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I .  INTRODUCTION. 

THE association of teschenite and ultrabasie rocks (picrite and 
peridotite) in a single rock-body has now been established for 
several occun-ences in the lowlands of Scotland. The Barnton 
occurrence, near Edinburgh , has been described by Sir Archibald 
Geilde, l by Mr. J. Henderson & Mr. J. G. Goodchild, s and by 
Mr.  H .  W .  1VIonckton. a A t  B l a c k b u r n ,  near  B a t h g a t e ,  occurs  a 

ierite,  w h i c h  has been descr ibed  b y  t h e  f i r s t -named  wr i t e r  as a 
va, a b u t  has  i recent iy  b e e n  shown to be in t rus ive  a n d  associated 

w i t h  b~schenite by  t h e  officers of the  Geological  Su rvey  o f  Scot land .  5 

I , Ancient Volcanoes of Great Britain'  vol. i (1897)pp. 449-50, 
Trans. Geol. Soc. Edin. vol. vi (1893) pp. 297-300 & 301-302. 

s Q. j .  G. S. vol. 1 (1894) p. 39. 
4 , Ancient Volcanoes of Great Britain'  vol. i (1897) p. 419. 
a , Summary of Progress for 1904' Mere. Geol. Surv. 1905,~.ppo 118-19. 

on May 31, 2016
 at University College Londonhttp://jgslegacy.lyellcollection.org/Downloaded from 

http://jgslegacy.lyellcollection.org/


par~ 21 PrcmTE,r~ . sc~- t~ �9  sIr,~ OF LVaXR. 85 

The famous picrite of Incheolm, in the Fir th  of Forth, is well 
known from the descriptions of several observers.�9 Dr. R. Campbell 
and l~r A. Stenhouse, however, in a recent detailed investigation 
of the island, have shown t h a t  at both the upper and lower 
contacts the pierite passes into teschenite. 1 O n  the west coast, 
:Dr. J. :D. Falconer has described a pierite-tesehenite sill at Ard- 
rossan, intrusive into the  Carboniferous Limestone Series: -here 
again the ultrabasic rock occupies the central part of the mass. 2 
Recently the late R. Boyle drew attention to still another occur- 
rence at Lug~ar, near Old Cmnnoek ('Ayrshire). He described the 
passage of dolerite and basalt [t~schenite~ through doleritic picrite 
[theralite 3 t~ 'segregated'  masses of peridotite or picrite. The 
ultrabasic x~oek occurs in the central parts of the mass, and passes 
gradt~ally to less basic :v.ariet[es towards both upper and lower 
contacts) A picrite assoeia~d wi th  tesehenite has .been dis- 
covered by :~r E. M. Anderson at the Inner Nebboek, Salteoats 
(Ayrshire).~ 

In the course of, a/a .investigation of the Permo-Carboniferous 
alkalic rocks of the West of Scotland 5 I maclea detailed exami- 
nation of the Lugar sill, and found in it an extraordifi'/wy complex 
of various rocks belonging to the analCite series. This included 
normal and melanoeratie teschenites; a ~aeies with abundant 
nepheline and ferromagnesian minerals--essentially a melanocratie 
t h e r a l i t e ;  and a curious rock composed mainly of analeite and 
nepheline, with'subordinate plagioelase, titanaugite, and barkevikite 
in very perfect crystals. This unique rock, which "it:is' proposed to 
call l u g a r i t e ,  has now been found in several localities ~in ~he West 
of Scotland. Extremely fresh hornblende-pierites and peridotites, 
however, form the major part of the i ntru~iOm ;: 

The present paper embodies a eomplef e description of t h i s  sill, 
and attempts an explanation of the processes whereby the different 
facies have been developed. A comparison with the  other occur- 
rences is also instituted. Five chemical analyse s have been made 
in the course of the investigation, and in connexion with these and 
for the work in general I have to acknowledge the aid of a grant 
s the Government Grant Committee of the Royal Society. For 
the analyses I am indebted to the skill of Dr. Alexander Scott, of 
Glasgow University. 

II .  F ~ L ~  REI~ATIO~S. 

The intrusion which is the subject of this paper occurs near the 
:village of Lugar in Centmt Ayrshire, near the eastern border of the 
county. I t  is intruded as a sill into a crumbling white and yellow 

1 , The Geology of Inchcolm' Trans. Geol. See. Edin. vol. ix~ pk $ (1908) 
pp~ 121-34. 

'The Heology of Ardrossan Trans. l~oy. ~oc. Edm. vol. xlv, pt : l  
(1907) pp. 601-10. 

3 Trans. Geol. Soc. Glasgow, vol. xiii (1908) pp. 202-23. 
' Summary of Progress for 1911' Mere. Geol. Surv. 1912, :p. 52. 
Geol. Mug. dee. 5, vol. ix (1912) pp. 69-80, 120-31. 
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sandstone belonging to the ' Millstone Grit.' When the area is 
re-mapped it is probable that these strata will be incolTorated in 
the Coal Measures. The intrusive nature of the igneous rock is 
proved by its increasing fineness of grain towards both upper and 
lower contacts, and by the marginal fringes of hardened sandstone 
above and below the sill. Definitely transgressive contacts are not 
seen, although in one place a thin band o f  hardened sandstone is 
encountered about 12 feet from the upper margin of the sill. So 
far as can be ascertained, the intrusion keeps approximately to 
the same horizon. The whole series dips at about 10 ~ north-west- 
wards, and, from the width of the outcrop, the thickness of the 

Fig. 1.--Geological ~afl o f  the Lugar district, on the scale of  
i incl~ to the mile, or 1 : 68,860. 
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Broken lines r e p r e s e n t  faul~s . ]  

igneous rock is estimated at 140 feet. Apart from small ilTegular- 
ities the outcrop forms a crescent-shaped strip about 3 miles long 
and a fifth of a mile wide at its widest part. I t  extends in a 
general north-easterly direction from Lugar to a mile and a half 
beyond the village of CronbelTy. The Bellow Water with its con- 
tinuation, the Lugar, cuts through both extremities of the crescentic 
outcrop, and gives sections at Logan Bridge on the south, and at a 
spot a mile north-east of Cronberry on the north. The river also 
cuts through a slight bulge of the outcrop at its confluence with 
the Glenmuir Water. The latter stream cuts a deep trench in 
a somewhat different direction through the intrusion a t  this 
place. The outcrop is faulted continually towards the south-east 
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by a series of six west-north-west and east-south-east faults (see 
fig. 1, p. 86). At the north-eastern extremity of the outcrop the sill 
is cut by a west-south-west and east-north-east fault which severs 
it from another mass of igneous rock, extending half a mile back 
towards the west. This mass, however, is on a higher horizon, 
and has been mapped as separating the ' Millstone Gr i t '  from the 
overlying Coal Measures. 1 I f  it  be taken as part of the Lugar sill, 
the total length of outcrop becomes 3~ miles. 

The finest sections are found just above the confluence of the 
Bellow and Glenmuir Waters to form the Lugar Water. Both 
streams have eroded deep rocky gorges through the sill, the one in 
a north-easterly, the other in a south-easterly direction. When the 
water is low, practically every foot of the thickness can be examined 
either in cliff-section, or in horizontal water-polished areas of rock. 
In these circumstances the study of the sill can be conducted 
with facilities unattainable in any of the other occurrences; and 
the conclusions as to the origin of the different facies arrived at in 
this case may be considered sufficiently well founded to apply to 
the other occurrences, in which, although the exposures are not 
so good, practically the same structure and disposition can be 
made out. 

(1) T he  G l e n m u i r  S e c t i o n .  

The Glenmuir Water, cutting through the sill in a general 
north-westerly and south-easterly direction at right angles to the 
strike, gives the most complete and typical section. The u p p e r  
c o n t a c t  is seen at the weir, just at the confluence with the 
Bellow Water. Hardened whitish sandstone occurs overlying a 
dense basaltic facies, in a steep rocky bank on the south side of the 
river. The chilling influence of the contact, as shown by fineness 
of grain, extends down about 12 feet, and has doubtless been 
strengthened by the inclusion in the sill at this depth of a thin 
band of sandstone now metamorphosed to a hard white quartzite. 
The contact-rock is distinctly banded in layers, often confused, 
wavy, and bifurcating, which differ slightly in colour and texture. 
The thickness of the bands varies from several inches to very 
fine linear streaks but faintly indicated by a slight difference of 
colour. Besides the nmTnal, greyish-black, aphanitic contact-rock, 
the chief varieties included in the banded material consist of fine- 
grained, pinkish, and greenish teschenitic rocks, and a very dense, 
dead-black, glossy, basaltic material,, although extremely slight 
differences of colour and texture serve to bring out the banded 
structure. These varieties show no sharp contacts with each other, 
the transition from one to the other taking place quickly but 
quite ~radually. These bands seem to be true schlieren, due to the 
flow oi  a slightl~ ]/eterogeneofis magma. In general the streaks 
are drawn out in bands parallel to the upper margin of the sill. 
In addition to the banding, the contact-facies is traversed by 

See the Sheets of the 1-inch Map of the Geological Survey of Scotland, 
Nos. 14 (1868) & 15 (1870). 
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numerous veins of coarse-grained teschenite with abundant anal~ 
cite, similar to the rocks described below. 

The  u p p e r  t e s c h e n i t e . - - F r o m  a maximum depth of 12 feet 
or so in the mass,  the granularity of t h e  rock increases very 
rapidly towards the interior. T h e  contact-facies passes into a 
coarse-grained mottled rock, the prevailing tint of which is pink or 
dark green, according as the felsie or marie minerals dominate the 
eolour. In thin section the rock is seen to be a typical teschenite, 
composed of essential plagioclase and analeite, titanaugite, and 
ilmenite, with accessory orthoclase, olivine, barkevikite, and biotite. 
The texture i s  evenly granular, although the felspars sometimes 
tend to take on a lathy or columnar form. In another variety the 
augite is conspicuous as long thin black prisms, ranging up to 
2 inches in length. A third variety shows vel:v abundant analcite 
in large pink masses, which are frequently spherical. The rock 
seemsto  become richer in analcite as a greater depth in the sill is 
attained. The thickness of the teschenite cannot'be meaaured in 
this section, as t h e  contact with the underlying facies is not well 
seen;  but it is usually between 15 and 20 feet. 

There are, however, considerable variations in the thickness of 
this band. Along the western bank of the Glenmuir Water, above 
the lugarite locality (see p. 91),  indm~tefi sandstones and contact- 
basalts occur less t h a n ~ 0 "  fee i  above t h e  .i~icrite. Hence the 
theralite and teschenite intervening between the pieri~ and the 
upper contact must be attenuated, or one of them must be absent 
in this part of the section. 

The  t h e r a l i t e  band. - -Under ly ing  the teschenite is a fine- 
grained, ahnost aphanitie, grey rock, which, under the microscope, 
is seen to have the composition of a theralite. The marie minemlsi 
olivine and titanaugite, are dominant over the plagioclase and 
fiepheline. Barkevikite, biotite, and iron-ores are rather abundant 
accessories, and there is often a small amount of analcite. This 
rock forms a band perhaps 10 feet thick; but in the Gle~nuir  
gorge its outcrop mainly occurs high up in a vertical cliff, although 
it may also be examined in small exposures on the eastern side of 
the stream, and in the river-bed when the water is low. In the 
latter it may be easily distinguished by  its smooth, polished, water- 
worn surface, in contradistinction to the coarse-grained, pitted 
surfaces of the overlying teschenite and the underlying picrite. 
Further details of. ~he theralite band are reserved for the de- 
scription of the Bellow section, where it is much bet-ter exposed, 

The  p i c r i t e  a n d  p e r i d o t i t e . - - B y  a gradual diminution in 
the amount of felspar and nepheline, the theralite passes into 
coarse-grained ultrabasic rocks, composed mainly of olivine and 
fitanaugite, frequently with abundant barkevikite, some iron-ore, 
biotite, plagioclase, and analcite. These rocks constitute the major. 
portion of the sill, and occupy the intm'ior of the mass .  The upper 
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part of the ultraly&sic stratum is rich in titanaugite and barkevikite, 
as well as olivine, and usually contains some plagioclase and anal- 
cite. This is a true picrite in the original sense of Tschermak, 
who applied the term to a. melanocratie facies of the Moravian 
tescheni~. In the remainder, however, plagioclase and analeit~ 
completely disappear, and olivine becomes the dominant mineral. 
This rock is a hornblende-perid0tite, in .which the alkalic tendency 
is still recogfiizable by the unusua!am0unt of alkalies contained in 
the bisilicates. A tongue-like exteasiofi of the ultrabasic outcrop 
occupies the bed of the Glenmuir Wa~er for some distance north- 
west of the railway-viaduct, the o~;erlying facies forming the.. 
cliffs at this point. Good waterworn :surfaces ~ can be examined 
here when the river is low. Th.e rock is  remarkably fresh, and 
shows sharp and irregular variations in gTanularity. East of the 
railway-bridge, the ultrabasic sfratum forms nearly the whole of a 
great cliff rising vertically to ~, height Of 90 feet from the north 
side of the stream. Here, where, i t  is exposed to the weather and 
is not being continually scoured: by the Water, it "is much decom- 
posed, and weathei~ to a lobs~ crumbling mass, ~with spheroidal 
lumps of harder and fresher rock in places. The north-westerly 
inclination of the intrusion is welt  shown in .the face of t h e  
cliff by the inclination of the joint-planes, but l~incipally by the 
contrast between the jointing of the ultrabasic r ~ k  and the over- 
lying theralitic facies. The former is  traversed by a few larg~ 
irregular joints; but the latter bymany,  both vertical and hori- 
zontal, causing a rude columna/" structure. While the transition 
between the two is not sh.~rp, it is sufficiently well marked to show 
the general dip of the "~fitrusion towards the ~aorth-west. The 
ultrabasic rock is traversed by a few ~hin veins of a fine-grained: 
felspa~hic rock (tesehenite-aplib). 

The lower  t e s c h e n i t e . - - A  blank Of about 30 feet in the 
section separates the last expostire of the ultrabasic Stratum from 
the underlying facies, which consists of teschenite made up, for the 
greater part, of the variety containing numerous blade-like or 
columnar augites. This is exposed in a thick bar across: the 
stream near the second right-angle tulna above the railway-viaduct:' 
its thickness is estimated at about 20 feet. I t  is important to 
notice that  no theralite intervenes here between the picrite and 
the teschenite. There is little reason to suppose that it is hidden 
by the blank in the section, for the theralite is the most resistant 
rock in the complex to ordinary atmospheric weathering. 

The lower  con tac t . - -The  granularity of the lower teschenite 
declines rapidly~ until it passes into the ordinary contact-basalt. 
The lat ter  straws_ banding ~orecisely similar to that of the upper 
contact, and is also traversed by veins of coarse pink teschenite. 
The two most prominent varieties involved in the banding, which is 
frequently much confused and contorted, are a: fine-grained pink 
teschenitie rock and a dense black or grey basalt, the two rocks 
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being int imately welded together. Immediate ly  beneath the 
contact the Carboniferous sediments crop out, dipping westwards 
at  10". 

This gradual transition from the lower teschenite to a dense 
basaltic contact-facies 

~j 1,;  ,~ . ,  , .  , , , ,  -. , ~ can be followed on 
~i I "  , , , -  ,- i "~  -' r . ' ~  the eastern side of the 

I : l , ~ -  ' ~ , . " - " : ' l , J ~  stream. O n t h e w e s t -  
~ , t , . i , , , , . . _ , ,  - \  ~ ern side there are 
t . ' r  . . . .  , r .  , .  much more compli- 

cated relations. Here 
a pol~.ion in which the 
dense basaltic schlie- 
ren are dominant  over 
the coarser teschenitic 
layers may be distin. 
guished from one in 
which the reverse 
relation holds. The 
former abuts against 
the latter horizontally, 
and overlies and under- 
lies it. There is also 
a more or less gradual 
transition between the 
two portions. These 
relations are shown 
diagrammatically in 
fig. 2. The coarse- 
grained teschenitic 
rock forms conspicu. 
ous, waterworn knobs 
in the bed of the 
stream. As the stream 
is crossed to the eastern 
side the fine-grained 
basaltic schlieren dis- 
appear, and the tes- 
chenite passes down 
normally, as above 
described, into its con- 
tact-facies. This can 

~:" be traced to a small 
bar of sandstone seen 
at  low water in the 
bed of the stl~am. 
The l~lations of the 

various facies at  the lower contact are suggestive of considerable 
movement in the m~gma before crystallization had taken place to 
any exten~, for the minerals show lit t le or no al ignment in the 
direction of the banding. 
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The l u g a r i t e . - - O n  the west bank of the river, under the 
railway-bridge and a little to the north side of it, the cliff exhibits 
a sharp horizontal junction between decomposed picrite and a 
peculiar rock overlying it. The latter shows a greyish or greenish 
aphanitic ground-mass, crowded with both stout and slender black 
prisms. Sometimes small rectangular whitish felsparsare seen 
also. In thin section the ground-mass may be identified as analcite, 
crowded with needles of apatite, and containing some nepheline. 
In it are scattered numerous perfectly euhcctral prisms of barke- 
vikite, with subordinate titanaugite and plagioclase, also extremely 
well formed. This rock forms a stratiform mass about 4 feet 
thick overlain by the theralitic facies. The junction is quite sharp, 
as the two very distinct rocks can be got within an inch of each 
other; but the line of demarcation is, in general, not marked by 
any definite feature on the face of the cliff. The two rocks are 
intimately welded without any appearance of passage. The long 
prisms of barkevikite, however, project from the lugarite into the 
theralite. At places the junction is marked by a thin, fine, 
horizontal joint-plane, or by a thin layer of slightly decomposed 
rock. The contact with the picrite is doubtless of the same nature, 
but the latter is so decomposed that the junction is quite obscured. 
Some veins of lugarite penetrating the picrite supply further 
evidence on this point. These veins or small dykes range up to 
4 inches in width, and are largely composed of analeite and 
barkevikite prisms, which are frequently arranged in stellate 
groups. The contact of these veins with the picrite is an intimate 
welding, and the barkevikite crystals project from the sides of the 
veins into the enclosing rock. 

The lugarite is al~o to be found in the Bellow section in the 
same relative position, but rather poorly exposed. The Glenmuir 
exposure is only accessible when the stream is low; but south 
of the viaduct occur numerous fallen blocks from an inaccessible 
exposure in the face of the cliff. In the other direction the dip of 
the intrusion carries the lugarite down to the water's edge, where 
it is lost. 

All the available evidence goes to show that this remarkable rock 
is intrusive in the picrite. The veins of similar material trave1~ing 
the picrite transgress sharply the different varieties of the ultra- 
basic rock. There can be no doubt that these veins proceed from 
the main mass of lugarite, although the junctions have not actually 
been demonsh~ted. While the rock is clearly intrusive, it is but 
slightly posterior to the main phenomenon of intrusion, for the 
intimate welding and absence of chilled rock at the margins indi- 
cates that the ultrabasic rock was still very hot at the time of 
intrusion. 

(2) The Bellow Section. 

Although not so complete, this section supplies many details 
which are missing or obscure in the Glenmuir section. Just 
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above the  confluence with the Glenmuir W a h l ,  the upper contact 
of the sill with a soft, yellow, crumbling sandstone is well seen. 
The contact-facies is a brownish aphanitic rock, with some sporadic 
flakes of biotite.  I t  is obviously much more decomposed than the 
corresponding rock in  the Glenmuir section. The flow-banding 
also is not at all prominent. 

The contact-facies passes down quickly first into a fine-grained 
pink and green mottled teschenite, and then into a coarser rock 
with a conspicuous development of large columnar augites. 
Although this is the dominant facies there are a few bands of fine- 
g~ined material, which are doubtless due to the flow of a slightly 
heterogeneous magma. Still lower down the rock becomes distinctly 
more felsic, and shows abundant pink and white spots of analcite. 
In this variety the augite-crystals are not columnar. 

This analcitic facies is in sharp contact with the dark, fine- 
grained, theralitic stratum beneath. The stream has cleared this 
contact rather thoroughly, owing to the differential resistance of the 
rocks to erosion. I t  slides down a polished waterworn surface of 
theralite, which is bordered on one side by a low cliff of  the coarser 
and softer teschenite. Hence the contact can be particularly well 
examined. The theralite is here seen to be shot through or per- 
meated with irregular masses, patches, nests, strings, and anasto- 
mosing veins of a pinkish, coarse-grained, felsic rock, resembling 
the overlying tesehenite. These patches and veins do not appear 
to be intrusive. They have no sharply-defined contacts with the 
theralitic facies, but the minerals interlock at the margins, welding 
the two rocks into an intimate union. There is no sign of chilling 
at the margin of the patches, the normal granularity being main- 
rained up to their edges. There can hardly be any doubt that 
the theralitic rock and these felsic veins and patches crystallized 
practically at the same time. The theralitic rock immediately 
beneath the band of analcitic teschenite is full of these veins and 
patches, which are also found at lower horizons (although in greatly: 
diminished quantity), until they finally disappear long before the 
picrite is reached. The overlying analcitie tcschenite is not a 
continuous band, but is developed irregularly, sometimes dying 
out altogether, in such wise that the augitic facies comes into 
contact with the theralit~. 

By the gradual disappearance of the felsic minerals, the theralite 
passes into picrite, although at one or two places lugarite appears to  
separate the two rocks. Owing to the confoilnation of the Bellow 
gorge, the ultrabasic outcrop has a tongue-shaped lobe directed 
westwards, which occupies the bed of the stream, while the over- 
lying facies form the sides of the valley. The ultrabasic rocks have 

~ recisely the same characters as in the Glenmuir section. At and 
eyond Bellow Bridge the outcrop widens, but the overlying thera- 

litic and teschenitie facies may still be traced in the steep wooded 
slopes west of the bridge. At the first right-angle bend of the 
stream above Bellow Bridge the  picrite is intersected by many 
small crush-planes filled with 'beefy '  calcite. At the second bend 
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a large fault-plane is well exposed in the bed of the stream. This, 
with its fellows, h.~s determined the course of the stream for some 
distance. I t  is a fissure about a foot wide, filled with calcite and a 
yellow flinty material. The rock on both sides of the major fault  
belongs to the ultrabasic stratum. I t  is much crushed, splintered, 
and traversed by numerous thin, anastemosing veins o f  calcite. 
Sedhnentary rock, however, is exposed on the inner side of the 
bend, and consists of black shale upturned steeply at the fault. 
High up in the bank on the west side of the stream, highly 
analcitic teschenite is exposed, passing quickly into a dense black 
contact-facies containing sparse flakes of biotite. At the outer 
edge of the first right-angle bend above Bellow Bridge occurs 
a black-and-white mottled rock belonging to the lower band of 
tesehenite. At the fault  the continuous section of igneous rock 
ends, and the stream cuts into the sedimentaries. Hence the lower 
contact is not here visible. 

(3) Otl~er Exposures .  

Between the B~llow and Glenmuir Waters, near their confluence, 
rises a knoll of high ground. The Ayr-Muirkirk railway crosses 
the Glenmuir Water here, and is carried through the knoll in a 
shallow cutting. As one ascends from either stream, exposures 
of the theralitic facies and the teschenite are encountered, capped 
by a small outlier of the ' Millstone Gri t '  (see map & section, 
fig. 3, p. 94). The railway-cutting shows nothing but decomposed 
crumbling picrite. 

At the extreme north-eastern end of the sill, a mile and a half 
north-east of Cronberry, a small exposure is seen in the Bellow 
Water, here known as the Gass Water. At the south-western end 
of the section a fine-grained marginal facies of pink teschenite 
(doubtless the top of the sill) is observed, followed by grey theralite 
and decomposed picrite towards the north-east. The lower teschenite 
is not seen ; but, so far as it goes, the sequence here is identical with 
that in the typical exposures. Another section is seen in the Lugar 
Water at Logan Bridge, at the extreme south-western end Of the 
outcrop. Here the intrusion is quite thin, measuring not more than 
15 or 20 feet in thickness, and is wedging out westwardS among 
the sandstones. Both contacts, bordered by hardened white sand- 
stones, are seen. The marginal facies is a decomposed brownish 
aphanitic rock showing a few flake~ of biotite. The interior 
consists of decomposed teschenite, but there is ho trace of the 
other facies. 

A mass of theralite probably connected with the Lugar sill, but 
with a distinct dyke habit, crosses the-Lugar Water  in a north to 
south direction, about 250 yards west of Logan Bridge. The 
contacts are not seen ; but, on the nol:thern bank of the river, the 
rock forms a small knoll with vertical sides, and has the aspect of a 
dyke. In  appearance and microscopic structure it is identical with 
the dominant phase of the theralite stratum in the Lugar sill. 

Q. J. G. S. No. 286. I 
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Fig. 8.--Geological map and section o/ a Tart of 
the Zugar Sill. 

N . W .  S.E. 

Beltow, Water Glenmui," t Igqter 

A B 
[ P  ----- P i c r i t e  a n d  p e r i d o t i t e  ; T ---- T e s c h e n i t e  ; T h .  - -  T h e r a l i t e . ]  

(4) S u m m a r y .  

I t  is now possible to attempt a general view of the Lugar sill, 
and of the structure and disposition of the various facies of which 
it is composed. This mass, 140 feet thick, was intruded into cold 
rocks, as testified by the chilled contacts at both upper and lower 
margins. The upper and lower confact-basalts are identical in 
composition. The chilling influence of the contact is manifest in 
fineness of groin to a maximum thickness of 10 feet, after which 
the rock passes rapidly into a coarse teschenite at both margins. 
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A movement of the magma has given rise to distinct schlieren, 
distinguishable by slight differences of colour and texture, at both 
contacts. The same explanation can hardly be applied, however, 
to the remarkable differences obtaining in the interior of the sill. 
including the contact-basalts and the normal teschenites continuous 
with them, the rock of the interior is divided into at least three 
different bands by some process of differentiation or by successive 
intrusion. First there is a band of ultrabasic rock--picrites and 
peridotites of coarse texture and remarkable freshness--occupying 
the major part of the interior, and indeed of the whole mass, and 
resting on the lower teschenite. The picrite forms the upper part 
vf  the ultrabasic stratum and the peridotite the lower. Above the 
picrite comes a band about 10 to 15 feet thick, of a fine-grained, 
basic, nepheline-rock belonging to the theralite family, which may 
be considered as continuous with the picrite and passing into it 
somewhat rapidly. Between the theralite and the normal teschenite 
�9 overlying it generally intervenes a thin and variable layer of highly 
analcitic rock, patches, streaks, arid veins of which, or a rock allied 
thereto, permeate the theralite in its immediate vicinity. Fig. 4 
(p. 96) embodies a vertical section of the sill showing the approxi- 
mate thickness of the various facies, and the map (fig. 3, p. 94) 
illustrates the surface-distribution of the facies in a limited area 
a t  the confluence of the Bellow and Glenmuir Waters. 

The differentiation will be dealt with in greater detail, after the 
discussion of the microscopical and chemical evidence. 

I I I .  :PETROGRAPHY. 

(1) The Contac t -Rocks .  (P1. X, fig. 1; :P1. XI, fig. 4.)- 

The rocks of the upper and lower contacts are identical in all 
respects, and will therefore be described together in this section. 
They consist, for the greater part, of a hard, dense, basaltic rock, 
usually black or dark grey. In several specimens bands or schlieren 
�9 differing in many subtle gradations of colour and texture are 
seen. Thin veins of coarse flesh-coloured teschenite, indifferently 
traversing all the sehlieren, are rather numerous. 

Microscopically the rock is holocrystalline, on the whole very 
fine-grained, and shows numerous sharp variations in texture and 
composition. The minerals observed are plagioclase, augite, biotite, 
analcite, magnetite, and occasionally olivine. The chemical 
analysis (p. 104) shows that a considerable amount of orthoclase 
must be present. A thin section of a rock obtained at the lower 
.contact in Glenmuir Water  gives a good general idea of the 
aspect of both contact-facies, and will accordingly be described 
in detail. There are several distinct types of rock in the slide 

�9 (Pl. XI, f ig .  4 ) .  

(a) Star~ing from one side of the section there is first a schlieren composed 
of an even-grained aggregate of plagioclase-laths, subhedral prismolds of 
l~urplish augite, numerous small ragged plates of reddish biotite enclosing all 

12 
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Fig.~4.--Vertical section ot the Luyar  Sill, on the scale @ 
22"5feet to the inch. 
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r i c h  facies  a t  t h e  base .  

Sharp contact. 
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[Figures on the left-hand side represent the specific gravities of the rocks; 
collected approximately at the points indicated. The curve shows the- 
variation of specific gravity with depth in the sill : the z!gzags at the top 
are due to the alternation of schlieren of different densities. The broken- 
line curve shows the effect of averaging these variations. The division 
of the sill into three sharply-defined parts is well marked.] 
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ether constituents but analcite, and minute lmiformly-scattered cubes of 
magnetite, all embedded in a limpid, colourless, isotropic base which has the 
r and low refraction of analcite. The latter is occasionally segregated 
int~ small areas comparatively free from the other constituents. A few small 
patches of serpent~_nized material occur, which may represent olivine. The 
extinction of the felspar is between 20 ~ and 30 ~ , but the fine grain forbids 
exact measurement; it is probably to be referred to acid labradorite. The 
following is a rough estimate of the mineral percentage :--plagioclase 
(AblAnl) 45, augite 40, biotite 5, magnetite 5, analcite 5. 

(b) Adjacent to the above, with a sharp boundury between the two, is a 
band composed of the same minerals, but distinctly finer in grain. The 
proportion of augite has increased at the expense of plagiocla~e and analcite. 

(c) The next band is still denser. The minerals are the same as above, 
but are so crowded together as practically to exclude the isotropic base. 
Magnetite is more abundant, and is sprinkled very uniformly over the field. 

(d) A coarse vein of teschenitic material separates (c) from (d), which is 
~he densest of all the bands occurring in the slides. It consists of a crowded 
mass of minute microlites of auglte and plagioclase, with very numerous, 
small, irregular, poikilitic plates of biotite, all dusted over with magnetite. 
There are sparse microphenocrysts of plagioclase and purple augite. The 
felspar has dwindled, and the rock approximates in composition to the 
monchiquites. The colourless isotropic base is still to be recognized with a 
powerful objective, and can be definitely identified as analclte, where, in 
places, it is compara~vely free from augite and magnetrite. 

A p a r t  f r o m  the  coarse tescheni t ic  veins the  four  schlieren 
descr ibed above are the  pr incipal  t ex tu ra l  variet ies  to be f o u n d  in 
the  slide. :But wi th in  each of t h e m  occur  s l ighter  var ia t ions  in 
t ex tu re  and  composit ion,  and  no fewer  t han  e igh t  d i s t inc t  variet ies  
of  rock occur  wi th in  the  l imits  of a th in  section ha l f  an inch long.  

These  rocks are basalt ic  in aspect ,  and  in accordance w i t h  the i r  
occmTence as t he  contact-facies  of a tescheni te ,  t h e y  m a y  be cal led 
t e s c h e n i t e - b a s a l t s .  The  t e r m  a n a l c i t e - b a s a l t  is unsui table ,  
as i t  has been used for  definite l ava - fo rm rocks. Moreover ,  this  
rock. is  prac t ica l ly  devoid of olivine, which  is a b u n d a n t  in the  g rea t  
m a j o r i t y  of  analci te-basal ts .  Some of the  schlieren approx ima te  
to  monchiqui tes ,  a n d  others  to bioti te-basalts .  

The  contac t - fac ies  g radua l ly  merges  in to  tescheni te  by  increas ing  
g r a n u l a r i t y  and  enlarged proport ion of analci te.  The  fo l lowing  will  
serve to  give an idea of the  i n t e rmed ia t e  f ine-grained tescheni t ic  
rock. The  th in  section is f rom a specimen obta ined  i m m e d i a t e l y  
above the  lower contact-facies  in the  G lenmui r  W a t e r .  :M:icro- 
scopicaUy the  rock is somewha~ s imilar  to the  coarser schlieren of 
the  contact-facies ,  bu t  is not  banded  and  is no t  so r ich in ferro- 
magnes ian  minerals .  I t  consists of numerous ,  small ,  euhedra l  to 
subhedra l  prisms of pale augite ,  wi th  s tout  plagioclase-laths,  some 
serpent in ized  olivine, and  leucoxenic i lmeni te ,  in a ground-mass  of 
dus ty  analci te .  Associated with t he  ihneni te  arc numerous  m i n u t e  
scraps of bioti te .  A f e w ' t u r b i d  areas have  the  shape, low double 
ref_ra_ction, and  general  aspect  of nephel ine as i t  is more recogniz-  
ably  developed in rocks to be d e s c r i e d  hereaf ter .  A p a t ~  ne~illes 
are a b u n d a n t  in t he  areas of analci te .  The  rock m a y  be descr ibed 
as a f ine-grained tescheni te ,  or i f  i t  be desired to emphasize its 
or ig in  as a contact- facies  i t  m a y  be calle~ t e s c h e n i t e - d o l e r i t e .  

on May 31, 2016
 at University College Londonhttp://jgslegacy.lyellcollection.org/Downloaded from 

http://jgslegacy.lyellcollection.org/


9 8  ~ R .  G. W. T YRRELL ON THE [vol. lxxii, 

(2) Teseheni te .  (P1. X, fig. 2.) 

The differences between the tesehenites proper of the upper and 
those of the lower margins respectively are so slight, that  the rocks 
may be described most conveniently in the same section. The 
tesehenites are lather variable, both in macroscopic appearance and 
in thin section. Variation occurs in granularity and fabric, but the 
minel~l composition is approximately constant, or, at least, variations 
in the minerals present or their relative abundance do not carry any 
of the rocks outside the teschenite group. The dominant type, 
perhaps, is one which has an effect of very coarse grain, due to the 
abundance of large, irregular, black prisms or blades of augite 
ranging up to an inch in length, embedded in an even-grained, 
apparently-uniform ground-mass consisting of pinkish felspar and 
analcite. I t  is noteworthy that  the teschenites of the upper 
margin carry a pink analei~, whereas at the lower margin the 
analciM is white. The former, therefore, are mottled in black, 
green (olivine, serpentinous and ehloritic alteration-producfz), and 
pink; the latter in black, green, and white. The dominant type 
with columnar augites (Galston type)1 is interbanded in the upper 
teschenite with a much finer-grained rock devoid of the pseudo- 
porphyritic augite. Towards the junction with the underlying 
theralite the pink analcite becomes increasingly abundant, and 
forms the dominant macroscopic element in a thin irregular band 
immediately overlying the theralite. In the lower band of 
tesehenite a fine-grained type occurs, calTying numerous, small, 
acicular prisms of augite in a white ground-mass of felspar and 
analcite, with much hornblende and biotite, and a little nepheline 
(Cathcart type). 

In thin section the teschenites consist essentially of labradorite, 
titanaugite, analcite, olivine, and iron-ores, named in order of 
abundance. As accessories occur biotite, orthoclase, apatite, 
nepheline, and barkevikitic amphibole. The last-named invariably 
occurs as a peripheral alteration-product of the titanaugite. The 
secondary products are serpentine, chlorite, and leucoxene. The 
texture is medium- to coarse-grained, and the fabric an inter- 
locking mesh of labradorite and titanaugite in sub-ophitic relations, 
the large polygonal or irregular interspaces being filled with analcite. 

The plagioclase forms broad laths, thoroughly euhedral, and 
highly zonal. I t  is a medium to acid labmdorite (AboAn~-AbtAn~). 
The crystals are frequently somewhat albitized, and, adjacent to 
large analcite areas, have been irregularly corroded and replaced 
by analcite. The cleavage-cracks and the interior of a crystal are 
occasionally occupied by serpentinous material, which has migrated 
from adjacent decomposing olivine. 

The pyroxene is a feebly-coloured titanaugite, which, in the 
dominant type, occurs as large, blade-like, or columnar crystals. 
These, however, although elongated in one direction, are very 

1 G. W. Tyrrel l ,  Geol. Mag. dee. 5, vol. ix (1912) p. 74. 
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irregular in shape, owing to their indentation by the terminations 
of felspar-laths. In some of the rocks, notably the finer-grained 
val~eties, the titanaugite is perfectly euhedral, and is moulded by 
felspar. The colour is a pale purplish brown, and is very variable 
and patchy. The most common appearance is of a darker tint 
towards the margins, but bands alternatively of lighter and darker 
colour may occur. This zoning coincides with a similar zoning 
observable between crossed nicols, and frequently also with an hour- 
glass structure. I t  is, therefore, connected with slight chemical 
and optical variations in the crystals. There is occasionally a 
distinct pleochroism from purplish brown to a pale sepia. A 
notable feature is that practically all the crystals are hollow. In 
the prismatic sections elongated cavities occur along the centre- 
lines, and are filled with calcite, serpentinous alteration-products, 
and occasionally even analcite. The cavities are more or less equi- 
dimensional in the basal sections. They are frequently lined with 
a highly pleochroic biotite, which extends in ragged indefinite 
patches throughout the interior of the clTstal, and is evidently an 
alteration-product. The latter frequently has an astonishing 
:ple0chroism in shades of brilliant blue, red, and peach-bloom tint, 
but it is sometimes scarcely more than a discoloration of the augite, 
so indefinite are its boundaries. The more individualized mica has 
a more normal pleochroism, but its darker shades have a peculiar 
'beetroot'  tint. Serpentinous material also occurs within the 
augite, but its relations show that it has migrated from adjacent 
olivine, entering the crystal through the cleavage and other cracks. 
The augite often thus presents a honeycombed appearance in the 
interior of the crystals, the exterior being almost invariably sound, 
and free from inclusions and honeycombing. 

A red hornblende belonging to barke;r occurs as an altera- 
tion-product upon the margins of the augite-crystals, especially 
in the fine-grained rocks of the lower contact, where the augite 
is euhedral. The boundary between the two minerals is always 
exceedingly indefinite. A rock ~rom the lower band of teschenite 
above Bellow Bridge is so rich in hornblende that it deserves 
the designation h o r n b l e n d e - t e s c h e n i t e .  This rock is fine- 
grained and contains nepheline, thereby approximating to the 
Cathcart type. 1 

A thin band of ~egirine-augite or mgirine frequently occurs on 
the margin of an augite-crystal, especially where it is adjacent to 
an area of analcite. Small crystals of ~egirine are occasionally 
enclosed in the analcite. 

Analcite fills up large and small polygonal spaces between the 
felspars and augite ; but, where corrosion and analcitization of the 
felspar has occurred, irregular or rounded spaces are formed. I t  is 
mostly fresh, showing the cubm cleavage, and occasionally som~ 
anomalous birefringence. The commonest alteration is to an ex- 
tl'emely-fine, irresolvable, brown dust; but, with a further degree 

I G. W. Tyrrell, Geol. Mag. dec 5, vol. ix (1912) p. 74. 
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Of weathering, calcite begins to appear. Beautiful roseV~es of a 
serpentinous mineral are frequently developed in, and apparently 
at the expense of, the analcite. These enclose fl~kes of biotite and 
also the other minerals usually found within the analcite areas. 
Occasionally the analcite is completely replaced by the fibrous 
serpentine. These rosettes have been mentioned by Mr. E. B. Bailey 
in describing the Glasgow r and he indicates the need for 
some special explanation of this phenomenon. He suggests that 
it may possibly originate from ' juvenile' reactions. 1 

The analcite corrodes and replaces the felspars enclosing the 
cavities in which it has crystallized. The attack has usually 
spread from the cleavage and other cracks, and the process can be 
followed from mere incipient analcitization, resulting in a widening 
of the cleavage-fissures, ~o complete replacement of the crystal. 
The latter, however, frequently retains its folan ; equally often the 
~elspar forms shapeless, irregular masses entirely enclosed in 
analcite. The final appearance is of a patch of clear or dusty 
analcite lying in the midst of a large area of partly or wholly 
analcitized felspars, mixed with serpentinous, chloritic;and other 
alteration-products.: These reactions clearly belong to a juvenile 
stage in the history of the magma, and mav be refelTed to ~hat 
late period when the rock was stewing in a hot alkaline solution 
which ultimately cr.ystallized as analcite, a Further evidence as to 
the original nature of the analcite is afforded by the numerous 
inclusions of biotite, pyroxenes, apatite, and felspars that it con- 
tains; by its association with soda-orthoclase; and by its evident 
reaction on the adjacent felspars and augite, resulting in the latter 
c_~se in the formation of a thin layer of a green soda-pyroxene. 
Pyroxenes which have been entirely enclosed in the analcite have 
suffered this change to a much greater extent, leading in some 
cases to complete repheelnent. 

I t  is remarkable that, while a susceptible mineral such as 
analcite often remains entirely or eoml~mtively fresh, tho other 
constituents of the tesehenites have undergone so much alteration. 
This leads ~ the conclusion that the alteration is not so much due 

ordinary weathering as ~o the presence, during the crystalliT~tion 
of the rock, of a hot, intensely-active, alkaline, and water-rich 
mother-liquor, which crystallized as analcite after effecting much 
corrosion among the earlier-formed constituents. 

Because of the corrosion and replacement effec~i by the analcite 
among the earlier constituents of this and other rocks, there is a 
disposition ~o regard it as '  secondary' in a certain sense of that term. 
But it is as definitely a p r i m a r y  consolidation-product of tho 
~schenite magma, ina.~much as its crystallization took place before 
the cessation of cooling of the rock, as is ~he allotriomol~)hic qual~z 
of a granite. Both represent a final magmatie residuum, which 

1 , The Geology of the Glasgow I)is~ricr Mere. Geol. Surv. Scotland, 1911, 
1~. 132. 

g ' The Geology of the Neighbourhood of Edinburgh' ib/d. 1910, p. 296. 
s E. B. Bailey & G. W. Grabham, Geol. Mag. dec. 5, vol. vi (1909) p. 256. 
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crystallized in the interspaces left among the earlier constituents. 
Analcite, however, is more active chemically than silica, and. before 
its consolidation, finds time to attack and partly to replace some 
of the other constituents. Thus the analcite is not derived from 
the alteration of the felspar, as held by some petrog,~phers, but 
the alteration of the felspars is due to the analcite. 

Olivine is a constant though never abundant constituent in all 
varieties of. the Lugar teschcnites. I t  is invariably replaced by 
serpentine, which has crept or spread from the original crystal 
until the form of the latter has been completely obliterated. The 
serpentinization may be due to juvenile reactions, as suggested by 
~ r .  Bai ley ;  but it may also be due, as the migration of the 
serpentine into the surrounding minerals certainly is, to ordinary 
weathering. Olivine is most abundant in the coarse teschenites of 
the Galston type, and almost entirely absent from the nepheline- 
bearing Cathcart type mentioned above. 

A constant constituent of the Lugar teschenites is ilmenite in 
peculiar skeletal forms, and invariably associated with a red 
highly-pleochroic biotite. These ihnenite-biotite groups are 
most strongly developed in the Cathcart types. The ilmenite 
presents a variety of skeletal forms, the commonest, perhaps, being 
an irregularly-shaped, coarsely-reticulate mass. Another form 
shows a helTing-bone structure, with a central axis from which 
spring rows of thick, parallel, clubbed rods. Biotite fills up the 
spaces in the skeletal growth. The ilmenite, as a rule, is anterior 
in crystallization to the pyroxene, and is also frequently enclosed 
in felspar. Its decompositioa gives rise to a greyish mass of 
leucoxene, which is often reticulated with three sets of black bars 
intemecting at angles of 120 ~ 

Biotite occurs in three forms; one, in independent flakes, highly 
pleochroic from pale straw-yellow to dark reddish brown, is of early 
consolidation, and is found enclosed in the felspars and analcite. 
A second form is that described above as occurring in ihnenite- 
biotite aggregates. The thiM, which is especially prominent in 
Cathcart type from the lower band, is (as described above) an 
alteration-product of the titanaugite. I t  occurs as irregular flecks 
in the interior of the pyroxenes, and also as large, well-formed 
flakes on their margins. The outer edges of the flakes are quite 
euhechul, but the interior boundaries with the augite are ragged 
and indefinite. The biotite is frequently interleaved with chlorite. 
I t  often lines a cavity filled with analcite, and serves pa r t l y to  
define the crystallographic form of that mineral. 

Orthoclase is a frequent but variable accessory in the teschenites. 
As the penultimate constituent to crystallize, it is associated 
and varies in quantity with the analcite. I t  is generally much 

altered, and- partly or wholiy replaced b y  anatcite. Traces of 
moir~i and perthitic structures seem to indicate that it is probably 
a soda-bearing variety. 

A little altered and hn'bid nepheline, only recognizable by the 
shape of the pseudomorphs, is t~ be seen in some of the rocks, 
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notably in the Catheal~ type from the lower band of teschenite. 
I t  is altered to a highly-polarizing, scaly, micaceous substance. 
Apatite is abundant, and is enclosed in all the other constituents 
of the rocks. 

The above description covers rocks belonging to the Glasgow, 
Galston, and Cathcart types. In addition to these are one or 
two abnormal rocks which may be regarded as highly felsic and 
mafic varieties of the teschenites. The former occurs as a phase 
of the variable analcite-rich layer which intervenes between the 
teschenite proper and the underlying theralite. The orthoclase is 
approximately equal in amount to the plagioclase, and the rock is 
clearly leucocmtic. Teschenitic rocks comparatively rich in ortho- 
clase are mentioned in Dr. FletFs account 1 of the teschenites of 
the Edinburgh district. These rocks might be called a n a l c i t e -  
m o n z o n i t  e s, analogous with the nepheline and leucite-monzonites. 

The melanocratic variety also occurs near the junction of the 
teschenite and the theralite, where the analcite-band is absent. I ts  
mineral composition is defined in Table I, col. v (p. 103). I t  shows 
a decided predominance of marie minerals, and the whole aspect of 
the rock is ultrabasic. Olivine becomes an essential constituent; 
augite with hornblende borders is abundant, as well as biotite. 
Ilmenite, for some unexplained reason, dwindles in this as in all 
the more basic and ultrabasic rocks of the series. Analcite has 
decreased considerably in quanti ty;  and, concomitantly, the felspar 
generally is very fresh. The latter was one of the last minerals to 
crystallize, fills up the irregular interspaces between the marie 
constituents, and shows radiating cracks due to the expansion of 
serpentinized olivine. 

The position of this rock is rather perplexing. I t  may be inter- 
preted merely as a local, very basic, schlieren ; or as due to a small 
and localized gravity-stratification in the upper teschenite. I t s  
mineral composition shows that it cannot be regarded as a transi- 
tion-facies from the teschenite to the theralite. The theralites are 
�9 entirely different, both mineralogically and texturally. A melano- 
cmtic teschenite has been described by Prof. W. J.  SoUas from New 
Zealand. ~ That rock, however, is rich in titaniferous magnetite 
and poor in olivine, thereby differing in these respects from the 
Lugar rock. 

Q u a n t i t a t i v e  M i n e r a l  C o m p o s i t i o n  of t h e  T e s c h e n i t e s .  

These rocks lend themselves well ~o micrometric analysis by the 
Rosiwal method. The chemical compositions calculated from the 
mineral analyses agree well with the actual chemical composition, 
as determined by the usual methods of analysis, with ~he general 
exception of potash (see Table I I ,  p. 104). This is due to the 

I , The Geology of the Neighbourhood of Edinburgh' Mere. Geol. Surv, 
Scotland, 1910, p. 294. 

' Rocks of ~he Cape Colville Peninsula, Auckland (New Zealand)' vol. ii 
(1906) p. 156. 
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difficulty of identifying and measuring potash-felspar, when occur- 
ring in small quantities in rocks of this kind. Table I illustrates 
the mineral composition of a number of the Lugar teschenites. 

I 

Plagioclase (AblAnl) . . . . . . . . . . . . . . .  
Orthoclase . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Analcite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Titanaugito . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Hornblende 
Olivine (serpentine) . . . . . . . . . . . . . . .  
Biotite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Titaniferous iron-ore . . . . . . . . . . . . . .  
Apatite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

T~,BLE I.  

I .  I I .  

23"2 27"9 
10"2 5"6 
16"1 19"9 
28"1 27"2 

16% ~% 
3"4 1"5 
7"1 9"3 
1"3 i ' I  

I l I .  

28"9 
. . .  

13"8 
39"9 

i% 
2"9 
9"9 

. . .  

IV.  V. i 

34"5 21 2"9 
15"5 1 2 
27"3 24"0 

18"1 
1~% 32.s 
2"1 3"7 
3"7 1"9 
1"1 1"0 

I. Fine-grained banded teschenite, near the upper contact, Bellow Water.  
I I .  Teschenite, rich in analcite, upper band of teschenite, Bellow Water .  

I I I .  Teschenite, lower band, between peridotite and No. IV,  Glenmuir Water. 
IV.  Teschenite, near the lower contact, Glenrauir Water.  

V. Melanocratic teschenite, in the upper band, Bellow Water.  

The first four columns show that the mineral composition of the 
Lugar teschenite is fairly constant. Labradorite averages about 
28 per cent., analcite 15 per cent., titanaugite 30 per cent., olivine 
8 per cent., biotite 2 per cent., iron-ore 7 per cent., and apatite 
1 per cent. Orthoclase is a variable constituent, reaching 10"2 
per cent. in :No. I, and declining to nothing in :No. I I I .  I t  is 
probable that a little nepheline occurs in some of the types, but it 
is hard to detect and harder still to measure. I t  is probably 
included with the analcite and orthoclase in the analyses. The 
fifth analysis is clearly that of a highly mafic variety, with a large 
increase in the proportion of olivine, and the incoming of 18 per 
cent. of hornblende, causing a concomitant drop in the proportions 
of plagioclase and analcite. In respect of the proportions of light 
and dark constituents (felsic and marie, or leucocratic and melano- 
cratic), it will be seen that there is a substantial equality in the 
first four rocks, that is, they are mafelsic. The fifth rock is 
domafic.1 

The Chemica l  C o m p o s i t i o n  of the  T e s c h e n i t e s .  

Two full chemical analyses of the Lugar teschenites were made 
for me by Dr. A. Scott; one of the upper contact-basalt, the 
other of a normal teschenite from the upper band. These are 
supplemented by analyses calculated from the mineral composi- 
tions given in Table I. The minm'als of variable composition 
here are titanaugite, hornblende, biotite, and olivine. I t  was, 

For  an  explanat ion of these  ~erms, see G. W.  T y r r e l l , '  The  Bek ink in i t e  
of Ba r shaw (Renfrewshire)  & the  Associa ted  R o c k s '  Geol. Mag. dec. 6, vol. il 
(1915) p. 366. 
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therefore, necessary to know their exact chemical composition in 
this series of rocks before the quantitative mineral analyses could 
be, utilized. Accordingly, Dr. Scott made analyses of the barke- 
vikite in the lugarite of Lugar, and of the titanaugite in the 
porphyritic essexite of Crawfordjohn (Lanarkshire), minerals which 
m'e optically identical with those of the same species in the Lugar 
rocks, and occur in rocks belonging to the same petrographic 
province. For biotite, which occurs in small quantity, an analysis 
of a biotite from the monchiquite of Horberig, Oberbergen, 
Kaiserstuhl, 1 was used. From a consideration of the complete 
series of Lugar chemical analyses it is clear that the olivine also 
varies somewhat in composition. In the peridotites and picrites it 
is richer in the forsterite molecule than in the theralites and 
teschenites. The average composition of the olivine in the different 
rocks was calculated as follows :--  

F o r s t e r i t e .  Fayal i te .  

Per ido t i t e  a n d  p ic r i te  . . . . . . . . . . . . . . .  4 1 
T h e r a l i t e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 1 
T e s c h e n i t e  . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 "1 

In the same way the iron-ore was calculated to have the 
composition 

I l m e n i t e  : M a g n e t i t e  : :  3 : 4 ;  or  

Fe,O:~, 3 9 ' 4 ;  FeO,  38"0; TiO~, 22 '6.  

The chemical analyses by Dr. Scott, and the calculated Rosiwal 
micrometric analyses are collected together in Table II ,  with an 
analysis of teschenite from Mons Hill  (Midlothian). 

TABLE II .  

I. I I .  I I I .  

sio.2 ............ ! 4~.5o 
TiO.~ ...... 2"43 
A12()3 iii 15"28 
Fe203 . . . . . . . . .  2"81 
F e O  . . . . . . . . .  6"88 
MnO .. . . . . . . .  0"26 
MgO .. . . . . . . .  4"9 l 
CaO ... 12"08 
l~a.,O . . . . . . . . .  3"94 
K2( ) . . . . . . . . .  2"41 
H 20 + ... . . .  3"09 
H20  - . ..... 0"72 
P2Os . . . . . . . . .  0"24 
BaO(SrO) ... 
CO: ............ i:i6 
F . . . . . . . . . . . . . . . . . .  

45"26 45"55 
3"0l 2"91 

15"74 14"89 
2"33 4"06 
7"12 8"23 
0"22 tr. 
5"23 8'O3 
8"86 6"98 
5"01 5"07 
2"5t 1"9~ 
2"94 } 
0"68 1"41 
0"90 0"94 

p.n.d . . . .  
tr .  . . .  

... 0"O5 
F e S  2 . . . . . . . . . . . . . . .  

Total8 1 71 99.81 

IV.  

44"98 
3"29 

15"85 
4"83 
8"1l 

. . .  

6"35 
7"24 
5"78 
1"05 

1"67 

0"84 
. . .  

. ~ .  

0"04 

V. VI .  V I I .  

43"41 46"84 
4"O2 2"06 

14"89 16"32 
5"63 2"65 
9"02 7"30 

7"01 8"53 
8"47 7"93 
5"63 5"55 
0"19 0"63 

1"21 1'33 

0"55 0"84 
. . . . . .  

i i i  6.~ 

V I I I .  

42"08 
2"10 
8"70 
8'07 

13"84 
0"07 

18'45 
6"97 
4'59 4"95 
0"28 2"76 

r 1 5  i~. 4.9.2 
i~ (~55 

0"75 0"84 
�9 " i 0"10 
... , 0'11 

0"04 E ... 
... i @36 

46"06 
2'56 

15"94 
2"94 
7"44 
0'31 
4"14 
7"0~ 

. . . . . . . . . . . .  ~ m ~  - - - - - - - - - - - ~  

I I '  
. . . . . . . . . . . . . . . . . . . . . . . .  

i , . .  
, I 

100"03 100"03 100"02 100"07 1100"32 

I H.  R o s e n b u s c h ,  ' E l e m e n t e  der  G e s t e i n s l e h r e  ' 1910, p. 300. 
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I. Teschenite.basalt~ upper contact of Lugar sill, Glenmuir Water, Lugar. 
Chemical analysis by Dr. A. Scott. 

II. Banded teschenite, upper teschenite layer of Lugar sill, Bellow Water, 
Lugar. Chemical analysis by Dr. A. Scott. 

III .  Banded te3chenite, same as II, calculated from Rosiwal analysis No. I of  
Table I. 

IV. Teschenite, rich in analcite, upper teschenite layer, Bellow Water, Lugar. 
Calculated from Rosiwal analysis No. II of Table I. 

V. Teschenite, from lower teschenite layer, Glenmuir Water, Lugar. Calcu- 
lated from Rosiwal analysis No. I l l  of Table I. 

VI. Teschenite, from lower tescheuite layer, Glemnuir Water, Lugar. Calcu- 
lated from Rosi~al analysis No. IV of Table I. 

VII. Melanocratic teschenite, from upper teschenite layer, Bellow Water, Lugar~ 
Calculated from Rosiwal analysis No. V of Table I. 

VIII.  Teschenite, Mons Hill, Dalmeny (Midlothian). Analysis by E. G. Radley, 
' Geology of the Neighbourhocd of Edinburgh' Mere. Geol. Surv. Scotland~ 
1910, p. 299. 

The teschenitic character of these analyses is at once evident. 
:For a silica percentage averaging 45, and high ferrous iron and 
lime, the alkalies run to about 7 per cent. The magnesia is com- 
paratively low, indicating the poverty of the rocks in olivine. 
Combined water, due to the analcite present, is of course high. 
The analyses obtained by calculation from the Rosiwal analyses 
are remarkably in accord with the chemical analyses. The greatest 
discrepancies are in magnesia, potash, and water. The latter may 
be explained by the fact that no account of the alteration of the 
rocks was taken in the calculation. The excess Of magalesia may 
perhaps be explained by the complete alteration of .the olivine to 
serpentine in the analysed rocks. The serpentine was analysed as 
serpentine, but calculated as olivine. The deficiency in potash is 
due, as explained above, to the difficulty of detecting and measuring 
orthoclase in these rocks. The analysis of the Mons Hill tcschenite 
shows the essential identity of the Midlothian occurrences witlx 
those of Western Scotland. 

The richness of some of the Scottish teschenites in potash points 
to the fact that some of the analcite-rocks are probably to be 
refen~d to the monzonite series. With increasing abundance of 
orthoclase teschenites pass into analcite-monzonites, analogous to 
nepheline- and leucite-monzonite (sommaite). 

The abundance of lime in the teschenite-basalt (I) as compared 
with the normal teschenite, is due partly to calcite, and partly to 
a slight enrichment of the contact-rock in augite. The abundance 
of olivine in the melanocratic type (VII )  is shown by a great 
excess of ferrous iron and magnesia in the calculated analysis. 

(3) Theralite. (P1. X, figs. 3 & 4.) 

Three phases of the theralite may be distinguished. A black or 
dark-grey, compact, doleritic rock forms the main mass of the 
stratum. The lower part, however, calTies abundant hornblende, 

and is  slight-ly coa~ger in-grain-v while,-near the junction wittr- 
teschenite, the rock is veined and shot with patches of a medium- 
glained, light-grey, analcitie variety. 

Microscopically, the theralites consist of essential plagioelase,. 
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titanaugite, olivine, nepheline, and ihnenite, with accessory horn- 
blende, biotite, analcite, orthoclase, and apatite. The texture is 
very fine-grained, and hence the rock might be termed n e p h e -  
t i n e - d o l e r i t e  or d o l e r i t i c  t h e r a l i t e .  In the principal variety 
the fabric shows innumerable small, prismoid grains of augite em- 
bedded poikilitically in a ground-mass of felspar and nepheline, the 
whole forming a base in which pseudoporphyritic olivine, augite, 
and ilmenite is set. The hornblende-bearing variety has the same 
fabric, only a new pseudoporphyritic element, hornblende, being 
added. The light-grey veins, however, contain no granular augite, 
and their abundant analcite gives them a fabric similar to that of 
the teschenites. 

In the principal variety the felspar forms broad, anhedral plates, 
and seems to have been the last constituent to crystallize, even the 
nepheline being euhedral towards it. I t  is extremely zonal, and is 
crowded with grains of augite. Its composition is consequently 
difficult of determination, but the evidence points to the usual 
acid labradorite (Ab, An,), with marginal transitions to oligoclase. 
The plagioclase is liable to decomposition, especially in the central 
portions of the crystals, and passes into an irregular felted mass of 
scaly mica. 

The augite occurs in two forms:  as innumerable prismoid 
grains embedded in felspar and nepheline; and as larger, pseudo- 
porphyritic, eL~hedral crystals of a much darker t int  than the 
grains. The colour is a pale purple or lilac, generally darker 
towards the margins of the crystals. The mineral is often strongly 
pleochroic, from purplish to pale yellow. I t  alters, .just as in the 
teschenites, with the production of biotite. 

Olivine occurs in large pseudoporphyritic crystals, euhedral 
originally, but now the angles ale largely rounded off, and 
therefore nearly spherical grains are not uncommon. I t  is very 
fresh with, at most, a slight peripheral serpentinous alteration. 
All the fissm'es are much blackened by separated magnetite. 

Nepheline forms small subhedral to anhedral masses, and appears 
to be idiomorphic towards the felspar. I t  is usually altered to a 
turbid, streaky, micaeeous aggregate, the scales of which are 
arranged parallel to the crystallographic axis of the mineral. I t  
is occasionally quite fresh, and its identification can be made abso- 
lutely certain by the usual tests. 

Ilmenite ocem~ in skeletal masses associated with biotite, but 
not so abundantly as in the teschenites. Biotite also occurs as 
small independent flakes embedded in felspar or nepheline, or as an 
alteration-product of augite. 

Analcite occurs very sparingly in the principal variety of 
theralite, but is much more abundant in the veins towards the 
top of the stratum. Apatite is very abundant, enclosed in all 
consti~ents.  

A red soda-hol~blende, belonging to the barkevikife group, 
becomes an important constituent in the lower part of the theralite 
stratum. I t  usually forms extremely irregular plates, embayed by 
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the earlier constituents, and occasionally enclosing them. I t  is 
pleochroic, with colour-extremes of pale straw-yellow and clear 
red-brown. 

The quantitative mineral composition of the main varieties of 
therahte is set out in Table I I I ,  cols. i & ii (p. 109). I t  will be 
seen that the mass of the rock is decidedly mafic, much more so 
than the rocks which have been described as theralite. In addition 
to the mafic composition, it is characterized by a poikilitic fabric. 
The light-grey veins, however, are much coal~er in groin, are devoid 
of granular augite and the poikilitic fabric, and show approximate. 
equality between the felsic and the mafic constituents. Contain- 
ing, as it does, some orthoclase and analcite, this variety closely 
resembles the true theralites, which are, in general, mafelsic in 
composition. A mine1~logical feature that deserves special mention 
is the beautiful lilac colour of the augite. 

(4) Lugarite.  (P1. XI, fig. 1.) 

This rock is found intercalated near the transition between the 
theralite and the underlying picrite. I t  has a maximum thickness 
of 4 feet, and is intimately welded to both the contiguous rocks. 
I t  also occurs as irregular, anastomosing veins ramifying through 
the picrite, and varying in thickness from 1 to 5 inches. 

In hand-specimens it presents a striking and beautiful appear- 
ance; so much so that it is a matter for comment that the rock has 
apparently never been noticed before. Boulders of it occur in the 
bed of the Lugar for a mile or two below the outcrop. I t  is 
phanerocrystalline and apparently coarse-grained, consisting of an 
abundant, continuous, greyish-green ground-mass (analcite, nephe- 
line, and alteration-products) crowded with shining black prisms of 
barkevikite ranging up to 3 inches in length. The rock of the 
main exposure also shows equally abundant, more or less equi- 
dimensional, black crystals of titanaugite. Occasionally, whitish 
rectangular felspars may be recognized. Weathered blocks are still 
more striking in appearance, as the ground-mass becomes white, 
contrasting effectively with the black prisms embedded in it. 

Microscopically, lugarite is a very beautiful rock, owing to the 
blSlliant colours of its marie constituents and their perfect 
euhedrism. The rock consists essentiall~r of an abundant cloudy 
greyish base, palely isotropic, and palely cryptocrystalline because 
~)f an extremely-fine dusty alteration-product, clearing occasionally 
to areas of identifiable analcite. This base is crowded with per- 
~ectly euhedral crystals of deep purple titanaugite, red barkevikito 
ranging up to 3 inches in length, ragged masses of ilmenite 
passing over to leucoxene, corroded felspal~, and innumerable 
prisms and needles of apatite. 

Titanaugite forms well-shaped crystals ranging up to a quarter 
of an inch in diame%r. Its pleochroism is very itatense, the 
scheme being as follows : ~  

x ............ clear pale brownish yellow. 
Y ............ deep maroon or reddish purple. 
Z ............ brownish violet. 
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The hour-glass and kindred zonal structures are prominent, and 
the exterior zone is ahvays the more deeply coloured and pleo- 
chroic. A green coloration frequently appears on the extreme 
margin. Occasionally, an augite encloses the tennination of a 
felspar-crystal; and in rare casts it is interdigitated with barke- 
vikite, the junction between the two minel-a]s being indefinite, but 
the exterior margins euhedml. A few crystals are honeycombed 
by irregular cavities filled with colourless isotropic material, pre- 
sumably analcite. The titanaugite of this rock is identical in its 
optical characters with that of the ijolite-dolerite (nepheline- 
dolerite) of the Lobauer Berg, Saxony. 

The barkevikite forms perfect crystals, and is of a deep reddish- 
brown colour. The pleochroism is intense, with the following 
scheme : ~  

X ............ pale yellow. 
Y . . . . . . . . . . . .  deep chestnut-red. 
Z . . . . . . . . . . . .  deep brown-red with a tinge of violet. 

The maximum extinction-angle in prismatic sections is about 
1 l  ~ The simple twin parallel to 010 is prominent. The mineral 
is, therefore, referable to the barkevikite group. 1 I t  occasionally 
moulds the pyroxene, and is then evidently an alteration-product ; 
but the great majority of the crystals are entirely independent of 
pyroxene. On the other hand, the smaller crystals are frequently 
enclosed in the felspar. 

The felspar, where uncorroded, forms well-shaped rectangular 
laths, and is an extremely zonal plagioclase. Where the extinc- 
tions can be measured they indicate a labradorite of composition 
Ab~An.,. On the margins, however, nearly straight extinctions 
are obtained, indicating a transition to oligoclase. The felspar is 
nearly always colToded, and all stages in its replacement by dusty 
analcite and isotropic alteration-products can be followed. The 
replacement begins along the cleavage and other cracks, and 
advances until large irregular areas in the interior of the crystal 
are replaced; while, at the same time, the alteration proceeds from 
the exterior of the clTstal in such a way that the felspar remnants 
are often crescentic in shape, and appear as if large pieces had 
been scooped or gouged from their sides. The final stage is a 
complete replacement of the crystal; or, at nmst, small crescentic 
fragments of felspar are left. Frequently, however, the crystal 
form is preserved, and is differentiated from the rest of the ground- 
mass by a slightly p.~ler tint. 

Olivhle occurs very sparsely as rounded inclusions in the horn- 
blende or augite ; and biotite in small flakes, or as an alteration- 
product of augite. Both minerals may be completely lacking in a 
slide.  

Ilmenite occm-s in rather well-shaped hexagonal crystals, and is 
in process of alteration to leucoxcne, giving rise to a marked 
striation (in black on grey) of three sets of lines in directions 
intersecting at 120 ~ . I t  appears to have crystallized in this rock 
before the hornblende or the pyroxene. 

t A. Scott, c Barkevikite from Lunar' Min. Mag. vol. xvii (1914) pp. 138-42. 
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Apatite in needles and small crystals is extremely abundant,  and 
occurs embedded in all constituents save ilmenite. The longer 
needles and prisms show the usual cross-fracture, and are frequently 
bifid at  the terminations. 

I t  is difficult to study the ground-mass, because of its turbidi ty  : 
i t  is composed mostly of alteration-products, a fine brown dust, 
brightly-polarizing zeoli~es, a n d '  ghosts '  of analcitized felspars ; bu t  
occasionally i t  clears to an area of recognizable analcite. Under a 
high-power objective the fine brown dust resolves itself into clear 
highly-refracting granules, embedded in a eolourless isotropic 
substance which has a refractive index ,distinctly lower than t h a t  
of Canada balsam, and, on the thin edges of the section, a cubic 
cleavage. I t  is fairly clear, therefore, tha t  the bulk of the ground- 
mass is a cloudy analeite. Faint ,  streaky, paler patches, with 
an occasional approach to hexagonal or rectangular outlines, are 
probably to be referred to nepheline. This mineral occurs much 
more recognizably in a lugarite-like rock in association with the 
bekinkinite of Barshaw, near Pais ley)  

Two-varieties of lugarite are distinguished. In  one, t i tanaugi te  
and barkevikite are developed in about equal proportions (Table I I I ,  
col. iii). The distribution of these minerals is, however, very 
patchy. Some slides contain t i tanaugite or barkevikite on ly ;  
others contain both. The veins tha t  penetrate the picrite have 
barkevikite only (Table I I I ,  col. iv), the prisms of which are 
frequently am'anged in a rude stellar fashion. 

Q u a n t i t a t i v e  M i n e r a l  C o m p o s i t i o n  of  T h e r a l i t e  
a n d  L u g a r i t e .  

These were estimated by the Rosiwal method, and gave fair ly  
concordant results, which are recorded in Table I I I ,  below. 

TABLZ III. 

Plagioclase 2 ........................ 
Analcite .............................. 
Nepheline ........................... 
Titanaugite ..... 
Barkevikite ........................ 
Olivine ............................. 
Biotite ............................ 
Ilmenite .......................... :... 
Apatite .............................. 

II. 

23"3 16"4 

12.o  li3-8 
36"1 35"9 

12"2 
18'6 8"7 
3"6 6"7 
4"2 2"5 
1"6 1"0 

lII. IV. 

10"5 { 14"6 

2i.~ I ... 
17"2 i 29"5 

. . . . . .  

3"1 4"2 

I. Theralite, Bellow Water, Lugar. 
II. Hornblende-theralite, Bellow Water, Lugar. 

l i t ,  ~ugariC~,-main mass, Glonmuir Water, Lugar. 
IV. Lugarite, veins in picrite, Glenmuir Water, Lugar. 

1 G. W. Tyrrell, Geol. ]Ylag. deo. 6, vol. ii (1915) p. 308. 
2 AblAnl in the~lit~s ; AblAn 2 in lugurit~s. 

Q. J .  G. S. No. 286. 
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A little orthoclase has certainly been overlooked in the lugarites 
and probably in the theralites. Also, in the lugarites the analcite 
total contains some nepheline. From the chemical analyses it 
appears that apatite has been considerably over-estimated in the 
lugarites. 

C h e m i c a l  C o m p o s i t i o n  o f T h e r a l i t e  and L u g a r i t e .  

No chemical analysis was made of the theralite proper. The 
rock analysed proved to be nearer to pierite than to theralite, and 
its composition is set out in Table VI, col. i (p. 114). The lugarite 
was analysed by Dr. Scott: its chemical composition is unique, 
reflecting the unique minmM composition of the rock. The che- 
mical compositions, as calculated from the mineral compositions 
recorded in Table III ,  are collected here for purposes of comparison, 
and serve, as do the others already tabulated, to demonstrate the 
efficiency of the Rosiwal method in suitable cases as an auxiliary 
to actual chemical analysis. 

Ts IV. 

I . _ _ ~ I I .  ' I I I .  

TiO2 ......... 1"63 
A120.q ......... 13"33 
F~O.~ ......... 3"25 3"50 
F , O  . . . . . . . . . . . .  8"73 8"44 
MnO . . . . . . . . . . . .  0"05 
MgO ......... 12"921 9"47 
CaO . . . . . . . . . . . .  8"26 8"83 
N a 2 0  . . . . . . . . .  5"33 6"50 
K~O . . . . . . . . . . . .  0"92 1"37 
H 2 0 +  . . . . . .  } 0"10 0"21 
H 2 0 - -  . . . . . .  
Ps06 . . . . . . . . .  1"18 0"91 

IV. 

46"29 
2"87 

17"47 
9"14 2"24 
6"35 7"07 

0"28 
5'74 2"10 

10"60 5'82 
5"60 8"69 
1"81 1"47 
1"75 { 5'12 

0"69 
0"35 0"70 
... 0'09 BaO(SrO) . . . . . . . . .  

. . . . . . . . . .  ~ n o n e  

C/~ .... . . . . . . . .  0.06 .. . . . . . . . . . . . . .  0"04 ... p.n.d. 
s . . . . . . . . . . . . . . . . . . . . .  _ o.18_ . . .  

Tot*Is ... ~100'01 _99"94_ 100"90 .100"40 

V. VI. 

45"56 47"35 
2"53 1"46 

15"92 18"02 
4"04 3"07 
6"75 5"65 
0'07 0"11 
3"02 0"82 
8"10 7"82 
8"82 9"76 
0.04 0"06 

3"53 4"09 

1'61 1"78 
. . . . . .  

o:i2 o:i6 

100"15 

VII.  I 

43"70 
0"89 

19"771 

tr. 
3"94 

10'80 
9'78 
2'87 

0"89 

1"34 
. . .  

VIII .  IX. 

52"73 56"75 
... 0'30 

20"05 20"69 
3"43 3"52 
0"99 0"59 
... tr. 

0"17 0"11 
3"35 0"37 
7~4 11"45 
4"77 2"90 
4"85 3'18 

{oy o o, 
eil  ~;'.e 
0.93... C 1 ' ~ 8  

tr. 

lOO:Ol 

I .  

II .  

I I L  

IV. 

V. 

VI.  

VII .  

VI I I .  

IX. 

Theralite, Bellow Water, Lugar. Calculated from Roslwal analysis, Table I I I ,  
No. I (p. 1~9). .  

Hornblende-theralite, Bellow Water, Lugar. Calculated from Rosiwal 
analysis, Table I I I ,  No. If.  

Theralite, Flurhubl, Duppau (Bohemia). F. Bauer, Tscherm. Min. u. Petr.  
Mitth. vol. xxii (1903) p. 281. 

Lugarite, main mass, Glenmuir Water, Lugar. Chemical analysis by Dr. A. 
Scott. 

Lugarite, main mass, Glenmuir Water, Lugar. Calculated from Rooiwal 
analysis, Table I I I ,  No. I I L  

Lugalite, veins in picrite, Glenmuir Water, Lugar. Calculated from Rosiwal 
analysis, Table I I I ,  No. IV. 

Ijollte, Iivaara, Kuuosamo (Finland). Anal. N. Sahlbom. Quoted from J.  P. 
Iddings, ' Igneous Rocks' vol. ii (1913) p. 306. 

Heronite, Heron Bay, Lake Superior. Anal. H. W. Charlton. Coleman, 
Journ. Geol. Chicago, vol. vii (1899) p. 435. 

Analcite-tingnaite, Pickard's Point, Essex County (Mass.). Anal. H. S. 
Washington. Amer. Journ. Sci. ser. 4, vol. vi (1898) p. 182. 
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The correctness of the reference of the first two rocks in 
Table IV to the theralites, and the general accuracy of the Rosiwal 
analyses, is shown by the accordance of the calculated analyses 
with the analysis of Rosenbusch's type theralite ~rom Duppau 
(Bohemia). The excess of magnesia and the slight deficiency 
in lime of the Lugar theralites are due to their more highly marie 
character ; but the alkalies, alumina, and silica correspond remark- 
ably well with those of the Duppau rock. 

Turning to the lugarite, the calculated Rosiwal analyses corre- 
spond well with the chemical analyses, except in lime, potash, and 
phosphorus Pentoxide. The excess of lime and phosphorus pent- 
oxide is partly due to the over-estimation of apatite, and partly to 
the overlooking of orthoclase and its measurement as labradorite. 
The deficiency of about 1 per cent. in potash is, of course, due 
directly to the latter cause. The lugarite analyses are characterized 
by a very large content of alkalies along with a comparatively- 
low silica percentage, and by their persodic character. They fall 
into the hitherto unoccupied and unnamed persodic submng of 
lujavrase (II.7.1.5) of the American Quantitative Classification.1 

Systematically, these rocks may be described as ijolites in which 
the place of nepheline is  partly taken by analcite, and in which 
barkevikite occurs as well as, and sometimes to the exclusion of, 
augite. One of the analyses of ijolite from Iivaara (Finland), 
corresponds fairly well with that of lugarite (Table IV, :No. VII).  
I t  is, however, richer in lime and alkalies than the Lugar rock, 
and contains much less combined water, since nepheline and not 
analcite is the principal felsic mineral. 

The only other rocks hitherto described with an analcite-content 
of the same order as that of lugarite are the heronite ~ of Heron 
Bay, Lake Suporior, with 47 per cent. of analcite; and the anal- 
eite-tinguaite of Pickard's Point, Essex County (Mass.) with 37"4 
per cent. of analcite. The chemical analyses of these rocks are 
set out for comparison in Table IV. Heronite differs from lugarite 
in containing a large amount (28"2 per cent.) of orthoclase, which 
is reflected in the large potash-content of the analysis, although 
the soda-conten~ compares well with that of lugarite. The 
analcite-tinguaite of Piekard's Point contains a~girine and anortho- 
clase phenocryzts in a ground-mass composed of nepheline and 
analcite, is richer in alkalies than lugarite, and is devoid of lime- 
soda felspar. 

(5) Picrite and Peridotite.  (P1. XI, figs. 2 & 3.) 

The ultrabasic rock which makes up more than half of the Lugar 
sill is characteristically felspar-free, and is a typical hornblende- 
~_ridotite. Some ~a4eties~howex-er, occurring--~wards the-top of- 

l G. W. Tyrrell, Geol. Mag. dec. 6, vol. ii (1915) p. 361. 
s This rock is now regarded as a decomposed tinguaite ; see A. E. Barlow, 

Nepheline & Alkali-Syenites of Port Coldwell [On~.]' Guide-book 17o. 8 
Geol. Surv. Canada, 1913, p. 17. 

K 2  
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the mass, contain some felspar and analcite, and are richer in the 
metasilicates. These are true picrites in the original sense of 
Tschermak. In hand specimens the peridotite is a fresh, medium 
to coarse-grained, blackish-green, heavy rock, in which olivine may 
occasionally be distinguished, and especially hornblende in large, 
lustre-mottled plates. The rock is variable in granularity, and 
may be devoid of poikilitic hornblende. The picrites are distinctly 
freer-grained, and show white or pink specks of felspar and 
analeite. 

Microscopically, the peridotite consists of olivine, titanaugite, 
hornblende, biotite, and iron-ores in the proportions shown in 
Table V, col. iii (p. 113). The olivine, which ma); form 60 to 
70 per cent. of tile rock, occurs in more or less rounded, subhedral 
grains, ranging up to half an inch in diameter. I t  is occasionally 
quite fresh, but is usually in all stages of alteration to blue, green, 
yellow, and colourless varieties of serpentine. The coloured ser- 
pentines are ahnost entirely devoid of separated magnetite; but 
the unaltered olivine and the colourless variety of serpentine 
contain irregular streaks of magnetite, indicating that;the colour 
of the serpentine depends on whether the iron-oxide is thrown out 
of combination or not during the process of alteration. The next 
most abundant constituent is augite, which occurs in polysomatic 
clusters of small euhedral grains wedged in between the olivines, 
and where the latter mineral is altered, embedded in serpentine. The 
granular habit of the augite is distinctive of this type of peridotite, 
which is accordingly distinguished as t h e  L u g a r  t ype .  The 
earliest described picrite or peridotite of the teschenite series, tha$ 
of Inchcohn, contains titanaugite in large plates which mould and 
poikilitically enclose olivine. 

A red-brown hornblende, belonging, like the amphiboles of the 
preceding rocks, to the barkevikite group, occurs in large, irregular, 
poikilitic plates, enclosing small olivines, and groups of granular 
augite-crystals. I t  usually forms about 10 per cent. of the rock. 

The remaining constituents, biotite and iron-ores, form only 
about 4 per cent. of the rock. The two minerals are, as usual, 
closely associated. The rock is almost devoid of apati te:  this 
mineral appears to be associated with analcite, and increases in 
abundance along with that  minel~l. 

The picrites which occur towards the top of the ultrabasic 
stratum are divisible into two varieties. One, almos$ devoid of 
recognizable felspar, contains much analcite, and very abundan$ 
augite. I t  approximates to the lugarite type, and represents the 
modification of the peridotito at the contact with lugarite. In  
thin section this rock consists of numerous, euhedral, purple 
augites, embedded in a turbid cryptocrystalline or isotropic g~vund- 
mass containing zeolites, occasional clear analcite, and 'ghosts '  of 
felspars, identical with the ground-mass of lugarite. Barkevikite 
occurs in ragged plates exhibiting the poikilitic habit and inter- 
grown with ilmenite. Olivine is comparatively sparse, and is 
completely serpentinized. 
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The other variety is an extremely fresh rock, with abundant 
olivine and some fresh plagioclase. I t  occurs between the perido- 
tire and theralite in the great cliff of the Glenmuir Water.  I t  
differs from the rock described above in the much greater abundance 
of olivine, in less analcite and turbid decomposition-products, and 
in the presence of plates of fresh felspar enveloping olivine and 
augite, and showing the usual expansion-fissures. 

Q u a n t i t a t i v e  M i n e r a l  C o m p o s i t i o n  of  t h e  P i c r i t e s  
a n d  P e r i d o t i t e s .  

Table V records the results of the Rosiwal measurement of three 
of the ultmbasic rocks of the Lugar sill. 

TABLZ V. 

Plagioclase (Ab,Ani-AbiAn.2) ............ 
Analcite .......................................... 
Titanaugite ................................... 
Barkevikite ................................... 
Olivine ......................................... 
Biotite ......................................... 
Titaniferous iron-ore ........................ 
Apatite .......................................... 

I,  

56"6 
12"7 
11"1 

i . i  
I'I 

ii 1 iII F 5"7 ... 
8"8 

26'1 20"5 I 
8"6 10"0 

49"t 65"2 [ 
0"4 2"0 
1"0 2"3 
0"3 ... 

I. Augite-picrite, upper part of ultrabasic stratum, Glenmuir Water. 
l I. Olivine-picrite, same position aud locality. 

IlI. Hornblende.peridotite, main mass of ultrabasic stratum, Glenmuir Water. 

I t  will be seen that  the picrites ~are domafle, and the peridotite 
permafic. The analcite totals contain a little unidentifiable turbid 
matter. The diminution in the amount of apatite is a curious 
feature of the ultrabasic rocks. In the Lugar series, and in the 
rocks o f  the Ayrshire petrogluphical province generally, apatite 
seems to vary in abundance along with the felsic minerals, especi- 
ally analcite. A similar but less marked decline in the amount of 
titaniferous h'on-ore also occurs. The order in which the analyses 
are given is that  of increasing depth in the ultramafic stratum. 
The rapid increase in the amount of olivine illustrates the packing 
of the olivine-crystals in the lower part of the stratum by settling 
under the influence of gravity. Along with this there is a decrease 
in the amount of augite ; but barkevikite, a mineral of later con- 
solidation in these rocks, remains practically constant. 

C h e m i c a l  C o m p o s i t i o n  of t h e  P i e r i t e s  a n d  P e r i d o t i t e s .  

Chemical analyses of the augitic type of pierite and of peridotite 
were made for me by Dr. A. Scott; and these are supplemented by 
analyses calculated from the quantitative mineral compositions 
recorded in Table V, above. 
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TABLE VI. 

[vol. lxxii, 

SiO~ .. . . . . . . . . . .  4r 
Tie2 . . . . . . . . . . .  , 2"73 
A12()a ......... 
F e ~ 3  .... . . . . .  
F e e  . . . . . . . . . . . .  
MnO . . . . . . . . . . . . .  
MgO ......... 
CaO .. . . . . . . . . . .  
Na~O .... . . . . .  
K.~O ... . . . . . . . . .  
H~O + . . . . . . . . .  
H ~ O -  . . . . . . . . .  
P--,O5 ............ 
BaO, SrO ...... 
F . . . . . . . . . . . . . . .  

C02 . . . . . . . . . . . .  
Incl . . . . . . . . . .  

7"59 
6"25 
9"57 
0"49 

11'93 
10'2~ 
4"27 
1"46 
0"73 
0"48 

tr.  
. . .  

Totals . .  100"75 
, . . . . .  

I I .  

41"21 
3"88 
8"43 
5"22 

11"54~ 
005 

11"72 
10'10 

5"52 
0"03 

1"14 

1"25 
. . .  

I I I .  IV. 

_!.oo'13 loo.~_..~ 

42"62 40'35 
1"58 2"12 
6"41 3"75 
2"06 3"53 

1 l"27 9"86 
O'O3 O'20 

25 81 25"69 
551 4"64 
3"4~ 3"14 
0"05 0"80 

5'28 
0"76 0"83 
0"49 0"25 
�9 ... 006  

0"0~ 0"01 ... 
. . . . . .  t r .  

100"50 
| .  

V. VI.  VI I .  

39 "93 42"06 40"32 
1"74 ] '93 2"66 
2"751 12'18 9"46 
2'49 2"67 4"75 

13"80 7"89 7"48 
oo4! 0"25 

32"88 ~ 11'47 18"12 I 

4"16 :  11"29 10"55 
1"73 ~ 5"10 2"62 
0"15 i 1"07 1"10 

0"57 
0"0S I 3"08 1"25 

0"28 1 0'34 0"68 

I 

... O'97 0"28 

I. Pierite, transitional to theralite, Bellow Water, Lugar. Chemical analysis 
by Dr.  A. Scott. 

I I .  Augite-picrite, Glenmuir Water,  Lugar. Calculated from Rosiwal analysis, 
Table V, No. I (p. 113). 

I I I .  Olivine-picrite, Glenmuir Water,  Lugar. Calculated from I{osiwal analysis, 
Table V, No. I I. 

IV.  Hornblende-peridotite, Glemnuir Water, Lugar. Chemical analysis by 
Dr. A. Scott. 

V. Hornblende-peridotite, Glenmuir Water,  Lugar.  Calculated from Roslwal 
analysis, Table V, No. I I I .  

VI .  Limburgite,  Hahn,  Habiehtswahl (Hesse-Nassau). Anal. Jannasch. Quoted 
from J.  P. Iddings, ' Igneous Rocks '  vol. ii (1913) p. 33t,. 

VI I .  Nepheline-basalt, Uvalde County (Texas). Anal. W. F. Hillebrand. W. 
Cross, Bull. U.S. Geol. Surv. No. 168 (1900) p. 62. 

These are typical ultrabasic rocks in their large content of 
magnesia, lime, and ferrous iron, combined with low silica; but they 
are characterized by comparatively high alkalies, as compared with 
other rocks of the same category. This results from the persistence 
of analcite into the ultrabasic end of the series, and xerom the 
alkali-content of the pyroxenes and amphiboles. In this respect i~ 
is difficult to find phaneric rocks to match with them. Some 
nepheline-basalts and limburgites approach closely in chemical 
composition (see Table VI, cols. vi and viii. 

I V .  PETROLOOY. 1 

The differentiation of the Lugar sill may be explained in two 
ways, according ~o whether it is consklered as the producti of a 
single act of intrusion or of more than one. Both modes of ex- 
planation involve perplexing features. Postulating the former, the 

1 [Since read ing  this  pape r  I have,  wi th  the permiss ion  of the  Council of the  
Geological  Society,  considerably  revised the theore t ica l  discussion of the  L u ~ r  
sill. I have  done this  in deference to  weighty  opinions expressed in t he  
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present heterogeneity of the sill suggests a very complex process of 
differentiation. Moreover, if it were intruded as a homogeneous 
body of magma the chemical composition of the confer-rocks 
should be similar to the bulk-composition an'ived at  by averaging 
the analyses of the different parts after weighting them according 
to their volumes. As will be seen later, this is by no means the 
case; and, consequently, if the sill is the result of a single act of 
intrusion, the magma must have been heterogeneous prior to in- 
trusion. The question of its differentiation is then shifted back 
to an ante-intrusion stage, and its discussion becomes correspond- 
ingly difficult. 

These complications are avoided, to some extent, if the mass be 
regarded as a composite sill resulting mainly from two acts of 
intrusion--the first introducing the teschenite at both contacts, the 
second bringing in the ultrabasie rock of the interior. All phases 
within the sill, however, are intimately welded together, showing 
that  the later intrusion must have quickly followed the earlier. 
Moreover, the mineral and chemical composition of the rocks show 
that  the successive intrusions have very close genetic relations, and 
have probably arisen by the differentiation of a single body of 
magma. The problem of the mode of differentiation then becomes 
the same as that  arising from the first hypothesis. 

I f  the sill be thus composite, it shows a surprising lack of xeno- 
crys~s and xenoliths, or of veins and dykes, along the main interior 
contacts. Other features, too, are difficult of explanation on this 
hypothesis. The subsidiary differentiation observea within the 
central ultrabasic stratum seems most easily explained by the 
hypothesis of sinking of early heavy crystals under the influence 
of gravity, aided perhaps by a concomitant rise of lighter con- 
stituents. 

The special features of the Lugar sill will now be treated i~ 
detail, especially with regard to their bearing on the hypotheses 
outlined above. 

(1) Mi , e ra log ica l  Var ia t ions .  

Estimations of the modes of twelve types of rock occurring in 
the Lugar sill are scattered through the foregoing petrographical 

~ s s l o n  upon the paper, and communicated privately;  and also on accounb 
o~ ~t~e views ondifferentiation in general expressed by N. L. Bowen in a recent 
important paper (' The Later S t ~ e s  in the Evolution of the Igneous Rocks ' 
Journ. Geol. Chicago, vol. x ~ ,  1915, Suppl. pp. 1-91). Liquationtheories of 
differentiation s~and in need of drastic revision after the evidence brought 
forward in this paper, broad-based upon t~he exact experimental work carried on 
for many years at  the  Geophysical Laboratory of Washing~n,  that  liquation has 
never yet  been observed in the melts experimented with. Neither has i t  been 
observed in lavas, which are Nature's ' quenching experiments.' Whether we 
can argue Irom expernnents upon ~ne comparatively mmu~e laboratory SCale 
to age-long magmatic processes under natural conditions, is at  least olden 
to doubt;  and, until that  doubt is resolved, it is permissible ~o use liquation 
hypotheses, but  ~o assign to other hypotheses more weight according to their 
correspondence with known fae~s and conditions.] 
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descriptions (see Tables I, III ,  and V). Referring to these it 
may be seen that lime-soda felspar attains its maximum develop- 
ment, 34"5 per cent., in the teschenites. It  dwindles steadily 
through the thel~lites, lugarites, and picrites, and is absent from 
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the peridotite. Orthoclase occurs most abundantly in the tesch- 
enites, but is present in small amount (although unrecorded) in all 
the other rocks, ~ v e  picrite and peridotite. It  is a mineral hard 

detect and measure re, hen associated with abundant lime-soda 
felspar, but its presence is demonstrated by the potash of the 
chemical analyses. Analcite is the characteristic mineral of the 
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suite, and is present in all the rocks except the peridotite. I t  
occurs in small amount in the theralites, although unrecorded in 
the Tables. Where present in notable quantity its amount varies 
lerom 30 to 40 per cent. (allowing for the presence of nepheline) in 
the lugarites, to an average of 15 per cent. in the teschenites. 
:Nepheline occurs in measurable amount only in the theralites (up 
to L6"6 per cent.), but is almost certainly present in small quantity 
in the teschenites and lugarites. Titanaugite is the most abundant 
and constant mafic mineral of the suite. I t  averages about 30 
per cent. in the teschenites, increases to 36 per cent. in the thqra- 
lites, and attains its maximum development, 55'6 per cent., in an 
augitie variety of picrite. Red soda-hornblende (barkevikite) is 
absent from the teschenites, save in a domafic schlieren (Table I, 
No. 5, p. 103), but is present in amounts ranging from 8"6 to 29"5 per 
cent. in all the other rocks, the latter amount occurring in veins of 
lugarite devoid of titanaugite. Olivine averages about 10 per cent. 
in the teschenites and theralites, is absent from the lugarites, and 
attains its maximum development in the peridotite, where it may 
form 70 per cent. of the rock. Biotite averages about 3 per cent. 
in most of the types, and is most abundant (6"7 per cent.) in the 
hornblendic variety of the theralite. Iron-ore is most abundant in 
%he teschenites, averaging about 7 per cent., but dwindles steadily 
downwards through the sill, although it is never entirely absent. 
kpati~e is a comparatively abundant and constant constituent. I t  
averages about 1 per cent. throughout the sill, is absent from the 

eHdotite, and is most abundant in the lugarites, thus illustrating 
s association with analcite. 

" The mineralogical variation with depth in the sill may be shown 
by means of a diagram (fig. 5, p. 116). For this purpose it has 
been found advisable to average the types (see Table VII,  below), 
thus smoothing over minor mineralogical irregularities. 

TABLE V I I .  

M o d e s  of R o c k s  in  t h e  L u g a r  S i l l .  

Plagioclase (AblAth tc 
Ab2Ana). 

Orthoclase . . . . . . . . . . . . . . .  
Analcite . . . . . . . . . . . . . . . . . .  
Nepheline . . . . . . . . . . . . . . . . . .  
Titanaugite . . . . . . . . . . . . . . .  
Barkevikite 
Olivine (serl~nti~iei"" iii 
Biotite . . . . . . . . . . . . . . . . . . . . .  
Iron-ores . . . . . . . . . . . . . . . . .  
Apatite . . . . . . . . . . . . . . . . . . . . .  
Felsic constituents ..... 
Marie constituents ...... 

1. 2. 3. L 4. 

J 
10"2 ] 5"6 i 1"4 { 4"7 

I 1,., / 10.  

I 

3"4 1"5 2"5 / 2"5 
7"1 9"3 6"8 J 7"5 
1"3 1"1 0"6 / 0"9 

49"5 53"4 47"8 | 49"6 
50"5 46"6 5 2 ~  (50"4 

I 

J 
5. 6. 7. [ 8. 

19"9 12"6 

. . . . . . . . .  

14"6 ~45"7 I I ' I  ... 

6"1 10"6 I0"0 
13.6 30.1 165-2 

5"2 0"2 I I ~  3"3 3"0 "3 
1"3 O'7 ... 

34;5 14"0 

1. Upper teschenite (Tab!e I, 1) ; 2. Analcitic te ,chenite ('['able I, 2) 3. Lower 
teschenite (Table I, 3, 4);  4. All teschenlte, except melanocratic variety of 
Table I, 5 (Table I, 1, 2, 3, 4) ; 5. All theralite (Table I I I ,  1, 2) ; 6. All ]ugarite 
(Table I I I ,  3, 4) ; 7. All picrite (Table V, 1, 2) ; 8. Peridotite (Table V, 3). 
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The diagram (fig. 5, p. 116) .shows the relation of the minera l  
consti tuents to depth within the sill. The depths are plotted as the 
abseissm and the proportions of the various mineral cons t i tuents  
as the oMinates, uti l izing the averages Nos. 1, 2, 5, 7, 8, 3, in 
Table V I I ,  in the order given. The break between the theral i te  
layer and the teschenite, where different types occur on opposite. 
sides of a sharp boundary (between 2 and 5), and the similar 
break between the peridotite and the lower teschenite (between 8 
and 3), are clearly shown by the marked changes in the directions 
of the lines at  the points indicated. The sill can thus be divided 
into three sharply-bounded portions, in each of which a more or less. 
continuous variation may be traced. By  "far the largest part  is 
t h a t  which constitutes the central body consisting of theralite 
at  the top, passing downwards into picrite, and ul t imately int~> 
peridotite. In  this  portion plagioclase, analcite, and nepheline 
show a more or less continuous decrease in a downward direction 
within the s t r a tum;  while olivine rapidly increases in amount, 
forming about 65 per cent. of the peridotite, and augite and 
barkevikite find maxima in the picrite and themlite respectively. 

(2) C h e m i c a l  V a r i a t i o n s .  

The chemical variations within the Lugar  sill naturaUy reflect. 
and follow the lines of the mineralogical variations. Again, as in 
the preceding section, the variation in ' basicity, '  or rather ' marl- 
c i t y '  (if  one may coin such a term),  is the significant variation. 
In  this case, however, i t  cannot be shown by using the silica 
percentages as is customary in chemical diagrams, since the silica 
percentage varies but  s l ight ly  throughout  the series. The percent- 
ages of the felTomagnesian oxides show a much more sympathet ic  

SiO.~ ....................... 
Tie2 ...................... 
A l~O~ .................... 
Fe2Oa .................... 
FeO ....................... 
MIO ....................... 
CaO ...................... 
Na~O . . . . . . . . . . . . . . . . . . . . . . . .  

K20 ........................ i 
H20 ........................ 
P..O.~ ...................... 
Rest ......................... 

Totals ........... 

TABr.~r VIII. 

1 .  2 .  

45"09 42"61 
2"95 , 2"63 

15"49 ~ 14"70 
3"72 3"37 
7"78 8"59 
668 11"20 
8"63 i 8"54 
5"16 5"91 
1"45: 1"14 
2"17 i 0"15 
0"72!  1-05 
... 0"07 

3. 4. 

46"40 42"77 
2"73 

93"84! 99"96 
Iiii 

2"12 1"98 
17"14 7'48 3"25 10"95 I 
3'12 4"51 3"01 3"77 
6"49 10"79 11"83 8"97 
1"98 16"49 29~29 13"84 
7"25 8"62 4"40 
9'09 4"41 2"48 
0"55 0"51 0"48 

1"36 0"28 
0"28 0.16 

lOO.23 1-i-g~'3~ i 1 ~ . ~  
i i i 

I 

6 ,  

N 

lO.951 
3.77 I 
8"m'l 

13"84 I 
7"62 
4"61 
1"07 
2"69 
0"66 
. . .  

99"99 

1. Average of teschenites. 2. Average of theralites. 3. Average of lugaHtes. 
4. Average of picrites. 5. Average of peridotites. 6. Average rock of th~ 
Lugar sill. 
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relation to the 'maficity,' and may accordingly be used as abscissae 
in a diagram, against which the other oxides may be plotted as 
ordinates (see fig. 6). Just as in dealing with the mineralogical 
variations, it has been found necessary and desirable to average 

I 1 

i li 

CaO 

T| 02 

lO 15 2 0  2 5  3 0  35  

PERCENTAGE8 OF MgO+FeO 

the chcmical ~ i t i o n  of the Various rock-types for use-in the 
diagram. The averages thus arrived at are given in Table VIII .  
In the calculation of these averages most of the chemical com- 
positions calculated from the graphic analyses have been used, 
omitting those which duplicate the actual chemical analyses made 
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by Dr. Scott. Thus No. 3 in Table I I  (p. 104), :No. 5, Table IV 
(p. 110), and :No. 5, Table u  (p. 114), have not been used on this 
s~ore. Furthermore, :No. 7, Table II,  has been omitted, because 
it represents merely a small and unimpol~mnt schlieren, which 
would have an effect on the average of the teschenites incommen- 
surate with its size and importance. 

The sum of the ferromagnesian oxides being utilized as abscissae, 
the diagram shows that the order of increasing richness in these 
oxides is lugarite, teschenite, theralite, picrite, and peridotite. The 
most striking feature of the curves (fig. 6) is the rapid and regular 
fall in alumina from lu~arite to peridotite, and the slight fall in 
silica. Soda also falls; but potash, along with phosphorus pent- 
oxide and titanium dioxide (ignoring small irregularities), remains 
approximately at a constant level. Lime rises to a maximum in 
the middle of the series, and drops in the lugarite and peridotite 
at the extremes. The variation o f  the curves in this diagram may 
obviously be correlated with the mineralogical variations which 
have already been described. 

(8) Average Magma of the Lugar  Sill. 

In the question of the differentiation of the Lugar sill it is of 
imi)ortance to know the chemical composition of the magma before 
it split up into its present heterogeneous parts. Assuming that 
the variation has resulted from the differentiation of an originally 
homogeneous magma, the composition may be calculated by 
weighting the analyses of the various components according to 
their bulk, adding, and then dividing by the number of units 
taken. The average composition of the principal types is given in 
Table VIII .  The proportions have been taken as follows :--  

Peridot;it;e (Table VIII, 5) ............... ~ .  
Pierite (Table VIII, 4) ..................... ~ .  
Theralite (Table VIII, 2) .................. ~ .  
Teschenite (Table VIII, 1) ............... ~ .  
Contact-tescheni~es (Table VIII, 1) ... ~ .  

Since the analyses of teschenite and of the contact-rocks are for 
all practical purposes identical, seven parts of Anal. 1, Table VIII ,  
have been taken for the last two items. Lugarite is omitted, as it 
finals an insignificant proportion of the mass of the sill. The 
result of the calculation is given in Table V[II ,  6. 

These figures possess significance only if the hypothesis of an 
intrusion of homogeneous magma, followed by differentiation in 
place, be accepted. On the hypothesis of successive intrusion it is 
impossible to assume that the relative volumes of the facies have 
any necessary connexion with the relative volumes developed 
within the differentiation chamber. If  the former hypothesis be 
assumed correct the figures show that the original magma must 
have had a composition intermediate between that of theralite and 
that  of picrite. I t  had a certain correspondence with that of 
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theralite, but was richer in magnesia, and poorer in lime, soda, and 
alumina, indicating a greater richness in olivine-molecules and 
poverty in those of felspars, as compared with theralite; in short, 
the magma must have been transitional towards the picrite. Con- 
sequently, we arrive at the important conclusion that the original 
magma had a composition different from that of the present 
contact-rock, and hence, that the sill was heterogeneous when 
emplaced, and has been shifted since differentiation. 

(4) Composition, Ident i ty ,  and Banding of the 
Contact-Rocks.  

Petrographical examination shows that the upper and lower 
contacts of the Lugar sill are identical, even down to the smaller 
microscopical features. Both consist of black, basalt-like rocks, 
curiously streaked and drawn out in slightly-varying layers, and 
injected bv veins of coarse pink teschenite. They both pass 
gradually ~nto coarser and more normal teschenites towards the 
interior of the sill. The upper teschenite becomes more analcitic 
as it is t~ced downwards ; the lower teschenite remains compara- 
tively uniform as it is followed upwards. These facts show that 
the teschenite must have been injected into cold rocks, which 
exercised the chilling effect proper to such contact. 

The banding is evidence of considerable movement of the 
viscous magana during or after emplacement. That the movement 
and banding took place prior to crystallization is shown by the 
fact that the textures of the various types are perfectly granular. 
There is no sign whatever of the parallel arrangement of columnar 
or tabular minerals such as felspar or augite. 

As has been shown in the previous section, the chemical compo- 
sition of the contact-rock is dissimilar to the average rock of the 
sill, and consequently the facies cannot be considered as due to 
the differentiation o~ an original homogeneous teschenite magma. 
The fact has no significance if the hypothesis of successive intru- 
sion be accepted. If, however, the sill be considered as due to a 
single act of intrusion, its heterogeneity must have arisen prior to 
emplacement. I t  would have originally had th'e composition of an 
ultrabasic theralite or picrite, and contact-rocks of like composition 
would have been formed. To account for the present disposition 
of the facies it would be necessary to assume that the intrusion has 
been moved on from its first position, where it was differentiated, 
into the position that it now occupies, leaving its picritic contact- 
rocks behind adhering to the old contacts. This view has some 
support in the marked flow-banding of the contact-rocks ; but it is 
difficult to understand why this movement did not more seriously 
dis~m'b the ztratifiexl-armngement of f2m various l~yp.rs within the 
sill. This assumption of movement of the sill as a whole, subse- 
quent to differentiation, is not necessary if the alternative hypothesis 
of successive intrusion be accepted. 
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(5) A s y m m e t r y  of the Sill. 

When the arrangement and petrographic nature of the various 
layers composing the sill is examined in detail, a decided asymmetry 
becomes apparent. The bands, while generally strictly parallel to 
the contacts, are not repeated in the same order at the top and 
at the bottom of the sill. The upper layer of teschenite, becoming 
"richer in analcite downwards, comes to an abrupt end at a sharp 

i unction with fine-grained theralite. The lower layer of teschenite 
ikewise passes very rapidly into the base of the peridotite stratum, 

although the actual junction is everywhere obscured. The thera- 
life band consequently does not appear in the lower half of the sill 
(fig. 4, p. 96). 

The asymmetry is much accentuated if the densities and sizes of 
the various bands are taken into consideration. The heaviest and 
largest layer, the peridotite, is not an~nged cent~lly, but is 
so situated that its centre-line is well below the geometrieal centre- 
line of the sill. On its upper margin it is flanked by a big mass 
of the somewhat less heavy picrite and theralite, and  on its low-er 
margin by a considerably lighter and smaller band of teschenite. 
Thus the centre of mass of the whole sill must be considerably 
below its geometrical centre-line. This, of itself, suggests that 
gravity must have been the controlling factor in the arrangement, 
at least in the central ultrabasic stratum. The densities of the 
layers, bearing out the above facts, are shown in the vertical 
section (fig: 4, p. 96). When plotted, they form a curve which 
bulges in an asymmetric manner below the centre-plane of the 
sill. 

(6) Density=Stratification in the Sill. 

Apart from the outer sheath of teschenite and its con~ct-facies, 
the remainder of the sill, constituting the central ultrabasic 
stratum, has itself suffered a subsidiary gravity-stratification. 
This is indicated by the distribution of olivine, which has collected 
in the lower layers of the mass. The upper portion of the stratum 
consists of theralite with 14 per cent. of olivine. This passes 
gladually downwards into picrite with 30 per cent., and finally into 
peridotite with 65 per cent. of olivine. The inference is that 
olivine, the earliest constituent to crystallize, has sunk under the 
influence of gravity to the  lower levels of the strahnn. This is in 
accordance with the experiments of Dr. N. L. Bowen, 1 who found 
that olivine-crystals, forming in an artificial melt approximating 
in chemical composition to a basic igneous rock, segregated in a 
dense layer at the base of the crucible in which the melt was 
contained. 

1 'Crystallization-Differentiation in Silicate Liquids' Amer. Journ. Sol. 
ser. 4, vol.  xxxix (1915) pp. 1 7 5 - 9 ] .  
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(7) Variat ions in Texture .  

"Rapid variation in texture is common in alkali-rich rocks, and is 
highly characteristic of the Lugar sill. These variations are doubt- 
less connected with local variations in the physical and chemical 
characters of the magma, especially in regard to the gas-confent. 
A textural feature is the comparatively fine grain of the theralite 
:stratum, which is poor in analcite. At the other extreme are 
coarse-grained teschenites, especially those rich in analcite. The 
controlling factor is probably the comparative abundance of fluxes, 
.especially water; but the fine grain of the theralite may also be 
partly due to chilling against the teschenite, as well as to com- 
parative poverty of aqueous residuum. The peridotite is medium- 
to coarse-grained, but this is assignable to the slow rate of cooling 
in the centre of the sill. The dense teschenitic contact-facies are 
clearly due to rapid chilling consequent upon intrusion into cold 
rocks. The general granularity and lack of parallel orientation 
among the crystals has already been commented upon. 

(8) Segregation-Veins.  

Many veins of a coarse pink tesehenite cut the dense contact- 
rocks, and show that a richly-analcitic magmafic residuum remained 
in a liquid condition long after the consolidation of the contact- 
rocks. Thin veins consisting largely of analcite and felspar also 
cut the peridotite. Both types of vein doubtless represent a 
slight pegmatitic phase in the development of the intrusion. These 
veins are coarse-grained, and show no signs of chilling at their 
margins. They were doubtless injected while the rocks were 
still hot. There are also a few veins of a black fine-grained rock 
resembling the teschenite-basalts of the contacts. These are 
probably to be interpreted as injections of teschenitic material at a 
later stage, when the contact-rocks were colder and able to exercise 
a chilling effect. 

(9) Mode of In t rus ion  and Differentiation. 

Whatever hypothesis of intrusion be adopted, the main differ- 
entiation of the Lugar sill must be referred to the stage of its 
history prior to its emplacement. I t  is not possible, therefore, to 
discuss it as fully as might have been done if it had occurred in s i tu 
at  a post-intrusion stage, with all the details clearly displayed. 
The discussion of the petrography makes ir clear that all the 
different facies are genetically related, and it is highly probable 
that  they have arisen by the differentiation of a single body of 
m a g l n ~ .  

The differentiation appears first to have produced bodies of 
teschenite and ~n ultrabasic rock, which may be designated as 
p i c r i t e .  1 The mineralogical and chemical relations of these rocks 

x The term p i e r i t e  was first employed by Tschermak in the sense of a 
melanocratic derivative of teschenite. 
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support the view that the gravitational sinking, either of immiscible 
fractions, or of crystals, was the chief factor concerned in their 
differentiation. In any ease the details of the process are not 
open to direct inspection, as the magma has been moved since 
differentiation, and we are, therefore, limited to indirect inference 
as to its nature. But the gravitational factor receives further 
support irom the phenomena directly observable in the central 
ultrabasic stratum of the sill, where a gravitational differentiation 
occurred subsequent to intrusion. This may be regarded as an 
indication of the process which took place, one stage previously, 
in the larger chamber whence the Lugar sill was immediately 
derived. 

During the progress of this work I favoured the view that 
the units of differentiation were immiseible fractions of water- 
rich teschenite, and comparatively anhydrous picrite, respectively. 
The sharp interior contact between the upper teschenite and the 
underlying theralite was regarded as analogous to the sharp 
contact-plane that is developed between immiscible fractions, such 
as aniline and water, or various mixtures of metals, which have 
arranged themselves in order of density. I t  also became necessary 
to assume that the sill was the product of a single act of intrusion, 
and that it was heterogeneous at the time of intrusion. In order to 
account for the dissimilarity between the teschenitic contact-facies 
and the bulk-composition of the sill as a whole, the differentiated 
sill was believed to have received an onward impulse, which pushed 
it forward into cold rocks, leaving behind its original picritic or 
theralitie contacts, and establishing nev~ contacts with the succeed- 
ing layers of teschenite. 

The recent work of Dr. Bowen has discredited liquation theories 
of differentiatidn, and has emphasized the importance of erysta'lliza2 
tion-differentiati0n, where the crystals are continually removed, 
either bv sinking or zoning, from contact with the liquid in which 
they were formed. 1 This process receives convincing support from 
the results of experimental work upon silicate magmas, which has 
now been carried on for many years in the Geophysical Laboratory 
at Washington. I am now inclined to ascribe the main differen- 
tiation at Lugar to the sinking of heavy crystals in a teschenitic 
magma. This process is dealt with in greater detail in the next 
section. 

The hypothesis of successive intrusion removes many of the 
difficulties, and makes unnecessary many of the assumptions, 
mentioned above. On this hypothesis the teschenite w a s  intruded 
first into cold rocks, forming fine-grained basaltic facies at 
both malgins. While it was still cooling, but probably solid, a 
thick mass of picrite magma was intruded along its centre-plane. 
During its crystallization the ultmbasie layer became stratified 
according to density mainly by the sinking of olivine-crystals, as 

1 , The Later Stages in the Evolution of the Igneous Rocks' Journ, Geol. 
Chicago (1915) Suppl. pp. 1-91. 
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described in the next section. This, in its turn, was intruded at a 
later stage, probably while still partly liquid, by a small mass of 
lugarite, which spread out as a thin sheet at a horizon about a 
third of %he depth of the ultrabasic stratum from its upper surface. 

I f  the emplacement of the Lugar sill took place in this way, i t  
is difficult to understand why there are no xenocrysts or xenoliths, 
intrusive veins, or signs of disturbance, along the main interior 
contacts. The interposition of the ultrabasic magma must have 
taken place very quietly and gradually, welding itself intimately 
to the tesehenite without wedging off fragments from the contacts. 
That the teschenite was fractured and comparatively cool before 
the intrusion of the pierite is shown by the presence of the black 
veins of basaltic teschenite, which represent teschenitic magma 
chilled by intrusion into cold, or comparatively cold, rocks. 

(10) Sinking of Crystals in the Central  
Ultrabasic St ra tum.  

Dr. R. A. Daly and others have shown that the earlier and 
generally heavier minerals must tend to sink in the ordinary silicate 
magma. Actual cases of phenocrysts that have sunk (or risen) 
in lavas have been described by authorities of no less weight than 
Scrope, Darwin, King, E. S. Dana, and Iddings) In the great 
quartz-dolerite sill of the Palisades (New Jersey) J. V. Lewis has 
shown that a concentration of olivine has taken place near the 
lower contact, giving rise to a stratum of olivine-dolerite.~ This is 
interpreted as being due to the sinking of early-formed olivine 
crystals. Dr. Bowen has shown that olivine- and pyroxene- 
crystals collect towards the bases of crucibles containing a suitable 
silica melt, but that olivine sinks more readily, s That the process 
cannot be more often demonstrated in natural occurrences is 
probably due to the fact that in most small magmas the onset of 
an inhibitive yiscosity, or of crystallization, is too rapid for the 
gravitational action to take place ; and in large magmas the final 
products of the process are not often exposed by erosion. The 

�9 sinking of olivine-crystals is believed to have taken place in the 
central ultrabasic stratum of the Lugar sill, where a downward 
succession from theralite, through picrite, to peridotite, may be 
demonstrated, a succession chal~cterized by a gradually increasing 
proportion of olivine. 

Dr. Daly has calculated that a holocrystalline ' basalt '  of sp. gr. 
3"10 at ordinary temperatures would have a specific gravity of 
only 2"83 when molten at 1200 ~ C. The figure 3"10 may be taken 
as a fair average for the specific gravity of picrite, and we may 
therefore conclude that picrite molten at 1200 ~ C. would have a 

A See R. A. Daly,' Origin of Augite-Andesite' Journ. Geol. Chicago, vol. xvi 
(1908) p. 411. 

Ann. Rep. Geol. Surv. New Jersey 1907, pp. 125, 129-33. 
s Amer. Journ. Sci. set. 4, vol. xxxix (1915) pp. 175-91. 

Q. J.  G. S. No .  286. I, 
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specific gravity somewhere near 2'83, Similarly, Dr. Daly has 
calculated that olivine, which has a specific gravity of 8"40 at 
ordinary temperatures, would only have a specific gravity of 
approximately 3"30 when c ry s t a l l i ze  d at 1100 ~ C. 1 The contrast 
between the specific gravity of c,Tstallized olivine at 1100 ~ C., 
and that of molten picrite at 1200 ~ C., is sufficiently great to 
warrant the conclusion that the olivine-crystals, when formed, 
would sink to lower levels within the magma, and would continue 
to do so at decreasing speed until the increase of viscosity con- 
sequent upon cooling inhibited fresher movement. 

I t  is conceivable that, under favourable conditions, an almost 
monominerAlic layer might be formed in a magma by the sinking 
of crystals. The favouring conditions would be early crystalliza- 
tion of a comparatively heavy minelal in a highly fluid magma, 
unimpeded by the presence of other minerals. The rate of crystal- 
lization should be rapid, the sizes of the crystals should be 'large (as 
the rate of sinking is proportional to their bulk), and the mineral 
should appear suddenly in large quantity. Olivine and augite 
frequently satisfy these conditions, and on sinking they would 
form, respectively, 'layers of dunite and pyroxenite. Iron-ores less 
frequently satisfy the conditions requisite for the formation of 
monomineralic layers. In most magmas their crystals are small, 
and the development of the minerals is feeble, though they may be 
the first to crystallize. Nevertheless, in a few cases, the formation 
of an iron-ore rock as a result of gravity-settling has been recorded. 

The sinking of crystals heavier than the surrounding liquid 
would probably continue to a diminishing extent, through practic- 
ally the whole period of crystallization. In this case Dr. Bowen 
believes that the crystals would tend to sink as a swarm, rather 
than a s  individuals, with little tendency to relative movement 
between the different kinds. -~ The swarm, however, would be 
dominated by the mineral crystallizing earliest, by the heaviest or 
largest mineral, or by the mine~xl crystallizing in the greatest bulk 
with the greatest speed, according to circumstances. The develop- 
ment of any one mineral within the swarm would be controlled, in 
general, by a combination of these conditions. 

Before the density-stratification of the central part of the Lugar 
sill can be accepted as due to the sinking of early-formed olivine- 
crystals, it is necessary to explain why augite and iron-ores are 
not segregated to the same extent. In the first place, the olivine 
had a start of the other minerals in crystallization. I t  is a rapidly 
crystallizing mineral, and it was forming in large quantity from a 
richly-magnesian magma. Hence it would form the major con- 
stituent of the sinking swarm. Augite, iron-ores, and labradorite 
began to crystallize somewhat later, and the two first-named would 
probably participate in the sinking movement. They would find 
the magma appreciably more viscous, and the field already largely 

I Journ. Geol. Chicago, vol. xvi (1908) pp. 404-406. 
' The Later  Stages in the Evolution of the Igneous Rocks '  Ibid. (1915) 

Suppl. p. 15. 
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vccupied by olivine-crystals. Moreover, the iron-ores are sparsely 
developed, and would be prevented from sinking to any great 
extent because of the small size of the crystals. The augite, on 
the other hand, forms large platy or columnar crystals, shapes, 
however, which would not facilitate sinking as readily as that of 
the more compact equidimensional olivine-crystals. Furthermore, 
.the augite tends to form subophitic aggregates with labradorite- 
laths, a circumstance which would still further hinder sinking. In 
view of these considerations it is easy to see why olivine should 
dominate the sinking swarm, and hence why the gravity-stratifica- 
tion in the Lugar sill should be defined mainly by the relative 
abundance of olivine-crystals. That augite has sunk to some extent 
is shown bv the existence of richly-pyroxenic layers in the picrite 
part of the stratum, and by the general greater abundance of augite 
in the pierite than in the overlying theralitc (see Table VII,  p. 117). 
This is exactly where one would expect the augi~e to concentrate, 
in view of the fact that it is the second heavy mineral to crystallize 
in bulk. The lowermost layers, on the view adopted here, would 
be dominated by olivine, a deduction matched by the presence of 
perldotite in this position. 

The hypothesis of sinking of heavy crystals, which is be- 
lieved to be well attested in the central stratum of the Lugar sill, 
may be applied to the differentiation of the Lugar magma as a 
whole. Teschenite and picrite may be regarded as the opposite 
poles of a gravitative differentiation effected by the sinking of 
heavy crystals in the mag~ma-chamber whence the Lugar sill 
proceeded. The tcschenite, as the lighter differentiate, would 
occupy the upper part of the reservoir, and thus, on the application 
o4 stress, would probably be injected first, the picrite following as 
the result of renewed stress. The sunken olivine-clTstals might 
be partly dissolved in depth, and the rounded condition of the 
crystals in the Lugar peridotitc may be cited in favour of this 
conclusion. 

The slight concentration of analcite in the upper teschenite at 
the junction with theralite (fig. 4, p. 96), may be accounted for 
by a little settling of heavy crystals in the teschenite, prior to the 
intrusion of the pierite, aided, perhaps, by a concomitant upward 
movement of the light aqueo-alkaline material which solidified 
as analcite. The later history of the sill is mainly that of con- 
tinued crystallization. After the crystallization and sinking of 
olivine-crystals had well progressed, the augite, hornblende, iron- 
ores, and felspars crystallized almost simultaneously, leaving a hot, 
chemically-active, aqueo-alkaline residuum which finally crystallized: 
as analcite and alkali-felspar. The formation of analcite in this 
way opens up some interesting magmatic and mineralogical 
problems, ~vl~k~l~ I -do  not propos~ t ~  discuss in this paper. l-  The 
presence of this residuum is attested by the numerous veins of 

I See A. Scott, ~Primary Analeite & Analcitiza~ion' Trans. Geol. Soc. 
Glasgow, vol. xvi (1916) pp. 3243. 

L2 
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t~sehenite which pierce the contact-rocks, presumably after the 
solidification of the latter ; and by the corrosion and replacement 
suffered by the earlier minerals. The origin of the veins, irregular 
dykes, and sheet of lugarite, is also probably to be referred to this 
late stage in the history of the sill. This rock, in all probability, 
represents the extreme analcitic term of differentiation effect~d in 
the magma-chamber, injected later along the same channel as 
the teschenite and picrite. 

(11) Comparison of the Luga r  Sill with the other  
Picr i te-Tescheni te  Sills of Scotland. 

Including the Lugar sill six picrite-teschenite gills have been 
described from the Midland Valley of Scotland. The other locali- 
ties are Alxtrossan ant1 Saltcoats in the west; and Blackburn, 
Barnton, and Inchcohn in the east. 1 Those that have been 
described in any detail show marked correspondences with the 
Lugar sill. There is always a central ultrabasic stratum, flanked 
towards both contacts by teschenite, or by dolerite of teschenitic 
affinities (save in the Blackburn sill where the base is not seen). 
The upper band of teschenite is usually the thicker (Lugar, 
Ardrossan, Barnton). In only two cases, Lugar and Blackburn, 
is there a sharp contact between the upper teschenite and the ultra- 
basic stratum; and for these sills some degree of liquation has 
been postulated. Ill the others the two types of rocks, where the 
relation is observable, are said to pass gradually one into the other. 
The differentiation in this case may be ascribed simply to the 

~n aVitational settling of olivine. In the Blackburn, Barnton, and 
chcolm sills, the ultrabasic rock is a picrite in the original sense 

of Tsehermak, an olivinic differentiate from teschenite, and still 
contains a little felspar and analcite. At Lugar and Ardrossan 
the gravitational action must have been effective for a longer 
period, as a felspar-free hornblende-peridotite has been formed, 
very rich in olivine; and at Lugar, increasing richness in olivine 
from the upper to the lower part of the stratum has been observed. 
Flow-band!ng at both contacts has been observed at Lugar, but at 
Ardrossan and Inchcolm it apparently occurs only near the upper 
contact. At Banlton the central picrite shows a rude banding 
parallel to the contacts. 

In two cases, Ardrossan and Inchcolm, the respective observers 
have postulated heterogeneity in the magma prior to in~rusion. 
At Lugar also, both teschenite and picrite were slightly hetero- 
geneous before intrusion, as shown by schlieren differing in mineral 
composition or texture. The process of liquation has been invoked 
to explain a sharp plane of separation between teschenite and an 
underlying ultrabasic stratum in the Blackburn sill. ~ The influence 

i For references, see pp. 84-85. 
2 'The Geology of the Nelghbourhood of Edinburgh' Mere. Geol. Surv. 

Scotland, 1910, p. 281. 

on May 31, 2016
 at University College Londonhttp://jgslegacy.lyellcollection.org/Downloaded from 

http://jgslegacy.lyellcollection.org/


par t  2] PICRITE-TESCHENITE SILL OF LU6XX. 129 

of  g r a v i t y  in t he  se t t l ing  of ol ivine-crystals  has only  been appealed 
to in t he  case of  Lugar ,  a l t h o u g h  its effects  are c lear ly  demons t rab le  
in the  o the r  sills. 

EXPLANATION OF PLATES X & XI. 

( The slide numbers are those of the collection in the Geological 7~epartment, 
University of Glasgow.) 

PLATE X. 

Fig. 1. Slide 1%1045. X 24. Ordinary ]ight. Upper contao$ of teschenite, 
Bellow Water, above Bellow Bridge, Lugar. A felt of minute felspar- 
laths and grains of augite, with magnetite, and a little interstitial 
analcite. Note numerous variations of granularity and banding 
within a small compass. (See p. 95.) ,. 

2. Slide R1044. • 12. Ordinary light. Analeite-rich teschenite, 
upper band, Bellow Water, above Bellow Bridge, Lugar. Labra- 
dorite, augite, and analcite, with numerous flakes of biotite and 
skeletal ilmenite. Note the central area of analcite with alteration 
proceeding from the margins. (See p. 98.) 

3. SlidA PV 249. X 12. Ordinary light. Theralite, augite-rich variety,, 
light-grey patch below the contact of theralite with teschenite, 
Bellow Water, Lugar. This rock is rich in a beautiful lilac- 
coloured augite with darker margins. Fresh olivine occurs in 
small grains about the centre of the field. The turbid interstitial 
material consists of labradorite and nepheline. (See p. 105.) 

4. Slide PV 161. • 24. Ordinary light. Hornblende-theralite, Bellow 
Water, Lugar. Swarms of minute augite-grains are poikilitically 
enclosed in a comparatively-c0arse ground-mass of ]abradorite (clear) 
and nepheline (turbid). Abundant pseudo-porphyritic olivine and 
barkevikite. The grain0f this rock appears deceptively fine, owing 
to the granular augite. (See p. 105.) 

PLATE XL 

:Fig. I. Slide PV 164. • 12. Ordinary light. Lugarite, vein in picrite, 
Glenmuir Water, Lugar. Large prisms of barkevikite, labradorite 
(white), ilmenite, and interstitial turbid analcite. This field con- 
rains much more felspar than the normal type of lugarite. (See 
p. 107.) 

2. Author's slide. X 12. Ordinary light. Picrite, south of the railway 
viaduct, Glenmuir Water, Lugar. Consists mainly of augite and 
olivine, with interstitial turbid analcite, labradorite, and a little 
barkevikite. 

3. Slide R155. • 12. Ordinary light. Hornblende-peridotit~, Glen- 
muir Water, Lugar. Consists mainly of olivine partly serpen- 
tinized, with granular augite, and large poikilitic plates of barkevikite. 
Note that the augite has the same habit as in the theralite. (See 
p. 111.) 

4. Slide R 1085. X 12. Ordinary light. Lower contact of tescheni%e, 
Glenmuir Water, Lugar. Note the varying granularity and the 
number of different bands within a very small distance. The coarse 
white band is a later vein of teschenite. (See p. 95.) 

DISCUSSION. 

The  PRESIDENT (Dr .  A. HARKER) c o n g r a t u l a t e d  the  A u t h o r  
on having found  so in te res t ing  a subjec t  of  invest igat ion.  His  ful l  
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and careful account of this  remarkable composite sill would make 
a valuable addition to our knowledge. The theoretical discussion 
based on the facts opened up several interesting questions. The 
Author had proved that there was a discontinuous variation, with 
a continuous variation superposed upon it. I t  had been clearly 
demonstrated that the latter effect was due to the settling-down 
of the earlier-formed crystals. With regard to the discontinuity, 
however, the experiments of the Washington chemists made it 
difficult to accept any explanation postulating immiscible partial 
magmas. The speaker would like to see the relations of the 
w~rious rocks re-examined upon the altelamtive hypothesis of 
successive intrusions: the suggestion being that the picrite had 
been intruded in the midst of an earlier intrusion of teschenite, 
just as the lugarite was admittedly intruded later in the midst of 
the picrite. 

Prof. W. J. SoLr~xs complimented the Author on a remarkably 
thorough piece of work, which g'~incd in presentation b y t h e  con- 
scientious manner in which fact and hypothesis had been kept 
distinct. He was inclined tx~ think, however, that tile sill had 
lyeen formed by two separate infillings: that the upper and the 
lower teschenitc were parts of the same intrusion, which followed 
a widening and reopening of the fissure. 

Dr. J. W. EvAns welcomed the paper as a valuable contribution 
to the study of the ditticult problem of the differentiation of 
igneous magmas, t te saw no reas.n for rejecting the supposition 
that, if it cont~dned sufficient water, a rock-magma might sep~rate 
on cooling to a certain point into two non-miscible portions, the 
lighter and uppermost of which contained the greater part of 
the water, silica, alumina, and alkalies. I t  was true that no 
experimental evidence of differentiation had heen obtained, when 
mixtures of silicates had been fused together; but, in the experi- 
ments, no considerable amount of water under pressure was present. 
Continuous gravitational differentiation might be expected to take 
place in a reservoir of sufficient depth, but the amount of such 
differentiation that would occur with any particular magmatic 
composition, temperature, pressure, and depth of reservoir, remained 
for determination. The succession of the igneous rocks at the 
Lizard appeared to point to a more or less continuous differentiation 
from an ultrabasic magma to one with the composition of a 
dolerite, and then a discontinuous differentiation to a granitic type. 
The intrusion of the two latter together gave rise to ~he Kennack 

gneisses, in which they remained distinct, except where the loss of 
water before complete consolidation permitted local diffusion. 
Differentiation as the result ot~ crystallization, in the manner 
described by Dr. Harker in his 'Natural  History of Igneous Rocks,' 
was now universally accepted. 

I~ the ease of the sill described by the Author the possibility of 
successive injections could.not be ignored. I f  this had happened, 

. the teschenite must have been first intruded and then, before it 
had completely consolidated, it was followed by still more basic 
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material. This would indicate that the magma had differenliated 
in a separate reservoir which was tapped near the top. That was 
contrary to the usual course of events giving rise to deep-seated 
intrusions: as a result of folding or faulting of the earth's cru~t~ 

fluid magma may come to be at a higher level than the adjoining 
solid rocks, and the reservoir thus formed is then gradually emptied 
from a point near its base, where there was the maximum hydro- 
static pressure; consequently the succession of the intrusions was 
from basic to acid, as at the Lizard. 

Mr. T. CROOK joined previous speakers in congratnalaling the 
Author on his.e.l.ear..description of .t.his. extremely interesting sill. 
t ie  asked whether the conditions d..es.c..ribed held true for only a 
small portion of the sill, or whether they obtained over a consider- 
able area. Hie raised the question, because of its important bearing 
on the mode of intrusion. I t  seemed to him that this sill, so 
far as the particular portion described was concerned, was best 
explained by successive intrusions after differentiation had taken 
place. Fi.rst,t!l~ t.e.sbhenit..e was injected; then, before the middle 
layer of. teschenite, had  completely crystallized, the sill was sub- 
stantially widened and..the peridotite was injected. Finally, and 
in the same manner, a further slight widening permitted the 
injection of the ' lugari te '  along the median portion of the sill. 
He considered i t  impossible to give a satisfactol T explanation of 
the petrology of the sill, except by assmning that the widening 
of the sill took place in three distinct stages corresponding to the 
intrusion of the three different rock-types described. The assump- 
tion tha t  liqtlalion had taken place after intrusion raised serious 
difficulties, and seemed to be an unnecessary complication. 

The A~HOR, in reply, said that he was much obliged for the 
kind reception-, accorded, to his paper. He thought that the 
conditions under which magmatic experiments were conducted 
scarcelyapproximated t o t h o s e  obtaining in natural magmas, 
especially in relation to the content of water and other fluxes. 
He hoped. . t h.at...liqualion migh.t yet be experimentally demon- 
strated in silicate-magmas. With regard to his interpretation of 
the differenilat~on of the Lugar sili, he admitted that successive 
intrusion offered a plausible alternative to liquation, but thought 
that observations in the field favoured" the latter theory. An 
almost constant feature of composite sills and dykes was the 
occurrence of xenoliths and xenocrysts along the interior contacts. 
No such phenomena were to be observed in the Lugar sill, and 
there were no veins or dykes springing from the interior contacts. 
Whether liquation was the true explanation of certain features 
presented by this sill, or not, he thought that the evidence for 
subsidence of crystals under the influence of gravity remainecl 
overwhelming. 
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