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Introduction. 

I N the following pages an account is given of the rock assemblages 
produced at the contact of a dolcrite intrusion with chalk. Owing 

to the intense localized assimilation of calcium carbonate by the 
dolerite magma, unusual  rock types are produced. The products of 
the endogenous contact-zone are dealt with in detail. Those of the 
exogenous contact-zone have in part  been described already, 2 but  
some addit ional  data are incorporated in this account. The study 
possesses more than local interest  for two reasons : (a) The products 

1 Four of the new chemical analyses presented in this paper have been made 
by Dr. H. F. Harwood. Four other chemical analyses have been made in the 
Fresenius Chemical Laboratories, Wiesbaden. The field work and petrological 
investigations have been carried out by Dr. C. E. Tilley, who is also responsible 
for the writing of the paper. 

2 C. E. Tilley, Geol. Mag., 1928, vol. 65, p. 371 ; 1929, vol. 66, p. 347 ; 1930, 
vol. 67, p. 168 [Min. Abstr., vol. 4, pp. 84, 218, 330]. Min. Mag., 1929, voL 22, 
p. 77 ; 1930, vol. 22, p. 222. 
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of the exogenous contact-zone are rare mineral assemblages; (b) In 
the endogenous contact-zone basic alkali-rocks are produced. 

The extent to which foreign matter can be incorporated in liquid 
magma to produce new rock types is a much debated question in 
petrology. In particular, the nature and magnitude of the effects 
following incorporation of carbonate sediment are still highly con- 
troversial. Limestones and alkali-rocks are not infrequently closely 
associated, but in most of the examples previously described in 
support of a genetic relation between the two rock types there has 
been little decisive evidence that the magma was not already rich 
in alkalis before this association came about. In particular, the 
supposed process of generation of the alkali-rock has not been sub- 
stantiated by tracing the development of this rock through inter- 
mediate stages by field, chemical, and microscopical data. The 
nature of the supposed reactions has therefore been largely hypo- 
thetical. 

It is beIieved that the occurrence now described is unique, inasmuch 
as the successive stages resulting in an alkali-rich residual magma 
can be followed in a narrow zone at the contact of limestone and 
dolerite. It  will be shown that the reactions ultimately giving rise 
to the alkali-rocks are complex. They are essentially different from 
those hypothesized by the petrologists who have given consideration 
to this question in the past. 

Field Occurrence. 

Scawt Hill, situated six miles nor th  of Larne, Co. Antrim, forms 
a prominent height rising to 1,249 feet on the eastern edge of the 
Antrim 'plateau basalt '  lavas. The geological structure of this 
portion of Antrim is comparatively simple. A denuded platform of 
chalk and older Mesozoic rocks is covered by the Antrim Tertiary 
basalts, which are divisible into a lower and upper series, separated 
by a welt-defined horizon of bauxitic and pisolitic iron-ore deposits. 
Scawt Hill itself forms a mass of olivine-dolerite breaking through 
the chalk and lower basalt series, and as now exposed by denudation 
forms a small boss, flanked on the west by basalt and by chalk on 
the east, where it forms a precipitous cliff, 100-200 feet high. The 
contact with the chalk is well exposed on the SE. side, and this 
outcrop extends as a thin veneer northward on the steep slope of the 
hill, where the actual contact may be studied in detail (fig. 1). 
Still farther north a small mass of chalk in contact with the dolerite 
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displays on the hillside an almost vertical junction, which can be 
traced up the slope (fig. 2). This exposure provides an excellent 
section of the contact relations 0f the two rocks. A little to the 
east the chalk is cut of[ by a fault, which lets down basalt against it. 
On the slope below the SE. contact, the screes provide many blocks 
of the highly metamorphosed and metasomatized chalk, as well as of 
the dolerite and the hybrid rock at the immediate contact. 

FIG. l .  Scawt Hill ,  Co. Antr im,  viewed from the east.  The ver t ica l  
junct ion  of ti le chalk and doleri te  is well  seen in the 

con tac t  on the r ight .  

The steep, almost vertical, slope above the chalk contact on the 
south-eastern side must represent the actual junction for some yards 
vertically, for isolated patches of silicated chalk, forming a thin skin 
to the dolerite, can be followed above the continuous chalk outcrop. 
The dolerite intrusion forms a boss of approximately 300 • 200 yards 
dimensions, and the visible line of exposure along the chalk margin 
is about 70 yards, while a vertical section of 50 feet or more is 
provided in the isolated mass of chalk of the northern exposure. 
The unaltered chalk away from the contact is a white compact rock 
with abundant flint nodules. Otherwise it is a pure carbonate-rock 
without de~rital materials. Approaching the contact it becomes 
recrystallized to a coarse marble, which within a few feet passes into 
a tough silicate assemblage, varying in colour and texture according 
to the nature of the minerals dominantly produced. 

The dolerite is a typical fine-grained olivine-bearing type, pre- 
serving a very uniform composition through its extent, except in the 

Gg2  
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immedia te  vic ini ty  of the chalk. Here within a few feet i t  r ap id ly  
changes its texture  and composi t ion:  i t  becomes coarser grained, 
often s t rongly  vesiculated,  and var iable  in composit ion from point  
to point. However  i rregular  the junction between the modified 

FIG. 2. Northern contact of chalk 
and dolerite, Scawt Hill. 

doler i te  and al tered chalk may  be, the line of contact  is always 
a sharp one. This modified doleri te  zone, a l though at  the most only 
a few feet wide, is c lear ly  a hybr id  one, as the nature  of its mineral  
assemblages attests.  I t  will  be referred to  hereafter  as the endo- 
genous contact-zone. 

THE EXOGENOUS CONTACT-ZONE. 

The zone of sil icates a t  the immedia te  contact  with the intrusion 
is of var iable  width.  At  the northern contact  the width is only 
a few inches and the rock consists p r inc ipa l ly  of a dense-grained 
larni te  type.  At  the southern contact  the silicate zone is wider and 
more var ied  in its consti tution.  I t  p robab ly  nowhere exceeds two 
feet in width,  and may  be much less. This sil icate zone passes out  
into a coarse marble  for a few inches and then grades into the 
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normal  chalk wi th  i ts  flint nodules. The l a t t e r  in the  sil icate zone 
often retain thei r  identi ty,  bu t  are usual ly  separated from the normal  
si l icate zone by  a narrow sheath of wollastonite.  Not  only the width  
but  a]so the nature  of the si l icate zone varies from place to place. 
At  one point  the  chief p r o d u c t  m a y  be a spurri te-rock,  a t  another 
a larni te  assemblage or a more complex aggregate. These rock 
types  may  be subdivided as follows : 

Spurrite-rock (with or without calcite). 
Larnite-rock (with or without spurrite). 
Spurrite-l~rni~e-gehlenite-roek. 
Spurrite-gehlenite-merwinite-spineLrock (with or without larnite). 

If  calcite be present  in any of these assemblages i t  is no t  found in 
direct  contact  with larnite,  which in its v ic in i ty  gives place to 
spurr i te  : 

2CaaSiO4+ CaCO 3 --+ 2Ca~SiO~.CaCO a. 
(larnite) (spurrite) 

A deta i led  mineralogical  account  of these assemblages has a l ready  
been published,  1 but  some further mineral  da ta  are now avai lable  
and are  included here .  The following is a list of the  minerals 
recorded from the exogenous contact-zone : 

Calcite ~ Chalk Magnetite 
Chalcedony t Perovskite 
Spurrite Wollastonite 
Larnite (a and 7) Xonotlite 
Merwinite Gyrolite 
Gehlenite Afwillite 
Spinel Ettringite 

Perovskite.--In many of the contact  assemblages perovski te  is 
present  as minute  coloured octahed~a or grains which do not  show 
any sign of birefringence. These grains are very  sporadic in their  
dis t r ibut ion.  Occasionally at  the  immedia te  contact  the grains 
reach larger dimensions,  and are then no t i ceab ly  birefringent as they  
uni formly  are in the hybr id  rocks. The source of this t i t sn ium is 

wi thout  doubt  the  olivine-dolerite.  
WoUastonite.--This mineral  is not  a normal  const i tuent  of the 

exogenous contact-zone. The presence of flint nodules in the chalk,  
however ,  is responsible for its occurrence, inasmuch as silica in 
excess is avai lable  for its product ion.  F l i n t  nodules in the  contact-  
zone retain their  iden t i ty  as such, and are enveloped by  spurr i te-  

1 C. E. Tilley, Min. Mug., 1929, vol. 22, pp. 77-86. 
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larnite assemblages. At the iunction the spurrite and ]arnite give 
place to a narrow fringe of wollastonite, and this mineral also forms 
small veins through the nodules themselves, where lime-rich solutions 
have penetrated the flilit. In some examples the chalcedony of the 
flint has recrystallized near the edge to a coarser aggregatd of quartz, 
and here this outer zone gives place to an assemblage consisting of 
xonotlite and wollastonite. 

Xonotlite.--This mineral forms aggregates of fibrous radiating 
crystals enclosing comparatively large blades of wollastonite up to 
3 ram. in length. The optical properties of these fibrous aggregates 
are sufficiently dis t inct ive  to indicate  tha t  they  are xonot l i te  
(5CaSiO3.H20): a 1.578, ~ 1.590, elongat ion posit iye,  2V small  or 
near ly  uniaxial ,  This occurrence of xonot l i te  resembles in some 
respects its occurrence at  Leesburg, Virginia, where Shannon1 has 
described xonot l i te  as rad ia t ing  masses filled with pear ly  wollas toni te  
of f ine-bladed s t ructure  among the contact  products  of doler i te  and 
Triassic limestone. 

Afwillite.--The occurrence of this  mineral  has a l ready  been 
recorded, 2 and in associat ion with i t  is found et t r ingi te .  An account  
of this rare mineral  is deferred. 

Gyrolite.--Like afwil l i te  and et t r ingi te ,  this  mineral  occurs in 
cavit ies in a crus t  to a spurr i te  contact-rock,  and i t  is as c lear ly  of 
secondary origin. I t  appears  as flat  pla tes  up to  one mi t l imet re  
across and possesses a perfect  basal  cleavage. Optical  examinat ion 
shows tha t  i t  is in par t  uniaxia l  and in par t  biaxial ,  the uniaxia l  
pa r t  forming a zone whol ly  or pa r t l y  surrounding a biaxial  centre. 
The refraction is co 1.59, birefringence negative, densi ty  2.3. The 
mineral  appears  to be one of the degradat ion  products  of spurrite.  

Discussion.--The mineral  assemblages of the contact-zone bear  
witness to the  intense metasomat i sm which has local ly  affected the 
limestone. The pur i ty  of the c h a l k - - a p a r t  from the flint n o d u l e s - -  
outside the  si l icate zone clear ly  denotes tha t  solutions from the 
doler i te  magma enriched the contact-zone in many  of its consti tuents.  
The migra t ion  of silica is a t tes ted  in the abundan t  spurr i te  and 
larni te  assemblages,  bu t  a more complex metasomat i sm is indicated 
in the assemblages bearing gehlenite, merwinite,  spinel, and perov- 
skite. To s tudy  in more detai l  the nature  of this  metasomat i sm an 

1 E. V. Shannon, Proc. U.S. Nat. Museum, 1925, vol. 66, art. 28, p. l l .  [Min. 
Abstr., vol. 3, p. 204.] 

2 C. E. Tilley, Geol. Mat., 1930, vol. 67, pp. 168-169. 
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analys is  of a spur r i t e -gch len i t e -merwin i t e - sp ine l - rock  has been made.  

The mine ra l  composi t ion  of the  rock in weigh t  percentages  is spur r i te  

51, spinel  18, merwin i t e  and gehleni te  30. The analys is  is g iven  

in the  a c c o m p a n y i n g  t a b l e  (co lumn l) .  The  compos i t ion  is seen to 

correspond c lose ly  to a m i x t u r e  of 100 par ts  of the  ana lysed  o l iv ine-  

doler i te  plus 72 par ts  CaO (column 3). I t  would  appear ,  therefore ,  

t ha t  in this  and  s imi la r  assemblages  there  has been an inf i l t ra t ion  of 

o l iv ine -do le r i t e  m a g m a  w i t h  l i t t l e ,  if any ,  se lec t ive  diffusion.  

(1) (2) (3) 
SiO~ . . . . . .  22-52 23-70 27.7 
Al~() 3 . . . . . .  10.11 10.64 9.4 
Fe.zO a . . . . . .  4-58 4.82 ! 7-87 1.4 ~ 6.3 
FeO . . . . . .  2.90 3.05 ~ 4.9 
MgO . . . . . .  4-93 5.19 5-0 
Ca() . . . . . .  46-36 48-80 48-8 
Na20 . . . . . .  1.06 1.12 1-3 
K~O . . . . . .  0-05 0.05 0.2 
H2()-- . . . . . .  0-08 0-09 ! 0.6 
H~()+ . . . . . .  0-78 0.80 
CO~ . . . . . .  5.08 - -  - -  
Ti() 2 . . . . . .  0.57 0-60 0.6 
1)2()5 . . . . . .  0.19 0-20 0-I 
SO a . . . . . .  0.49 0-51 - -  
FcS . . . . . .  0.18 0-19 - - 

99.88 99.76 100-0 
(Analyst, Fresenius (1) Spurrite.merwinite-gehlenite-spinel-(calcitc)-rock. 

Chemical Laboratories, Wiesbaden.) 
(2) Analysis (1) recalculatcd to zero CO~. 
~3) Mixture of 100 parts Scawt Hill olivine-do]eritr plus 72 parts CaO 

(corrected to 100 %). 

There  are  o the r  assemblages  where there  is reason to be l ieve  t h a t  

igneous so lu t ions  of different  compos i t ion  have  pene t r a t ed  the  chalk,  

bu t  the  effects there  no ted  are  more  local ized,  confined to lenses and 

veins,  and therefore  more  a p p r o p r i a t e l y  descr ibed in the  section 

dea l ing  wi th  t he  changes p roduced  in t he  endogenous  con tac t -zone  

(p. 463). 
The  Scawt  Hi l l  contac t -zone  is un ique  in its mine ra logy .  Else-  

where  assemblages  o[ th is  bu lk  compos i t ion  are m i n e r a l o g i c a l l y  

represen ted  by wol las ton i te -ca lc i t e  in p lace  of la rn i te -spur r i te ,  whi le  

the  more  c o m p l e x  spu r r i t e - l a rn i t e -merwin i t e -me l i l i t e (geh len i t e ) -  

spinel  associa t ion wou ld  be represen ted  by  wol las ton i te -d iops ide-  

grossular- ( idocrase)-calc i te  assemblages .  Wol l a s ton i t e  here is pro-  

duced only in con tac t  wi th  silica, as a round  flint nodules .  In  t h e  
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reversible equilibrium CaSiOa ~-CaC03~<_~C%SiO 4 + CO 2, the right side 
of the equation at low pressures represents the stable assemblage at 
high temperatures, but we note further that  the orthosilicate in the 
presence of calcite gives place to the double compound, spurrite. 
Spurrite has not yet been synthesized, but an orthorhombic spurrite 
(a-spurrite) has been produced by Shepherd 1 and Eitel, ~ the former 
by heating CaCO a and CasSiO a with 10 % NaC1 solution at tempera- 
tures of 350-400 ~ C., the latter from a melt at 120 atmospheres CO 2 
pressure. According to Eitel, a-spurrite melts incongruently with 
separation of fi-Ca~Si0 a at 1380 ~ while natural spurrite heated 
under pressure inverts to the orthorhombic form at 1200 ~ C. The 
reverse transformation has not been effected. Merwinite is not 
recorded from dry melts at all, but is represented by mixtures of 
montieellite and CagSiO 4. 

This unusual character of the Scawt Hil l  assemblages is probably 
due to the high temperature prevailing during metamorphism. In 
this process the solutions emanating from the magma played a 
necessary part, modifying the composition and effecting a rapid rise 
in temperature in the limestone, apart from conduction. The occur- 
rence of larnite (a-C%SiOa) , which is strictly stable only above 
1420 ~ C., cannot, however, be used as a geologic thermometer, for it 
is well known that high-temperature forms may be directly formed 
at  temperatures below their real stability range. This contact-zone 
is, however, perhaps the most striking example of a rock body 
largely built up of a mineral in unstable equilibrium. The reason 
for its preservation is probably to be sought in a comparatively 
rapid rate of cooling, whereby reactions among the minerals have 
been practically inhibited. 

THE ENDOGENOUS CONTACT-ZONE. 

The minerals of the endogenous contact-zone may be conveniently 
tabulated together : 

Augite "t Anorthoclase 
Labradorite Nepheline 
Olivine . Dolerite Magnetite 
Magnetite t Ilmenite 
[Serpentine, chlorite] Pyrite 
Apatite Pyrrhotine 
Titanaugite Calcite 

1 F. E. Wright, Amer. Journ. Sci., 1908, ser. 4, vol. 26, p. 551. 
2 W. Eitel, Neues Jahrb. Min., 1923, Beil.-Bd. 48, p. 63. 
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Soda-augite Thomsonite 
Aegirine Analcime 
Hastingsite Natrolite 
Melilite Hydronephelite 
Wollastonite Stilbite 
Fayalite Cebollite 
Perovskite Scawtite 
Sphene Grossular 
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The rocks of this zone comprise a varying group of assemblages, 
which may be classified as follows : 

Olivine-dolerite (p. 447). 
Pyroxene-rich dolerites (p. 449). 
Pyroxenites (p. 449). 
Titanaugite-rocks (p. 451) : 

(a) Titanaugite-plagioclase } 
(b) Titanaugite-plagioclase-nepheline assemblages. 
(c) Titanaugite-nepheline(hydronephelite) 

Titanaugite-melilite-rocks (p. 454) : 
(a) Plagioclase-bearing types, with nepheline. 
(b) Plagioclase-free types, with nepheline (often converted to thomsonite) 

and wollastonite. 
Melilite-roeks, wanting in titanaugite, but carrying perovskite, wollastonite, 

and interstitial aegirine (p. 457). 

Some of these rock types have been analysed, and for convenient 
reference and comparison the analyses have been collected together 
in the table overleaf (p. 448). 

Olivine-dolerite. 

The chief rock of the intrusion is a normal  olivine-dolerite 
(pl. XVII ,  fig. 1), like many of the dolerites of the Hebridean ' plateau 
magma basa l t '  type. I t  is a non-porphyritic type with ophitic to 
subophitic texture and is typically fine-grained. The primary con- 
stituents are olivine, augite, plagioclase, iron-ores, and accessory 
apatite. Secondary minerals are very subordinate, and include 
serpentine and fine scaly chlorite. The plagioelase, which is the 
dominant  mineral, forms about  50% of the rock. Its composition 
is, approximately, Ab~sAn65 (a' : (010) = 35 ~ ~ 1.571). The pyroxene, 
with which it is ophitically intergrown, is a colourless to grey-brown 
variety with a 1"69, ~ 1.71, ~ :c ---- 45 ~ optically positive. The olivine, 
which is of early crystallization, being frequently mant led by the 
pyroxene, is an optically negative type and quite colourless. I t  has 
suffered some serpentinization. The iron-ores have the habit and 
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(1) (2) (3) (4) (5) (6) 
SiOu . . . . . .  47 -55  46-77  42-24  37-54  29-14  2 2 . 5 2  

A12Oa . . . . . .  16-18 14 .93  13 .16  13 .39  10 .46  10 .11  

F e ~ O a  . . . . . .  2 . 4 6  2 . 2 0  4 -48  3 . 6 0  8 . 5 4  4 . 5 8  

F e O  . . . . . .  8 -35  5 . 6 5  12-61 11-95 7 . 8 5  2 . 9 0  

M g O  . . . . . .  8 . 6 2  7 .87  1-66 2-36 1 .06  4 . 9 3  

C a O  . . . . . .  11 .86  17 .87  13 .66  21 .25  2 8 . 4 0  46-36  

N a ~ O  . . . . . .  2 . 1 9  1 .50  3 . 8 4  1 .50 2 . 1 8  1-06 

K 2 0  . . . . . .  0 . 3 5  0 . 2 9  0 . 7 8  0 . 3 8  0-19  0 . 0 5  

H ~ O  - . . . . . .  0 -42  0 . 2 4  0 . 4 8  0 . 0 5  0 .41  0 -08  

H u O +  . . . . . .  0 . 8 0  1 .72  4 .48  5 .71  5 . 1 7  0 . 7 8  

C O  s . . . . . .  0 . 0 3  0 . 1 6  0 . 1 2  0 . 2 0  3 . 0 2  5 -08  

T i O  2 . . . . . .  1 .11 1-06 1.81 2 . 0 4  2-17 0 . 5 7  

P 2 0 5  . . . . . .  0 . 1 4  0 . 2 8  0 . 6 0  0 . 6 4  0 . 6 8  0 . 1 9  

M n O  . . . . . .  0 . 1 6  , 0 . 0 9  0 - 3 0  - -  0 . 3 4  - -  

B a O  . . . . . .  0 -02  t r a c e  0 . 0 6  - -  0 . 0 7  - -  

S . . . . . .  t r a c e  0 -02  0-21 0 . 3 0  0 . 4 9  (SOa)  

C1 . . . . . .  - -  . . . .  0 . 0 6  0 . 1 8  ( F e S )  

F . . . . . .  - -  - -  - -  - -  0 . 0 2  - -  

V ~ O  a . . . . . .  - -  - - -  0 . 0 3  

N i 0  . . . . . .  - -  t r a c e  - -  

100 .24  100-65  100 .49  100.61 100 .09  9 9 . 8 8  

F e / M g  . . . . . .  1 .6  1-25 13-0 8-3 19 .0  1 .8  

(1) O l i v i n e - d o l e r i t e ,  S c a w t  H i l l .  ( A n a l y s t ,  H .  F .  H a r w o o d )  (p.  447) .  

(2) P y r o x e n e - r i c h  d o l e r i t e .  ( A n a l y s t ,  H .  F .  H a r w o o d )  (p.  450) .  

(3) N e p h e l i n e ( h y d r o n e p h e l i t e ) - d o l e r i t e .  ( A n a l y s t ,  H .  F .  H a r w o o d )  (p .  452) .  

(4) T i t a n a u g i t e - m e l i l i t e  h y b r i d  r o c k  o r  m e l i l i t e - b e a r i n g  n e p h e l i n e - d o l e r i t e .  

( A n a l y s t ,  F r e s e n i u s  C h e m i c a l  L a b o r a t o r i e s ,  W i e s b a d e n )  (p.  456) .  

(5) M e l i l i t e - r o c k  ( h y b r i d  z o n e ) .  ( A n a l y s t ,  H .  F .  H a r w o o d )  (p .  459) .  

(6) S p u r r i t e - m e r w i n i t e - g e h l e n i t e - s p i n e l - ( c a l c i t e ) - r o c k  ( m e t a s o m a t i z e d  c h a l k ) .  

( A n a l y s t ,  F r e s e n i u s  C h e m i c a l  L a b o r a t o r i e s ,  W i e s b a d e n )  (p.  445) .  

T h e  n o r m a t i v e  c o m p o s i t i o n s  of  t h e s e  r o c k s  a r e  a s  f o l l o w s  : 1 

(1) (2) (3) (4) (5) 

O r t h o c l a s e  . . .  2 -2  1 .6  4 . 5  - -  - -  

A l b i t e  . . . . . .  18-3 8 .5  11.3  - -  - -  

N e p h e l i n e  . . . . . .  - -  2 .2  11 .5  8 .6  10.5 
A n o r t h i t e  . . . . . .  3 3 . 4  33-1 16 .4  3 0 . 3  18 .2  

D i o p s i d e  . . . . . .  2 0 . 0  4 2 . 4  40 .1  36 .6  13 .9  

t I y p e r s t h e n e  . . .  7 .1  . . . .  

O l i v i n e  . . . . . .  11 .9  4 . 4  - -  3 .0  - -  

W o l l a s t o n i t e  . . .  - -  - -  0-3 - - -  2 .6  

L a r n i t e  . . . .  , . .  - -  - -  - -  10 .3  23 .7  

M a g n e t i t e  . . . . . .  3 .5  3 .2  6 .5  5 .5  12-4 

I l m e n i t e  . . . . . .  2 .1  2 . 0  3 .4  4 .1  4 .1  

A p a t i t e  . . . . . .  0 . 3  0 . 6  1 .4  1-6 1 .4  

C a l c i t e  . . . . . .  - -  - -  - -  - -  6 .9  

W a t e r  . . . . . .  1 .2  1 .9  4 .9  - -  5 . 6  

I S u c h  K ~ O  as  i s  n o t  i n c o r p o r a t e d  i n  n o r m a t i v e  o r t h o c l a s e  i s  h e r e  c o m p u t e d  
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character of magnetite and are magnetic, but  must  contain the bulk 
o~ the titanium. They have crystallized in part  later than the 
plagioclase. 

The dolerite retains these characters to within a few yards of the 
chalk contact. The analysis of the rock and ' the norm have been 
given in the preceding table (p. 448). A micrometric estimation of 
the minerals present in this rock shows that  the mode does not differ 
greatly from the norm. The olivine constitutes about 11% by  
weight. The optical properties of the felspar indicate a composition 
almost identical with that  of the plagioclase of the norm (An 65 %, 
total felspar 53-9 %), indicating that  the alumina percen tage  of the 
pyroxene cannot be appreciable. The hypersthene of the norm does 
not, of course, occur as such in the mode, but is present i n  solid 
solution in the monoclinic pyroxene. 

Pyroxene-rich Dolerites and Pyroxenites. 
Among the products in the endogenous contact-zone the types 

now to be described are the most abundant.  The olivine-dolerite 
merges within a few feet of the contact into a rock rich in pyroxene. 
This is typically coarser grained than the dolerite itself, and a dis- 
tinctive feature is its vesicular nature. The rocks classed under this 
head are grey-black in colour, very rich in pyroxene, often to the 
exclusion of visible felspar. The grain-size of the majori ty averages 
round 14-2 mm., but  examples occur locally where the individual 
pyroxenes may reach 5-6 mm., or even more, in diameter. In their 
section the domina.nt pyroxene is a grey to grey-brown variety, not  
infrequently zoned, with the outer shell more strongly coloured. 
Olivine i s  always very subordinate and in many examples is 
altogether absent. Felspar is typ ica l ly  reduced to a n  interstitial 
constituent. In  the pyroxenite proper it is completely absent. The 
vesicles which characterize the rock are filled with zeolites, of which 
thomsonite is the chief, but  analcime, stilbite, and natrolite are also 
recorded, as well as calcite. 

Thomsonite and analcime are present not only in the vesicles, but  
a l so fo rm a residual base in places, though never large in amount. 
I t  is clear tha t  the interstitial plagioclase has been attacked and is 
often replaced by thomsonite or even aualcime. In  one example 
hydronephelite replaces the plagioc]ase-felspar. One of the less 

as kaliophilite, instead of leucite, and added to nepheline. No. 4 is calculated 
water-free. 
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extreme types of these rocks has been analysed. I t  comes from the 
immediate contact with the altered chalk at the southern exposure. 
Thin sections of the rock show it to be somewhat variable in its 
mineral composition from point to point. At one place plagioclase 
may be seen in ophitic intergrowth with pyroxene, while in adjacent 
parts of the slides the rock locally becomes a pure pyroxenite. 

In its richness in pyroxene, paucity in olivine (not more than 3 %), 
and in its vesicular character, this rock differs very markedly from 
the associated dolerite. The pyroxene has much the appearance of 
the pyroxene of the do]erite with a 1.69 and the highest value for 

1.72. Iron-ores are, as before, magnetite. The plagioclase is an 
optically positive labradorite of similar composition to that  in the 
dolerite already described (Abe5), and the vesicle minerals are thom- 
sonite and subordinate analcime. The analysis of this rock is given 
on p. 448. Owing to the presence of considerable thomsonite, the 
mode and norm are now not directly comparable, as they were in 
the olivine-dolerite. Apart  from the modal representation of some 
normative anorthite as thomsonite, the pyroxene is somewhat alu- 
ruinous (see below), and thus the normative plagioclase is considerably 
more calcic than the modal plagioclase. 

An analysis of a pyroxene isolated from a true pyroxenite is given 
below. The rock is a pyroxenite, with only a few scattered grains 
of olivine and containing only very minor amounts of plagioclase as 
an interstitial base (pl. XVI I ,  fig. 2). Thomsonite and a little 
ana lc ime  are present, chiefly in vesicles, but  thomsonite is also 
developing from the plagioclase. The rock may be taken as the 
extreme type to which the pyroxene-rich dolerites graduate. I t  is 
noteworthy that  iron-ores are very scanty. The pyroxene is greenish 
in crushed fragments, but  in thin sections greyish, except in narrow 
outer shells to some of the grains, where it may be tinted a green- 
brown colour. Immersion gave the refraction as extremes a l . 6 9 8  
and 71.730 ; ~ : c = 43 ~ The analysis expressed in the usual com- 
ponents shows that  the mineral is essentially a diopside-hedenbergite, 
with 90 % of these molecules, while hypersthene is only 2-3 %. As 
the iron and magnesium of the pyroxenite are practically wholly 
contained in the pyroxene, the Fe/Mg ratio of the mineral is 
practically tha t  of the rock Fc/Mg = 0.71, compared to Fc/Mg for 
the olivine-dolerite 1.6. The.precipitated pyroxene is enriched in 
diopside molecules (Di 72.8, Hd 17.4). I t  is noteworthy also that  
the pyroxene contains significant alumina. We shall see that  in the 
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pyroxenes generated by  further  l ime assimilat ion,  this  oxide figures 
to a much larger extent  in the pyroxenic  consti tut ion.  

SiOz ... 49.31 Molecular composition. 
TiO~ ... 1.26 Diopside . . . . . .  72.79 
Al~O a ... 4.60 Hedenbergite ... 17.43 
Fe~O a ... 2 - 3 8  (Fe,Mg)SiO a . . . . . .  2-35 
FeO ... 5.57 Al,zO a . . . . . .  4.60 
MgO ... 14-02 Fe~O a . . . . . .  2-38 
CaO ... 22.71 SiO~ (excess) .., 0.30 

99.85 99.85 
Fe/Mg ... 0.71 

90-22 

Pyroxene from pyroxenite, Scawt Hill. (Analyst, Fresenius Chemical Labo- 
ratories, Wiesbaden.) 

Titanaugite-rocks. 
The rocks (figs. 3, 7, and 8) now to be described are dis t inguished 

both from the doleri te  and pyroxeni tes  by  the nature  of the essential  
pyroxene. They are rich in a strongly-co]oured pyroxene,  recog- 
nizable in the field and in hand-specimens by  its lustrous black colour, 
and in th in  section appearing in var ied shades of brown, green-brown 
passing into red=brown, and purpl ish  t ints,  thus  denoting a significant 
t i t an ium content.  The rocks are typ ica l ly  medium to coarse grained, 
the average grain-size being 2-3  mm., bu t  in ext reme examples the  
augites may  reach an inch in length. These assemblages are 
restr ic ted to the endogenous contact-zone and are found in close 
associat ion with the pyroxenites ,  passing out  into them and occur- 
r ing in segregatory patches and even in small  veins through the 
doler i te  on the edge of the contact-zone. Mineralogical ly  they  may  
be grouped into (a) Augite-plagioclase-rocks,  (b) Augite-plagioclase-  
nepheline-rocks, and (c) Augite-nepheline-rocks.  Collectively they  
represent  an impor tan t  stage in the differentiat ion process in the 
endogenous contact-zone and are the complenlent  of the pyroxenites ,  
or iginat ing from the doleri te  magma by enrichment in Na20 and FeO 
by segregation of these const i tuents  during the formation of the 
pyroxenites .  This enr ichment  has been accompanied by  a further 
l ime assimilat ion.  

In  some of the pyroxenites,  the beginning of the process of iron 
enrichment  of the residual  l iquid is indicated b y  the outgrowth of 
a narrow brown zone to the ]ight-coloured pyroxene,  where this  is 
bordered by  the residual  l iquid,  now in par t  represented by  zeolitic 
mater ia l .  This process culminates  in a l iquid which gives rise to 
the rock types  now described. The dominant  type  is a red-brown- 
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augite-plagioclase-rock with some magnetite. Analcime is a typical 
accessory, both interstitially and as a common product replacing the 
plagioclase. The augites are zoned, sometimes with hour-glass 
structure, elongated parallel to the c-axis and flattened parallel to 
(100). The zoning is such that a brown core passes into a red-brown 
periphery, which is itself sometimes fringed with a green or brown- 
green edge. The plagioclase is an optically positive labradorite 
(Ans0-Ans~) and is in places in process of replacement by analcime 
or thomsonite or both. The entry of ncpheline in these rocks is at 
the expense of the plagioclase, which is resorbcd, giving ragged 
irregular grains mantled by nepheline. Graphic intergrowths between 
pyroxene and nepheline (or, as now seen, its alteration product., 
hydronephelite) now begin to appear. I t  is noteworthy that  inter- 
growths of this kind never occur between pyroxene and plagioclase. 
With increase in nepheline the large pyroxenes now assume more 
constantly a purplish tint, though the graphically intcrgrown pyroxene 
is a greener or brown-green type. The pyroxene of these inter- 
growths may form separately or spring from the boundaries of large 
titanaugites. 

The ultimate product is a pyroxcne-rich nepheline-dolerite with 
acicular purple augitcs up to half an inch in length, with the optical 
properties a 1.73, y 1.75, y : c = 55 ~ pleochroism y yellowish-brown, 
fl ruddy-brown, a reddish-brown with violet tint. A narrow fringe 
of aegirine-augite is not uncommon. The nepheline shows well its 
habit of hexagonal prisms, giving rectangular and hexagonal sections, 
but it is in large part converted to fibrous masses of hydronephelite-- 
uniaxial positive, elongation positive (o~ 1.490, r 1:500). Thomsonite 
is also produced, though in minor amount (fig. 9). The development 
of hydronephelite from nepheline can be followed in every stage, 
beginning at the periphery and spreading along the prismatic 
cleavages. The masses of fibres preserve, however, no common 
orientation. Some yellow fayalite is typically present : it is partially 
or wholly altered into a brown serpentine and magnetite. Apatite 
and magnetite are accessory. The production of such a rock type 
can be very clearly seen where an augite-plagioclasc type borders 
the altered chalk; plagioclase becomes strongly resorbed, mantled 
by nepheline until eventually in areas all the plagioclase disappears 
and a pyroxene-rich nepheline-rock arises. The probable reactions 
by which this process is completed will be discussed hereafter. The 
analysis of the rock type just described is given on p. 448 (column 3). 
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This nepheline-dolerite analysis corresponds closely to those of 
nepheline-basalts, the chief distinction being the exceptionally low 
value for MgO. I t  may also be compared with analyses of bekin- 
kinites and fasinites, e.g. those described by Lacroix 1 from 
Madagascar. The latter rocks, which are closely related to the 
theralites, are distinguished from the ijolites by the presence of 
a titanaugite instead of an aegirine-diopside. The fasinite of 
Ambaliha, Madagascar, is rich in titanaugite of the compositio n 
SiO 2 46.60, A1203 6.07, Fe20 ~ 4.85, FeO 3-72, MgO 12.21, CaO 23-88, 
Na20 0.47, K20 0-28, TiO 2 1.59, H20 0.26. I t  is thus an aluminous 
type with excess CaO expressed as CaSiO~ in the molecular com- 
position, or as the Wahl 2 silicate, CaA12SiO 6. This analysis is of the 
same general type as that of the pyroxene from the titanaugite-rocks 
of Scawt Hill, and it is to be noted that in both cases the alkalis are 
insignificant in amount. 

Anorthoclase-fayalite-dolerite.--.An unusual assemblage containing 
anorthoclase occurs in an inch-wide segregation vein in the dolerite 
near the edge of the hybrid zone. Brown augite and labradorite are 
the chief constituents, but there is also present anorthoelase, fayalite- 
olivine, magnetite, apatite, thomsonite, and small amounts of an 
alkali-amphibole. The brown augite has in places fringes of a green 
soda-augite. The anorthoclase occurs as shells mantling cores of 
labradorite, but also forms independent crystals of late crystallization. 
I t  is distinguished by its exceedingly fine multiple twinning, com- 
paratively low optical axial angle, extinction, and negative Sign. 
With it is associated fayalite in much the same way as this latter 
mineral is associated with nepheline in the nepheline-dolerites. 

The alkali-amphibole accompanies the fayalite, often forming 
small crystals around its borders. These crystals are greenish to 
bluish-green, but may have a brown core. The pleochroism is very 
striking and the dispersion very strong: a yellow-green, fi green, 
~, plum-blue; fl:c = 30 ~ ~, = b. The transverse position of the 
optic axial plane (• 010) and the very small optic axial angle, 
together with the properties mentioned above, show that  this amphi- 
bole belongs to the hastingsite group. This occurrence is the only 
record of alkali-amphibole among the Scawt Hill rocks. The rock, 
with its strongly-coloured augite, is clearly a relative of the augite- 
dolerites, and the presence of fayalite and anorthoclase indicates the 

1 A. Lacroix, Min. Madagascar, 1922, vol. 2, pp. 639, 645. 
o W. Wahl, Tschermak's Min. Petr. Mitt., 1907, vol. 26, p. 118. 
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soda and iron enrichment. I t  seems probable that  it is the siliceous 
representative of the augite-plagioclase-nepheline types, anorthoclase 
appearing in place of nepheline, 

Titanaugite-melilite-rocks. 
With the exception of the melilite-rocks themselves, the rocks 

(figs. 4, 5, 6, 9, 10, 11) described under this head are the coarsest of 
all the assemblages found in the endogenous contact-zone. They 
occur at the immediate contact  with the altered chalk, and have 
a somewhat variable composition. The chief consti tuents are t i tan-  
augite, melilite, plagioclase, nepheline, wollastonite, and often much 
thomsonite in vesicles or replacing plagioclase or nepheline. In  
addition, a green pyroxene is frequently present as feathery growths 
in the groundmass around the melilite or t i tanaugite.  The rocks 
may be divided into (a) plagioclase types and (b) plagioclase-free 
types. These rocks seem clearly to be derived from the augite- 
plagioclase- and augite-plagioclase-nepheline-rocks, already described, 
under the influence of further lime assimilated at  the contact. The 
chief mineralogical features of these rocks will now be discussed. 

Titanaugite.--This mineral  forms large crystals up to an inch or 
more in length and has the same habit  as the t i tanaugi te  of the 
t i tanaugite-nepheline-dolerite.  The optical properties are also closely 
similar and distinguished by even higher values of the refractive 
indices, a 1-74, y 1.76. The pleochroism is, as before, a red-brown 
with a violet t int ,  fi red-brown, ? yellow-brown. Hour-glass structure 
is common and dispersion p > v very noticeable for optic axis B. The 
pyroxene of a typical coarse-grained variety, free from plagioclase, 
but  with much of its nepheline replaced by thomsonite,  and also bear- 
ing wollastonite, was isolated and analysed, with the following results : 

SiO2 ... 40.28 
TiOs ... 3.85 Molecular composition. 
A12Oa ... 10-30 Diopside . . . . . .  42.01 
Fe203 ... 5 - 3 5  Hedenbergite ... 28.24 
FeO ... 7-92 Aegirine . . . . . .  2.67 
MgO ... 7 . 7 8  Wollastonite ... 10-11 
CaO ... 23.57 A]~O s . . . . . .  10.30 
b[a20 ... 0-36 Fe20 a . . . . . .  4.43 
K~O ... trace CaO (excess) ... 1.63 
H 2 0  . . .  0 . 1 9  

99-60 
Titanaugite, from melilite-nepheline-dolerite, Scawt Hill. 

Chemical Laboratories, Wiesbaden.) Sp. gr. 3.391. 

99.39 
(Analyst, Fresenius 



THE DOLERITE-CHALK COI~ThCT OF SCAWT HILL, CO. ANTI~II~I 455 

This augite is thus both a lime-rich type and at the same time 
highly aluminous. Its molecular composition indicates over 10% 
wollastonite, otherwise expressed as 19 % of the Wahl silicate 
(CaA12SiO6). In the calculated norm, alumina would appear as 
anorthite (26-46 %) and the excess lime as larnite (11.24 %). Such 
lime-rich and alumina-rich augites are not uncommon)n basic alkali- 
rocks bearing nepheline and leueite. One example has already been 
quoted, viz. the augite of the Madagascar fasinitc referred to in the 
description of the nepheline-dolerite. H.S.  Washington 1 has recently 
shown that the augites of the basic leucite-roeks of the Alban Hills 
are also lime- and alumina-rich types, showing 9-10 % ofCaSiO 3 in 
their molecular composition. At the same time, despite the high 
content of alkalis in the magma, the augites themselves are not of 
alkali types (cf. the lime-rich augite from the Fosso del Tavolato 
with CaO 24.50, Na~O 0-46, K20 nil). The titan-lime-augite of 
Scawt Hill is of very different composition from the augite o f  the 
olivine-dolerite, with its excess of the hypersthene molecule, At 
Seawt Hill these complex lime=pyroxenes have played a notable part  
in the differentiation process in the endogenous contact-zone, 

Melilite.--In these rocks melilite forms large crystals up to an inch 
in diameter, associated with titanaugite, nepheline, and wollastonite. 
I ts  physical and optical properties are essentially similar to those of 
the melilite of the melilite-rocks (p. 457). As seen in these rocks, the 
melilite is very susceptible to alteration, and in some of them all of it 
has been destroyed. Quite commonly, however, residues of melilite 
are found reposing in a mass of alteration products. The chief of 
these is the mineral cebollite, but calcite and scawtite also figure as 
degradation products. 

Cebotlite, Ca~[Al(OH)~]2(SiO4)a, first appears as fine brownish fibres 
developing along the cleavages and cracks in the melilite, the fibres 
standing perpendicular to the cleavage cracks. 'Ult imately,  by an 
extension of this process, the whole of the melilite may be converted 
to a mass of cebollite fibres. At the same time the cebollite may be 
accompanied by a separation of finely-divided magnetite, which is 
subsequently hydrated to a brown or yellowish iron hydroxide. The 
cebollite resembles in all respects that  described by Larsen e from 

1 H. S. Washington and H. E. Merwin, Amer. Min., 19232 vol. 8, p. 10g. 
[Min. Abstr., vol. 2, p. 305.] 

E. S. Larsen and W. T. Schallcr, Journ. Washington Acad. Sci/, 1914, 
vol. 4, p. 480. 

Hh 
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the melilite-rocks of Gunnison Co., Colorado. The fibres have a 
refraction of 1.61, straight extinction, and positive elongation, with 
a moderate double refraction (fig. 12). 

Plagioclase.--Labradorite in these rocks varies much in amount. 
In some it is abundant, in others altogether absent. I ts  place is 
part ly taken by nepheline, which is repeatedly seen in process of 
development at its expense, resorbed grains of labradorite being 
mantled by nepheline. A later change, namely conversion of the 
labradorite to thomsonite, is also important, and the same process also 
affects the nepheline. Thomsonite, indeed, is by far the commonest 
zeolite mineral in the endogenous contact-zone. I ts  distinctive 
optical properties--biaxial,  optically positive, axial plane across the 
fibres, hence elongation 13, refraction 1.52-1.53, birefringence 0.012--  
distinguish it from other zeolites, ttydronephelite, on the other 
hand, is distinctly uncommon in this group of rocks. 

Wollastonite is present in the plagioclase-free variety of these rocks, 
and it is typically developed in the ground between the melilite and 
titanaugite, often springing from tlle borders of the melilite crystals 
and forming part  of a thomsonitic base derived from the alteration 
of nepheline. I t  forms finger-like growths in this way and may be 
intimately associated with the feathery green pyroxene, which also 
constitutes a portion of the base. This green pyroxene first appears 
as outgrowths from the titanaugite, and then as feathery growths in 
the zeolitic matrix. I t  is a green soda-augite of high extinction- 
angle and is clearly a late crystallization. I t  comes, in part  at least, 
from melilite and titanaugite, at a late stage developing from their 
resorbed borders as a felt of thin fibres. 

An analysis of such a plagioclase-free titanaugite-melilite-rock is 
given on p. 448. The constituents are titanaugite, nepheline, in large 
part replaced by thomsonite, wollastonite, melilite, fibrous green 
pyroxene, calcite, iron-ore (magnetite), and apatite. As might be 
expected, the lime is very high (21.25 ~ and MgO low (2.36 %). The 
low value of soda (1.50 %) is due to the replacement of much of the 
nephcline by thomsonite. In common with the nepheline-dolerite 
analysis, the Fe/Mg ratio is much higher than in the case either of 
the olivine-dolerite or the pyroxenite. This point will be further 
dealt with in treating of the genesis of the rock types. The abnormal 
character of the analysis is shown in the calculated norm, which 
carries 10.3 % of larnite. Five thin sections of this analysed rock 
were cut, owing to the coarse grain-size and variable distribution of 
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the minerals. Nepheline, altered in large part to thomsonite, and 
titanaugite are the most abundant constituents. Melilite is very 
variable, and does not at most exceed 10 %. The rock is best referred 
to as a melilite-bearing nepheline-dolerite. 

Melilite-rocks. 

Assemblages (fig. 12) grouped under this head have a much more, 
limited development than any of the preceding types. They occur 
in intimate association with the metasomatized chalk, in irregular 
pockets, lenses, and veins, but always with sharp if irregular junctions 
with that rock. Their mode of occurrence, texture, and composition 
indicate their origin as extreme hybrids between magmatic solutions 
and limestone, and not as metasomatic replacements. As seen in 
hand-specimens, they are coarse-grained aggregates built up of 
honey-yellow melilite with subordinate wollastonite. The rocks are 
usually vesicular, the vesicles being filled with white zeolites. The 
only other macroscopically distinguishable minerals are magnetite 
and some pyrrhotine. 

Thin sections of the rocks show at once that the preponderating 
mineral is melilite. Titanaugite is rarely met with, and even when 
present is extremely subordinate. Its presence in some of the 
rocks, however, links them to the titanaugitc-melilite-roeks already 
described. Of other minerals, perovskite is the most constant, while 
wollastonite, aegirine, and magnetite frequently occur. Apatite, 
calcite, various zeolites, including thomsonite, and the new mineral 
scawtite, are often present in the sections. Nepheline is not common 
and never figures as a major constituent. In addition to cebollite as 
an alteration product of the melilite, grossular and a green fibrous 
monoclinic pyroxene are developed in some of these rocks as late 
products of the degradation of melilite. 

Melilite is readily recognized by its b*own to honey-yellow colour 
and its vitreous inclining to resinous lustre. It  builds crystals up 
to 1�89 inches in diameter. The melilite previously analysed and 
described 1 came from these melilite-rocks. The dominance of 
melilite in these rocks is such that the remaining minerals may cor- 
rectly be said to occupy the interspaces between the large melilite 
crystals. I t  is clear that much of the melilite had crystallized before 
other minerals were deposited. Only perovskite appears as inclusions 

i C. E. Tilley, Geol. Mag., 1929, vol. 66, pp. 347-353. 
H h 2  
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within them, and then only in the peripheral parts of the crystals. 
Perovskite in this position is often aliotriomorphic, as if it had under: 
gone some resorption, but in the interspaces it appears in well-shaped 
octahedra of a brown to grey-brown colour. Birefringence is dis- 
tinct and complex lamellar twinning always present. This twinning 
is of the usual type on (110), while the cubic cleavage is not infre- 
quent!y well developed. Magnetite is a constant mineral in the 
interspaces between the melilites, and is often well crystallized, but 
wollastonite is very variable in amount. I t  is often associated with 
highly pleochroic aegirine at the edge of the large melilites. The 
fibres of aegirine spring from the boundary of the melilite and may 
become part  of the periphery of a vesicle into which they extend 
amidst calcite and thomsonite. Apatite attains larger dimensions 
in these rocks" than elsewhere, and may reach a millimetre or more 
in length. Nepheline is not common, but in some of the rocks 
appears with the wollastonite. I t  is usually partly, sometimes 
wholl:r converted to thomsonite. 

A striking development of grossular garnet is met with in some of 
the rocks. I t  quite clearly belongs to a late hydrothermal stage of 
the consolidation. The development of this mineral as colourless or 
yellowish grains takes place at the edge of the melilite, especially 
where this abuts against a vesicle, and spreads inwards until almost 
the whole of the melilite is converted. The garnet may be accom- 
panied by a fibrous green pyroxene of high extinction-angle, either 
intermixed with it or placed exteriorly to the garnet zone. Both 
garnet and pyroxene are often exceedingly fine-grained. The textural 
relations indicate that  this conversion must be relegated to a very 
late stage in the rock history. The late development of garnet at 
the expense of melilite has previously been described by T6rnebohm 
(1882), Larsen (1914), and Kranck (1928). I ts  occurrence at Scawt 
Hill together with a green pyroxene deserves closer study and may 
welI form a separate investigation. 

Among the complex products which arise from the alteration of 
melilite is the recently described new mineral, scawtite. 1 This is 
found in intimate association with the melilite of the melilite-rich 
hybrid rocks, and is typically a constituent of some of the late formed 
vesicles. The minerals associated with it in the vesicles are chiefly 
calcite and thomsonite. In some cases the mineral forms minute 
venules cutting through the melilite, Suggesting tha t  it is formed in 

C. E. Tilley, Min. Mag., 1930, vol. 22, pp. 222-224. 
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par t  by  a t tack  of residual  solutions upon the meli l i te  itself. All  the 
evidence clearly indicates tha t  seawtite is among the la tes t  products  
of consolidation of the h y b r i d  rock. 

An analysis  of a typical  mel i l i te-rock is given on p. 448. The rock 
carries, in addi t ion  to the dominan t  meli l i te ,  wollastonite,  perovskite ,  
magneti te ,  pyrrhot ine,  apat i te ,  calcite,  and needles of aegirine spring- 
ing from the mel i l i te  into vesicles full of thomsonite.  Nepheline is 
absent.  The original analysis  omi t t ing  water  and corrected to 100% 
is set down below. Perhaps its most str iking character is t ic  is the low 
MgO content, (1.06 %) and high iron. In  these features i t  resembles 
the analysis  of the  nepheline-doleri te  a l ready  given. The interpreta-  
t ion of this analysis  will be deferred t i l l  the  genesis of these rocks is 
considered. 

(1) (2) (3) 
SiO 2 ... ... 33.53 37.20 44.63 
AI~0 a ... 12-04 11.59 13.90 
Fe203 . . . . . .  9.83 ~ 3.94 ~ 4.73 
FeO . . . . . .  8-46 ~ 10.75 t 12.90 
MgO . . . . . .  1-22 1.46 1.75 
CaO . . . . . . .  28.31 28.56 14.27 
Na20 . . . . . .  2.51 3.38 4-06 
K20 . . . . . .  0.22 0-68 0.82 
TiO 2 . . . . . .  2.50 1.59 1.91 
P205 . . . . . .  0.78 0-52 0.63 
Ere . . . . . . .  0-60 0-33 0-40 

1O0.00 100.00 100.00 
(1) Melilite-rock, omitting water ~nd corrected to 100 %. 
(2) 100 parts nepheline.dolerite plus 20 parts CaO. 
(3) Nepheline-dolerite, omitting water and corrected to 100 %. 

Genesis of the Assemblages. 
In  the l ight  of the pet rographic  da ta  set forth in the previous 

sections, and the analyses of the chief mineral  assemblages of the 
hybr id  zone, the  na ture  of the  processes by  which these rocks  came 
into being may  be more closely considered. 

I t  has been noted t ha t  the p redominant  rock of  the  hybr id  zone is 
a pyroxeni te  which can be t raced  in all i ts  stages of deve lopment  
from the olivine-doleri te .  An increase in the  amount  of pyroxene is 
accompanied by  a reduction in olivine and plagioclase. The former 
is the first to disappear  complete ly ,  and u l t i m a t e l y  there results,  
close to the junction, a grey-black rock composed a lmost  wholly  of 
pyroxene,  bu t  usual ly  wi th  a t i t t le  in te r s t i t i a l  plagioclase and zeolite 
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(thomsonite principally). The mutual relations of this rock, the 
chalk, and the dolerite make it clear that there has been a notable 
amount of assimilation along the chalk contact, and in places un- 
digested relics of flint nodules can be recognized in this hybrid zone. 
The analyses of the dolerite and the pyroxene-enriched rock indicate 
that addition of lime alone is not sufficient to change the dolerite to 
the pyroxene-rich rock. If to the former some silica as well as lime 
be added, e.g. in the proportions 100:6 : 8.5, the accordance is good 
(p. 461), except in the case of the oxides FeO and Na20. The process 
would, therefore, appear to involve some selective diffusion. 

The pyroxene of the olivine-dolerite has been shown to be a 
hypersthene-bearing type, such as is common to magmas of ' plateau 
basalt ' type. The pyroxenc of the pyroxenite, of which an analysis 
has been given, contains, on the other hand, 90 % of diopside- 
hedenbergite molecules and only 2.3 % of hypersthene molecules. 
In the formation of the pyroxene-rich types the assimilated lime has 
been used in converting the hypersthene and olivine molecules of the 
dolerite to diopsidie pyroxeue. 

From a graphical construction containing the two rock analyses, 
the possible compositions of the material to convert olivine-dolerite 
to the pyroxene-rich rock can be readily ascertained. If, as seems 
justifiable, the material added is limited to some combination of 
lime and silica, then some oxides must be removed--in other words, 

. there is selective diffusion and the surrounding liquid is enriched by 
them. The simplest case is that where the projected curves for 
magnesia and alumina approach zero. The composition of the 
material added for this point is for 100 parts of olivine-dolerite, 
SiO~ 3-06, CaO 7-40, while FeO 2.20 and Na20 0.58 m u s t  be 
abstracted. If more lime relative to silica is added, then notably 
alumina, and some ferric oxide and magnesia, must be abstracted in 
addition. The surrounding liquid must be enriched in iron relative 
to magnesia, however, and this fact is brought out in the relative 
Fe/Mg values in the two analyses--olivine-dolerite Fe/Mg = 1.6, 
pyroxene-rich dolerite Fe/Mg--  1-25. (This relation is still more 
strongly emphasized in the pyroxenite proper, the analysis of the 
pyroxene of which has Fe/Mg = 0.71.) 

To give mineralogical expression to these facts one may conceive 
pyroxene-enrichment to result from reactions as follows : 

(1) (Mg,Fe)SiO a + CaO + SiO 2 ~ Ca(Mg,Fe)(SiOa), z. 
(2) MgSiO3+FeSiOaTF%O3+CaO ---> C~Mg(SiO3)~+Fe304. 
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The second reac t ion  provides  one possible  w a y  in which  an enrich- 

m e n t  of the  res idual  l iqu id  in iron can come  about .  I t  is n o t e w o r t h y  

t h a t  in m a n y  of the  pyroxeni tes ,  i ron-ores  are s ingu la r ly  scan ty  
(p. 450). 

(1) (2) (3) (4) (5) 
Si02 . . . . . .  46.77 46-77 48.05 47.50 47.58 
A12Oa ... 14.13 14-93 16-34 15.19 15.19 
Fe~Oa ... 2.15 2-20 2.48 2-30 2.24 
FeO . . . . . .  7.29 5-65 8.43 5.79 5.75 
MgO ... 7.53 7-87 8.71 8.09 8-01 
CaO . . . . . .  17.78 17-87 11.98 17.97 17.98 
Na20 ... 1.91 1-50 2.21 1-51 1-52 
K~O . . . . . .  0.30 0-29 0-35 0-32 0-29 
TiOl . . . . . .  1.0 1-06 1.12 1.04 1-07 
Etc . . . . . . .  - -  2-51 0.33 0-29 0.37 

100-65 100.00 100-00 100.00 

6:8.5. (1) Mixture of olivine-dolerite : SiO 2 : CaO = 100 : 
(2) Pyroxene-rich dolerite. 
(3) Olivine-dolerite, analysis corrected to 100 % after removal of water. 
(4) Calculated composition of a mixture consisting of 100 parts o[ (3) plus 

3.06 Si02, plus 7.40 CaO, minus 2.20 FeO, minus 0-58 Na~O (corrected to 100 %). 
(5) Pyroxene-rich dolerite, analysis corrected to 100 % after removal of water. 

The  reac t ion  by  Which o l iv ine  u l t i m a t e l y  d isappears  r emains  to  be 

considered.  I t s  convers ion  to  diopsidic  p y r o x e n e  invo lves  pa r t i c ipa -  

t ion of si l ica as well  as added  l ime.  I t  appears  no t  i m p r o b a b l e  t h a t  

some of the  si l ica needed  for t he  reac t ion  m a y  be ob ta ined  f rom the  

a lb i t e  molecu le  of the  plagioclase ,  nephe l ine  molecules  being s tored  

up  in the  l i q u i d :  

3NaA1SiaO s + 4CaO § 2Mg2SiO a ---> 4CaMg(SiOa) 2 + 3NaA1SiO 4. 

T h a t  an  a lka l i  or thos i l ica te  is p resen t  in the  l iqu id  is c lear ly  ev iden t  

f rom the  c o m m o n  presence of t homson i t e  ((Ca,Na,~)Al~SieOs.2�89 

as an in te r s t i t i a l  zeolite.  

The  fo rma t ion  of the  py roxen i t e s  is a ccompan ied  by  en r i chmen t  of 

the  su r round ing  m a g m a  in i ron and  soda. Such m a g m a  gives  rise to 

t he  augi te-p lagioclase- rocks ,  d e v o i d  of o l iv ine  and  cha rac te r i zed  by  

a b u n d a n t  p lagioclase  and a s t rong ly -co loured  pyroxene ,  r icher  in 

i ron and d i s t inc t  f rom the  py roxene  of the  py roxene - r i ch  doler i tes  

and pyroxeni tes .  A l r eady  in some of the  pyroxen i tes ,  t he  beg inn ing  

of th is  process can be t r aced  in the  na r row shell  of s t rong ly -co lou red  

(brown to red-brown)  p y r o x e n e  which  man t l e s  the  large  greyish  

pyroxenes  where  t h e y  are  in con tac t  w i th  in te r s t i t i a l  zeol i te .  
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The incorporation of further lime in this iron- and soda-enriched 
magma leads to more fundamental changes. The plagioclase now 
begins to be resorbed and becomes mantled by nepheline. The 
pyroxcne acquires a distinctly red-brown and purplish tint and has 
markedly different optical properties from those of the pyroxenes of 
the pyroxenites. The process of replacement of plagioclase with its 
resorbed borders surrounded by nepheline is admirably illustrated in 
the thin sections, and all gradations between an augite-plagioclase- 
rock and an augite-plagioclase-nepheline(hydronephelite)-rock can 
be traced. In some cases wollastonite is simultaneously precipitated, 
but it is more common in more intensely hybrid types. 

Throughout these changes there is clearly an enrichment of the 
pyroxene in titanium, indicated in the purplish tint which it more 
and more assumes. What is the fate of the plagioclase ? The pro- 
ductioa of nepheline is clearly a~ desilication of the albite molecule 
in the presence of lime. The fate of the anorthite in this resorption 
is manifest when the nature of the titaniferous pyroxene is investi- 
gated. The analysis already given of the titanaugite from the 
melilite-bearing nepheline-dolerite shows that  the pyroxene contains 
excess lime and alumina (23.6 % CaO, 10.3 % A1208) , which in the 
molecular composition can be expressed al ternat ively as 10.1% 
CaSi03, 10-3% A12or 03, as 19.0% CaA12SiO 6. The norm of the analysis 
shows 26.46 % of anorthite and 11.24 % of larnite. The meaning of 
the resorption of the plagioclase is cIear: it gives place to nepheline 
and a lime-alumina-enriched pyroxene, which characterize these 
nepheline-bearing rocks. With excess lime the formation of melilite 
begins. This is especially noted at the immediate junction of the 
augite-p!agioclase-rocks with the altered chalk. 

The resulting rocks are titanaugite-meliIite-plagioclase-(nepheline) 
assemblages passing into plagioclase-free varieties. The melilite is 
produced partly at the  expense of titanaugite and plagioclase or 
nepheline. The rocks bear large crystals of both titanaugite and 
melilite, but there is clear evidence that melilite is the later crystal- 
lized product, and bears a reaction relation to the titanaugite. How- 
ever large the titanaugite crystals they never enclose melilite. On 
the contrary, melilite crystals may be seen to enclose rounded and 
corroded crystals of the titanaugite, though it is not to be inferred 
that  melilite is not also precipitated directly from the liquid. The 
titanaugite contains but insignificant quantities of alkalis; the 
melilite, on the other hand, despite its high content of lime, must 
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be considered an alkali mineral. The analysed material Shows 
3.93 % Na20 , and quantities of a lihe order are characteristic of 
ordinary humb01dtilites. Molecularly this soda percentage corre- 
sponds to 10 % of the pure soda-sarcolite Or lagoriolite. In  the 
norm it is expressed as 19 % nepheline. The conversion of titanaugite 
(as solid Or in solution) into melilite demands a reacting sodic liquid 
which is here available indirectly or directly as albite in plagioclase 
or as nepheline. This making over of plagioclase and pyroxene into 
meiilite may  be expressed by reactions such as : 

(1) CaMg(SiOa) ~ + CaO ----> 2CaO.MgO.2SiO 2. 
(diopside) [gkermanite) 

(2) 2(CaAl2Si=Os)+aCaO --> 2CaO.Al~Oa.SiO~+3CaO.A12Oa.3SiO a. 
(anorthite) (gehlenite) (pseudo-sarcolite 

(3) CaA12SiO~ § 2CaO 4- 8102 ---> 3CaO.A12Oa.3SiO ~. 
(Wahl silicate) (pseudo-sarcolite) 

The evident desilication of the albite molecule, which gave rise to 
the nepheiine in the nepheline-dolerite type, is now a desilication 
with orth0silicate entering the melilite molecule as soda-sareolite 
(3N%O.ALO~.3Si02); excess alumina and silica with lime yielding 
more pseudo-sarcolite and wollastonite, which is So common as an 
accessory in these rocks. Such soda as is not  incorporated in the 
melilite crystallizes out as nepheline, Melilite thus accumulates at 
the expense of pyroxene, plagioclase, and nepheline. In  the extreme 
examples, where plagioclase is completely absent, wollastonite is most 
abundant. 

Tt~e Melilite-rocks.--The general absence of t i tanpyroxene and the 
presence of aegirine and perovskite render these assemblages of 
special interest. They are, moreover, extremely restricted in their 
distribution, being found as small lenses and patches, usually sur- 
rounded by the metasomatized chalk. They have clearly arisen 
from magmatic solutions reacting with chalk, and are examples of 
extreme hybrids. I t  must be pointed out  tha t  these rocks are not 
to be confused with the mctasomatized chalk bearing a gehlenitic 
melillte associated with spurrite, &c. They are clearly related to 
the titanaugite-melilite:rocks, as is proved by their texture, their 
occurrence with sharp junctions against the altered chalk, and the 
very occasional presence of small amounts of t i tanaugite in some of 
them. Moreover, they are rich in wollastonite, a mineral which is 
restricted to the borders of flint nodules in the endogenous contact- 
zone. 
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The analysis of a typical assemblage (p. 448) is especially remark- 
able for its exceedingly low magnesia compared to iron oxides and the 
relatively high soda and titania, considering the extreme amount of 
lime assimilation that  has taken place. I t  is clearly not a direct 
hybrid between olivine-dolerite and chalk, for it contains as much 
soda as this rock. In its Fe/Mg ratio and content of titania and 
soda, its relation to the analysed nepheline-dolerite is made clear. 
Reference to the table on p. 459 shows that  this melilite-rock is closely 
comparable to a mixture of 100 parts of nepheline-dolerite and 20 
parts of CaO. Somewhat lower Na,,O and higher iron oxides 
characterize the melilite-rock, and it is enriched in TiOz. The 
analysis, however, supports the conclusion that  these assemblages 
are essentially a product of interaction of a residual alkali liquid 
(comparable to the analysed nepheline-dolerite) with limestone. 

The formation of the predominant melilite and wollastonite results 
from an interaction in the liquid of titanaugite, nepheline, and CaO. 
The titanium of the nepheline-dolerite magma is precipitated along 
with melilite as perovskite, which appears for the first time in these 
rocks. In the nepheline-dolerite the titanium is held in the titan- 
augite. The residual liquid left after the precipitation of melilite 
was enriched in ferric oxide, which is abundantly precipitated later, 
as magnetite, in the interspaces, together with apatite, wollastonite, 
and aegirine, the crystallization of which results from a reaction 
between alkali silicate and the concentrated ferric oxide. The 
formation of aegirine is even extended into the vesicle stage, for it is 
found projecting from the borders of vesicles into the thomsonite of 
the interior. 

~umy~,ary. 
The course of assimilation and differentiation illustrated in the 

rock assemblages may be schematically represented in the following 
diagram (p. 465). The important part  that complex pyroxenes play 
in the genesis of these assemblages will have become apparent from 
the preceding discussion. 

Assimilation of lime t>y the olivine-dolerite magma leads first to the 
formation of pyroxene-rich dolerites and ultimately pyroxenites, by 
conversion of the hypersthene molecule of the augite and conversion 
of olivine to monoclinic pyroxenc. This process is accompanied by 
enrichment of the pyroxenite in Mg relative to Fe. The liquid is 
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correspondingly enriched in Fe and this is one of the most striking 
chemical features of the rock series, as given below : 

Fe/Mg. 
Pyroxenite (Pyroxene) . . . . . . . . .  0-71 
Pyroxene-rich dolerite . . . . . . . . .  1.25 
O l i v i n e - d o l e r i t e  . . . . . . . . . . . .  1 . 6  

Titanaugite-melilite-rock . . . . . . . . .  8.3 
Nepheline-dolerite . . . . . . . . . . . .  13.0 
Melilite-rock . . . . . . . . . . . . . . .  19.-0 

The formation of the pyroxene-rich rocks leaves a magma enriched 
in plagioclase, soda, and iron (strongly), which corresponds to the 
olivine-free augite-dolerites with their dark-eoloured augites. Further  
assimilation of lime leads to the formation of an augite-plagioclase- 
nepheline-rock, in which the evidence for the resorption of plagioclase 
is well seen, giving place to nepheline and a titaniferous lime-augite 
rich in alumina. 

These assemblages are limited to the hybrid zone, and occur in 
segregatory patches and even in small veins, pointing to a la ter  con- 
solidation and a mobili ty superior to tha t  of the pyroxenite type. 
In  them areas composed almost wholly of ti tanaugite and nepheline 
(hydronephelite) give the nepheline-dolerite assemblage. 

More intense absorption of lime at the immediate contact  intro- 
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ducts a new mineral among the crystallizing products, viz. mclilite. 
This may arise primarily in the liquid from pyroxene and plagioclase 
molecules and also by a reaction of already crystallized pyroxene 
(which becomes resorbed) with the liquid. Ultimately all the 
plagioclase is used up in the production of melilite, or titanaugite 
and nepheline, and a melilite-titanaugite-rock, usually with nepheline 
commonly partly converted to thomsonite, is produced. 

Lastly, the melilite-rocks, with their constituent wo]lastonite, 
perovskite, and aegirine, arise by interaction of lime and an alkali 
magma of nepheline-dolerite composition. I t  is only in these titan- 
augite-free rocks that perovskite figures as a rock constituent. 

The conversion of limestone into lime-silicates in solution in 
igneous magma is undoubtedly a strongly endothermic process. I t  
is in harmony with this fact that  we find the zone of hybrid rocks 
is limited and local in its distribution. I t  is clear, however, that 
sufficient heat was available to incorporate carbonate into silicate 
solution with the precipitation of abundant diopsidic pyroxene and 
a resultant modification of the residual liquid. The nature of the 
assemblages of the exogenous contact-zone and the occurrence of 
wollastonite with basic plagioelase in place of grossular in the hybrid 
zone are additional features which point to a high temperature at 
the contact. I t  will be remembered that  grossular is formed only at 
a late stage of the reaction process, corresponding to lower tempera- 
tures, and then at the expense of melilite. In fact, the series titan- 
augite-meli]ite-grossular is a reaction series in the same sense that  
augite-hornblende-biotite forms a reaction series in normal differentia- 
tion. The coarse grain-size of the hybrid zone, together with its 
vesicular character, is a very striking feature. The carbon dioxide 
derived from the assimilation of the chalk has, doubtless, assisted in 
decreasing the viscosity of the melt and permitted the free growth 
of comparatively large crystals, besides being responsible for the 
abnormal development of vesicles formed at a late stage of the con- 
solidation. 

In conclusion, we may add that the production of a basic alkali 
residuum in the manner detailed in the foregoing is unmatched 
among the described occurrences of alkali-rocks. The occurrence 
of a leucite-bearing zone surrounding inclusions of limestone from 
pyroxene-andesite at the volcanic centre of Merapi, Java, described 
by Brouwer, 1 has not yet been clearly worked out to yield any con- 

1 H. A, Brouwer,  Proe. Roy. Acad. Amsterdam,  1928, vol. 36, p. 492. 
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cise idea of the manner of production of this alkali-rock. These two 
occurrences, among others, have been used by Shand, 1 in a recent 
paper, to support the assimilation hypothesis of the origin of alkali- 
rocks. To this suggestion the writer would strongly demur, Rather 
is the Scawt Hill contact-zone, with its very limited hybrid zone 
and dominance within it of pyroxene-rich dolerite and pyroxenite 
assemblages, to be taken as an example of the restricted potentiality 
of igneous magma, to generate alkali types by assimilation. 

EXPLANATIO:N OF PLATES XV[I A~D XVIH. 

Photomicrographs of thin sections of rocks from the dolerite-chalk 
contact of Scawt Hill, Co. Antrim. (Magnification • 22.) 

FIG. I. Olivine-dolerite. The typical rock of the intrusion: olivine, augite, 
labradorite, and iron-ores, with subophitic texture. 

FIG. 2. Pyroxenite. ldiomorphic diopsidic pyroxene with some interstitial 
labradorite and thomsonite. The labradorite in process of replacement by 
thomsonite. Note the paucity of iron-ores. 

FIe. 3. Wollastonite-bearing augite-dolerite. A large wollastonite crystal 
enclosing magnetite occupies the centre of the field. Zoned brown augite, 
plagioclase, sphene, iron-ores, and interstitial thomsonite. 

Fie. 4. Titanaugite-meli]ite-rock. Shewing resorption of p]agioclase (centre) 
mantled by nepheline, which borders a large altered melilite crystal enclosing 
titanaugite. 

Fie. 5. Titanaugite-melilite-rock. Showing resorption of plagioclase to give 
nepheline. Altered melilite, zoned titanaugite, and vesicles of thomsonite. 

Fie. 6. Titanaugite-nepheline-melilite-(plagioclase)-rock. The clear idio- 
morphic crystals are nepheline partly wrapped around by titanaugite and 
melilite, l~esorbed plagioclase is present in adjacent parts of the section. 

FIe. 7. Titanaugite-plagioclase-nepheline-rock. Showing resorption of plagio- 
elase to give nepheline (above the cavity). Intergrowths of augite and nepheline 
are also visible against resorbed plagioclase at the top of the photograph. 

FIG. 8. Nepheline-dolerite. Intergrowths of titanaugite and nepheline (in 
part changed to hydronephelite), iron-ores, and prisms of apatite. 

FIG. 9. Titanaugite-melilite-wollastonite-rock (contact). The photomicro- 
graph shows the junction of the hybrid rock with the altered chalk (at left-hand 
top corner) against which follows a zone of melilite passing out into titanaugite, 
and a finger-like intergrowth of wollastonite and thomsonite. Pseudomorphs of 
thomsonite after nepheline are seen at the bottom right corner. 

FIC. 10. Titanaugite-meli]ite-wollastonite-nepheline(thomsonite)-rock. Show- 
ing a large tabular crystal of melilite enclosing rounded and resorbed grains of 
titanaugite. 

1 S. J. Shand, Geol. Mag., 1930, vo]. 67, p. 415. 
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FIo. 11. Titanaugite-melilite-nepheline-rock. The centre of the field is occu- 
pied by a resorbed crystal  of melilite forming a nucleus to a feathery aggregate 
of green augite. Large crystals of t i tanaugite are seen below to the left. The 
clear ground is thomsonite after nepheline, and wollastonite is seen in the top 
left corner. 

Fro. 12~ Melilite-rock. A large mclilite crystal with altered borders (cebol- 
life) is seen on the left. The clear areas represent  wollastonite, while much 
aegirine and magnetite are present. These wollasgonite-aegirine-magnetito areas 
occur as an interstitial base between the large melilite crystals. 
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