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Introduction.

N the following pages an account is given of the rock assemblages

produced at the contact of a dolerite 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.? but
some additional data are incorporated in this account. The study
possesses more than local interest for two reasons: (#) 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; () 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. 1In particular, the nature and magnitude of the effeets
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 believed 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 north 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 well-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 of the two rocks. A little to the
east the chalk is cut off by a fault, which lets down basalt against it.
On the slope below the SK. 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.

Fic. 1. Scawt Hill, Co. Antrim, viewed from the east. The vertical
junction of the chalk and dolerite is well seen in the
contact on the right.

The steep, almost vertical, slope above the chalk contact on the
south-eastern side must represent the actual junction for some vards
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 x 200 yards
dimensions, and the visible line of exposure along the chalk margin
18 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 detrital 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 tégture 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

cg?2
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immediate vicinity of the chalk. Here within a few feet it rapidly
changes its texture and composition: it becomes coarser grained,
often strongly vesiculated, and variable in composition from point
to point. However irregular the junction between the modified

F16. 2. Northern contact of chalk
and dolerite, Scawt Hill.

dolerite and altered chalk may be, the line of contact is always
a sharp one. This modified dolerite zone, although at the most only
a few feet wide, is clearly a hybrid one, as the nature of its mineral
assemblages attests. It will be referred to hereafter as the endo-
genous contact-zone.

Tae ExocENoUs CONTACT-ZONE.

The zone of silicates at the immediate contact with the intrusion
1s of variable width. At the northern contact the width is only
a few inches and the rock consists principally of a dense-grained
larnite type. At the southern contact the silicate zone is wider and
more varied in its constitution. It probably nowhere exceeds two
feet in width, and may be much less. This silicate zone passes out
into a coarse marble for a few inches and then grades into the
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normal chalk with its flint nodules. The latter in the silicate zone
often retain their identity, but are usually separated from the normal
silicate zone by a narrow sheath of wollastonite. Not only the width
but also the nature of the silicate zone varies from place to place.
At one point the chief ‘product may be a spurrite-rock, at another
a larnite 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-larnite-gehlenite.rock.

Spurrite-gehlenite-merwinite-spinel-rock (with or without larnite).
If calcite be present in any of these assemblages it is not found in
direct contact with larnite, which in its vicinity gives place to
spurrite :

202,810, + CaC0,; —> 2(a,810,.CaC0;.
(larnite) (spurrite)

A detailed mineralogical account of these assemblages has already
been published,* but some further mineral data are now available
and are included here. The following is a list of the minerals
recorded from the exogenous contact-zone :

Calcite Magnetite
Chalcedony Chalk Perovskite
Spurrite Wollastonite
Larnite (e and v} Xonotlite
Merwinite Gyrolite
Gehlenite Afwillite
Spinel Ettringite

Perovskite—In many of the contact assemblages perovskite is
present as minute coloured octahedra or grains which do not show
any sign of birefringence. These grains are very sporadic in their
distribution.  Occasionally at the immediate contact the grains
reach larger dimensions, and are then noticeably birefringent as they
uniformly are in the hybrid rocks. The source of this titanium is
without doubt the olivine-dolerite.

Wollastonite.—This mineral is not a normal constituent 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 available for its production. Flint nodules in the contact-
zone retain their identity as such, and are enveloped by spurrite-

1 C. E. Tilley, Min. Mag., 1929, vol. 22, pp. 77-86.
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larnite assemblages. At the junction the spurrite and larnite 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 flint. In some examples the chalcedony of the
flint has recrystallized near the edge to a coarser aggregate 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 mm. in length. The optical properties of these fibrous aggregates
are sufficiently distinctive to indicate that they are xonotlite
(5 CaBi0, H,0): « 1-678, 4 1-590, elongation positive, 2V small or
nearly uniaxial. This occurrence of xonotlite resembles in some
respects its occurrence at Leesburg, Virginia, where Shannon?! has
described xonotlite as radiating masses filled with pearly wollastonite
of fine-bladed structure among the contact produets of dolerite and
Triassic limestone.

Afwillite—The occurrence of this mineral has already been
recorded,” and in association with it is found ettringite. An account
of this rare mineral is deferred.

Gyrolite.—Like afwillite and ettringite, this mineral occurs in
cavities in a crust: to a spurrite contact-rock, and it is as clearly of
secondary origin. It appears as flat plates up to one millimetre
across and possesses a perfect basal cleavage. Optical examination
shows that it is in part uniaxial and in part biaxial, the uniaxial
part forming a zone wholly or partly surrounding a biaxial centre.
The refraction is w 1.59, birefringence negative, density 2.3. The
mineral appears to be one of the degradation products of spurrite.

Discussion.—The mineral assemblages of the contact-zone bear
witness to the intense metasomatism which has locally affected the
limestone. The purity of the chalk— apart from the flint nodules—
outside the silicate zone clearly denotes that solutions from the
dolerite magma enriched the contact-zone in many of its constituents.
The migration of silica is attested in the abundant spurrite and
larnite assemblages, but a more complex metasomatism is indicated
in the assemblages bearing gehlenite, merwinite, spinel, and perov-
skite. Tostudy in more detail the nature of this metasomatism an

1 E. V. Shannon, Proc. U.S. Nat. Museum, 1925, vol. 66, art. 28, p. 11. [Min.

Abstr., vol. 3, p. 204.]
2 C. E. Tilley, Geol. Mag., 1930, vol. 67, pp. 168-169.
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analysis of a spurrite-gchlenite-merwinite-spinel-rock has been made.
The mineral composition of the rock in weight percentages is spurrite
51, spinel 18, merwinite and gehlenite 30. The analysis is given
in the accompanying table (column 1), The composition is seen to
correspond closely to a mixture of 100 parts of the analysed olivine-
dolerite plus 72 parts Ca0O (column 3). Tt would appear, therefore,
that in this and similar assemblages there has been an infiltration of
olivine-dolerite magma with little, if any, selective diffusion.

(1 (2) (3)
80, ... .. 22-52 2370 271
ALO, ... .. 1011 10-64 9-4
Fe,0, ... .. 4-58 482 . L4) ..
FeO - . 2e0 53050 8T 4903
MgO ... . 4-93 519 5.0
Ca® ... .. 4636 48-80 48-8
Na,0 ... .. 1-06 112 1-3
K0 ... .. 0-05 005 0-2
HO-— ... .. 0-08 0-09 D 06
H,0+ ... 0-78 0-80 )
€O, ... .. 508 — —
TiOy ... .. 0-57 0-60 06
PO, ... .. 019 0-20 01
80 ... ... 0-49 0-51 —
FeS ... .. 0-18 0-19 .-

99-88 99-76 100-0

(1) Spurrite-merwinite-gehlenite-spinel-(calcite)-rock.  (Analyst, Fresenius
Chemical Laboratories, Wiesbaden.)

(2} Analysis (1) recalculated to zero CO,.

{3) Mixture of 100 parts Scawt Hill olivine-dolerite plus 72 parts CaO
(corrected to 100 %,).

There are other assemblages where there is reason to believe that
igneous solutions of different composition have penetrated the chalk,
but the effects there noted are more localized, confined to lenses and
veins, and therefore more appropriately described in the section
dealing with the changes produced in the endogenous contact-zone
(p. 463).

The Scawt Hill contact-zone is unique in its mineralogy. Else-
where assemblages of this bulk composition are mineralogically
represented by wollastonite-calcite in place of larnite-spurrite, while
the more complex spurrite-larnite-merwinite-melilite(gehlenite)-
spinel association would be represented by wollastonite-diopside-
grossular-(idocrase)-calcite assemblages. Wollastonite here is pro-
duced only in contact with silica, as around flint nodules. In the
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reversible equilibrium Ca8i0, 4 CaC0;2>Ca,Si0, + CO,, 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 ! and Eitel,2 the former
by heating CaCO, and Ca,Si0, with 10 % NaCl solution at tempera-
tures of 350-400° C., the latter from a melt at 120 atmospheres CO,
pressure. According to Eitel, a-spurrite melts incongruently with
separation of B-Ca,Si0, at 1380°C., 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
mouticellite and CaySi0,.

This unusual character of the Scawt Hill 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-Ca,8i0,), 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.

Tue ENXDOGENOUS CONTACT-ZONE.

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

Augite Anorthoclase
Labradorite { Nepheline
Olivine . Magnetite
Magnetite Dolerite Ilminite
[Serpentine, chlorite] Pyrite
Apatite Pyrrhotine
Titanaugite Calcite

1 B, 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

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) :
() Titanaugite-plagioclase
(b) Titanaugite-plagioclase-nepheline }assemblages.
(¢} Titanaugite-nepheline(hydronephelite)
Titanaugite-melilite-rocks (p. 454) :
(@) Plagioclase-bearing types, with nepheline.
(6) Plagioclase-free types, with nepheline (often converted to thomsonite)
and wollastonite.

Melilite-rocks, 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. XVTI, fig. 1), like many of the dolerites of the Hebridean ¢ platean
magma basalt’ type. It 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 plagioclase, which is the
dominant mineral, forms about 50 % of the rock. Its composition
is, approximately, AbgAng, (¢’ : (010) = 35°,  1-571). The pyroxene,
with which it is ophitically intergrown, is a colourless to grey-brown
variety with a 1:69, 4 1.71,y :c = 45°, optically positive. The olivine,
which is of early crystallization, being frequently mantled by the
pyroxene, is an optically negative type and quite colourless. It has
suffered some serpentinization. The iron-ores have the habit and
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0y @ (3 (4) (5 (6)

Si0, ... 47-55 46-77 42-24 37-54 29-14 22-52

Al,O5 ... 16-18 14-93 13-16 13-39 10-46 10-11

Fe,04 ... 2-46 2:20 4-48 3-60 8-54 4.58

FeO ... 8-35 5-65 12-61 11-95 7-85 2-90

MgO ... 8-62 7-87 1-66 2-36 1-06 4-93

CaO ... 11-86 17-87 13-66 21.25 28-40 46-36

Na,0 ... 2:19 1-50 3-84 1.50 2-18 1.06

K,0 ... 0-35 0-29 0-78 0-38 0-19 0-05

H,0— ... 0-42 0-24 0-48 0-05 0:41 0-08

H,0+ ... 0-80 1-72 4-48 571" 5-17 0-78

Co, .. 0-03 0-16 0-12 0-20 3-02 5-08

TiO, ... 1-11 1-06 1-81 2-04 2-17 0-57

P,0, ... 0-14 0-28 0-60 0-64 0-68 0-19

MnO ... . 0-16 . 0-09 0-30 — - 034 —

BaO ... 0-02 trace 0-06 — . 0.07 —

N trace 0-02 0-21 — 0-30 0-49 (803)

Cl — — — — 0-06 0-18 (FeS)
F — — — — 0-02 —

V.0, ... e — — — — 0-03 —

Ni0O ... — trace — — — —

100-24  100-65 100-49  100-61 100-09 99-88

Fe/Mg ... 1-6 1-.25 13-.0 8-3 19-0 1.8

(1) Olivine-dolerite, Scawt Hill. (Analyst, H. F. Harwood) (p. 447).

(2) Pyroxene-rich dolerite. (Analyst, H. F. Harwood) (p. 450).

(3) Nepheline(hydronephelite)-dolerite. (Analyst, H. F. Harwood) (p. 452).

(4) Titanaugite-melilite hybrid rock or melilite-bearing nepheline-dolerite.
(Analyst, Fresenius Chemical Laboratories, Wiesbaden) (p. 456).

(5) Melilite-rock (hybrid zone). (Analyst, H. F. Harwood) (p. 459).

(6) Spurrite-merwinite-gehlenite-spinel-(calcite)-rock (metasomatized chalk).
(Analyst, Fresenius Chemical Laboratories, Wiesbaden) (p. 445).

The normative compositions of these rocks are as follows:1

(1) (2) (3) 4) (5)
Orthoclase ... 2-2 1-6 4-5 — —
Albite 18-3 8-5 11-3 - _
Nepheline ... — 2.2 11.5 86 10-5
Anorthite ... 334 33-1 16-4 30-3 18-2
Diopside ... 20-0 42.4 40-1 36-6 13-9
Hypersthene ... 7-1 — — — -
Olivine 11-9 4.4 —_ 30 —_
Wollastonite . — — 0-3 — 2-6
Larnite ... . ... — —_ — 10-3 237
Magnetite ... 35 3-2 6:5 55 12-4
Ilmenite ... 21 20 34 4-1 4.1
Apatite ... 0-3 0.6 14 1-6 1-4
Calcite ... s — — — — 6-9
Water 1.2 1.9 49 — 5-6

1 Such K0 as is not incorporated in normative orthoclase is here computed
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character of magnetite and are magnetic, but must contain the bulk
of the titaninm. 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 percentage of the
pyroxene cannot be appreciable. The hypersthene of the norm does
not, of course, occur as such in the mode, but is present in  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 majority 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 dominant pyroxene is a grey to grey-brown variety, not
infrequently zoned, with the outer shell more strongly coloured.
Olivine .is always very subordinate and in many examples is
altogether absent. Felspar is typically reduced to an 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 analeime are present not only in the vesicles, but
also form a residual base in places, though never large in amount.
It is clear that the interstitial plagioclase has been attacked and is
often replaced by thomsonite or even analcime. In one example
hydronephelite replaces the plagioclase-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. It 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 dolerite with « 1-69 and the highest value for
y 172, Tron-ores are, as before, magnetite. The plagioclase is an
optically positive labradorite of similar composition to that in the
dolerite already described (Ab,;), 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-
minous (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. XVII, fig. 2). Thomsonite and a little
analcime  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. It 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 o 1-698
and 1.730; y:¢ = 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 that of the rock Fe/Mg = 0.71, compared to Fe/Mg for
the olivine-dolerite 1.6. The precipitated pyroxene is enriched in
diopside molecules (Di 72-8, Hd 17-4). It is noteworthy also that
the pyroxene contains significant alumina. We shall sce that in the
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pyroxenes generated by further lime assimilation, this oxide figures
to a much larger extent in the pyroxenic constitution.

SiO, 49-31 Molecular composition.
TiO, 1-26 Diopside ... 72:79 ) g0.99
Al,04 e 4-60 Hedenbergite s 17-43
Fey04 2-38 (Fe,Mg)SiOy ... 2-35
FeO 5-57 Al,O4 4-60
MgO o 1402 Feg0, 238
CaO 22.71 8i0, (excess) 0-30
99-85 99-85
Fe/Mg ... 0-71

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 distinguished
both from the dolerite and pyroxenites by the nature of the essential
pyroxene. They are rich in a strongly-coloured pyroxene, recog-
nizable in the field and in hand-specimens by its lustrous black colour,
and in thin section appearing in varied shades of brown, green-brown
passing into red-brown, and purplish tints, thus denoting a significant
titanium content. The rocks are typically medinm to coarse grained,
the average grain-size being 2-3 mm., but in extreme examples the
augites may reach an inch in length. These dssemblages are
restricted to the endogenous contact-zone and are found in close
association with the pyroxenites, passing out into them and occur-
ring in segregatory patches and even in small veins through the
dolerite on the edge of the contact-zone. Mineralogically they may
be grouped into (@) Augite-plagioclase-rocks, (b) Augite-plagioclase-
nepheline-rocks, and (¢) Augite-nepheline-rocks. Collectively they
represent an important stage in the differentiation process in the
endogenous contact-zone and are the complement of the pyroxenites,
originating from the dolerite magma by enrichment in Na,O and FeO
by segregation of these constituents during the formation of the
pyroxenites. This enrichment has been accompanied by a further
lime assimilation.

In some of the pyroxenites, the beginning of the process of iron
enrichment of the residual liquid is indicated by the outgrowth of
a narrow brown zone to the light-coloured pyroxene, where this is
bordered by the residual liquid, now in part represented by zeolitic
material. This process culminates in a liquid 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
(Ang—Angg) and is in places in process of replacement by analcime
or thomsonite or both. The entry of nepheline in these rocks is at
the expense of the plagioclase, which is resorbed, 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. It 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 intergrown 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 pyroxene-rich nepheline-dolerite with
acicular purple augites up to half an inch in length, with the optical
properties @ 1.73, y 1.75, y : ¢ = 55°, pleochroism y yellowish-brown,
B ruddy-brown, « 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 (w 1490, € 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-plagioclase 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. It may also be compared with analyses of bekin-
kinites and fasinites, e.g. those described by Lacroix! 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 composition
8i0, 46-60, Al,0, 6:07, Fe,0,4-85, Fe0 3.72, Mg0 12.21, Ca0 23-88,
Na,0 0-47, K,00-28, Ti0, 1-59, H,0 0-26. It is thus an aluminous
type with excess CaQ expressed as CaSi0, in the molecular com-
position, or as the Wahl 2 silicate, CaAl,8i0;. 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
ingignificant 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 anorthociase, fayalite-
olivine, magnetite, apatite, thomsonite, and small amounts of an
alkali-amphibole. The brown aungite 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.
It 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, 8 green,
y plum-blue; B:¢ = 30°% y =b. The transverse position of the
optic axial plane (L 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.
2 W. Wahl, Tschermak’s Min. Petr. Mitt., 1907, vol. 26, p. 118.
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soda and iron enrichment. It 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, b, 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 constituents are titan-
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 titanaugite. 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 titanaugite of the
titanaugite-nepheline-dolerite. The optical properties are also closely
similar and distinguished by even higher values of the refractive
indices, @ 1-74, y 1.76. The pleochroism is, as before, a red-brown
with a violet tint, 8 red-brown, y 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 :

8i0, .. 40-28
TiO, 3.85 Molecular composition.
AlLO, ... 1030 Diopside ... ... 42.01
Fe,0, . 5-36 Hedenbergite .. 28-24
FeO 7-92 Aegirine 267
MgO . 778 Wollastonite o 10-11
Ca0 23-57 AL O, 10-30
Na,O 0-36 Fe,04 4-43
K,0 trace CaO (excess) e 1.63
H,0 ... 0-19

99-60 9939

Titanaugite, from melilite-nepheline-dolerite, Scawt Hill. (Analyst, Fresenius
Chemical Laboratories, Wiesbaden.) Sp. gr. 3-391.
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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
(CaAlSi0q). 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 in basic alkali-
rocks bearing nepheline and leucite. One example has already been
quoted, viz. the augite of the Madagascar fasinite referred to in the
description of the nepheline-dolerite. H.S. Washington ! has recently
shown that the augites of the basic leucite-rocks of the Alban Hills
are also lime- and alumina rich types, showing 9-10 % of CaSiO, 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 Ca0 24.50, Na,0 0-46, K,0 nil). The titan-lime-augite of
Scawt Hill is of very different composition from the augite of the
olivine-dolerite, with its excess of the hypersthene molecule. At
Scawt 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.
Its 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 seme 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 caleite and scawtite also figure as
degradation products.

Cebolirte, Cag[ Al{OH),},(310,),, first appears as fine brownish fibres
developing along the cleavages and cracks in the melilite, the fibres
standing perpendicular to the cleavage cracks. ~Ultimately, by an
extension of thig process, the whole of the melilite may be converted
to a mass of cebollite fibres. At the same time the cebollite may he
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? from

1 H. 8. Washington and H. E. Merwin, Amer. Min., 1923, vol. 8, p. 104.
[Min, Abstr., vol. 2, p. 305.]

2 E. 8. Larsen and W. T. Schaller, Journ. Washington Acad. Sci., 1914,
vol. 4, p. 480.

mh
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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. Its place is
partly 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. Its distinctive
optical properties—biaxial, optically positive, axial plane across the
fibres, hence elongation B, refraction 1.52-1-53, birefringence 0-012—
distinguish it from other zeolites. Hydronephelite, on the other
hand, is distinetly 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 the borders of the melilite crystals
and forming part of a thomsonitic base derived from the alteration
of nepheline. It 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. It is a green soda-augite of high extinction-
angle and is clearly a late crystallization. It 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
nepheline 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 titanaugite-melilite-rocks 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 brown to honey-yellow colour
and its vitreous inclining to resinous lustre. It builds crystals up
to 11 inches in diameter. The melilite previously analysed and
described! came from these melilite-rocks. The dominance of
melilite in these rocks is such that the remaining minerals may cor-
rectly be said to ocoupy the interspaces between the large melilite
crystals. It is clear that much of the melilite had crystallized before
other minerals were deposited. Only perovskite appears as inclusions

1 C. E. Tilley, Geol. Mag., 1929, vol. 66, pp. 347-353.
Hh 2
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within them, and then only in the peripheral parts of the crystals.
Perovskite in this position is often allotriomorphie, 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-
quently 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. It 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. It is usually partly, sometimes
wholly, converted to thomsonite.

A striking development of grossular garnet is met with in some of
the rocks. It 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-gréined. 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 Térnebohm
(1882), Larsen (1914), and Kranck (1928). Its occarrence at Scawt
Hill together with a green pyroxene deserves closer study and may
well form a separate investigation.

Among the complex products which arise from the alteration of
melilite is the recently described new mineral, scawtite.! 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 that it is formed in

1 C. E. Tilley, Min. Mag., 1930, vol. 22, pp. 222-224.
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part by attack of residual solutions upon the melilite itself. All the
evidence clearly indicates that scawtite is among the latest products
of consolidation of the hybrid rock.

An analysis of a typical melilite-rock is given on p. 448. The rock
carries, in addition to the dominant melilite, wollastonite, perovskite,
magnetite, pyrrhotine, apatite, calcite, and needles of aegirine spring-
ing from the melilite into vesicles full of thomsonite. Nepheline is
absent. The original analysis omitting water and corrected to 100%
is set down below, Perhaps its most striking characteristic is the low
MgO content (1-06 %) and high iron. In these features it resembles
the analysis of the nepheline-dolerite already given. The interpreta-
tion of this analysis will be deferred till the genesis of these rocks is
considered.

0 @) ®3)

8i0y ... ... 3353 37.20 44.63
ALO, ... ... 1204 11.59 13-90
Fe,05... ... 9.83 ) 394 473
FeO ... ... 846 | 10-75 1290
MgO ... .. 1-22 1-46 175
CaO ... ... 2831 28.56 14-27
Na,0 ... .. 2.51 3-38 406
K0 ... .. 0-22 0-68 0-82
TiOp ... ... 2.50 1-59 1-91
P05 ... .. 078 0-52 0-63
Ete. ... ... 0-60 0-33 0-40

100-00 100-00 100-00

(1) Melilite-rock, omitting water and 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 light of the petrographic data set forth in the previous
sections, and the analyses of the chief mineral assemblages of the
hybrid zone, the nature of the processes by which these Tocks came
into being may be more closely considered.

It has been noted that the predominant rock of the hybrid zone is
a pyroxenite which can be traced in all its stages of development
from the olivine-dolerite. An increase in the amount of pyroxene is
adeompanied by a reduction in olivine and plagioclase. The former
is the first to disappear completely, and ultimately there results,
close to the junction, a grey-black rock composed almost wholly of
pyroxene, but usually with a little interstitial 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 Na,O. . 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 ¢ platean
basalt ’ type. The pyroxene 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 agsimilated lime has
been used in converting the hypersthene and olivine molecules of the
dolerite to diopsidic pyroxene.

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 liguid 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,
8i0, 3-06, CaO 7-40, while FeO 2.20 and Na,0 0-58 must  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)8i0;+Ca0+8i0, —> Ca(Mg,Fe)(Si03),.

(2) MgSiO; +FeSiO;+Fey0y 4+ Ca0 —> CaMg(SiOs)g + Fey0,.
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The second reaction provides one possible way in which an enrich-
ment of the residual liquid iniron can come about. It is noteworthy
that in many of the pyroxenites, iron-ores are singularly scanty

(p. 450).
() @) 3) ) ®)

SiO, ... 46-77 46-77 48-05 47-50 47-58
Al,O4 14-13 14-93 16-34 15-19 15-19
Fe,0,4 2:15 2-20 2-48 2-30 2-24
FeO ... 7-29 5-65 843 579 5-75
MgO 7-53 7-87 871 8.09 8-01
CaO ... 17.78 17-87 11-98 1797 17-98
Na,O0 191 1-50 2:21 1-51 1-52
K,0 ... 0-30 0-29 0-35 0-32 0-29
TiO,... 1-0 1-06 112 1.04 1.07
Ete. ... — 2-51 0-33 0-29 0-37

100-65 100-00 100-00 100-00

(1) Mixture of olivine-dolerite : Si0,: CaO = 100:6:8-5.

(2) Pyroxene-rich dolerite.

(3) Olivine-dolerite, analysis corrected to 100 9/, after removal of water.

(4) Calculated composition of a mixture consisting of 100 parts of (3) plus
3-06 8iOy, plus 7:40 CaO, minus 2-20 FeO, minus 0-58 Na,O (corrected to 100 %),

(5) Pyroxene-rich dolerite, analysis corrected to 100 9, after removal of water.

The reaction by which olivine ultimately disappears remains to be
considered. Its conversion to diopsidic pyroxene involves participa-
tion of silica as well as added lime. It appears not improbable that
some of the silica needed for the reaction may be obtained from the
albite molecule of the plagioclase, nepheline molecules being stored
up in the liquid:

3NaAlSiz0g+4Ca0+2Mg,8i0, —> 4CaMg(SiO4),+3NaAlSiO,.

That an alkali orthosilicate is present in the liquid is clearly evident
from the common presence of thomsonite ((Ca,Na,)AlSi,0,4.24H,0)
as an interstitial zeolite.

The formation of the pyroxenites is accompanied by enrichment of
the surrounding magma in iron and soda. Such magma gives rise to
the augite-plagioclase-rocks, devoid of olivine and characterized by
abundant plagioclase and a strongly-coloured pyroxene, richer in
iron and distinet from the pyroxene of the pyroxene-rich dolerites
and pyroxenites. Already in some of the pyroxenites, the beginning
of this process can be traced in the narrow shell of strongly-coloured
(brown to red-brown) pyroxene which mantles the large greyish
pyroxenes where they are in contact with interstitial zeolite.
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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
pyroxene acquires a distinetly 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-
duction of nepheline is clearly a desilication of the albite molecule
in the presence of lime. The fate of the anorthite in this resorption
i1s 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 % Al,0,), which in the
molecular composition can be expressed alternatively as 10-1 %
Ca.SiO3, 10-3% Al,or Oy, as 19-0% CaAl,Si0,. The norm of the analysis
shows 26:46 % of anorthite and 11-24 % of larnite. The meaning of
the resorption of the plagioclase is clear: 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-plagioclase-rocks with the altered chalk.

The resulting rocks are titanaugite-melilite-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 erystal-
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



THE DOLERITE-CHALK CONTACT OF SCAWT HILL, CO. ANTRIM 463

be considered an alkali mineral. The analysed material shows
3-93% Na,O, and quantities of a like order are characteristic of
ordinary humboldtilites. 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
melilite may be expressed by reactions such as:

(1) CaMg(8i0,)s+Ca0 —> 2Ca0.Mg0.25i0,.

{diopside) (dkermanite)
(2) 2(CaAlySi;05)+3Ca0 —> 20a0.A1,04.8i0, + 3Ca0.A1,04.38i0,.
(anorthite) (gehlenite) (pseudo-sarcolite)
(3) CaAlLSi0;+2Ca0 +8i0s —> 3Ca0.Al,0,.35i0,.
(Wahl silicate) {pseudo-sarcolite)

The evident desilication of the albite molecule, which gave rise to
the nepheline in the nepheline-dolerite type, is now a desilication
with orthosilicate entering the melilite molecule as soda-sarcolite
(3Na,0.A41,0,.3810,) ; 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.

The Melilite-rocks.—The general absence of titanpyroxéne 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 bave clearly arisen
from magmatic solutions reacting with chalk, and are examples of
extreme hybrids. It must be pointed out that these rocks are not
to be confused with the metasomatized chalk bearing a gehlenitic
melilite 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 titanaugite 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. It 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,0 and higher iron oxides
characterize the melilite-rock, and it is enriched in TiO,. 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.

Summary.

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 by 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 pyroxene. 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
chemiical features of the rock series, as given below:

Fe/Mg.
Pyroxenite (Pyroxene) 0-71
Pyroxene-rich dolerite 1-25
Olivine-dolerite 1.6
Titanaugite-melilite-rock ... . . 83
Nepheline-dolerite ... .. 130
Melilite-rock ... ... 190

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-coloured 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 later con-
solidation and a mobility superior to that of the pyroxenite type.
In them areas composed almost wholly of titanaugite and nepheline
(hydronephelite) give the nepheline-dolerite assemblage.

More intense absorption of lime at the immediate contact intro-
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duces a new mineral among the crystallizing products, viz. melilite.
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 wmelilite-rocks, with their constituent wollastonite,
perovskite, and aegirine, arise by interaction of lime and an alkali
magma of nepheline-dolerite composition. It 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. It
18 In harmony with this fact that we find the zone of hybrid rocks
is limited and local in its distribution. It 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 plagioclase in place of grossular in the hybrid
zone are additional features which point to a high temperature at
the contact. It 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-melilite-grossular is a reaction series in the same sense that
augite-hornbiende-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 asgimilation 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,! has not yet been clearly worked out to yield any con-

1 H. A. Brouwer, Proc. 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,! 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,

ExPLANATION oF PLaTES XVII axp XVIII.

Photomicrographs of thin sections of rocks from the dolerite-chalk
contact of Scawt Hill, Co. Antrim. (Magnification x22.)

Fra. 1. Olivine-dolerite. The typical rock of the intrusion: olivine, augite,
labradorite, and iron-ores, with subophitic texture.

F1e. 2. Pyroxenite. Tdiomorphic diopsidic pyroxene with some interstitial
labradorite and thomsonite. The labradorite in process of replacement by
thomsonite. Note the paucity of iron-ores.

Fic. 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.

Fia. 4. Titanaugite-melilite-rock. Showing resorption of plagioclase (centre)
mantled by nepheline, which borders a large altered melilite crystal enclosing
titanaugite.

F1e. 5. Titanaugite-melilite-rock. Showing resorption of plagioclase to give
nepheline. Altered melilite, zoned titanaugite, and vesicles of thomsonite.

F1e. 6. Titanaugite-nepheline-melilite-(plagioclase)-rock. ~The clear idio-
morphic orystals are nepheline partly wrapped around by titanaugite and
melilite. Resorbed plagioclase is present in adjacent parts of the section.

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

F1e. 8. Nepheline-dolerite. Intergrowths of titanaugite and nepheline (in
part changed to hydronephelite), iron-ores, and prisms of apatite.

Fra. 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.

F1¢.10. Titanaugite-melilite-wollastonite-nepheline(thomsonite)-rock. Show-
ing a large tabular crystal of melilite enclosing rounded and resorbed grains of
titanaugite.

1 8. J. Shand, Geol. Mag., 1930, vol. 67, p. 415.
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Fra. 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 titanaugite are seen below to the left. The
clear ground is thomsonite after nepheline, and wollastonite is seen in the top
left corner.

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