biotite-muscovite granite (early) to the fluorite granite (late). 

Exley (1959), however, points out that Ba follows the same trend 

as K, except in the late-lithionite granite. On the basis of the 

present results, such an interpretation is not considered valid 

for while Ba and K axe geochemically related in meematic different

iation this relationship cannot be deduced in the S. W. Ene1and 

batholith because of camouflage by the later K "metasomatic 

differentiation". 

H) Ur!L''lium and Thorium 

Roeers & Adams (1967) consider that average U and Th contents 

for grani tea are not obtainable owin,g to the extreme variation 

from "one granite type to another". They do, however, proceed to 

quote a range of values with U given as 2-8ppm (9.3 ppm) and Th 

as lO-20ppm (l6ppm), Bodmin Noor avera.ees in brackets~ These 

figures reflect increases in the abundances found in intermediate 

and basic rocks and the implications 8.!.'e that increased concentrations 
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are found in the more petrologically differentiated rock types. 

As pointed out by Goldschmidt (1954), however, the concentrations 

of U and Th in some late magmatic series may not neoessarily be 

well pronounced beoause of the capture in early formed oaloium 

minerals suoh as apatite. The pleoohroio haloes, around minute 

zircon orystals, in biotite oan also be interpreted as due to 

the presenoe of the radioactive elements and it might be expeoted 

from this evidence that the distribution of U and Th in the :Bodmin 

Moor granite would be oomparable to that of Zr and the rare earths. 

For Th both the trend surface analysis of the ooarse-grained 

grani te and the cluster-analysis grouping are oomparable to Zr and 

the lanthanides and Th is also a major oontributor in the factor 

analysis component oontaining these elements (see Table 13). It 

can be assumed, therefore, that even though the analytioal evidenoe 

is by no means as aoourate as for other elements the results do 

imply differentiation on the basis of a ooncentration reduotion as 

the early Th bearing minerals have orystallised out. For U the 

trend surfaoe picture is not as clear, possibly because ot inadequacies 

in analysiS and also from complications ariSing from later uranium 

mineralisation (Darnley et al, 1965). Evidence for the latter is 

also brought out by the higher U ooncentrations, not only in 

cluster Group 2 (the elvans and mineralised ooarse-grained 

granites), but also in the distribution of the higher values in 

the southern part or the trend surface plot or the ooarse-grained 

granite. 

I) Fluorine and Chlorine 

The halogens are highly mobile in oharacter and during the 

course of magmatio orystallisation probably beoome enriched in 
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the later fractions, particularly in residual liquids and vapours. 

F is likely to rerlace tetrahedral 0, probably a.t the exposed 

ed3es and surfaces of silicate minerals whereas Cl may exhibit 

isomorphous substitution for the OR ion in the octahedral layer 

of the hydroxyl silicates, because of the similarities in 

polarization. As the Cl ion is larger than the F ion it is 

unlikely that the two iona are interchangeable in silicate structures. 

Fuge & Power (1969) express the mean value of F, in 90 

unaltered specimens from the S. W. England granites, as l395ppm 

and of Cl as 501 ppm , both these fieures being approximately twice 

the estimated average values for granites (~trekian & Wedepho1, 

1961, quote aver8€es of F - 850ppm and Cl, - 200ppm). In the Bodmin 

MOor granite, F values (see Table 11) e~e comparable to those 

quoted by Fuge & Power (1969) though C1 values are much lower and 

closer to the aver8€e figure quoted by Turekian & Wedephol (1961). 

To suggest that there are any regional variations in the haloeen 

concentrations of the S. W. England granites may, however, be 

fortuitous as the number of determinations is limited and 

variations may, in part, be controlled by non-magmatic processes 

(see p. 36). 

It has already been suggested (P. 76).that the F and Cl 

conoentrations in the S. W. England granites could be attributed 

to a Ie,te stage aqueous and K-halide rich "fluid". This 

interpretation is also held by Fuge & Power (1969) and they imply 

that the aotions of the late stage K-rich fluid may have been like 

that of a reservoir, serving to hold F and Cl in relatively high 

conoentrations. Floyd (1966, 1961) has interpreted the petrography 
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and chemistry of the aureole roc~~ of the Land's End eranite as 

indicating that the injection of the granite produced a 'front' 

of migrating water which resulted in conversion of basic intrusions 

into amphibolite hornfelses. Floyd (op. cit.) has also implied 

that F was closely a.ssociated with this water throughout the phases 

of contact metamorphism and that this mobile "fluid" also acted as 

a cation transportation agent. ~~ether, in fact, it is the K-rich 

"fluid" which has acteCl. a.s a reservoir for Cl and F, as implied by 

Fu~e & Power (1969), or whether it is the aqueous Cl and F rich 

"fluid" that has acted as the trans:?ortation agent for K is 

debatable and while the present work would favour the latter 

explanation it seems possible th~t K and the halogens acted in 

mutual enhancement. 

Although Floyd (1966, 1967) suggests that the contact 

metamorphism of the Land's End aureole rocks was instigated by 

a mierating "fluid" associated with the magma injection recent 

experimental and theoretical evidence (see p. 96) favours the 

emplacement of relatively "dry" gra.nite magmas and Floyd (personal 

communication) now concedes that the timing of the 'mobile fluid 

front' may be post magmatic. Such a time relationship of the 

magma and the K-halide rich "fluid" would be comparable to that 

invoked in this work. 
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PART IV 

A) Some views on the develorment of the S. VI. Enp;ls'1.d batholith 

In this section it is essentially the develorment of the Bodmin 

Moor pluton which is being considered, although the chemical, petrological 

and geophysical evidence suggests that all the S. W. England plutons are 

related and may, therefore, have a simile~ history. It is emphasised, 

however, th~t time and spatial ~redictions may not hold throuehout the 

region; indeed it is debatable whether a chronological ordering of 

events, even for the Bodmin Moor pluton, can be proposed, as controlli!1,g' 

influences were probably inter-related in a much more complex manner 

than revealed by present research techniques. 

E) The orir,in of the m9.{-,na 

Tuttle & Eowen (1958) concluded that in orogenic environments 

melting begins at depths of 20 to 25km and though the evidence for 

this su.geestion was based on experiments which were conducted wi th 

an excess of water more recent estimates (Brown & Fyfe, 1970) of 

tempera.tures in the crust mak~ it apparent that granite liquids axe 

unlikely to be produced at a depth much shallower than 20-30km. 

Robertson & Wyllie (1971), again on experimental evidence, have 

found the.t the effects of heating an igneolJ_s rock of intermediate 

com~si tion, or its metamorphic equivalent, be5in wi til a fusion of 

quartz e.nd two feldspaxs and a solution of vapour to produce a water

saturated liC1,uid of crani tic COITIIlOsi tion. For an a.ssemblage of 

silicate mir..erals, vii th or without hydxous minerals, and wi til '3. V8;?our 

- 95 -



phase there is formation of more liCJ..uid at hiehe:!:' temperatures, 

aC00mpanied by a proe-ressive de;;letion of water. Within a relatively 

wide temperature range, 700 - 9000
C this water-undersaturated granitic 

liquid can co-exist vri th Q,uartz, feldspars and more refectory minerals 

o untUatatemperature of around 1100 C there is a complete melting. 

Recent models (Ringwood /}. Green, 1966) have indicated that the 

lower levels of the earth's crust are probably of intermediate composition 

and al tho~lgh meema generation wi thin the upper crust and mantle may be 

attributed to a complex association of dynoonic processes, develovnent 

in the case of the Cornubian batholith c~ be adequately explained in 

the context of the Hercynian orogeny. In other words, it is reasonable 

to believe that the necessary tem~eratures (of around 800oC) and 

compositional conditions p:!:'evailed allowing anatexis of the lower 

crustal levels and hence for the development of a magma for the S. W. 

Eneland batholith. '\'.'hen the vapour is no longer present, at 700°C and 

above, ]~~~am (1967) has indicated that in a water-1L~dersaturated 

liquid-crystal masma the PH 0 may be considerably les9 than the overall 
2 

load pressure and upward migration may proceed, without excessive 

crystallisation, until the two pressures become comparable. Ramberg 

(1970) has also demonstrated with centrifUced scale models that partial 

melting in the crust is almost certainly followed by upward, diapiric 

movements of mawomas or mobile rock masses. Thus, haviTl-C rroduced a 

model for the development of the grani tic m,=,.~a in the lower crust 

there arre~s to be little difficulty in proposine a means of injection 

into the uppe:!:' c~~stal levels. 

As a result of recent geophysical evidence, Bott ~ (1970) have 

revised their hypothesis that the eranite m~ama of the S. ~. Encland 
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batholith developed by fusion of a true granitio layer in the middle .. 
of the crust to one in whioh it was formed by the seleotive fusion of 

the rooks fOrming the lower part of the orust. They suggeet that the 

gram te probably originated trom a depth below 10 to l2km, at which 

level they reoognise a gradational density change with the lower orustal 

material now representing the stoped and residual material which sank, 

or remained, as the granite was emplaced. :Batt!i...!,l (1910) also 

consider the fact that the MOho appears to be well detined and apparently 

undisturbed along the length ot the batholith as fUrther evidenoe ot a 

crustal origin for the gram te JIlS8ll18.. Floyd (1912), on the basis ot 

the tectonic environment of the basic and acidic rooks ot S. W. England 

also conoludes that all the evidence points to a deep seated crustal 

origin for the Cornubian gran! te DI.a8JD8.. 

C) The magma emplaoement 

Stone (1911) considers that the structural evidence in S. W. 

England indioates that although in! tial injection may have caused 

detormation 01' the magma envelope the present surfaoe form ot the 

plutons suggests that emplacement occurred by passive stoping and 

subsidence ot the intruded count17 rocks in the oircular or ring-

like shape now expressed by the exposed granite bodies. 

This model contrasts with the theory of emplacement envisaged by 

l30tt et al (1958) from geophysical evidenoe. They suggested that the 

Dartmoor pluton was intruded in the shape ot an inverted 'L' f the 

vertioal 11mb in the south, corresponding to a large negative gravity 

anomaly, being the feeder channel, and the horizontal 11mb extending out 

to give the present exposed pluton form. :Batt et al' s (1958) model was 

also employed by Edmondson (1910) to explain the distribution ot the 

alkali feldspar struotural states in the l30dmin )(oor pluton. 
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It is difficult to ascribe the distribution pattern of the non

metallic trMe elements of the Bodroin 1~oor pluton (see Part III) to the 

injection model proposed by Bott ~ (1958) and the method of 

emplacement advocated by Stone (1911) is favottred; the negative gravity 

anomaly, mineralisation and alkali feldspars structurel state 

distributions now being explained by structural control followine 

magma injection (see p.el). The extreme fractionation in the chemistry 

of the Bodmin !.Ioor and S. W. England erani tes is also more compatible 

with Stone's (1971) model than with that of Bott at al (1958). Brown 

&: Fyfe (1910) have suggested. that the re.te of ascent of a gram te mass 

may be ~uite slow, possibly as low as a few centimetres per year if 

cooling is dominantly conductive. Thus, if the time of ascent is very 

slow, say thousands of years, then the fractionation could develop 

wi th crystallization a.1'ld settling out of the more mafic constituents 

leaving a well differentiated mass that could continue to ascend.. Thus 

the apparent "pulses" of more acidic maema, represented by the mediwn

type and fine-grained granites, aplites and pegmatites could be the 

later fractionation products puncturing through what may be the 

contaminated. envelope of the pluton (Exley, 1961). It is certainly 

difficult to envisage the horizontal m~ flow required. in Bott 

~'s (1958) model to be a relatively slowly mOVing body. It is 

also difficult to interpret the trace element distribution pattern in 

terms of a horizontal flow of magma. 

The If,1 - SE elongation which it is possible to perceive in the 

exposed. form of the Bodmin Moor pluton and. in some of the "difference

pools" for the trace element distribution patterns (p.61) is interpreted 

as being the result of deformation influences during the magma. 

emplacement. The possibility that this distortion could be related. 
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to the sub-horizontal movement of magma proposed by Bott ll..& (1958) 

has not been overlooked al though again, as wi th the actual trend 

surfe"ce distribution patterns of· the 'elements, it :-Se€ms. Unprobable 

that horizontal movements could produce the local "difference-rool" 

anomalies. 

D) Post-maematic effects 

The origin and model of the K-metasomatism, and injection of elvans 

and mineral lodes for the Bodmin MOor pluton have already been proposed 

(p. 79) though the actual structural control which influenced the 

model has not been fUlly developed. 

It seems logical to assume that the emplacement of the major 

plutons in s. W. England must initially have had a "weakening" effect 

on the upper crust along the axis of their emplacement. Though 

structural accounts of S. W. England (e.g. Dearman, 1971) do not 

confirm that there is any structural pattern in the country rocks 

that would fit the present proposal this does not necessarily Signify 

that the "weakened axis" did not exist. In fact it is more than 

probable that the still releti~ely plastic granite bodies absorbed 

minor earth movements. This is confirmed by Booth (1966), for in a 

summary of the distribution of jOint trends in the Cornubian granites 

he indicates that the joint patterns are in agreement with a regional 

tectonic control produced by "internal stress fields set up in 

response to Hercynian movements". Thus the earth movements which 

allowed the upward penetration of solutions, fluid and vapours to 

proceed can be conceived as being structurally controlled along the 

axis of the emplacement pattern described by the plutons. 
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One post-magmatic effect of the S. W. England granites that has 

not yet been considered in detail is that of kaolinisation. The 

majority, of whst are admittedly but a few kaolinised specimens that 

have been analysed from the Bodmin l!oor pluton, fall into the Group I 

cluster (see Table 14). ~ais association with the fine-grained granites 

and apli tes suggests that kaolinisation was rele,ted to the later phases 

of magma emplacement. Bristow (1969) considers that kaolinisation in 

S. W. England has been caused by weakly acidic hydrothennal solutions 

percolating through the granite and then being trapped beneath the 

killas (country rock) roof. The "i'unnel" structures of the St. Austell 

clay deposits fit such a theory but according to Bristow (1969) there 

are some deposits within the Bodmin 1fuor pluton which sep.m to suggest 

that the kaolinised granite occurs in uniform layers underlying areas 

of bogey ground. Bristow (1969) thinks that these deposits may have 

been produced by the dounward movement of humic acids derived from the 

overlying peat, or possibly as a result of deep tropical weathering 

during the Tertiary period. Exley (personal communication) has pointed 

out that these clay deposits underlying boggy ground may ba the product 

of erosion and transportation of kaolinised granite from the su~~ounding 

higher ground levels in which case the primary origin of these deposits 

as late magmatic may still be appropriate. Exley (1965) has also 

shown that many of the clay deposits are related, in beIts, to fold 

-axes and tension joints in the Eodmin traor granite, in which case the 

distinction between late magmatic and post-magmatic, as used in the 

present context, requires further explanation. It is, therefore, 

proposed that "late magmatic" should be used to imply an origin related 

to the differentiation of the granite whereas "post-magmatic" should 

be used with respect to processes which are not entirely the product of 

differentiation. 

- 100 -



E) Conclusions 

The results of the major and trace element chemistry for the 

]odmin Moor pluton imply a "typical" igneous differentiation series 

with the exposed portion of the pluton representi~~ the end members 

of this series. Regional chemical variations are interpreted in terms 

of increasing differentiation towards the pluton centre with local 

variations produced by the "puncturing" of the magma envelope by 

later differentiates and oountry rock assimilation and contamination. 

Subsequent tectonic activity, controlled by the regional setting of 

the S. W. England batholith, is considered to have influenced the 

post-magmatic processes of mineralisation and K-metsomatisrn. 

It is also concluded tha.t Edmondson's (1970) 'division' of the 

Bodmin troor pluton is not strictly valid when considered in terms 

of the emplacement history of the pluton al thouf:h its use is 

2ustifi<:>d in respect of the poSt-r.J.8QTlRtic developml?nt of the pluton~ 
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APPENDIX 



\ . 

1) Sample locations, U,V. co-ordinates and rock tyne descriptions 

Spec.No. 

KEEl 

KEE2 

KEE3 

KEB4 

KEB5 

KEE6 

KEB1 

KEE8 
KEE9 

KEEIO 

KEEl 1 

KEB12 

KEB13 

KE:B14 

KEB15 

KEB16 

KF..B11 

IillB18 

KEE19 

KEB20 

KEB21' 

KEB22 

KEJ323 

lCEJ324 

KEB25 

KEB26 

KEB21 

KEB28 

KEB29 

KEB30 

ICEE31 

KEB32 

KEB33 

KEE34 

KEB39 

.!! Y. 
6.16 6.50 

Location 

Qu~ry S.E.of Dozmary Pool 

Rock Type 

FOG 
6.16 6.49 

6.15 6.48 

6.13 6.41 

,6.14 6.46 

6.15 6.45 

6.16 6.44 

" 
" 
" 
" 
" 
" 

" 
" 
" 
" 
" 
" 

" " 
" " 
" " 
" " 
" " 
" " 

11.13 1.94 De Lank Quarry (depth 30m) 

11.10 1.91 

11.63 1.98 

11.61 2.00 

11.55 1.85 

" " 
" " 
" " 
" " 

" 
" 

( " 15m) 

(" 1m) 

" (" 1.5m) 

" S. of main quarry 

11.12 

11.81 

11.84 

1.81 

1.81 

1.88 

"" "adjacent to entrance 
Horkings N. \1. of main De Lank Qry. 

" " " " " " 
11.88 2.05 " .. ..,,"" 

11.89 2.01 Hantergantick Quarry (depth 3m) 

11.86 2.08 " ,,( " 30m) 

12.94 6.84 Roughtor 

12.70 6.87 Roughtor 

12.85 6.74 Roughtor 

Roughtor 12.80 6.96 

12.84 7.17 

12.89 1.19 

12.96 1.36 

Little Roughtor 

" " 
Showery Tor 

Small quarry adjacent to the A30, 

.. " ( S. W. of Temple 

" " " " " 

" 
" 
" 
" 
" 
" 

eGG 

eGG 

eGG 

eGG 

CGG 

ELVAN 

CGG 

CGG 

CGG 

CGG 

CGG 

CGG 

CGG 

CGG 

eGG 

eGG 
CGG 
CGG 

ACGG 

ELVAN 

ACGG 

9.05 2.13 

9.04 2.74 

9.02 . 2.75 

2.84 9.18 

3.31 8.89 

3.27 8.94 

3.35 8.90 

3.32 8.95 

3.25 8.91 

Disused I pi t', S. of Cheese\-n'ing Qry. MCGG 

Goldiggings QUarry XCGG 

" " 
" " .. " 
" " 

2.99 9.45 Stowe's Hill Tor 
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XCGG 

CGG 

eGG 

eGa 

CGG 



Spec.No. 

ICEJ337 

KEJ338 

lCEJ339 

KEJ340 

llli'J341 

ICEJ342 

KEJ343 

,J3B45 

ICEJ3400 

KEJ3401 

KE:J3402 

KEJ3403 

KEJ3404 

KEB405 

KEJ3406 

lCEJ3407 

KEJ3408 

KER409 

KEJ3410 

KEJ3411 

KEJ3412 

KEl3413 

KEB414 

KEJ3415 

KEJ3416 

KEJ3417 

KEJ3418 

KEB419 
lCEJ3420 

KEJ3421 

KEJ3422 

KEB423 

KEB424 

KEJ3425 

KJ113426 

KEJ3427 

!! 
2.94 

2.81 
2.85 

2.82 

2.18 

2.74 

2.69 

4.85 

! 
9·52 

9·45 

9.39 

9.46 

9.49 

9.41 
9.42 

5.10 

Location 

Cheese\vring Tor 

Cheese\'~ing Quarry 

II " 

" " 
II " 

II II' 

II II 

Park Clay Pit 

Rock Type 

CGG 

CGO 

COO 

COO 

COO 

COO 

xcoa 

CCGO 

5.66 6.07 Brown Gelly CGO 

4.56 4.64 l1hite Barrow' (Tumu1us) S.of Park C.P.CGO 

4.15 4. 73 \~ .'Mutton 's DoWn VCGa 

4.06 
5.85 

'6.50 

6.44 
6.3$ 

4.71 1-1.Mu.tton's DO\ffl 

3.56 Letter !lloor (not in 8i tu) 

Mennabroom Farm Tor 
II II II 

" " " 

.COO 

cao 

ELVAN 

6.73 3.04 Carburro\v Tor 

ACGG 

CaG 

cea 

COO 5.82 2.52 N.,\-larleggan (not in situ) 

7.06 4.15 N.Redhi1.1 DOlms (not in situ) CCGO 

COO 

CGO 

ccao 

xcao 

12.81 ",12.30 Alex Tor 

10.17 2.94 Treswigger (not in situ) 

10.02 2.24 Metherin Clay Pit 

10.05 

12.54 

1.32 

7.95 

5.34 

4.90 
4.88 

9.39 

5.08 

6.49 

6.10 

8.02 

9.36 
9.00 

2.22 

3.62 

7.96 

7.35 

8.36 

9·00 
9.04 
9.29 
9.27 

9.23 
8.46 

8.44 
8.98 
9.49 

II II II 

Quarry S.W. of Casehi11 caa 

Smith's Moor (no~ in situ) xcoa 

E.of St.Lukes (in barn foundations) vlCaa 

Hill Tor cea 

Newel Tor ACeG 

II " 

Small combe Tor 

Quarry on Economic Forest Estate 

\'1. end of Che es ewring Rly. track 

As per KE:B422 but qry. on \'1. side 

Carneglas Tor 

AFGO 

CGG 

ACOO 

coa 

'\-1 CO G 

eea 

S.E.of Elephant Rock VCaG 

Quarry N. Cannaframe Farm on the A30 COO 
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Spec.No. 

KEB428 

KEB429 

KEB430 

KE13431 

EB69 

EB16 

EB19 

EBIOI 

EB119 

EBI21 

lm123 

EB164 

EB190 

EB195 

KEESOO 

KEB501 

KEB502 

KEB503 

KEB504 

KEB505 

KEE506 

KEB501 

KEB508 

KEB509 

KEB510 

KEB512 

KEB513 

KEB514 

KEB515 

KEB516 

KEB511 

KEB519 

KEB520 

KEB521 

KE:B522 

KEB523 

!l 
8.60 

8.61 

13.15 

12.94 
3.91 

v -
10.16 

10.64 

5.88 

5.16 
5.48 

5.30 10.90 

Location Rock Type 

Nr.Po1dhu Farm, on forest track caa 

S.of T:renilk caa 

Starmon, Nr. Uhi tewalls 

Dinnever Hill (not in situ) 

S.N'orthHood Downs 

H. end of IIal'lk' s Tor 

wcaa 

CV 

ELVAN 

PEG 
4.63 10.01 Kilmar Tor 

1.86 8.15 Hinions 

ELVAN 

CaG 

CGG 

CGG 

CGG 

15.46 6.10 Little Parkwa11s 

14~49 4.88 T:rewint 
14.54 4.01 VI.side of Devil's Jump 

2.98 4.90 Perlock Woods ELVAN 

XCGG 8.33 5.33 B:rockabarrow Common 
13.89 

10.33 

10.34 

11.19 
11.80 

12.63 

12.61 

13.28 

2.17 
2.6,{ 

6.96 

1.11 

7.38 

4.55 

3.44 

2.01 

2.06 

2.69 
6.68 

6.53 

2.69 6.51 

2.11 6.21 
1.15 9.80 

3.05 10.83 

3.01 10.80 

3.56 10.06 

4.06 10.52 

4.11 10.50 

4.04 10.28 

4.01 10.31 

8.41 1.62 

8.32 1.61 

8.05 1.54 

Po1due DOvms VcaG 

Catsho1e Tor CGG 

N .E.Catshole Tor CGG 

Quarry N. of Leaze XCGG 

Old workings, Nr.Bo1atherick CaG 

R01-1 Quarry XCCG 

" " xcaG 
Rdocutting nr.Tuckingmi11 XCGa 

Entrance to Sib1yback Res. dam WCGG 

El va:n quarry S •. of abOVe specimen~LVAN 

" " " " " 
Old workings nr.Redgate 

Quarry n .Eo side of Caradon Hill 

Cheeset'rring \"l.of Sharp Tor 

Notter Tor Quarry entrance 

!lotter Tor Quarry 

Bearah Tor 

Ki1mar Tor 

Bearah Tor Quarry 

" ". " 
Co1vanniclc Tor 

Elvan Quarry, Colvannick Tor 

Elvan Quarry, St.Bellarmin's Tor 
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ACGG 

ACGG 

CGG 

CGG 

PEG 

CGG 

CGG 

CaG 

PEG 
CGG 

CaG 

ELVAN 

ELVAN 



Snec.No. 

KEB524 

KEB525 

KEB526 

KEB521 

KEB528 

KEB529 

KE13530 

KEB53 1 

KEE532 

KEB533 

KEB534 

KEB536 

KEB537 

KEB538 

KE13539 

KEB540 

KEB54 1 

KEB542 

KEB543 

KEE544 

KEB545 

KEB546 

KEB541 

lCEB548 

KEB549 

KEB550 

KEB55 1 

KEB552 

KEB44 

KEB65 

KEBl08 

KEEl 15 

KEBl16 

KEB111 

KEBl19 

KEB131 

KEB132 

u -
8.01 

1.03 

1.48 

1.47 

8.13 

8.90 

v -
1.29 

3.03 

2.52 

2.56 

2.11 

3.26 

Location 

Corner Quoit Quarry 

IIardhead. Do"Wl'lS (mine \"Ta8te) 

Rock Type 

CGG 

eGG 

Elvan Quarry, E.Cardinharn r,loor 

" " II II 

Road cutting, A30 nr.Caz "inham 

Temple Tor 

8.86 3.18 

8.25 3.21 
" 
It 

" Quarry 

" " 
8.25 

11.)9 

11.29 

12.89 

13.18 

8.94 

8·91 

9.61 

9.58 

1.81 

3.55 Nr.Merrifield, S.of Temple 

10.19 Bray Down (not in situ) 

10.63 Old workings, S.of Buttern Hill 

8.42 High Moor (not in situ) 

8.81 It It, old workings 

4.25 HalYk's Tor China Clay Pit 

8.31 

10.33 

10.36 

10.43 

" " " " " 
Road cutting, A30 Hgh.Ca.l'lnaframe 

Trc\"lint DO\VllS Tor 

" " II 

Fox Tor 

8.00 11.25 Shaft/Quarry (?) Nr.Trebur1and 

5.55 9.88 W.Trewortha Tor 

5.42 10.36 E. " II 

5.30 10.86 Ha"lk's Tor 

" II 

Carey Tor 
5.31 10.94 

6.74 9.50 

6.63 11.00 

2.91 7.89 

2.94 7.89 

Ridge, H.H.of Ry1ands 

Treearrick Tor 

" " 
9.06 Quarry, H.side Caradon Hill 

6.34 Old l'1orkings, Nr.Higher Redgate 

T'LVAN 

ACOG 

VCOG 

eGG 

ACOG 

ELVAN 

ACGG 

CGG 

ACGG 

CGG 

MCGG 

PEG 

HCGG 

eGG 

XCGG 

CGG 

eGG 

CGG 

eGG 

eGG 

FOG 

eGG 

eGG 

eGG 

AP 

eGG 

eGG 1.40 

2.13 

10.91 

14.58 

15.10 

13.38 

15.48 

13.41 

12.59 

10.41 Hill, S.of \lest Carne (not in situ) 

7.84 North Crofty Dam,site (not in situ) 

7.00 Stream section, nr.Advent 

loreGG 

eGG 

eGG 

eGG 

8.38 Lanlavery Rock 

6.13 Little Parblalls 

2.92 LO\"ler Hamathay Tor 

2.06 Row Quarry 
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QV 

HCGG 

eGG 

eGG 



S,Eec.lJo. u' ! Location Rock ~~e 
KJ1m35 12.25 9.46 S.of Old Park (not in situ) CGG 
KEE138 11.10 1.35 Adjacent to trig point, Brolm Hilly CGG 
KEB139 11.10 5.81 Garro,", Tor CGG 
KEB140 lO.40 4.45 Carkees Tor CGG 
KEB141 , 11.00 6.32 Dutter's Tor CGG 
KEB142 11.49 6.19 S.of Brown \Ully CGG 
KEB143 11.12 5.26 S.of Garro\-T Tor (not in situ) CGG 
KEJU44 10.88 4.38 Quarry S.of Leaze CGG 
ICEB145 lO.69 3.43 Carbi11y Tor Quarry CGG 
KEB149 10.18 4.90 N.of Hawk's Tor (not in situ) CGG 
KEB151 9.88 4.16 Hawk's Tor CGG 
KEB160 10.00 1.18 To1borough Downs CGG 
KEB161 11.16 1.83 Tor E.of Brown Hilly CGG 
KEB162 10.58 8.05 Codda Tor 

(Stone CGa 
KEB172 1.6.1 6.97 Old "'orkings, E.of King Doniert's . ACGG 
KEB193 11.63 5.15 Sheep pen, Priest Hill lICGG 
A 3.66 7.05 Siblyback Reservoir (Depth 42ft) CGG 
C 3.20 6.87 " .. ( " 46ft) CGG 
E 2.83 6·90 " " ( " 73ft) CGG 
N(40) 2.90 6.92 .. " ( " 40ft) AP 
N(97) 2.90 6.92 " " ( " 97ft) eGG 
p 2.70 6.84 " " ( " 141ft) CGG 
12 2.95 6.98 " " ( .. 90ft) CGG 
14A 3.00 7.05 .. " ( " 12ft) CGG 
E1(19) 11.25 10.70 Wheal Bray (19ft8in - 24ft2in) AP 
El(56) 11.25 lO.70 .. " (55ft10in - 58ft5in)N:CGG 
E1(65) 11.25 10.70 " " (65ft - 67ft9in) r,lCGG 
E2(38) 11.36 10.73 " " (3eft - 39ft) MCGa 

.E2(39) 11.36 lOt. 73~ " " (39ft - 41ft7in) r.ICGG 
E2(63) 11.36 10.73 .. " (63ft - 70ft) MCGG 
WI 11.29 10.36 " " (74ft -:77ft) nCGG 
K2 11.32 lO.4e " " (43ft7in - 44ft) XCGO 
C216 5.56 4.34 Colliford. ACGG 
C217 5.65 4.56 " CGG 
C218(6) 5.69 4.14 " (Depth 6ft)ACGG 
C218(45) 5.69 4.41 " ( " 45ft) ACGO 
L104(26) 3.56 6.52 Lamelgate ( " 26ft) COG 
L104(40) 3.56 6.52 " ( .. 40ft)XCGG 
L111 3.45 6.60 " ( II 150ft) AP 
L114 3.50 6.73 " ( " 72ft) eGG 
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Spec.No. U ! Location Rock Type -
DIU 1.60 3.66 Coppin's Park CCGG 

DME2 1.49 4.69 Dewymeads XCGG 

BSE3 1.54 4.53 Nr.Simon's stone CCGG 

H3 4.45 5.02 Hu1ke CCGG 

119 8.51. 6.38 Road cutting, A30 n:r.1Unzies Do\-ms CGG 

121 8.52 6.41 " " " " " CGG 

123 8.54 6.45 " " " .. " CGG 

124 8.55 6.48 " " " II " }ICGG 

125 8.58 6.53 " " " .. " CGG· 

HARR 6.31 1.44 Harro,,;bridge ~lCGG 

LL 4.91 6.93 LO\"1er Langd'on VCGG 

AFGG Altered fine-grained granite 

FCG .Fine-grained granite 

ACGG ' Altered coarse-grained granite 

IiICGG Mineralised coarse-grained granite 

XCGG Contaminated coarse-grained granite 

VCGG Veined coarse-grained granite 

HCGG Heathered coarse-grained granite 

CCGG Kaolinised coarse-grained granite 

PEG Pegmatite 

AP Aplite 

CGG Coarse-grained granite 

QV Quartz vein 

CV Chlorite veined granite 
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Major element analysis 

i) Sample preparation 

All the rocks were crushed in a similar manner to the sample preparation 

procedure outlined in the appendix chapter on XRF analysis (see parts I & 2 

of -Sample Preparation~). Not less than 500g of rock was crushed. 

ii) !xperimental details 

Major elements. plus lithium. were analysed by employing the rapid 

analysis techniques of Riley (1958). with some slight modifications. Digestion 

of rock powder. preparation of the solutions and the subsequent analyses 

were carried out in the normal manner using a Unicam SP500 Spectrometer 

(Si02 , AI20,' total iron as Fe
2
0,' MnO, Ti02 and P

2
0

5
) , a Southern Analytic 

A1750 Atomic Absorption Spectrophotometer (Cao, MgO) and an EEL Flame 

Photometer (Na
2
0, K

2
0 and Li

2
0). K

2
0/ml. was corrected for interference 

by Na+ and Li0
2
/ml. corrected for K+ interference. Water content waS 

determined by the Penfield tube method. All the rock powders were dried 

(1IOoe) before analysis. 

iii) Assessment of analytical errors 

The errors in whole rock analyses, as in any other analyses. can be 

considered in terms of precision and accuracy. Both are dependent on 

innumberable related and unrelated factors. though, for the present case 

operator error can probably be regarded as the greatest influence in 

precision and procedural error in accuracy. 

Whilst duplication may give some indication of precision the actual 

amount of time expended in multiple replication is limiting. In the present 

work two specimens, KEBl6 and G2, were duplicated in order to make some 

assessment of experimental error. 
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KEB 16 (a) 

s.dev. 

G2 

s.dev. 

(a) 

(b) 

Si0
2 

Ti0
2 

A1
2

0
3 

Fe
2
0

3 
72.76 0.20 15.67 0.18 

FeO MnO MgO Cao Na
2
0 K

2
0 P

2
0

5 
H

2
0 

1.48 0.05 0.40 0.67 2.75 5.52 0.24 0.96 

72.97 0.19 15.16 0.18 1.48 0.02 0.40 0.57 2.75 5.80 0.24 0.96 

70.06 0.48 14.77 1.40 

69.49 0.49 15.18 1.40 

0.02 0.07 0.20 

1.38 0.03 0.84 1.91 4.34 4.66 0.13 0.31 

1.45 0.02 0.80 1.83 4.65 4.5' 0.13 O.}O 

0.05 0.01 0.03 0.06 0.21 0.09 0.01 

Duplication does not necessarily give a guarantee of accuracy if carried 

out by the same analyst, for similar errors may be repeated. These systematic 

errors, however, can be assessed by comparison of the analyst's results, 

with those of other workers for an international rock standard. Whilst in 

practice this is subject to numerous possible objections (for example the 

standard may initially differ in composition as a result of sampling, 

preparation, etc. and different analysts may employ different instrumentation 

and analysis teChniques producing biased results for certain elements), the 

principle still offers a check of the analyst.s ability. The mean of the two 

analyses obtained above for G2 is compared below with the mean of the rock 

analyses compiled by Flanagan (1969, table 4). 

Si0
2 

Ti02 A120, Fe20
3 

FeO MnO MgO Cao Na
2
0 K

2
0 P

2
0
S 

H
2
0 

G2 (a+b/2) 69.77 0.48 14.97 1.40 1.41 0.02 0.82 1.87 4.49 4.60 0.13 O.}O 

G2 (Flana-
gan, 1969) 69.19 0.53 15.,4 1.08 1.44 0.0, 0.78 1.98 4.15 4.51 0.14 0.55 

Na 2
0, K

2
0 and Li

2
0 were also determined separately for all the collected 

samples. In Table 1, the major element rock analyses, the quoted Na20 and 

K
2
0 values are the mean of the results obtained from the two, and in the case 

of KEB 8 and 16, three, analyses. As an assessment of accuracy in Li 

detection G2 was analysed but of the two results obtained both were about 

5~ greater in value than the mean quoted by Flanagan (1969) and neither 

fell within the range of quoted values. The values obtained for the 

spectrograph determinations of Li were taken as a guide to the range of 

values to be anticipated and standards for construction of the calibration 
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curve were prepared to cover this range. Although G2 has the highest Li 

content of the international standards it is still considerably lower than 

that of the majority of the Bodmin Hoor rocks and the error in the values 

obtained for G2 are undoubtedly due to failings in the calibration curve 

for relatively low concentrations of Li. Where low values ( 100 ppm) are 

quoted, no greater degree of accuracy than obtained for G2 can, therefore, 

be considered. Duplicate analyses and comparisons with the values obtained 

for spectrograph analyses are given below. 

G2 KEEl KEE2 KEB5 KEB8 KEB9 KEBll KEB12 KEB17 

Flame P. 68.75 192 110 180 30~,273 289 235 ~l 250 

Spec. 215 136 1~0 3~5 :;00 2~3 ~3 238 

KEB19 KEB21 KEB23 KEB25 KEB32 KEB3~ KEB37 KEB4:0 

Flame P. 257 237 33~ 166 180 ~50 230 268 

Spec. 330 32~ 329 228 232 529 295 26~ 

Spectrograph analysis 

i) Instrument details 

Spectrograph analysis was carried out on a Hilger large quartz 

spectrograph, type E7~2. A Judd-Lewis comparator and a Joyce-Loebel, Mk. 

3B, microdensitometer were employed in the line identification and measurement. 

All the equipment was operated as outlined in the respective instruction 

manuals and by employing the conditions detailed by Power (1966). 

ii) Experiment details 

a) Alkali elements (Wavelength range 900D-~520 A.U.) 

A series of spikes was prepared (see XRF, experimental details) contain 

Rb, Li & Cs, for construction of calibration curves. All spikes and 

samples were prepared to less than -120 mesh B.S. grain size and 

mechanically mixed for one minute using polystyrene vials and pestles. 

The spikes were run in triplicate (two spikes per plate) and all the 

samples were run in duplicate (four samples per plate). 

The following analysis lines were used, Na 5688.2 (variable internal 

standard, Na having been determined by flame photometry), Rb 7800.2, 
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Li 8126, and Cs 8521. 

b) 'Blue' run (Wavelength range 5480-3850 A.U.) 

Two series of spikes were prepared, one containing Sr, Ba and V, 

and the other containing Sc, Y and La. A mixture ot one part 

spike/or sample and two parts of graphite-Pd mix were used in the 

analysis. Other aspects of sample preparation were similar to 

those employed for the alkali elements. 

The following analysis lines were used, Pd 3958.6 (internal 

standard), Sc 4246, La 4333, Y 4375, V 437902, and Ba 4934. 

iii) Calculation of results 

The methods employed for the construction of the calibration curves 

and calculation of results were the same as those used by Power (1966). 

4) XRF analysis 

i) Sample preparation 

Specimens were prepared using the following techniques,-

1) The samples were broken into small pieces using a rock splitter. 

2) These pieces were passed through a "Sturtevant" jaw crusher and 

the chips produced ground in a "Tama" ring mill. The grinding 

time was controlled to give arock powder that would pass through 

B.S. 120 mesh nylon bolting cloth. Tests on same sample showed 

that the majority of powder would also pass through B.S. 240 mesh 

nylon bolting cloth, although around 5 - 10% of the powder, mainly 

micas, would not pass through the sieving. Before, and during, 
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steps 1 and 2 the powder was thoroughly homogenized by quartering 

and re-mixing. 

,) 10 drops of 2% Moviol N 90/98 solution were thoroughly mixed with 

6g of the homogenized powder and the mixture placed between tungsten 

carbide plattens and pressed hydraulically for 5mins at 25 tons. 

4) After numbering the edge of the pellet it was held in a wire cradle 

o 
and placed in an oven operating at 110 C, for a period of about 

12 hours. 

ii) Instrumental details 

XRF analysis was carried out on an automatic Philips PWl212 X-ray 

fluorescence spectrometer. A description of the equipment and its 

operational use can be found in the manufacturers' manual. 

iii) Experimental details 

.) Instrument calibration 

Accurately weighed amounts of dried (llOoC) spectographically 

pure chemicals were spiked to granite specimen KEB8 such that 

additions were five to ten times greater than the estimated range 

of concentration of the elements in the Bodmin Moor rocks. By 

taking these top spikes and diluting with fUrther amounts of KEB8 

a series of spikes was produced to cover the anticipated range of 

chemical variation. In an attempt to minimize any change in rock 

matrix and mass absorption over the range of calibration no more than 

four element. were added to one aeries of spikes. Where interference 

ot.two or more elements was anticipated, either at peak or background 

positions, these elements were separated into different spikes. The 

same top spikes were used for calibration in XRF and spectrograph 

analyses. 



b} General analysis methods 

In the approach to the optimum operating conditions of the 

spectrometer the procedures of Leake ~ (1969) were taken as 

a guide. With certain elements, however, the operating conditions 

were modified in an attempt to improve the precision of the analyses. 

lbe two measuring methods employed, the absolute ratio (fixed counts) 

and absolute (fixed time) techniques, their application and their 

significance with regard to instrument counting errors are outlined 

in the manufacturers' instruction manual and by Jenkins & De Vries 

(Chap. 5, 1970). All counts were monitored against the Same 

standard, KES8, except where the counting rate was uneconomical in 

terms of machine operating time, when the lowest value spike of the 

element being detected was used. 

The operating conditions employed are given in Tables XRFI & 2. The 

selection of counting time, or number of counts, was determined with 

regard to the most economical machine operating time and the minimum 

relative deviation of peak counts to the peaklbackground ratio on 

the ratio standard. Further details are given in the notes dealing 

with the calibration and detection of individual elements. 

b} Computation of results 

Calibrations and rock specimen analyses were calculated on a Digital 

PDP-8 computer from the spectrometer punch tape output. A number 

of programs written by Sedgley (l970) involving the equation y • ax, 

where y is the element percentage or ppm., x is the count ratio to 

internal standard ratio and m is the slope, were used throughout. 

Peak minus background (p -B) or peak minus background:background 

(p/B - I) was used to determine the count ratio, the choice being 
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the one that gave the most accurate results for various international 

rock standards when compared with the analyses of other workers (see 

Flanagan, 1969). The use of (p/B - 1) is regarded by Andermann & 

Kemp (1958) as an approximate matrix correction in that the ratio of 

the intensity of the analysis line to the background remains 

relatively constant for a given concentration of an element in 

samples having different mass absorption coefficients. Reynolds 

(1963, 1967) has also described a sample matrix correction involving 

the use of the Compton scattered portion of the ~ line from the 

molybdenum X-ray tube as an internal mass absorption coefficient 

correction. 

d) Assessment of analytical errors 

As with the major element analysis the analytical errors that arise 

in XRF analysis can be considered in terms of accuracy and precision 

with an additional regard for the lower limits of detection. 

Precision is a function ot the errors arising from the sample, the 

instrument, the calibration, etc. and although accuracy is obviously 

intimately related it is also dependent on systematic bias. An 

overall assessment of analytical precision is discussed by Johnson 

~ (1967) and it is only intended here to derive approximate 

deviations tor the quoted results. 

Assuming homogeneity ot the pelleted samples and their similar method 

of preparation any error produced as a result of the sample may be 

interpreted as systematic. Instrument error can be considered as 

the sum of the short and long term drift effects. For a large 

number of count. (N) the random scatter of X-ray. may be regarded 

as approximating to a normal distribution and in tixed time 

measurements the standard deviation in peak (N ) and background 
p 

- AI, -



st. dev. • ~Np + Nb 

and the relative deviation in terms of P-B calculations is 

reI. dev. • 

(Jenkins & DeVries, 1970) 

By employing the ratio technique the long term drift of the instrument 

is eliminated but some allowance must be considered for the increase 

in short term drift as a result of introducing a further period of 

counting on a ratio standard. Jenkins & DeVries (1970) indicate 

that if the count rate of the standard (N ) is of the same order 
s 

as the sample then the relative deviation approximates to 

reI. dev. • 

In terms of relative deviation of peak to background counting 

statistics quoted above, this value is relatively insignificant 

for large values of N and can be disregarded. 

Calibration and chemical errors may either be systematic, e.g. 

from interference, or random as in the case of normal experimental 

error. It has been assumed that the calibration curve fulfils a 

straight line equation, y • mx. In practice the calibration may 

deviate from a straight line for many reasons. Such inflections 

in the curve can be reduced in magnitude and neglected if the 

calibration is restricted to cover only the estimated range of 

concentration of the rocks being analysed. The uncertainty 

associated with the calibration curve, plus that in analysing a 

sample with this calibration, are beyond the scope of this work 

(see Miller & Kahn (1962), Johnson!i-!! (1967) for more detailed 

discussion on the statistical errors). Some idea ot the magnitUde 

of the error, however, can be determined by regre.singthe count 
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ratio, 'x', onto 'y' for which the standard error of the estimate 

is generally expressed as 

- ~(Yi - Yi ) 

( n - 2) 

where y is the mean and n the number of operations. 

To calculate this error for every element would be uneconomical 

in terms of machine operating time, and as it is only an estimate, 

derivation was limited to two elements, rubidium and thorium. These 

two elements reflect the best and worst instrumentation errors 

respectively. The relative deviation of 2~ analyses of rubidium 

for international rock standard G2 was found to be 1% and for 

thorium, l~%. The magnitude of the deviation, therefore, is similar 

to that of the instrument deviation (see Tables XRFl & 2). As the 

tot.l relative deviation is a function of both instrument and 

calibration errors it can, at the worst, be generalised that the 

error in the quoted XRF results is no greater than twice the 

instrument error. 

e) Lower limits of detection 

The statistical definition of a lower limit of detection is 

considered by many workers to be defined as that concentration 

which gives a count rate equivalent to a background reading plus 

twice the standard deviation of the background. The time involved 

in determining the standard deviation of the background is 

uneconomical in terms of machine operating time and in practice 

the limit of detection can be taken as that concentration which 

gives a count rate equivalent to three times the standard deviation 

of the background count rate, i.e. 
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• cps. (Jenkins & De Vries, 1970) 

Thus the lower limit of detection for (p - B) is 

L.L.D. • :b' J ~ • 3N t ( As Nb • l\Tb ) b ppm 
m Tb ID 

and for (p/B - 1) 

3 N t 
the lower limit of detection is expressed as 

L.L.D. • b • 3 

mN! 
b 

The lower limits of detection for the elements analysed are given 

in Tables XRFI & 2. 

f) Systematic error corrections (Individual element calibrations) 

Chromi 1.DD tube 

1) Caesium 

In some of the international rock standards, G2, GSPI and AGV1, 

the high barium concentrations produced an overlap of the BaLN 

peak onto the CSL .... peak. For the concentration range of barium 

and cerium in the Bodmin Moor rocks, however, no interference 

from the BaLN or CeLL peaks was apparent and corrections have 

not been applied. The caesium concentrations determined by 

XRF analyses are consistently higher than those obtained from 

spectrograph analyses. No definite conclusions have been reached 

to account for this variance, though it seems possible that the 

choice of a relatively weak caesium line (8521 A.O.) for the 

spectrograph lDay in part be the cause. 

Tungsten tube 

In setting the lower ~background position particular attention 
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was taken to ensure that there was no interference from the PbL,. 

peak 

2) Neodymium 

There are relatively few records of analyses for neodymium in the 

international rock standards but a comparison with those of Leake 

et al (1969) suggests that values quoted in Table XRF3 are high. - . 
No interference in peak or background positions, however, was 

detected. 

3) Lanthanum 

The effect of the CsL~. peak on lanthanum is negligible for 

concentrations of less than lOOppm caesium. The effect of higher 

concentrations is quite marked, however, with an increase of 

approximately 4~~ in the lanthanum results for 500ppm caesium. 

4) Cerium 

There is an interference by the N~. peak on the CeLp. peak and a 

subtraction correction of lppm per 7ppm Nd has been applied to the 

cerium results. 

5) Barium 

The BaLA+ peak i. overlapped by the Ce~ peak and an addi tion 

correction of Ippm per lOppa cerium has been applied to the barium 

results. Cerium values were adjusted for neodynium before considering 

the cerium effect on barium. 

Molybdenum tube 

l} Uranium 

The quoted uranium results are not regarded as bearing any significance. 
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Many of the determinations gave results below the lower limit of 

detection and the high relative deviation} limits any possible uranium 

variation in the granite pluton to experimental error. 

2) Thorium 

Leake ~ (1969) indicate a mutual interference between thorium and 

lead with the PbL,Jand PbL~, causing an increase of approximately 2ppm 

for looppm lead in the thorium results. In view of the relatively 

low lead concentrations no compensation has been made in the quoted 

thorium results for the Bodmin Moor rocks. As with uranium a large 

relative deviation in the results restricts the significance of any 

possible regional variation in thorium. 

3) Lead 

The values obtained for the international standards (Table XRF3) for 

lead are consistently high. Leake ~ (1969) indicate an interference 

lowering of approximately 2.5 ppm in the lead values for 100 ppm thorium 

and whilst an interference from a second order S~,line may also be 

present no corrections have been applied to the Bodmin Moor rocks. 

4) Rubidium and Strontium 

The precision in rubidium and strontium values are regarded as the 

best achieved for any element by XRF analyses. Fairburn & Hurley 

(1970) found that the most satisfactory agreement between XRF analyses 

and isotope dilution analyses was obtained by averaging the results 

obtained from matrix corrections based on the reciprocal of the Compton 

scatter and on background intensities. The most accurate results in 

this work for rubidium, in comparison with the analyses of the 

various rock standards of Fairburn & Hurley (1970), however, came 

from applying a matrix correction from background only. For strontium 
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.-. 
the besi- ~esults came from applying a matrix correction from Compton 

scatter only. 

5) yttrium 

It is necessary to correct for inter·ference by rubidium (RbKp,}) and 

this waS applied in computation of the results by employing a slope 

calibration correction for the rubidium spikes run in the YK peak 

position, 'm' for RbI¥.) • 0.004,9. By comparison with the results of 

other workers for the international standards (Flanagan, 1969) it 

would appear that this correction has been underestimated, possibly 

as a result of overspill of the RbK"lpeak onto the background. 

6) Zirconium 

A similar type of correction to zirconium results for the influence 

of SrK~'1 as applied to yttrium for rubidium was required, 'me for 

SrKp.) .. 8.524,8. Again it would appear that the correction has been 

underestimated. 

A correction for tube interference from a second order MoK~peak was 

necessary. From the analysis of 'spectrosil' pure silica this 

contamination was found to be l3ppm and this figure has been subtracted 

from the XRF results. 

8) Copper 

A correction for copper interference from the molybdenum tube amounting 

to 56ppm waS subtracted from results based on the analysis of 'spectrosil' 

pure silica pellets. No interference was detected from the second order 

ZrK~peak using the 500ppm zirconium spike. Many of the copper results 

were below the detection limit of the XRF spectrometer. 
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Table XHFl Onerating concli tions and resnonse for the 1,10 Tub~ 

Cu Zn Rb Sr Y Zr Po U Th 

Line ~ K", Ko<.. K~ K ... ~ 14. . t,.. .• Lt(, 

13kG:rnd +0.91 +0.87 -1.66 -1.28 -0.98 -0.45 -0.40 -0.43 -1.66 

13k[7'nd +0.42 +0.49 +0.66 +0.85 +0.26 +0.29 +0.76 

Counter s &. f s &. f a a s a a a a 

Tiroe f.·c .. ·· f.c. 40sec 40sec 40sec 40sec LlOsec LlOsec 40sec 

Counta lxlO4 lxl04 f.t. f.t f.t. f.t. f.t. f.t. f.t. 

Correct- CU lIIo~ a.b. s.b. e.b. s.b. s.b. s.b. s.b. 
ions tube 2nd. e.s Rb~,~ e.a. 

order SrK~ 
"' P-B( P)or 13 P B P B P P P P 

P/B-1 (B) 
"mil 0.0127 70.72 0.0185 113.5 0.032 34.78 23.03 31.86 26.42 

R.st. KEB8 KEB8 ZrY50 ZrY50 ZrY50 ZrY
50 

U100 U100 U100 
Av.Cnts. 2x1l2 2x59 2x 2x 2:x: 2x 4x 4x 4x 
or Time sees sees 38110 12940 21806 13990 2700 5820 2400 
P:B 1.7:1 2:1 17:1 5:1 4:1 1.5:1 1.6:1 1.2:1 1.1:1 

Inst.R.D.% 2 1.5 0.3 1.2 1.1 4 3 9 12 

L.L.D.ppm 3 3 3 1 1 7 5 5 5 
mA - 24, kV - 80, Collimator - fine, Crysta1-LiF 220, throughout. 

B c scintillation, f = flow, f.e. = fix.ed counts, f.t. == fixed time, 

s.b. = sloping background, c.s.=compton scatter, R.st. = Ratio standard, 

Inst.R.D. % = instrument relative deviation. L.L.D == LOl·Ter Limit of 

Detection. 

Av. ents = P-B on ratio standard. 

P:B and instrument reI. dev. measurements based on KEPB ~ample, 
uncorrected for any intereference. See text for further details. 



Table XRF2 Operatin~ conditions and renpon~e for H and Cr {fo!' Cs 

only) tubes. 

Sn Ba La Ce Nd Cs 

Line K.x: Ltl • 4c, L/I, L~, k 
Bkg:rnd -1.30 -2.75 +2.45 -1.30 +1.11 -0.70 
Bkgrnd +0.69 +0.77 
Cllmtr. fine erse crse erse erse fine 

Crystal LiF LiF LiF LiF LiF P.E. 
220 220 220 220 220 

Counter s & f s & f f s & f f f 

rnA 24 24 24 24 24 24 
kV 80 80 80 80 80 60 

\1nd"T. LL 160 160 
u 420 420 

Crets. s.b. Ce4t 
I 

NdL.t( a.b. 
P-B{P}or B P P P P B 

P/B-l 

"m" 0.0031 24.39 78.88 41.06 32.63 0.0350 
R.st. -, Sn50 KEE8 La50 

KEBB La
50 KE:B8 

Av.Cnts. 4x 2x79 3x135 2x.120 3x79 2x100 
or Time 35500 sees sees sees sees sees 
P:B 1.1:1 3.7:1 1.6:1 1.3:1 1.1:1 2.2:1 
Inst.R.D.% 4 1 3 5 6 1 
L.L.D.ppm 2 6 2 6 8 1.2 

see Table XRF1 and text for further details. 



Table XRF3. Trace element concentrations in intern~tional ste~d2~ds 

(employinp; the onerating cond.i tions given in Tables XRFl &:. 2) 

Cu Zn Rb Sr Y Zr Sn CsBa La Ce Nd PbU Th 

G2 6.8 98 170 471 7.4 404 2.6 nd. 1970 110 162 74 43 1.6 30. 

GA nd. 69 174 296 21 

GH nd. 81 382 6.5 102 

GSPI 39 106 245 230 20 

"11 121 63 27 315 18 

BR 66 113 40 1400 27 
BCRl 4.9 91 45 337 
AGVl 72 80 67 660 

Tl 

All values in ppm 

nd. not detected. 

35 

17 

153 6.8 2.8 891 39 47 40 39 6.8 16 

173 13 2.5 26 28 42 45 55 20 88 

723 6.3 nd 1297 158 315 172 74 2.3 126 

201 3.5 9.4 35 

102 nd. 78 89 

207 0.8 134 22 36 46 

249 4.8 1281 42 58 50 50 3.9 4.5 

35 

Analyst'K.Edmonuson 

blanks indicate that the element \'fas not determined. 

!2k Some of the quoted values in the above table are Im-Ter 

than the lower limit of detection, as shown in Tables XRFI & 2, 

for a particular element. Theoretically these low values should 

not be included but they are recorded hero to giVe some indication 

of tho concentr2:tion magnitude. 
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