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The Eskdalemuir  tholeiite and its contribution to an 
understanding of tholeiite genesis. 

By R. B. ELLIOT1", B.Sc., Plt.I)., F.G.S. 

i )epar tment  of Geology, The Universit.y, h 'ott ingham. 

[tCe'ad 26 danuary 1956.] 

Summary.--Thc Eskdalemuir tholeiite has the fifllowing modal composition: 
glass 42.2 %, felspar 24.4 %, pyroxene 30.6 %), magnetite 2 %, ebb)rite 1%. The 
glass has been separated and analysed. It has 70 ()/SiO 2 and is of granitic composi- 
tion. On a selected triangular diagram thc plots of the Eskdalemuir rock, its 
residual glass, and its crystalline portion are spread along a narrow belt marking 
the compositions of the Tertiary tholeiites. Because the differences in the chenficaI 
compositions of the phrases of the Eskdalenmir tholeiite are produced by crystalliza- 
tion, it is coneludcd that the variety of composition of the other Tertiary tholeiites 
is consistent with a genesis controlled by crystallization differentiation. 

S TRETCHING ahnost completely across the Lower Palaeozoic rocks 
of the Southera Uplands of Scotland is the north-west trending 

Eskdalemuir dyke, one of the great solitary Tert iary dykes of the 
south of Scotland. I t  appears on the s(mthera edge of the Permian [)asia 
of the Snar valley, runs by Moffat to the vicinity of Langhohn, a distance 
of ahnost 40 miles, and attains a width of 180 feet (Pringle, 1935). 

In  the past  it  has a t t racted the attention of many eminent petrologists 
who between them have investigated most of its aspects, Geikie ( l~( ) ,  
1897) described i t  flflly and pointed out the salient petrographic charac- 
ter of a framework of basaltic minerals with intersti t ial  glass (fig. l ) ;  
Teall (1888) figured it in 'Bri t ish t )e trography' ;  Tyrrell (1917) rclated 
it to other Tert iary dykes of tile Clyde area; and ]lohnes and Har- 
wood (1929) discussed its relationships to the thoh;iites of tile north of 
England. The only part which escaped direct investigation was tlm 
('.lear glassy base, which is present in sulticient quanti ty to be separated 
from its associated minerals and analysed. 

The main purp()se of this paper is to present the ncw analyses of 
the/elite and mcsostasis, to calculate the composition of the crystalline 
fraction, and to comment on the bearing of thcse analyses upon the 
genesis of the various members of the north of Enghmd and Scottish 
Tholeiite Series. Some newdata  on mineral composition and proportions 
are also given, but  in view of tim comprehensive l i terature it is not 
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proposed to repeat the rock descriptions but rather to add supplementary 
notes, which can be read in conjunction with the earlier work. 

I I 
0'5 ram. 

FIG. 1. Tholeiite composed of pl~gioclase, pyroxene, magneti te,  and glass. The 
lurge crystM in the  centre of the  field is hypers thene r immed by a clinopyroxene. 

Petrology of the tholeiite. 

The specimens used in this investigation were collected on Eskdale- 
muir at the summit of Castle Hill about 10 miles north-west of Lang- 
holm. They agree in every way with the hemicrystalline rock of the 
earlier descriptions and differ from samples of the dyke from other locali- 
ties only in their superior freshness. They may therefore be taken as 
representative of the dyke as a whole. 

The principal minerals are pyroxene, plagioclase, and glgss, which, 
from point-counter analyses under high magnification at about t en  
thousand points, are present in the following proportions: glass 
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42"2~=0"6, fe lspar  2 4 . 4 •  p y r o x e n e  30.64-1.0,  m a g n e t i t e  2 %, 

ch lor i te  1 % .  

Felspars. The  phenoc r ys t s  a n d  Smaller c rys ta l s  alike are a lmos t  

exclusively  l abrador i t e .  E a c h  c rys ta l  is s l ight ly  zoned  a n d  has  a bu lk  

compos i t ion  of Ab46 An54. So far  as I could  d e t e r m i n e  a n o r t h i t e  is com- 

p le te ly  a b s e n t  a n d  on ly  one b y t o w n i t e  crysta l ,  Ab25An75, was seen in 

all t h e  t h i n  sect ions examined .  This  was  wi th in  a smal l  c lus ter  of 

l abrador i t es .  

Py~'oxenes. The  phenoc r ys t s  are of hype r s thene ,  r i m m e d  wi th  mono-  

clinic pyroxene ,  a n d  pigeoni te  in  a p p r o x i m a t e l y  equa l  a m o u n t s  a n d  the  

smal l  g ranules  are  of p igeoni te  a n d  augi te .  Dr.  I. D. Muir  who has  

t a k e n  a n  in te res t  in  t he  pyroxenes  has  suppl ied  t he  fol lowing deta i ls  : 

There are four distinct pyroxene phases (all compositions as atomic percentages) 
(fig. 2). 

H ~  Hypersthene occurs as practically unzoned microphenocrysts, stout sub- 
hedral grains mostly jacketed by a discontinuous mantle of grains of monoclinic 
pyroxene. Where the identity of this mantling pyroxene has been established it 
has always proved to be pigeonite (fi~_(010); average 2V = !5 ~ b u t  strongly 
zoned). The hypersthene has 2V~ = 68o-66 ~ and the probable composition is 
(Ca0.o~Mg0.~Feo..os)SiO~. 

P - -  Pigeonite occurs as practically unzoned mierophenoerysts, stout subhedral 
greenish grains which are never jacketed. These have a = 1.687, fl = 1.688, 
y = 1.714;2V v -- 19 ~ --~ 14 ~ margin;aj_(010);yAc = 43 ~ The probablecompos i- 
tion is (Cao.ogMgo.6oFeo.al)Si08. 

Q--  Pigeonite is present in the groundmass as little greenish columnar prisms 
with cross fractures and strong zoning. These comprise about one quarter of 
the finer-grained pyroxene. They have fi = 1-696-1.702 (approximate values), 
V = 1-731 (maximum value), 2V v = 10 ~ --~ 28 ~ margin (average value 20 ~ ; fi_k(010). 
The range of composition is from (Ca0.19Mgo.4~F%.~s)SiOa to (Cao.~4Mg0.a~Feo.~:)SiO a. 

R - -  Subcalcic augite is present as discrete roundish brownish grains which are 
practically unzoned. They have fi = 1.702 (approximate value) ; 2V v = 45 ~ --> 38 ~ 
(margin), average value 42~ fl~(010); ~Ac = 41 ~ The composition is 

(Ca0.33Mg0.~TFeo.ao)SiO3. 
The normative pyroxene is 

(Ca0.2aMg0.4~Fe0.34)SiOa- 

Glass. This  is m a i n l y  pale b r o w n  a n d  comple te ly  t r a n s p a r e n t  w i th  

v e r y  few inclus ions  or microl i tes .  A smal l  p ropo r t i on  of i t  is s l ight ly  

c louded  a n d  a v e r y  few smal l  pa t ches  are b r i g h t  o range  in colour, due,  

accord ing  to  V incen t  (1950), to  inc ip ien t  a l t e ra t ion .  The  specific g r a v i t y  

of t h e  clear b r o w n  p a r t  is 2"38 a n d  t h e  re f rac t ive  i ndex  is 1"500&0"00~. 

Magnetite occurs as smal l  s c a t t e r e d  euhedra .  

The  chemica l  compos i t ion  of t h e  thole i i te  is g iven  in t ab l e  I a n d  i t  is 

c lear  t h a t  i t  is andes i t i c  in  spi te  of t he  basa l t i c  n a t u r e  of t he  crystals .  



248 R.B.  ELLIOT']' ON 

Ca 

[:lino~nstatite tt" {::linoferrosilife / \ 

Mcj Atomic percentages Fe 

FIG. 2. t)lot of the ]nodal pyroxenes of the Eskdalemuir tholeiite. H, hypersthene 
microphenocrysts ; P, pigeonite mierophenocrysts ; Q1 and Qv limiting compositions 
of the groundmass pigeonite; R, subealeic auglte of the groundmass; and N, 
normative pyroxene of the crystalline material. Tie lines, - - - -, indicate the phases 

in equilibrium. 

For a comparison with other Tertiary tholeiites the reader is referred to 

Holmes and Harwood (1929). 
Tyrrell (1917) has discussed the nomenclature of rocks of this sort 

and has suggested the possibility of the name 'cumbraite of Eskdale- 
nmir type ' .  Hohnes on the other hand regards it pretty definitely as a 
minor variant of the Cleveland type of tholeiite but  admits that  if it 
should ever be thought necessary to split it of[ from the Cleveland group 

then Tyrrell's term of 'Eskdalemuir type '  could be used. 

The residual glass. 

The glass concentrate was prepared as follows. The rock was first 
crushed to pass a 300=mesh sieve, after which the rock flour of fine silt 
and clay grade was washed away with water by decantation. 
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S e p a r a t i o n  was done  in two s tages  ; in i t ia l ly  in  a b e a k e r  w i th  a b romo-  

f o r m - a c e t o n e  m i x t u r e  of sp. gr. 2"6 a n d  secondly  in a cent r i fuge  w i th  

a m i x t u r e  of sp. gr. 2"42. I t  was  necessary  to  cent r i fuge  m a n y  t imes  

to r e a c h  a p u r i t y  of 98 %.  A t  t h i s  s tage,  cons idered  suff iciently c lean  

for  analysis ,  t h e  impur i t i e s  were in p a r t  felspar,  in  p a r t  py roxene ,  a n d  

in  p a r t  a n  i n d e t e r m i n a t e  r e d d i s h - b r o w n  subs tance .  

TABLE I. Chemical compositions of the Eskdalcmuir dyke and of its components. 

Norms. Chemical compositions. 
A. B. C. A. B. C. 

SiO~ ... 60.22 70.58 53.4 Q ... 14.46 35.04 1.62 
A1,O s ... 14-0~ 11.62 15-3 or ... 8-34 18-30 3.06 
FeO ... 6.58 1.52 9.5 ~b ... 24.60 28.80 22.53 
Fe20 a ... 0"90 1.35 0-63 an .,. 21-10 5"84 28.08 
TiO~ ... 0'64 0"65 0.63 C ... nil 0-51 nil 
MnO ... 0-08 0.02 0.10 ( wo ... 6.38 nil 10.56 
CaO ... 7.36 1.36 10.75 di I en ... 3.20 nil 5.20 
MgO ... 4.28 0-72 6.3 ~fs ... 3.17 nil 5.15 
K20 ... 1-36 3-10 0.34 ] en .... 7.50 1.80 10.60 
Na20 ... 2.95 3.44 2.64 hy [ fs ... 7.12 0"53 10.82 
I-I20-- . . .  0-22 nil 0.34 mt ... 1.39 2-09 0.93 
H20 47 ... 1-53 4.98 nil il ... 1.21 1.22 1.22 
CO s ... nil nil nil ap ... 0.34 0-34 nil 
P20 a ... 0'11 0.18 0.06 H20 ... 1.75 4.98 0.34 

100-29 99-52 99-99 100.56 99.45 ~00-11 

A, Eskdalemuir tholeiite (Anal. W. H. Herdsman), 
B, glass from Eskdalemuir tholeiite (Anal. W. H. I-Ierdsman). 
C, calculated composition of crystalline phase of Eskdalemuir tholeiite (from 

columns A and B). 

The  chemica l  analys is  a n d  n o r m  are  g iven  in t a b l e  I a long w i t h  those  

of t h e  p a r e n t  tholei i te .  One aff ini ty is clear,  t h e  glass is a p p r o x i m a t e l y  

' g r a n i t i c '  in  compos i t ion  a n d  th i s  is emphas i zed  b y  t he  f ac t  t h a t  i t  falls 

w i t h i n  t h e  field of  ana ly sed  g ran i t e s  p l o t t ed  in t e r m s  of t he i r  n o r m a t i v e  

Or, Qz, a n d  A b  (Carnegie I n s t i t u t e  of Washb ig to r r  Y e a r  Book  no. 51). 

More local affinities are app r ec i a t ed  b y  compar ing  t he  analyses  wi th  

exis t ing  analyses  of  p i tchs tones ,  leidleites,  i nn i nmor i t e s  a n d  of t h e  

var ious  o ther  m e m b e r s  of t h e  Tholei i te  Series (Tyrrell ,  1917). I n  

general ,  compar i sons  are fac i l i t a t ed  b y  t he  use of t r i a n g u l a r  d i ag rams  

chosen  w i t h  care to  emphas ize  i m p o r t a n t  compos i t ion  v a r i a t i o n s  a n d  to 

e l imina te  subs id i a ry  f luc tuat ions .  I n  t h e  case of t h e  thoie i i te  series 

t he re  is on ly  ins igni f icant  F e  e n r i c h m e n t  a n d  t he  s t a n d a r d  

M g O - - ( F e O  § F e 2 0 ~ ) - - ( N a 2 0  § K 2 0  ) 

d i a g r a m  is consequen t ly  no t  sa t i s fac tory .  On t he  o the r  h a n d ,  t he  fe lspars  
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FIG. 3. Plot of the chemical compositions of Tertiary tholeiites. 

a, pitchstone. (lien Slmrig type. The Ceology of Arran, p. 224. 
b, pitehslxme. Judd 's  No. II dyke. Ibid. 
c, residual glass from Eskdalemuir dyke. New ~nalysis. 
d, inninmorite. Pitehstone II. The (3eology of Arctnamurchan, N .N.  3hdl and 

Cell, p. 84. 
e, inninmorite. Piteh,~totle 1. Ibid. 
f,  inninmorite. TyrreIl, 1917, p. 311). 
.q, leidleite III .  The Tertiary and Post-Tertiary Geology of Mull, &e,, p. 19. 
h, leidlelte II. Ibid. 
i, tholeiite of Cleveland type, Cleveland dyke. Holmes and ltarwood, 1929, p. 39. 
j, tholeiite of Cleveland type, Eskdalemuir dyke. New analysLs. 
k, tholeiite of Cleveland type, Hebburn dyke. Holmes and IIarwood, 1929, p. 35. 
l, thoieiite of Aeklington type. Aeklington dyke. Ibid., p. 31. 
m, tholeiige of Aeldington type, Coley Ilill dyke. Ibid., p. 32. 
~, tholeiite of Salen type, l~,ielderhead dyke. Ibid., p. 15. 
o, ealeulated composition of crystals of the Eskdalemuir dyke. 
7), tholeiite of Brunton type, Tynemm~th dyke. Ibid., p. 21. 
q, tholeiite of Talaidh type, Kielder Viaduct dyke. lbi:t., p. 27. 
r, tholeiite of Brunton type, Bingfield dyke. Ibid., p. 18. 
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clearly have a large role in tholeiite evolution and this factor must be 
taken into account. The diagram finally selected for use here was one 
using al,omie percent, ages of Ca, N a +  K, and Mg4-Fe a.s triangular co- 
ordinates (fig. 3). This has two main advantages ; firstly, the plotting of 
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A Weight percentages H 
Fro. 4. Plot of tile chemical compositions of ter t iary thoIeiit~s for the oxides 
Fe()-:-Fe.~O:~ (F), MgO (M), alkalies (A). Data  as for fig. 3 supplemented by: 
a, tholeiite of 'l~alaidh type, (!rookdene dyke. Holmes and Harwood, 1929, p. 28. 
t, tholeiite of Talaidh type, Co[lywe]l dyke. Ibid., p. 28. 
u,  tholeiite of (3leve, land type, (4rez~t Ayton. Ibid., I ). 40. 
v, tholeiite of Cleveland type, Armatbwaite .  Ibid., p. 40. 
w, tholeiite of Cleveland type, Teesda]e. Ibid., p. 40. 

('a allows the part played by the felspars t,o br fully recorded, and 
secondly, the use of atomic per(;entages eliminates the constant oxygen 
which only diminishes the pict~ria.1 amplitude of the, variations as shown 
on the triangular diagram. The standard AFM diagram is also giw.'n 
for comparison (tlg. 4). 

On the diagram selected the entire Tholeiite Series, including the 
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Eskdalemuir dyke, lie on a well-defined belt with surprisingly little 
scatter. The plots both of the residual glass and of the crystals of the 
Eskdalemuir tholeiite also fall on and at opposite ends of the same belt. 
From these observations it seems at least logical to conclude that  the 
process that  operated within the single tholeiite to produce the contrasted 
compositions of crystals and glass could have operated on a larger scale 
to produce the several members of the tholeiite series. The process that  
took place within the tholeiite was crystallization. I t  is therefore con- 
eluded that  the Tholeiite Series was probably the product of fractional 
crystallization. 

Before this hypothesis can he accepted as a reasonable possibility the 
objections to it, put forward by Holmes (1929), must first be answered. 
These objections arc: 

1. The chemical composition of the crystals in one of the low SiO., 
tholeiites (Bingfield dyke) does not agree with the theoretical composi- 
tion required to be extracted from that  tholeiite to form other tholeiites 
of higher SiO 2 content. 

2. Pyroxene crystallization in each of the tholeiites begins with 
hypersthene, whereas in a series of successive residual magmas this 
would not be expected. 

3. Tile anorthite content of the plagioclase does not fall with the rise 
in the felspar ratio. 

4. The F/(P§ ratio s only reaches that  of the Whin Sill (quartz- 
dolerite) whereas in a residual product it ought to be higher. 

5. The MgO/(MgO§ ratio is higher in some of the high SiO 2 
tholeiites than it is in some of the lower SiO 2 tholeiites. 

These objections can be answered severally in the following manner: 

1. The evidence of the Bingfield dyke, based upon estimated composi- 
tions, is contradicted by that  of the Eskdalemuir dyke, based on 
measured compositions. The accuracy of estimated chemical composi- 
tions of rocks depends upon the accuracy of two measurements, those 
of mineral composition and mineral frequency. In the Bingfield dyke 
it could be objected that  neither of these measurements can be made 
with great precision ; the felspars are zoned and somewhat variable and 
the relative quantities of the several pyroxenes present are unknown. 
In addition the mierometric analysis of such a fine-grained rock has 
inherent inaccuracies. Under these circumstances the estimated com- 
positions of the phases cannot be considered to be known with certainty 

1 F = m o d a l  f e l spa r ,  P = m o d a l  p y r o x e n e .  
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and it is felt that  conclusions drawn from them should be discounted 
when specifically contradicted by those of the measured Eskdalemuir 
rock. 

2. Modern them'y about the pyroxenes holds that  hypersthene is 
stable under intratelluric conditions of crystallization so that  the presence 
of this mineral throughout the Tholeiitc Series can be explained by some 
crystallization prior to high-level intrusion. The groundmass pyroxencs, 
which crystallized under different conditions, are all monoclinic. 

3. The chemical and petrographic evidence are at variance on this 
point. I cannot comment on the pc.trography of the whole series, bu~ 
the conclusions to 1)e drawn from the chemical data plotted on the 
triangular diagram are quite clear ; they are that  later members of the 
series have less Fe-.-Mg, i.e. less coloured minerals, but a higher Na/Ca 
ratio. The. apparent contradiction may t)c due to the fact that  much of 
the felspar is occult in the glass. I f  it should be true that the An content 
of the crystalline felspar systematically increases with the number of 
felspar crystals we would have a phenomenon to tax any postulate of 
petrogenesis severely. 

4. The low F/(P i-F) ratio is due to the presc, nce of the glass which 
contains potentially a lot of felspar. I f  the rock was fully crystallized 
then the ratio would be higher. 

5. The MgO/(MgO + FeO) ratio is variable, even haphazard, and there 
is no simt)le explanation of the variability. In terms of crystal fractiona- 
tion it is possible ~o speculate on the role of magnc.tite. On any other 
genetic hypothesis the variability is equally or even more difficult to 
explain in simple terms. This criticism cannot, therefore, be levelled 
specifically at crystallization differentiation as the mechanism, but must 
apply equally to all the processes which have so fa.r been postulated. 

Ccmclusio,~s. 

The evidence from this study of the Eskdalemuir dyke goes a long way 
towards answering Holmes's objections to crystallization differentiation 
as the mechanism producing the, range of compositions observed in tile 
north of England tholeiites and by itself suggests that  crystal fractiona- 
lion has, in fact, been the important process. 

There is nothing in the new data to disprove directly the hypotheses 
that  the more basic tholeiites may be modified in the direction of a more 
granitic composition either by the ineorl)oration of granitic material 
produced by the selective fusion of crustal rocks or by admixture with 
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a coexis t ing m a g m a  of  g ran i t i c  composi t ion .  On t he  o the r  hand ,  shou ld  

these  h y p o t h e s e s  be  accepted,  t h e  f ac t  t h a t  t h e  phases  of t he  Eskda le -  

mu i r  tho le i i te  fit  t h e  m a i n  tho le i i t e  cu rve  ceases to  be s ignif icant  a n d  

becomes  mere ly  a n  a w k w a r d  coincidence.  

I n  conclus ion I would  like to  t h a n k  Dr.  I. D. Muir  for p r o v i d i n g  t h e  

de ta i led  d a t a  on  the  py roxene  phases.  
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