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THE PETROLOGY OF A
DIFFERENTIATED TESCHENITE SILL
NEAR GUNNEDAH, NEW SOUTH WALES

. J. F. G. WILKINSON

ABSTRACT. - In ascending sequence, the Tertiary Black Jack sill, approximately 500 feet
thick, consjsts of porphyritic and ophitic teschenites which grade into gabbro-type tesche-
nites. Progressive decrease in olivine with increasing height above the lower contacts and
increased amounts of clinopyroxene and iron ores in the upper intrusion levels constitute
the principal modal variations. During differentiation the olivines become more fayalitic
(Fax to Fas) while the plagioclase feldspar is enriched in albite (Anz: to Ans). The
associated bulk titaniferous clinopyroxene undergoes little compositional change with
differentiation (CawsMgsFews to CanMgyFesw). A widespread and characteristic feature of
the teschenites is a microcrystalline alkaline mesostasis, approximating in its chemical
composition to analcite syenite. Evidence is presented suggesting that the variations in the
teschenites and their component minerals can be adequately explained by the mechanism
of fractional crystallization. Gravitative movement of crystals is not believed to have been
a significant factor in the evolution of the sill.

INTRODUCTION
The Black Jack teschenite sill, named from Black Jack Mountain (2.200

feet) which owes its existence to the rocks under discussion. is located four
miles southwest of the township of Gunnedah on the northwestern slopes of
the New England Tableland, approximately 200 miles north-northwest of
Sydney (fig. 1). Coal has been mined from two seams in Permian sediments
which underlie Black Jack Mountain. Differential erosion has revealed the sill
as a near-horizontal circular mass, with an average diameter of one mile. The
intrusion possesses a relatively flat top. bounded by rather steep sides with
frequent extensive outcrops (pl. 1). The degree of preservation of the sill
provides opportunity for the study of material whose location can be fixed in
relation to the intrusion as a whole. As far as outcrops allowed, specimens
were collected on lines radial to the center of the intrusion (sections A to D,
face E), and traverses across the roof of the sill (traverses I to 1) (fig. 2).
In the sections up the face of the sill, specimens were collected from a vertical
or near-vertical columnar outcrop, at least six to twelve feet in height. The
specimens studied have been plotted on a contoured geological map of the
‘intrusion (fig. 2). Table 2 contains details of the height in feet of the speci-
mens above the lower intrusion contacts.

The present study has been primarily one of evaluating the progressive
changes during the evolution of an intrusion of alkali olivine basalt type
(Tilley, 1950). Accent has therefore been placed on the following themes:
(1) modal and textural variation within the rock series; (2) compositional
changes within the principal mineral series and the relations of these minerals
to both the parent rocks and associated minerals; (3) major and minor ele-
ment trends in the rocks and minerals: (1) a discussion of the generalized
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Fig. 1.

Outline map showing the distribution of alkaline basic sills and laccoliths
in New South Wales and southeast Queensland. (1) near Ipswich and Beaudesert (Jensen,
1909; Benson, 1913); (2) west of Kyogle (Browne, 1927) ; (3) Nandewar Mountains
(Jensen, 1907) ; (4) Gunnedah; (5) Liverpool Range, (6) Mit. Royal Range (Benson,
1911) ; (7) Muswellbrook-Singleton area (Raggatt and Whitworth, 1932) ; (8) Prospect,

near Sydney (Jevons et al, 1911, 1912; Browne, 1924) ; (9) Southern Coalfield (Edwards,
1953) ; (10) near Bombala (Browne, 1927).

PLATE 1

The Black Jack sill from a point 14 miles east of the intrusion. The arrows A-D
indicate the approximate locations of sections A-D. Face E is on the opposite side of
Black Jack Mountain, in the area between sections B and D. Note the relatively flat top

to the intrusion, and the terrace marking the junction between the teschenites and sedi-
ments of the Black Jack Formation.
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cooling history of the intrusion and the differentiation mechanism (or me-
chanisms) responsible for any variation in (1) (2) and (3).

Aspects of (2) concerning the olivines, clinopyroxenes and titanomag-
netities have already been discussed (Wilkinson, 1956b; 1957a; 1957b). The
present paper deals primarily with (1) and (4), plus certain aspects of (2)
and (3). Wherever possible, comparison has been made with certain features
of tholeiitic rocks. It is proposed to deal with the minor elements of the
teschenite rock and mineral series in a subsequent paper.

References to the Black Jack rocks have been made by Kenny (1928;
1929). Hanlon (1947;: 1949). Walker and Poldervaart (1949, p. 633) and
David (1950, p. 578). David (op. cit., p. 578-582) has summarized the role
of alkali olivine basalt magma in Eastern Australia. At present, undersaturated
basic alkaline intrusions (nepheline- or analcite-bearing) are known in an
area extending from southeast Queensland to southeast New South Wales
(fig. 1). The writer has also found intrusions of teschenite to be frequent
field associates of lavas belonging to the New England Tertiary alkali olivine
basalt province, particularly in the area between Armidale and Glen Innes.

TasLe 1
The Permian Sequence in the Gunnedah Area
(after Hanlon. 1947: 1919: D. Hill, 1955, fig. 5)

Permian
units in the Approx.
Gunnedah  Thick- Permian sequence in the
area ness Lithology Hunter Valley, near Newcastle
Black Jack 550 feet sandstones, shales, conglomerates, Newcastle and Tomago
Formation cherts and minor bands of lime- Coal Measures
stone; two coal seams
2 ' Mulbring Sub-Group
Gladstone 300 almost entirely shales with odd 3 =
Formation bands of conglomerate and 3
carbonaceous matter -
. R E Branxton Sub-Group
gorcup{ne <;111dlstone§ with beds of = (Artinskian-
ormation conglomerate = Kungurian)
Lower Coal 200 shales with abundant Greta Coal Measures
Measures Glossopteris
Boggabri acid to intermediate lavas and Dalwood Group®
Volcanics tuffs; amygdaloidal basalts

* Formerly Upper Marine Series (David, 1950, p. 340).
* Formerly Lower Marine Series (David, op.cit., p. 338).

GENERAL GEOLOGY OF THE INTRUSION

The general geology of the Gunnedah area has been discussed by Hanlon
(19475 1949, especially pl. XVI). The main units are Permian, Triassic and
Tertiary. Regional dips of the Permian and Triassic are generally of the order
of 5° to 10° in a general southwesterly direction, with broad shallow flexures
superimposed over the regional dips. The Permian sequence has been sum-
marized in table 1, together with correlations with the type Hunter Valley
sequence (after D. Hill. 1955). Of the Permian units, only the Black Jack
Formation is developed in the vicinity of the sill (fig. 2). The lateral per-
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sistence of marker horizons (chert bands and coal seams) in the Black Jack
Formation indicates the absence of powerful deformation accompanying the
intrusion of the basic rocks. However zones of minor disturbance occur within
the colliery workings. Thus two northeast-trending tensional faults occur in
the vicinity of the northwest and southeast teschenite contacts in figure 2. The
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Fig. 2. Geological map of the Black Jack sill.
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Triassic sediments lying above the Black Jack Formation vary in thickness
from 80 to 100 feet. At a height of approximately 1,700 feet, the lower
teschenite contacts are encountered. Unfortunately both thick scree cover and
differential erosion gullies in the vicinity of the contacts have so far prevented
the discovery of chilled teschenite selvages.

As now revealed, the generally concordant Black Jack intrusion possesses
an average thickness of approximately 500 feet, and appears to dip at low
angles to the southwest. Greater thicknesses of teschenite probably exist at
King Jack (2470 feet). 3 miles to the southwest. Above the base of the Black
Jack sill and occurring within it. are four “slabs” of Triassic sediments
(dominantly thin-bedded friable sandstones). These rocks have not been
tilted away from the regional dip.

PETROGRAPHY

Although the mineralogical constitution of the teschenites remains rela-
tively constant, the principal variation exists in their grainsize and fabric, and
in the habits and relative percentages of the component minerals. The latter
variation is not sufficient to carry the rocks outside the teschenite group. The
writer has previously discussed the varying meaning and emphasis of the
terms “teschenite” and “crinanite” (Wilkinson, 1955).

As in the tholeiitic Skaergaard intrusion (Wager and Deer. 1939, p. 87),
two generalizations greatly simplify the petrography of the various rock types,
namely: (1) rocks of the same horizon are similar, except for occasional
differences in relative abundance of the minerals; (2) the difference between
average rocks of different horizons is a gradual one, being a function of the
height of the rock in the intrusion. For petrographic purposes the Black Jack
rocks can be most conveniently classified on a basis of textural differences,
according to the three-fold scheme proposed by Walker (1923a: 1923b) for
the Scottish teschenites.

(1) Porphyritic or basalt type.—Characterised by conspicuous pheno-
crysts of fresh olivine and titanaugite, frequently forming glomeroporphyritic
ageregations. The grain is fine to medium (pl. 2-A; Walker, 1923b, pl. XI,
fig. I).

(2) Ophitic or doleritic type—Typically non-porphyritic and character-
ised by well-marked ophitic or sub-ophitic relationships between the titan-
augite and plagioclase. The olivine is invariably serpentinized and the grain
is medium to coarse (Walker, op. cit., fig. II; M. P. C. 41025").

(3) Non-ophitic or gabbro type—Typically non-porphyritic and char-
acterized by even-grained hypidiomorphic texture. In the varieties rich in
analcite, both the titanaugite (and barkevikite) are markedly euhedral.
Ophitic structure is absent and the olivine invariably serpentinized. The grain
is medium to coarse (pl. 2-C; Walker, op. cit., fig. III; M. P. C. 41062).

In a general way, these three divisions represent in order (1 to 3) the
teschenite sequence with increasing height above the base of the Black Jack
sill. Future work on similar Eastern Australia rock types may permit their

! Thin-section numbers in the Harker Collection, Dept. of Mineralogy and Petrology,
Cambridge, England.
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TABLE 2
Modal Composition, Specific Gravity and Plagioclase Compositions
of Teschenites in Sections A to D, Face E
(Note: All modal values in volume percent)
Height in feet

Specimen above lower Clino-

number contact Olivine pyroxene Iron Ore Feldspar
Al 40 17.9 22.5 7.4 39.9
A2 140 8.5 24.3 8.1 43.3
A3 349 6.7 22.4 7.7 40.0
A4 370 4.3 21.8 6.5 46.0
A5 440 4.5 21.2 6.3 37.8
B1 20 23.0 19.7 10.2 38.0
B2 20 19.1 21.8 11.5 28.7
B3 120 7.2 23.3 6.2 479
B4 270 15.0 23.0 7.8 40.4
B5 300 7.3 20.4 73 25.3
B6 400 10.3 19.3 6.5 50.1
B7 420 6.3 22,5 9.8 44.9
B8 460 1.6 25.6 14.7 17.3
B9 500 2.0 29.2 11.0 32.2
C1 60 10.4 20.0 9.8 43.7
C2 300 8.4 24.5 6.0 35.2
C3 315 8.2 22,5 8.6 47.9
C4 360 12.0 24.7 7.8 43.5
C5* 400 5.5 25.9 79 41.8
Co6 440 4.2 20.5 8.7 459
C7* 460 1.8 27.0 10.9 25.0
C8* 465 1.2 27.4 125 15.2
C9* 480 1.0 26.6 9.9 1255.
D1 50 23.0 21.0 10.7 38.4
D2 80 13.2 20.5 11.3 375
D3 180 14.8 21.1 6.8 41.8
D4 220 14.9 21.4 7.1 36.2
D5 330 10.0 20.9 8.5 47.6
D6 365 5.5 20.0 9.6 46.9°
D7 380 5.5 23.5 10.0 425
Dg8* 390 1.8 27.2 12.1 29.3
D9* 400 3.8 22.0 12.] 42.0
D10* 449 — 27.0 14.0 16.0
El 90 17.6 22.0 6.7 37.6
E2 190 20.0 22.3 5.6 40.1
E3 210 9.4 19.0 6.5 52.2
E4 350 12.4 27.0 10.2 37.6
E5 350 4.3 26.7 9.0 40.0
E6 350 5.2 23.1 7.3 48.0
E7 390 7.7 23.0 7.8 49.5
E8 410 3.8 26.0 6.2 42.0
E9 450 5.9 20.8 8.8 48.6

* Indicates gabbro-type teschenites.
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TaBLE 2 (Continued)
Zeolite and Minerals additional Plagioclase
indeterminable to those in Specific composition
mesostasis col. 3-7. gravity (mol. percent)
12.3 — 2.93 Ane7
15.8 — 2.86 Ane
23.2 — 2.85 Aneo
21.4 —_— 2.83 Amu (An.-.s ) T
302 —_— 283 An;e
9.1 —_— 295 Anss
18.9 - 291 Ang
154 —_— 283 Anez (Ans:,)
13.8 — 2.86 Ane:
39.7 — 2.78 Anes
13.8 -_ 2.84 An:,:
16.5 — 2.84 Anss
33.0 Chlorite 7.8 2.93 Anse (Anie)
256 — 290 Aﬂ;'.'
16.1 — 2.86 Al'lro
259 _— 2.85 Anoz
12.8 - 281 Anof.’
12.0 — 2.90 Aneo
18.9 — 2.85 Ang,
20.7 — 2.84 Anu (An;,)
35.3 — 2.88 Aneg (Ans)
43.7 — 2,90 Anss
39.1 Chlorite 8.0—Apatite 2.9 2.88 Ans,
6.9 - 2.95 Ane; (Ane)
175 - 290 Anea
15.5 - 2.90 Anss
20.4 —_ 2.90 Aneg
13.0 - 2.89 Ang
18.0 —_— 2.85 Al’lug
18.5 — 2.83 Ang
29.6 —_— 292 An.'.o
20.1 — 2.88 Ans
38.0 Apatite 5.0 2.88 Anse
16.1 — 2.92 Anzo
12.0 — 2.96 An:
129 — 2.84 Angs
12.8 — 291 Ango
20.0 — 2.85 Ang:
16.4 — 2.85 Ange
120 —_ 287 Anm
220 -_— 282 Anﬂz
159 -— 2.85 Ane

¥ Values in brackets refer to composition of outer zones of plagioclase, determined by re-
fractive indices.
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PLATE 2

A. Teschenite (porphyritic type). The olivine phenocrysts which reveal a tendency
towards idiomorphism, are indented by adjacent plagioclase, while the clinopyroxene in
this field is dominantly ophitic. Most of the titanomagnetite is of early crystallization.
Specimen B1, 20 feet above lower contact (table 6, anal. I). (Ordinary light x33).

B. Teschenite, illustrating glomeroporphyritic aggregation of olivine and clino-
pyroxene. This teschenite is dominantly ophitic in type. The titanomagnetite is now
skeletal, and of late crystallization, being moulded around and interstitial to feldspar.
Specimen E3, 350 feet above lower contact. (Ordinary light x33).

C. Teschenite (gabbro type). The clinopyroxene is idiomorphic while apatite is con-
spicuous. Considerable areas of iron-charged mesostasis are present in the upper right-
hand portions of the photo. Specimen H8, height 2200 feet (table 6, anal. VIII).
(Ordinary light x19).

D. Analcite syenite mesostasis, with alkali feldspar microlites (occasionally revealing
slight curvature), pyroxene droplets and iron ore. The base is highly analcite and may
contain interstitial carbonate. Specimen H4, height 2200 feet (table 6, anal. IX). (Or-
dinary light x33).
x33).
over-all classification along similar lines. In the Black Jack sill, the distribu-
tion of the gabbro-teschenites, generally at heights of 425 to 500 feet about
the lower contacts, and their persistence in outcrop on the roof of the intru-
sion suggest that they represent a relatively well-defined upper horizon. How-
ever in some instances, junctions between ophitic and gabbro-teschenites in a
single specimen point to their existance as coarse-grained schlieren (the
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“pegmatitic teschenites” of Walker, 1930, p. 370; M. P. C. 28564), injected

while the ophitic types were still in a plastic condition during the final stages
of cooling. Mineralogically the gabbro-teschenites are distinguished from the
lower rocks by their coarser grainsize, idiomorphic clinopyroxene, and the
more extensive analcitization of the feldspars, the latter feature resulting from
a higher concentration of zeolite and alkaline mesostasis.

The modes (volume percent) of the teschenites are given in tables 2 and
3: table 4 contains details of the average grain size of the principal mineral
series in the analyzed teschenites (table 6).

Variation in the texture and habit of the olivines has already been dis-
cussed (Wilkinson, 1956b). In the basaltic and doleritic teschenites, the mauve
clinopyroxene (a titaniferous salite) generally builds ophitic or sub-ophitic
plates averaging 1.7 by 0.7 mm. In the gabbro-teschenites, the clinopyroxene
occurs as idiomorphic columnar crystals up to 2 cms long, and with no visible
curvature (cf. Benson, 1944, p. 97). Elongation is parallel to c. Elongation of
the clinopyroxene is common in tholeiitic dolerite pegmatites (Walker, 1953,
p. 44) and in the upper levels of certain tholeiitic sills e.g. the Hangnest sill,
South Africa (Walker and Poldervaart, 1941, p. 443). Glomeroporphyritic
aggregates of clinopyroxene are more common in the lower and middle
teschenites (pl. 2-B). Where the clinopyroxene occurs in two generations, the
smaller crystals, occasionally slightly skeletal, are confined to areas of
mesostasis. In some of the gabbro-teschenites, the clinopyroxene occurs in
myrmekite-like intergrowth with plagioclase (cf. Browne, 1927, p. 375;
Lehmann, 1930, p. 337) ; elsewhere in similar rocks it may occur as several
isolated but nevertheless optically continuous hook-like individuals (0.2 by
0.2 mm) in the zeolitic mesostasis. Extreme intricate skeletal outlines in some
of the upper clinopyroxenes recall the “harpoon type” of skeletal augite
described by Gansser (1950, p. 231). Where the clinopyroxene abuts against
areas of analcite, it develops a minor mantle of green pyroxene (aegirine-
augite or aegirine), a frequent mineralogical change in teschenites. Individual
crystals of aegirine-augite or aegirine (0.2 by 0.2 mm) may be present in the
mesostasis. Save for occasional minor development of calcite along cleavages,
the clinopyroxene remains unaltered. despite often extensive alteration of the
associated olivine, plagioclase or iron ore.

Phenocrysts of plagioclase (1.5 by 0.2 mm) are rare in the lower basaltic
teschenites and the most widespread individuals, laths elongated parallel to
(010), average 0.7 by 0.1 mm. A third generation of smaller laths is usually
present in the groundmass (table -1). In the gabbro-teschenites, the plagio-
clase, dominantly of one generation, forms thick idiomorphic tabulae (3.0 by
0.8 mm), frequently with a mantle of anorthoclase. This latter mineral (fre-
quently kaolinised) occurs also as single crystals, occasionally showing
Carlsbad twinning. The plagioclase is probably the most susceptible of the
principal mineral series to alteration. Analcitization is universal, and all
changes may be traced from initial replacement to complete pseudomorphs of
analcite. Replacement or alteration to sericite, kaolin, natrolite or thomsonite
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is not common; albitization was not detected. Central plagioclase areas are
frequently stained with migratory bowlingite or chlorite.

In the lower teschenites, the iron ore (a homogeneous titanomagnetite)
is of early crystallization, occurring as cuboidal grains. frequently aggregated
in the synneusis structure of Vogt. In the ophitic teschenites higher in the sill,
the titanomagnetite grains, frequently with inclusions of feldspar and apatite,
increase in size and become allotriomorphic (pl. 2-B). In the gabbro-
teschenites, this mineral reveals a variety of intricate skeletal forms, most
frequently as irregularly shaped reticulate crystals which in extreme cases
resemble a kind of herring-bone structure (cf. Lehmann. 1930, figs. 9 to 12).
Much of the ore in the gabbro-teschenites is concentrated in the mesostasis
(pl. 2-C).

Analcite is always present, and exhibits three main modes of occurrence:
(1) as a primary infilling. interstitial to the other minerals. and often carry-
ing inclusions of apatite, biotite. iron ore and analcitized feldspar: (2) as a
replacement mineral, distributed along cracks and cleavages of plagioclase
and alkali feldspar; (3) as a filling of veinlets, which often traverse fractured
crystals of earlier minerals (cf. Walker, 1930, p. 369), and in small vughs
(1.5 to 2.0 mm in diameter) where it is often accompanied by other late-stage
minerals. This latter mode of analcite occurrence is more characteristic of the
gabbro-teschenites where the analcite. usually the first mineral deposited, pre-
sents idiomorphic faces to the other constituents. These include an iron-rich
chlorite, with o = 1.638 y = 1.665 (=%0.003), pleochroism X = pale pinkish
yellow. Z = green; thomsonite, with « = 1.529 B = 1.533 y = 1.544
(=£0.001) ; natrolite, with « = 1.484 B8 = 1.488 y = 1.495: iron ores; and
a ferruginous carbonate close to siderite, with ¢ = 1.595, indicating 70 to 80
percent FeCO3; (Winchell and Winchell. 1951, p. 109).

The apatite in the lower rocks most commonly forms needles and prisms
(up to 1.5 by 0.03 mm) in the zeolite and mesostasis, but also occurs as inclu-
sions in pyroxene, feldspar and olivine. The mineral increases in size (prisms
up to 3.0 mm in length) in the gabbro-teschenites (pl. 2-C) and is then
dominantly of late crystallization (cf. Tyrrell, 1928, p. 553, Flett, 1932, p.
152; Campbell, Day and Stenhouse. 1932. p. 352: Hutton, 1943, p. 359).
Optical properties of nine grains occurring over the 500 foot thickness of the
sill (¢ = 1.633 to 1.634; o = 1.636 to 1.637) suggest the mineral is fluorapa-
tite (Benson, 1945, appendix II, p. 311: Yagi. 1953, p. 789: Winchell and
Winchell, 1951, p. 198). The apatite is unpigmented, but often contains a
single central tube filled with mineral matter (hematite and analcite?), pre-
sumably due to trapping of late-stage liquids by continued growth of initially
pronged skeletal apatites. Similar apatites have been described from the Lake
Waihola theralite. New Zealand (Benson. 1942, p. 164).

Unchloritized biotite, never constituting greater than 1 percent of the
mode. is a ubiquitous accessory, and occurs in two principal ways, namely as
independent flakes (up to 0.3 by 0.3 mm) in the groundmass and mesostasis,
or as flakes moulded on titanomagnetite. Rarely the biotite forms marginally
to olivine or along cleavage traces of pyroxene or feldspar.
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Particular attention is directed to varying amounts of mesostasis which
oceurs in rocks from all levels in the intrusion, generally as an infilling be-
tween pyroxene, feldspar and iron ore. In specimen H4, concentration of the
mesostasis into crosscutting veinlets 2 cms in width has occurred (table 6,
anal. IX). In thin section (pl. 2-D), the mesostasis consists of untwinned,
partially kaolinised feldspar microlites (averaging 0.15 by 0.01 mm), droplets
of titaniferous clinopyroxene and green alkaline pyroxene (sub-ophitic or
intersertal to the feldspar), and dusty iron ore. all of which are set in a near-
isotropic base, presumably highly analcitic. The feldspar is probably to be
referred to a potassic alkaline type. In certain cases the mesostasis is so
heavily charged with iron ore as to appear nearly opaque. This distinctive
mesostasis has been observed in Scottish and Australian undersaturated basic
rocks by Balsillie (1922, p. 449), Allen (1924, p. 490), Walker (1930. p. 370;
1936, p. 280), Browne (1927, p. 375) and Benson (1942. p. 166). Lehmann
(1930. figs. 3 and 4) has figured almost identical material in the Stiffel es-
sexite porphyries.

THE MODAL VARIATION OF THE TESCHENITES

The teschenites are generally favourable to micrometric measurement.
Apart from the coarsergrained modifications from the upper intrusion levels
(where modes were carried out on at least two slices from each specimen), the
texture on the whole is fairly even, and none of the grains very large. Em-
phasis was placed on the modal variation of the olivine, clinopyroxene and
iron ore. The percentages by volume of these minerals were determined using
a point counter (Chayes, 1949; Chayes and Fairbairn, 1951). Modal data on
sections A to D and face E are presented in table 2, while table 3 contains the
modes of teschenites (traverses F to I) from the roof of the sill. Variation of
the modal olivine, clinopyroxene and iron ore is shown graphically in figure 3.

Variation of olivine—The most olivine-rich facies (Bl, D1) contain
23 percent olivine, and all gradations exist between this value and rocks in
which olivine is absent e.g. H4, H5. Generally the amount of olivine present
is a function of the height of the specimen in the intrusion (fig. 3). although
exceptions to this generalization may be noted. Thus B3, D2 and to a lesser
extent Cl, occurring just below the lower contacts of the slab of Triassic
sediments (fig. 2), have a lower olivine content than would be expected from
their position in the sill. The discontinuous curve through specimens E2, E4,
E7 and E9 is shown because these specimens are more nearly in the same
straight line in face E (fig. 2). The general slope of the curves for section A
and face E closely approaches the olivine variation diagram for the Garbh
Eilean sill (Walker, 1930, fig. 1), although new data on the latter rocks may
modify the general trend, especially in the vicinity of the picrite-picrodolerite
junction.

Teschenites D5 to D9 serve as a good illustration of the progressive de-
crease in olivine (10 to 4 percent) with increasing height, as they occur on a
continuous face over 70 feet high. Certain rocks from the roof of the sill, e.g.
I2. have an olivine content more characteristic of levels 100 feet below. The
distribution of olivine in the roof teschenites is slightly irregular (0 to 6 per-
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Fig. 3. Modal variation of olivine, clinopyroxene and iron ore in the Black Jack

teschenites.
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cent). although there is a tendency for the more olivine-poor types to be
confined to the central portions of the roof.

In intrusions of alkali olivine basalt type, the closest analogies in modal
olivine variation are furnished by the Loch Mealt-Kilt Rock sill (Walker,
1932) and the Circular Head laccolith, Tasmania (Edwards, 1941). The very
marked increase in olivine in the central portions, as described in the Saline
No. 1 teschenite (Fleet. 1931. fig. 1) and the Mt. Nebo No. 6 sills (Edwards,
1953) . is lacking in the Black Jack intrusion.

Variation in clinopyroxene.—With the exception of the teschenites from
section A, the amount of modal pyroxene increases with increasing height in
the intrusion. On an average. the basal teschenites carry 21 percent pyroxene
which increases to values of 26 to 28 percent in the upper rocks. Certain
gabbro-teschenites (e.g. H1. H4. H5), containing considerable amounts of
mesostasis and zeolite. have a lower pyroxene content than would be average
for the intrusion. Of the essential mineral components, the clinopyroxene
shows the least relative variation. especially in lateral directions in the sill.
The concentration of pyroxene in the upper levels of sills of alkali olivine
basalt type has been described or commented on by Allen (1924. p. 494:
1931. p. 314), Flett (1930, p. 70) and Walker (1930, p. 388). In tholeiitic
sills. the amount of pyroxene may decrease slightly in the upper levels, e.g.
in the Palisades (Walker. 1940. table 1) and Hangnest sills (Walker and
Poldervaart, 1941, table 1V).

Vartation in iron ore—With the exception of section A, the amount of
modal ore decreases at first in the lower teschenites, whence in those rocks at
elevations greater than 250 to 300 feet above the lower contacts. it shows a
progressive increase. The greatest quantity of ore (14.7 percent) occurs in
B8 and I3. With the exception of F4 and H6, the teschenites from the roof of
the sill (table 3) are generally richer in opaque oxides than the majority of
those teschenites occurring in the first 100 to 150 feet. The amount of iron ore
increases in the upper levels of the Lugar (Tyrrell, 1917, p. 117), Garbh
Eilean and Fladda sills (Walker, 1930. p. 371; 1931, p. 763), in the upper
layered series of the tholeiitic Skaergaard intrusion (Wager and Deer, 1939,
fig. 18) and in the upper rocks of the George Washington, Weehawken North
(cf. sections B, C. D of the Black Jack sill) and Edgewater sections of the
Palisades sill (Walker, 1940, table 1).

Variation in plagioclase feldspar.—No attempt has been made to repre-
sent the variation of plagioclase graphically as its widespread analcitization
in many rocks results in modal values lower than those originally present.
However tables 2 and 3 indicate certain general trends. Up to heights of 350
to 400 feet, there is an increase in the amount of plagioclase feldspar, chiefly
at the expense of olivine (see Walker, 1930, p. 371; 1931, p. 763: 1932,
p- 249). Above 400 feet, the quantity of plagioclase decreases as zeolite and
mesostasis increase, a trend most evident in the gabbro-teschenites, e.g. H7
and HS.

Variation of zeolite and mesostasis.—Little definite can be said about the
zeolite trend as no exact data is available on primary and secondary analcite.
There is little doubt that the combined zeolite plus mesostasis increases with
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increasing height: these two constituents make up nearly 50 percent of gabbro-
teschenites H7 and H8. This increase in the amount of alkaline mesostasis
with differentiation is analogous with the upward concentration of micro-
pegmatite in tholeiitic intrusions e.g. in the Downes Mountain and Hangnest
sills (Walker and Poldervaart, 1940, p. 173; 1941, p. 436), the Palisades sill
(Walker, 1940, table 1), the Dillsburg sill (Hotz, 1953, table 3) and the
Skaergaard intrusion (Wager and Deer. 1939, fig. 18).

Variation in other constituents.—Apatite, present in all the teschenites. is
concentrated in the upper gabbro varieties. Chlorite and carbonate are gen-
erally absent for the first 450 feet, and then reveal a trend similar to the
apatite. It was not possible to obtain accurate data on the alkali feldspar. but
visual examination, strengthened by the increase in K,O in the teschenites
with differentiation, suggests its relative concentration in the upper rocks.

ADDITIONAL MINERALOGY
Alteration Products of the Olivines

Bowlingite.—Alteration of the olivine to bowlingite proceeds in a man-
ner analogous to serpentinization. Typical optical properties of the bowlingite
are: « = 1.595 y = 1.622 (=0.002) ; pleochroism X = pale green or green-
ish brown, Z = apple green or golden brown: elongation of fibres positive.
The iron content of the bowlingite apparently varies considerably; 8 ranged
from 1.586-1.612 (six determinations). While much of the pale green bowling-
ite under the microscope strongly resembles serpentine, its refractive index in
all instances examined was in the vicinity of 8 = 1.60, a value higher than
the maximum y(1.573) of the serpentine minerals (Selfridge, 1936, tables I
to IV). During the alteration of the olivines, there is a general absence of the
granular stringers of iron ore, of the type precipitated during the serpentiniza-
tion of dunites and harzburgites, rocks in which the olivines tend to be poorer
in fayalite than the olivines in the teschenites. In these rocks, all or most the
ore set free is apparently incorporated in the bowlingite, containing FeO —+
Fe,0; = 9.89-13.82 weight percent, according to Caillére (1935). The olivine
alteration to bowlingile rather than to serpentine may be a consequence of
the highly sodic solutions affecting the alteration. Wells (1929, p. 51-52)
could not affect the alteration of olivine to serpentine in the presence of sodic
solutions at temperatures and pressures up to 520°C and 267 atm. respectively.
In the system Mg0O.Si0,.H,0. Bowen and Tuttle (1949, p. 440) demonstrated
that below 430°C (at 1500 lbs/in?) forsterite alters to serpentine (+

brucite) ; iron-bearing olivines are stable at still lower temperatures.
Iddingsite.—Ruby-red or red-brown iddingsite, second to bowlingite as
an olivine alteration product, occurs generally in those teschenites occurring
at heights of 450 to 500 feet above the lower contacts. All changes may be
traced from incipient iddingsite formation to complete iddingsite pseudo-
morphs, which may be associated also with released iron ore. Optical proper-
ties of iddingsite from H1 are as follows (cf. Ross and Shannon, 1925, p. 14) :
a = 1.664 B = 1.696 y = 1.703 (+=0.003); y — a = 0.039; 2V (-) ca.
Fe, O3
FeO

30-40; pleochroism slight or absent. The increase in the teschenite
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ratios with differentiation, the increase in the Fe,O; content of the upper
titanomagnetites and the iron-charged nature of the mesostasis (Wilkinson,
1957b) indicate that the formation of iddingsite in the upper levels took place
in the presence of deuteric iron-enriched solutions, concomitant with increas-
ing oxidation resulting from increased water vapour pressure in a closed
magma chamber (cf, Edwards, 1938. p. 280-281). Selecting Fa,; as an average
minimum composition for the upper olivines, complete oxidation of the avail-
able FeO (approximately 38 percent) would result in 42 percent Fe,0,
available for iddingsite formation. Ross and Shannon (1925, p. 17) state that
the Fe,0; content of iddingsite averages 31 to 32 percent. Any Fe,O; in excess
of that necessary for iddingsite may thus be precipitated as ore in the central
portions of the iddingsite pseudomorphs.

The Plagioclase Feldspars—The compositions (= 2 molecular percent
An) of the plagioclase feldspars (tables 2 and 3) refer to mean compositions
derived by two methods: (1) measurement of the refractive index (generally
the B index) of the central portions of the most widespread feldspar genera-
tion; (The resultant compositions in molecular percent anorthite were derived
from the data of Chayes (1952), using the conversion scales of Poldervaart
(1950, p. 1069). The compositions of the outermost areas in zoned crystals
were determined also by refractive index methods.) (2) the measurement of
extinction angles (of at least six individuals in the one slice) of albite twin
lamellae in the zone normal to (010), using the Rittman zone method, de-
scribed by Chudoba (1933). Occasional compositional discrepencies of 7 to 8
percent An in the two methods result probably from accumulative inaccuracies
in the methods employed, compositional differences between contiguous un-
zoned lamellae, and the possible non-linear relationship of extinction angles
(Crump and Ketner, in Emmons, et al., 1953, p. 23).

The most basic plagioclase of average generation is a basic labradorite
Ang; to An;, (table 2), a composition comparable with the earliest plagioclase
in many tholeiitic sills (Wilkinson, 1956a, table 1). With increasing height
above the lower contacts, the plagioclase compositional trend is one of enrich-
ment in albite, the average difference in composition between the upper and
lower feldspars being about 11 mol. percent An. This range in composition is
not comparable to that exhibited by the associated olivines (Wilkinson,
1956b, table 2). In several teschenites, e.g. A4, B5, E2, F4, the plagioclase
tends to be more basic than would be expected from its position in the intru-
sion. With the presence of considerable alkaline mesostasis in the gabbro-
teschenites, the plagioclase increases more noticeably in acidity to composi-
tion values between An,; and An;,. The maximum range in composition be-
tween the cores of feldspars is An;, to Anys, the latter feldspar (8 = 1.553)
occurring in micrographic intergrowth with clinopyroxene in H8. As might
be expected, refractive index determinations indicate that the plagioclase
phenocrysts are more calcic than the average feldspar generation e.g. in C2
and C7, the phenocrysts contain 7 and 5 percent more An respectively than
the average feldspar.

A large percentage of the feldspars are zoned, the zoning being the
normal progressive type (tables 2 and 3). Oscillatory zoning is much less
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common and appears to be confined to phenocrysts, especially those in the
basaltic and doleritic teschenites.

No attempt was made to study possible variation of the plagioclase twin
laws with differentiation (Chapman. 1936). However a number of twin laws
were measured on feldspars selected at random in six teschenites, namely Al.
Bl and E1 from the lower levels of the sill, and C9, H1 and H8 from the roof.
The total of 65 twins comprised the following:—albite 41: Carlsbad 10: albite-
Carlsbad 8; pericline (acline) 3: ala laws 2; Manebach 1. The relative fre-
quencies of the twin laws are similar to those recorded by Chapman (1936)
and Gorai (1951, p. 886) for igneous rocks. Although it would be unwise to
base any definite conclusions on such limited data. albite-Carlsbad twins ap-
pear to be more frequent in the lower levels of the sill.

One notes the contrast in the alteration products of the plagioclase
feldspars in the teschenites (analcite and other zeolites), compared with the
albite-epidote-zoisite- (grossular) assemblage of saussurite in tholeiitic or calc-
alkaline basic rocks. Such contrasting mineralogy may result from: (1) the
undersaturated sodic nature of the solutions responsible for the alteration of
the alkaline rocks in their later stages of consolidation: (2) the greater
stability of the clinopyroxene in the alkaline rocks. which tends to limit the
quantity of iron available to the alteration assemblage. During alteration of
the olivines, any liberated iron preferably enters either bowlingite or
iddingsite.

When the degree of analcitization of the plagioclase in the Black Jack
rocks is considered, the late-stage mineralogy does not satisfactorily account
for the lime presumably liberated during analcitization. Possibly a certain
amount of lime in solution was expelled into the roof rocks in the final stages
of consolidation.

Alkali feldspar.—Although alkali feldspar is discernible in nearly all
thin-sections, only in specimen 12 is this mineral sufficiently fresh to repay
separation. The feldspar was mixed with synthetic spinel MgAlL,O,. and its
composition obtained from the X-ray powder photo by the following methods:
(1) from the measurement of d(201) (Bowen and Tuttle, 1950, fig. 2) which
gave as composition Or,; weight percent; (2) by the measurement of the
linear distance between the 111 (spinel) and 201 (feldspar) reflections
(Coombs, 1954, p. 423-425), which indicated a composition of Or.;. The final
composition of the feldspar. anorthoclase, was taken as Or,; (Ab -+ An).,
weight percent.

The optical properties, indicating a composition Or,; to Or,, on the graph
of Tuttle (1952, p. 559). may be compared with anorthoclase from Victoria.
Australia, composition Or,;Ab;¢An; (chemical analysis; Tuttle. 1952, table 1).

Black Jack anorthoclase Anorthoclase from Victoria, Australia
a = 1.525 (=%0.001) a = 1.5253
B = 1.530 B = 1.5311
y = 1.532 vy = 1.5321
2V, = 50 - 53° (=*= 1°) 2V, = 47°

Mean 2V, (five settings) = 52°
Optic axial plane ~ 1 (010)
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The composition, 2V and position of the optic axial plane identify the
feldspar as a member of the sanidine-anorthoclase cryptoperthite series
(Tuttle, 1952). On the graph of MacKenzie and Smith (1956, fig. 1), the
feldspar is near the boundary of the anorthoclases and anorthoclase-crypto-
perthites. While the powder photo indicates a homogeneous feldspar, the
spectrometer pattern shows the 201 peak just beginning to split, indicating
submicroscopic unmixing.

Analcite—The analcite is generally isotropic, with n = 1.487 to 1.490.
However some of the analcite occurring in vughs reveals fine twinning in
weakly birefringent (ca 0.002) units. The mode of occurrence of the bire-
fringent analcite suggests its inversion to a lower symmetry form stable at
low temperatures (Coombs, 1955, p. 704). There is no evidence that the
optical anomalies have resulted from strain during crystallization (Stewart,
1941, p. 7).

A notable amount of soda in the analcite is replaced by potash (table 5),
the replacement being greatest in the analcite from the lower teschenites. In
these rocks, replacement of Na (r = 0.984) by K (r = 1.334) was facili-
tated by temperatures (Larsen and Buie, 1938, p. 838; Goldschmidt, 1954,
p. 140) higher than those in the upper levels of the sill, despite the presence
in the latter areas of potash-enriched late stage solutions.

TABLE 5
Alkali Contents of Analcites

Constituent Bl B4 B7 H8 I 11 111
Na.O 11.27 12.15 12.50 12.09 10.93 13.31 8.48
K.0O 1.74 1.48 1.06 1.11 1.62 0.73 4.48

B1-H8 Analcites from the Black Jack teschenites.

Bl Teschenite 20 feet above lower contact.

B4 Teschenite 270 feet above lower contact.

B7 Teschenite 420 feet above lower contact.

H8 Teschenite approx. 500 feet above lower contacts.

I Analcite from monzonite, Morotu district, Sakhalin (Yagi, 1953, table 11).

II Analcite from pegmatitic patch in borolanite, Allt a’Mhuillin, Loch Borolan,

Assynt (Stewart, 1941, table IV).
III Potash analcite, from analcite-basalt, Highwood Mountains, Montana (Lar-

sen and Buie, 1938, table I).

Textural and mineralogical relations strongly suggest that a large per-
centage of the analcite is a product of direct magmatic crystallization (cf.
Friedman, 1951, p. 26). Its occurrence interstitial to the earlier minerals
(especially plagioclase whose margins against the analcite may reveal little
or no analcitization), the abundance of inclusions such as apatite and biotite,
and most important, the absence in the preceding cases of any evidence sug-
gesting the former presence of another mineral, are relationships indicating a
primary origin. However a certain amount of the analcite is secondary, or
more strictly deuteric in the original sense of Sederholm (1916, p. 142),
arising from the breakdown of the plagioclase (and alkali) feldspars under
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the influence of the residual sodic solutions. Much of the vugh analcite is re-
ferred to such an origin.

DIFFERENTIATION TRENDS AND COURSE OF
CRYSTALLIZATION OF THE TESCHENITES
Eight teschenites from varying levels in the sill were analysed (table 6).
After cutting and grinding away the enclosing gabbro-teschenite H4, sufficient
of the vein mesostasis was available for both chemical and spectrographic
analysis. Except for their relative richness in total iron (13 to 14.5 percent
calculated as FeO; cf. Kennedy, 1933. p. 241), the Black Jack teschenites
present no noticeable departures in their chemistry from teschenites described
elsewhere. The range of the principal oxides between varying limits is a re-
flection on the varying modal and mineralogical compositions consequent on
differentiation. Close mineralogical and chemical similarity is afforded by the
mesostasis-bearing Isle of May teschenites (M.P.C.41005-9: table 6, anal. X)
and the Stiffel essexite porphyries (M.P.C.71183, 71185-6: table 6, anal. XI).
While no suitable petrographic term can be applied to the alkaline vein
mesostasis from H4, solely on microscopic examination, its chemistry is dis-
tinctive in that it can be matched by analcite syenites occurring as frequent
field associates of teschenites and allied rocks in differentiated sills (Wilkin-
son, 1956a, table 3).

The teschenite differentiation trends.—In figure 4. the weights percent of
.o :des have b lotted acainst th ) FeO+Fe,0,

the principal oxides have been plotted against the ratio FeO 1 Fe,0, - MgO
X 100 (Wager and Deer, 1939; Walker and Poldervaart, 1949), i.e. the Mafic
Index (M) of Simpson (1954). This ratio is a measure of the degree of dif-
ferentiation of basaltic magma (Walker. 1953, p. 49), and yields the best
results in the early and middle stages of differentiation. With the exception
of B3, the distribution of analyses from left to right in figure 4 coincides with
the increasing height of the specimens above the lower contacts.

As in the case of tholeiitic magma (Walker and Poldervaart, 1949, p. 650-
654; Tilley, 1950, p. 47), the crystallization of alkali olivine basalt magma
broadly involves two series of mineral groups, the mafic (olivines, pyroxenes,
etc.) and felsic (chiefly feldspars). In the present discussion, attention is di-
rected also to the changing chemistry of the titanomagnetites with differentia-
tion.

Silica increases significantly only in the latest stages of differentiation
(fig. 4). Alumina shows a steady increase. Additional analyses may indicate
a slight alumina maximum in the middle stages of differentiation, due to the
precipitation of increased plagioclase.

Titania increases steadily during differentiation, in harmony with both
the maximum development of titanomagnetite in the upper levels of the sill
and the increasing titania content of these minerals. The tholeiitic Skaergaard
and New Amalfi intrusions reveal a similar trend for TiO,. The late analcite
syenite differentiate H4 reveals marked impoverishment in TiO,.
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TABLE 6
Analyses of Teschenites and Mesostasis, Black Jack Sill
I 1I 111 v \Y%
SiO. 44.78 44.73 45.15 44.97 45.66
TiO. 2.49 2.58 2.71 2.62 2.79
AlLO, 14.03 14.42 17.29 14.64 16.71
Fe.0, 4.15 2.93 2.59 3.12 271
FeO 9.15 9.51 8.36 9.28 7.93
MnO 0.14 0.15 0.10 0.12 0.12
MgO 9.57 8.08 4.76 7.45 4.60
CaO 8.12 8.31 10.25 8.33 10.01
Na.O 3.30 3.60 4.00 3.80 3.94
K.0 1.77 1.96 1.76 1.81 1.82
H-0+ 2.05 2.89 2.86 2.88 2.84
H.O- 0.14 0.23 0.13 0.23 0.21
P.O; 0.62 0.64 0.44 0.65 0.58
CO. nt.fd. nt.fd. nt.fd. tr. nt.fd.
Total 100.31 100.03 100.40 99.90 99.92
Sp. Gr. 2.95 291 2.83 2.86 2.84
C.I.P.W. Norms

or 10.56 11.68 10.56 10.56 10.56
ab 18.34 16.77 15.20 19.39 18.86
ne 5.11 7.38 10.22 6.82 7.67
an 18.07 17.24 23.91 1751 22.80

wo 777 8.47 9.78 8.35 9.74
di {en 5.20 4.90 5.50 5.10 5.50

fs 1.98 3.17 4.09 2.17 3.83

fo 13.16 10.50 4.48 9.52 4.20
ol % fa 5.71 6.32 3.67 5.71 3.06
il 4.71 5.02 5.17 5.02 5.32
mt 6.03 4.18 3.71 441 3.94
ap 1.34 1.34 1.01 1.34 1.34
cc — — - — —
H-0 2.19 3.12 2.99 3.11 3.05
siderite — — — — —
Total 100.17 100.09 100.29 99.61 99.87
Analyses I to VIII, teschenites from the Black Jack sill. Anal. J.F.G. Wilkinson.
I Teschenite B1, 20 feet above lower contact.
1L ” B2,20 ” ” ” e N
III = B3120” o »
v ” B4, 270 7 ” ” ”
A% ” B7,420 ” ” ” ”
VI ” B9, 500 ~ ” ” ”
VII ” H1, from roof of intrusion, height 2140 feet.
VIII ” H8, ” »or ” 72200 7
IX “Vein” mesostasis from teschenite H4, from roof of intrusion, height 2200 feet.
X Teszche)nite with mesostasis, Isle of May. Anal. W. H. Herdsman (Walker, 1936,

p. 283).

XI Essexite-porphyry, Stoffel, Westerwald. Anal. J. Holzner (Lehmann, 1930, p. 349).
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TasLe 6 (Continued)

VI VII VIII IX X XI
44.15 43.92 44.01 50.71 46.90 45.03
4.07 3.60 3.53 0.59 1.95 4.02
14.13 14.61 15.90 16.72 16.95 1691
3.83 3.20 4.15 3.26 3.24 3.59
9.43 9.48 9.57 5.49 5.59 6.00
0.10 0.11 0.08 0.01 0.20 0.16
4.80 3.54 2.97 0.42 ) 5.50 6.14
9.62 9.58 8.17 3.27 8.90 9.50
3.84 4.12 4.05 6.42 3.80 2.96
1.83 2.58 2.40 5.75 1.78 2.84
3.26 3.12 4.04 4.07 3.20 2.39
0.20 0.18 0.31 0.49 1.55 0.89
0.70 0.36 1.21 0.12 045 0.09
nt.fd. 1.52 tr. 2.94 — —
99.96 99.92 100.39 100.26 99.81 100.52
2.90 (2.92) 2.81 2.57
C.IP.W. Norms
10.56 15.57 14.46 33.92
19.39 18.34 21.48 33.01
7.10 8.80 7.10 11.36
15.85 13.62 17.79 —
11.37 9.05 6.50 —
6.70 4.40 3.00 —
4.09 4.49 3.43 —
3.78 3.08 3.08 0.70
2.65 3.47 3.88 3.67
7.75 6.84 6.69 1.22
5.57 4.64 6.03 4.87
1.68 1.01 2.69 0.34
— 3.40 - 5.50
3.46 3.30 4.35 4.56
— -~ — 1.28
99.95 100.01 100.48 100.43

Phosphorus behaves similarly to titania. The P,O; content increases by a
factor of two in passing from the basic to the basic intermediate teschenites,
and then decreases to a value one-fifth that at the beginning of crystallization.
This trend for P,O; is similar to that for the British Tertiary alkaline series,
olivine basalt — mugearite — trachyte (Richey, 1937).

Ferric iron decreases initially. and then progressively increases until the
Fe,O, content of the upper teschenites is comparable to values at the begin-
ning of crystallization. Variation in Fe.O; is correlated with both the varying
chemistry of the titanomagnetites and the amount of this mineral separating
at any time (Wilkinson, 1957b). After the titanomagnetite of early crystalliza-
tion, Fe,0; and TiO, were constantly built up in the residual liquids. Follow-
ing the crystallization of iron-rich silicates and iron ores in H8, the residual
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liquid (analcite syenite) reveals impoverishment in FeO, Fe,0; and TiO..
The differentiation trend of Fe,O; in both the Circular Head crinanites
(Edwards, 1941, p. 407) and Karroo dolerites (Walker and Poldervaart,
1949, p. 651) closely resembles the ferric iron trend in the teschenites.

Although the upper teschenites reveal slight absolute enrichment in total
iron (calculated as FeO), the ferrous iron contents of the rocks undergo little
variation. However relative enrichment in FeO with respect to MgO is marked,
and magnesia decreases progressively with differentiation. The FeO/MgO
variation is dominated by an ever-diminishing amount of olivine, concomit-
antly with the progressively more fayalitic nature of this mineral.

The increased amount of plagioclase in the middle stages of differentia-
tion is reflected in an increase in lime, after which stage this constituent de-
creases, due to both the more sodic nature of the plagioclase and a decrease in
modal plagioclase.

The Black Jack trend of alkali enrichment in the later stages of dif-
ferentiation is shown by many other sills of alkali olivine basalt and tholeiitic
parentage e.g. the Circular Head (Edwards, 1941), Braefoot (Campbell, Day
and Stenhouse, 1932), Dillsburg (Hotz, 1953) and Northfield sills (Walker,
1952). In the teschenites, potash increases at a more rapid rate than soda, as
a result of the incoming of alkali feldspar in excess of increasing amounts of
sodic zeolite and a progressively Ab-enriched plagioclase.

In general the differentiation trends exhibited by the Black Jack tesche-
nites are the same as the trends resulting from the plot of 83 analyses of
Karroo dolerites (Walker and Poldervaart, 1949, fig. 26).

The dominant trend in the early and middle stages of differentiation is
one of relative enrichment in iron with respect to magnesia. Once initiated,
the effects of alkali enrichment (particularly in the residual liquids) over-
shadow any other trends which may be operative during the final stages of
differentiation. The composition of the analcite syenite mesostasis (a very
small volume of the total intrusion) illustrates a principle emphasized by
Wager and Deer (1939, p. 236) and Hotz (1953, p. 702), namely that the
maximum compositional changes brought about by differentiating basaltic
magma occur only after crystallization of 75 to 85 percent of its volume. In
both alkali olivine basalt and tholeiitic magmas, the effect generally results
in an abrupt change in rock types.

Course of crystallization.—The teschenite course of crystallization has
been represented on an alkali-total iron-magnesia diagram (fig. 5).2 The curve
illustrating the course of crystallization is concave downwards. In the early
stages, the trend is one of relative iron enrichment with respect to magnesia
as the amount of modal olivine decreases, simultaneously with its more
fayalitic nature; the clinopyroxene undergoes little compositional change. The
enrichment in alkalies exhibited by the analcite syenite mesostasis is illustrated
by the crystallization course at the apex of iron enrichment taking an abrupt
plunge to the Na,0+K,O corner. The Black Jack sill yields information on
the trends of basic representatives of alkali olivine basalt magma. Yagi’s in-

2 The variation diagram for the teschenites on a basis of Mg, (Fe*4Fe®**), and (Na+4K)
will be presented in a subsequent paper (cf. Nockolds and Allen, 1954).
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Fig. 5. Course of crystallization of the Black Jack teschenites.

vestigations of the Morotu co-magmatic alkaline series (analcite dolerites,
monzonites, syenites) provide the necessary stability to the crystallization
course in the later stages of differentiation. The majority of the more alkaline
types from Morotu plot in the vicinity of the join between H8 and H4 (Yagi,
1953, fig. 16).

It appears that the over-all courses of crystallization of hypabyssal repre-
sentatives of both alkali olivine basalt and tholeiitic magma do not differ in
their fundamental aspects (Walker, 1952, fig. 2; 1953, fig. 3), although
responses to varying degrees of iron enrichment (particularly absolute iron
enrichment in certain tholeiitic series) may result in the displacement of a
particular series from an optimum mean trend (Nockolds and Allen, 1956,
figs. 31 to 38). Such displacement probably results from the response of the
varying chemistry and position in the crystallization sequence of the opaque
oxides to prevailing oxidation-reduction equilibria. Depending on these factors
and the amount of preliminary differentiation at depth, a series of co-
magmatic sills may continue their normal trend of crystallization along slight-
ly different paths (e.g. the diabase sills at Duluth, Minnesota, described by
Schwartz and Sandberg, 1940).

THE FEEDER DYKES

Although the colliery workings below the sill provided excellent op-
portunity to study the feeders, this study was unfortunately limited in its
scope, as the majority of the dykes have been intensely altered to the “white
trap” of the Scottish petrologists (Flett, in Peach et al, 1910, p. 311-313; Day,
1928; Tyrrell, 1952, p. 376). Extrapolation of outcrops in the workings indi-
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cates that the dyke distribution was controlled by a major fracture pattern
trending northeast-southwest. parallel to the marginal faults (p. 4). The loca-
tions of the dyke specimens are shown in figure 2. The width of the dykes
varies considerably. Specimens J1 to J3 were taken from an exposure 20
yards wide. Dykes of these dimensions are regarded as major feeders, and the
majority of examples encountered are only several feet wide.

Petrography.—Only in rare instances are the original minerals preserved
for microscopic study. The majority of specimens. e.g. J9 to J12. are white
friable aggregates of kaolin and carbonates. often stained with ferruginuous
decomposition products.

Specimen J5. 12 yards from the edge of the dyke. represents the freshest
specimen (table 7, anal. I). The plagioclase laths (Ang, to Angs: average
length 0.3 mm) are arranged with some suggestion of flow orientation. There
is no microscopic evidence suggesting J5 ever contained olivine. Sub-ophitic
mauve clinopyroxene (0.15 by 0.03 mm) still persists, in places revealing
spongev incipient alteration. Skeletal iron ore, minute biotite flakes, apatite
fibres, analcite and alkali feldspar complete the assemblage. J4 (unfortunately
considerably altered) provides the only example of a chilled margin en-
countered during the investigation. The original porphyritic feldspar (up to
1.6 by 0.1 mm) is now represented entirely by calcite. The only recognizable
minerals in the clouded microcrystalline chilled groundmass are feldspar
microlites and rare grains of iron ore.

Relict microscopic structures in some specimens. e.g. J1. J2. J13 indicate
they were originally porphyritic in olivine. Typical idiomorphic olivine out-
lines are now represented by carbonate (Jevons. et al. 1911, p. 485; Scott, in
Gibson et al, 1925, p. 95). quartz and indeterminate dusty alteration products.
J2 was originally comparatively rich in olivine (10 to 15 percent). Fresh
clinopyroxene or evidence of its former presence is absent in J1 to J3; oc-
casional feldspar “ghosts” are represented by calcite and kaolin. In strong
contrast to its instability in the teschenites in the main sill. plagioclase is the
mineral in the dykes least susceptible to alteration.

In the most intensely altered feeders, the bulk of the thin section is made
up of near-opaque brown kaolin, sometimes pierced by feldspar “ghosts” and
interstitial areas of carbonate. A large proportion of the carbonate is calcite,

with @ = 1.655 to 1.659. ]J7 contains a carbonate close to siderite, with ¢ =
1.619 (Winchell and Winchell. 1950, p. 110). Infillings of chalcedonic silica
(¢ = 1.510) are sometimes encountered but are rare.

Chemistry.—Only J5 was sufficiently fresh to repay analysis (table 7,
anal. ). Despite the presence of 7.25 percent CO., the chemistry of J5 indi-
cates its teschenitic affinities. However the MgO and K.O contents are com-
parable with those of teschenites occurring in the upper levels of the sill
(table 6). A small amount of mesostasis is present in J5. Another noteworthy
feature is the Fe.,0;/FeO ratio. which is lower than this ratio for any of the
teschenites in the main sill. Day (1928) has given a clear account of the
principal ¢hemical changes involved in the formation of “white trap”. In the
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case of J5. the main change has been one of carbonation, with little or no
increase in the alumina content at the expense of silica.

Perhaps the most important point arising from microscopic and chemical
study® of the feeder dykes is that they were emplaced at differing stages in
relation to the over-all differentiation history of the sill.

TasLe 7
Analysis of Teschenite Dyke
I 1L Norm of I
SiO; 43.38 36.48 or 16.12
TiO. 2.02 1.64 ab 18.34
AlLO; 15.39 13.36 ne 6.25
Fe:0, 2.03 1.36 an 18.07
FeO 8.32 9.44 wo 5.80
MnO 0.09 0.26 di { en 2.80
MgO . 4.08 3.14 fs 2.90
CaO 7.09 10.06 fo 5.04
Na.0 3.57 3.34 ol ; fa 5.71
K.O 2.70 0.28 il 3.80
H.O+ 1.83 mt 3.02
H.O- 1.59 ; 3.14 ap 1.34
P.Os 0.53 0.39 cc —
CO. 7.25 16.53 H.0 3.42
etc. — 0.73 CO. 7.25
Total 99.87 100.15 99.86
Sp. Gr. 2.77 — '
FC?.O:; 0.24 —_
FeO

I Carbonated teschenite dyke J5, colliery workings, Black Jack. Anal. J.F.G.W. (for
location, see fig. 2).
II “White trap”, Granton, Scotland. Anal. T. C. Day (Day, 1928, p. 194).
Inclusions.—It is only in the feeder dykes that one encounters material
foreign to the teschenite suite. The largest inclusion (one foot in diameter)
was collected at the outcrop of specimens J4-J8. The inclusion is a typical
greywacke, with angular grains of quartz and feldspar (microline and oligo-
clase An,,) set in a matrix of brown kaolin, sericite and finely chopped-up
quartz. This inclusion shows no evidence of metamorphic modification or in-
corporation. Smaller inclusions of siliceous shale are present in J8, and
present straight boundaries to the enclosing teschenite. Xenocrysts of quartz
and microcline are also present in some sections.

PETROGENESIS OF THE TESCHENITES AND ASSOCIATED ANALCITE SYENITE

Generalised outline of the evolution of the sill—After the injection of
the magma into the cold country rock, the formation of a chilled envelope
probably occurred, inside which cooling proceeded fairly rapidly. Erosion has
removed all evidence of the chilled selvage from the walls and roof of the sill.
One page 5. the difficulties in collecting chilled margins from the lower con-
tacts were enumerated. From the porphyritic nature of some of the feeder

3 Trace element data on J5, J6 and J13, compared with the rocks of the main sill, is con-
sistent with this view.
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dykes, it is assumed that the original magma at the time of intrusion was not
completely liquid, but that olivine and plagioclase had begun to crystallize.
Glassy selvages of similar rock types indicate an early crystallization of these
minerals (Campbell, Day and Stenhouse, 1932, p. 346; Edwards, 1941, p.
408).

Teschenite B2 is assumed to have a composition close to that of the
parental magma.* The composition of B2 (recalculated 100 percent anhy-
drous) is presented in table 8, where it is compared with other parental
magmas of alkali olivine basalt type. The composition of the most olivine-rich
teschenite, B1 (table 8, anal. 1), imposes no difficulties on the concept of its
crystallization from a melt of similar composition (table 8, anal. III and IV).

The intrusion of the Black Jack magma resulted primarily from aggres-
sive vertical igneous forces when the energy in the magma reservoir was
sufficient to force the magma into position. In the teschenites of the main sill,
the absence of foreign material and abnormal rock types as a result of as-
similative action would indicate that the intrusive magma acted as wedge,
forcing the sediments apart. The absence of any significant folding in the
surrounding sediments excludes the application of horizontal (tangential)
forces which would have arched the sediments, thus enabling the magma to
flow in passively.

The marginal faults of small displacement probably represent the frac-
tures which preceded the opening up of the main southwest-northeast fracture
pattern, culminating in the injection of the main body of magma.

After intrusion, the Black Jack magma crystallized under hypabyssal and
hence rather different physical conditions. While it does not appear possible
to accurately ascertain the thickness of the sedimentary cover at the time of
intrusion, this is thought not to have been great. possibly of the order of a
couple of hundred feet. Relatively rapid cooling at high crustal levels is indi-
cated by the essentially homogeneous nature of certain mineral phases
(titanomagnetites and alkali feldspar) which under conditions of slow cooling
are prone to unmix readily.

Along with the small amounts of already crystallized olivine and plagio-
clase feldspar, titanomagnetite was an early precipitation mineral in the
lower teschenites. In the middle and late stages of consolidation, the titano-
magnetite generally crystallized late. In the lower teschenites, pyroxene
crystallized soon after olivine. plagioclase and titanomagnetite, but once
initiated, the rate of growth of this mineral was rapid. exceeding that of
plagioclase. Although some of the latter mineral crystallized before pyroxene,
it is likely that a large proportion of the two minerals crystallized simulta-
neously (Bowen, 1928, p. 68). The third generation of plagioclase microlites
points to the continued crystallization of feldspar after cessation of the bulk
of the clinopyroxene. Even in the early stages of consolidation, a highly
alkaline residuum was produced which either crystallized interstitially as
microcrystalline mesostasis. or else precipitated analcite and other zeolites.

* From B2, the major and trace elements of successive teschenites are fairly smooth along
a supposed liquid line of descent (cf. Nockolds and Mitchell, 1948) .
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The migration of this alkaline residuum resulted in the upper gabbro-
teschenites crystallizing in a water-rich alkali silicate environment. These
conditions were advantageous to both free- and skeletal-growth (particularly
in the case of the olivine, clinopyroxene and titanomagnetite), and the pro-
duction of a progressively coarser grain size. Much of the olivine in these
gabbro-teschenites crystallized after feldspar and clinopyroxene. Although a
mineral of long crystallization range, apatite in these upper rocks preferential-
ly separated at a late stage. The analcitization of the plagioclase, the kaoliniza-
tion of the alkali feldspar, the formation of biotite marginal to the titano-
magnetites, the leucoxenization of the iron ores, and the development of minor
rims of green sodic clinopyroxene around the titaniferous salites provide
evidence of the activity of the residual solutions, in some cases iron-rich. The
alkaline residuum finally crystallized as a microcrystalline aggregate of alkali
feldspar, pyroxene and analcite.

The differentiation mechanism.—Any proposed differentiation mechan-
ism must be based fundamentally on the integration of the modal and
chemical (major and minor element) variation of the teschenites, and the
compositions of their constituent minerals. Basic data along these lines are
as follows:

(1) The general variation in the modal percentages of the principal
mineral series is of a continuous type.

(2) With increasing height above the lower contacts, the olivine changes
from Fa,, to Fag while the plagioclase changes from An;, to An,s. At the
same time, the analysed bulk clinopyroxene undergoes only a slight composi-
tional change, Cass Mgs; Fe,s to Cay; Mgz, Feyo (Wilkinson, 1957a).

(3) These compositional trends are consistent with the crystallization of
these minerals from regions of high to lower temperatures. The trend of the
associated titanomagnetites is also consistent with decreasing temperature
(Wilkinson, 1957b. fig. 3). Higher temperatures at the base of the sill re-
sulted in increased substitution of potassium for sodium in the analcites from
these levels.

(4) It is concluded that the order of consolidation of the sill was from
the base upwards.

(5) In a general way, this sequence of consolidation parallels well-
defined differentiation trends in the rock series.

It is considered that the mechanism of fractional crystallization. i.e. the
separation of successive crystal fractions from liquids of ever-changing com-
position, is the only mechanism based on sound experimental data which can
adequately explain the progressive variations (compositional, mineralogical
and chemical)® within the sill. The teschenites lend themselves favourably to
crystal fractionation since they are composed of the same minerals in differing
relative proportions. That the sill differentiated predominantly in situ is in-
dicated by the variable amounts of the principal mineral series maintaining a
more or less uniform lateral distribution. From the base to the top of the sill,

5 A study of the trace element distribution in both the rock and mineral series lends
strong support to crystal fractionation as the predominating differentiation mechanism.
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the sequence of mineral assemblages may be likened to successive crystal
fractions separating from a magma of ever-changing composition.

The crystallization of the magma was dominated by the mineral series,
olivines. clinopyroxenes, plagioclase feldspars and titanomagnetites, each in
itself a continuous reaction series. The principal variations of the rocks on
variation diagrams are adequately explained by the olivines dominating the
enrichment in iron relative to magnesia in the early and middle stages of
consolidation, followed by ever-increasing alkali enrichment in the feldspars.
When the compositions of co-existing olivines and plagioclases are referred to
their respective phase diagrams, the olivine is seen to crystallize at the higher
temperature. Hence with falling temperature, the amount of magnesia (the
highest melting component) decreases. resulting in less olivine being precipi-
tated. simultaneously with the more fayalitic nature of successive crops of
crystals, as each liquid of changing composition precipitated its solute under
the prevailing temperature conditions. Differentiation was accentuated by the
prominent zoning in the olivines, clinopyroxenes and plagioclases, indicative
of failure of attainment of equilibrium of these minerals with the ever-
changing liquids.

While the distribution of the olivine and plagioclase compositions in
relation to the principal compositional trends is consistent with the concept
that the bulk of the sill was emplaced as the result of one principal magmatic
injection (probably through several feeders), the presence of relatively basic
olivines and plagioclases at high levels in the sill indicate later pulses of rela-
tively undifferentiated magma. On the other hand, preliminary differentiation
of an advanced type is indicated by the chemistry of certain of the feeder
dykes (see p. 20).

No evidence of liquid immiscibility, assimiliation or gaseous transfer as
differentiation mechanisms has been observed within the rocks themselves.

The possible role of gravtitative accumulation.—For progressive fraction-
al crystallization, various mechanical processes have been proposed whereby
physical separation occurs between the crystals and ever-changing liquids.
Filter-press action is effective only when a large percentage of the intrusion
has solidified. In the early and middle stages of crystallization, the movement
and subsequent accumulation of certain crystals (olivine, pyroxenes and iron
ores) under the influence of gravity has been the process to which the greatest
appeal has been made. The petrogenesis of basic hypabyssal rocks enriched in
these minerals has been cited frequently as due simply to “gravitative ac-
cumulation” or “the movement of the crystals under gravity.” Fenner (1929,
p- 224) and recently Drever (1952) have critically reviewed the limitations
of such a process. Although the successive fractions of the Black Jack magma
occur one above the other, it is thought that such a distribution does not
necessarily involve the movement of crystals (especially olivine) under the
influence of gravity. It is true, as Bowen says, that “gravity never takes a
holiday”, but factors opposing the gravitative effect may predominate. The
following points should be considered:

(1) The composition of the most olivine-rich facies Bl imposes little
difficulty on the concept of its derivation from a melt of approximately the
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same composition (table 8) and fulfilling the compositional requirements of
a parental magma. Moreover there is no great departure (indicative of ac-
cumulative facies) in the chemical and mineralogical composition of any rock
from the trend representative of a series of liquids.

(2) It has been argued that the density of rocks from successive levels
should decrease upwards in differentiated sills. if gravity plays any part in
the differentiation process. Table 2 indicates that rocks from the uppermost
portions of the sill possess specific gravities comparable to those at the base.
The specific gravity is of course only a reflection on the percentage of ferri-
ferous minerals present in the rock. a point emphasized by Wager and Deer
(1939, p. 84). and is controlled in many cases by factors more fundamental
than crystal sinking.

(3) Both iron ore and clinopyroxene are more abundant in the upper
levels of the sill than in the lower rocks. It has been concluded that the
amounts of modal clinopyroxene and iron ore have been controlled essentially
by the changing chemistry of these minerals and the magma. and the positions
of the minerals in the crystallization sequence (Wilkinson. 1957a. 1957b).
Moreover it is difficult to see why preferential sinking of olivine rather than
clinopyroxene is advocated so frequently. as their specific gravities in the
early stages of differentiation (olivine Fa,; 3.46: clinopyroxene 3.40 to 3.42)
are little different in relation to all the complex factors present in the crystal-
lizing magma.

TasLE 8
Compositions of Parental Magmas of Alkali Olivine Basalt Type
(Recalculated 100 percent anhydrous)

I II 111 1v \Y VI
SiO: 45.7 46.2 46.1 45.3 45.8 48.2
TiO. 2.5 2.7 2.5 2.2 2.3 2.4
Al:O; 14.3 14.9 15.1 153 16.6 159
Fe.Os 4.2 3.0 3.0 3.0 4.6 3.6
FeO 9.3 9.8 10.4 10.2 8.6 9.3
MnO 0.14 0.16 0.23 0.20 0.11 0.20
MgO 9.8 8.3 10.4 8.7 79 74
CaO 8.3 8.6 9.3 11.2 8.4 8.6
Na.0 3.4 3.7 2.5 3.0 3.8 3.1
K.O 18 2.0 0.3 0.6 12 1.0
P.0; 0.63 0.66 0.22 0.29 0.71 0.3

I Teschenite B1, 20 feet above lower contact, Black Jack sill.

II  Teschenite B2, 20 feet above lower contact, Black Jack sill. (Taken as approximating
to the parental magma).

III Scottish Tertiary basalt— trachyte series. (Average of four analyses; Nockolds and
Allen, 1954, p. 282).

IV Younger basalt of Later Series, Mauritius (Average of four analyses. Data from
Walker and Nicolaysen, 1954; composition of parental magma from Nockolds and
Allen, op. cit.).

V  Chilled base of Circular Head laccolith, Tasmania (Edwards, 1941, p. 407).

VI Chilled “olivine basalt” near the base of the Braefoot Outer Sill, Fife (Campbell,
Day and Stenhouse, 1932, p. 349).
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(4) The rate of cooling of the sill must have been sufficiently rapid to be
prohibitive to any significant downward movement of crystals, for the rela-
tively homogeneous state of the titanomagnetites and anorthoclase is com-
parable to the state of these minerals in a lava. Harker (1909, p. 322) has
emphasized the time element in crystal settling, pointing out its general in-
effectiveness in sills.

(5) In addition to the time factor, mutual crystal interference must have
considerably retarded any tendency towards gravitative settling. The relative
concentration of clinopyroxene in the upper teschenites may have been aided
by the elongation of the pyroxene crystals. The effects of plagioclase inter-
ference are probably more important, especially where the pyroxene reveals
ophitic or sub-ophitic relations. The occurrence of glomero-porphyritic clino-
pyroxene has not resulted in abnormal concentrations in the lower 300 to 400
feet of the sill. In addition, a large percentage of the olivines are sub-ophitic
or partially intersertal to feldspar. In their relations to crystal settling, the
prohibitive effects of interlocking feldspar are probably of more importance
than the volatile constituents in lowering the viscosity of the magma to aid
crystal settling. This applies particularly to the upper levels of the intrusion.

(6) If appreciable crystal settling of olivine occurred, one would expect
to find crops of olivines which, having completed their crystallization in re-
gions of lower temperature, would show compositions more fayalitic than the
average olivines of the rock. Of the many examined optically, only one olivine
in Bl fulfilled the above requirements for crystal settling inasmuch as its
dimensions and fayalite content are both greater than these values in the as-
sociated olivines. The normal zoning consistently shown by the olivines is in
agreement with the concept of their having crystallized essentially in situ.
Compositional data indicates that successive crops of olivines in the one rock
(in terms of differing generations) are successively slightly richer in fayalite
(Wilkinson, 1956b). There is no evidence of magmatic resorption in the
olivines in the lower teschenites.

Some downward movement of clinopyroxene has been postulated to sug-
gest a mechanism for frequent clinopyroxene reversed zoning (Wilkinson,
1957a). This movement must have been small for two reasons. Firstly, the
olivines enclosed poecilitically in clinopyroxene are slightly more forsterite-
rich than the average olivines in the rock. Secondly, there are no abnormalties
in the modal clinopyroxene in the lower teschenites.

(7) In two cases (specimens B3 and D2) the modal olivine of the
teschenites below the slab of Triassic sediments on the eastern margins of the
sill is less than would be expected from their position in the intrusion (fig. 3).
It might be suggested that these sediments had interfered with crystal settling.
However the necessary complementary accumulation of olivine above the sedi-
ments is absent, for the teschenites at these heights continue the modal olivine
trend of the lower levels. Moreover, the olivine contents of the teschenites
above the layer of sediments are comparable with those of teschenites at
similar heights where the sediments are absent. Nor do the olivines above
and below the sediments reveal any compositional abnormalities away from
“the general trend. The presence of the Triassic sediments may have resulted
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in the teschenites below completing their crystallization in an area of the sill
which would be regarded as a partially partitioned-off chamber, so that their
modal olivine dropped to low values at an early stage, compared with the
entire cooling history of the sill. It will be noted that B3, just below the sedi-
mentary layer, reveals an abnormal early enrichment in soda (table 6, anal.
II).

It is not thought that the slab of Triassic sediments (half a mile in length.
with an average thickness of 100 feet) was floated up by the magma. It shows
no tilting away from the near-horizontal nature of the enclosing sediments.
while its position accords with the position to be expected when compared
with similar sediments on the opposite side of the sill. The slab of Triassic
sediments is believed to represent a portion of the intruded sediments which
projected inwards into the sill, while the sediments above were wedged up-
wards by the intrusive magma. Incomplete erosion of the enclosing sediments
has resulted in its preservation at levels above the lower contacts.

As a result of the foregoing discussion, rather than invoke downward
gravitative movement of crystals as a significant factor in the evolution of the
sill, the Black Jack intrusion is regarded as having crystallized essentially in
situ, the residual liquids at any stage having been displaced upwards relative
to the successive crystal fractions.

The petrogenesis of the analcite syenite.—The occurence of analcite
syenite with basic alkaline rocks in the one intrusion is not an infrequent one.
It is analogous to the trachyte-alkali olivine basalt association of the oceanic
islands and in intrusive tholeiitic magma finds its parallelism in the dolerite
(gabbro) -granophyre association. The general features of the analcite syenite-
alkali olivine basalt association have been summarized by Yagi (1953, p.
805). Despite Fenner’s (1929; 1931) assertions to the contrary, opinion is
fairly general that such felsic bodies represent residual liquids of the parental
basic magma (Ichimura, 1924, p. 103; Gilluly, 1927, p. 208; Tyrrell, 1928,
p- 565 and 1948, p. 197; Walker, 1930, p. 389; Yagi, 1953, p. 806), although
in some cases it is questioned whether the differentiation occurred in situ, or
in a more deep-seated magma chamber (Gilluly, 1927, p. 209; Raggatt and
Whitworth, 1932, p. 229; Edwards, 1935, p. 24).

The study of the alkaline mesostasis (analcite syenite) in the Black Jack
teschenites yields strong evidence that analcite syenites can be referred to the
consolidation of residual liquids produced as a result of fractionation crystal-
lization within the one igneous body. The following evidence may be noted:
(1) the distribution of the mesostasis interstitial to the principal minerals in
teschenites representing all stages in the differentiation of the sill, accords well
with the concept of its generation in situ; (2) the chemistry of the mesostasis
(despite its microcrystalline nature) reveals a composition close to those
compositions of medium- to coarse-grained analcite syenites. A mesostasis of
this type is not infrequent in undersaturated basic alkaline rocks (p. 13); (3)
the major and minor elements of the mesostasis lend strong support to the
microscopic evidence that it is a residual liquid.

The mesostasis conforms in its composition to the chemistry of a residual
liquid in a differentiation series dominated in the later stages by fractionation
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Fig. 6. Compositions of salic portions (less anorthite) of analcite syenites showing
their relation to the low temperature trough for the system NaAlSiO,.KAISiO,.SiO-.
1. Mesostasis from teschenite H4, Black Jack sill.
2. Ten analcite syenites.

of alkali feldspar. It plots within the low temperature trough of the system
NaAlSi0,.KAlSi0,.Si0, (fig. 6). The point representing the average of 10
analcite syenites plots very close to the mean of 32 alkaline syenites and 19
alkaline trachytes (after Daly). (Bowen. 1937, fig. 10). Bowen (1937, fig.
10), Benson (1941, fig. 3), Walker and Nicolaysen, (1954, fig. 9), and Yagi
(1953, fig. 17) have successfully applied this line of investigation to alkali
olivine basalt differentiates. The trace elements of the mesostasis are also con-
sistent with its residual nature. V, Cr, Ni and Co are absent while Ba. Rb. Sr
and Zr reveal marked increases, compared with the minor element trends in
the teschenite sequence. The tholeiitic Kinkell residuum presents similar minor
element analogies (Walker, Vincent and Mitchell, 1952, p. 902). It should be
noted that certain syenites associated with analcite-bearing basic rocks con-
tain both modal and normative quartz (cf. Campbell, Day and Stenhouse,
1932, p. 366-368;: Raggatt and Whitworth, 1932, p. 222, p. 226). Such occur-
rences are worthy of closer examination as they may represent the divergency
of differentiating alkali olivine basalt to an acidic liquid (Tilley. 1950, p. 43).

Feldspar fractionation ultimately prevailed over ferromagnesian frac-
tionation in the residual liquids (cf. Fenner, 1931, p. 549). In the basaltic
and doleritic teschenites constituting the bulk of the sill, the olivines change
in composition from Fa,, to Fa,;.50 while the associated plagioclase varies
from An;, to Ang,. These are average figures. Olivine zoning. indicative of
iron enrichment. is much more marked than feldspar zoning. However in
certain of the upper gabbro-teschenites which represent the latest basic dif-
ferentiates, the plagioclase feldspars change rather abruptly in composition
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to Ang to Ans,. These rocks contain considerable amounts of mesostasis and
their chemistry reveals the initial stages of alkali enrichment asserting itself
over iron enrichment, a trend which reaches its maximum development in the
last magmatic fraction, the alkali-rich vein mesostasis. The composition of the
mesostasis shows a decrease in total iron (a feature exhibited also by the
Kinkell and Kap Daussy tholeiitic residua) but continues the increase in the
FeO/MgO ratio. The acidic nature of the plagioclase (Any) in the host
teschenite indicates its late position in the differentiation history.

It is important to distinguish the residual products of basic magma pre-
served at differing stages in its evolution. If the iron-charged mesostasis of
certain teschenites, e.g. I3 could be isolated for analysis, it is likely that its
chemistry would reveal the enrichment in iron advocated by Fenner. The
Kinkell and Kap Daussy tholeiitic residua differ in their iron and alkali con-
tents. The former glass, richer in alkalies and poorer in iron, plots closer to
the alkali corner of an AFM diagram and represents a more advanced mag-
matic product (Walker, Vincent and Mitchell, 1952, fig. 2). Additional anal-
yses of similar residua from basic rocks will no doubt reveal in their chemistry
a continuous trend from the maximum degree of iron enrichment to a product
enriched in alkalies, i.e. the trend recognized in the actual rock series them-
selves.

During the crystallization of the Black Jack sill, the absence of crystal
settling and deformative forces affecting the sill were favorable for producing
in the later stages of evolution “a mass showing the last liquid as an upper
layer and also as an interstitial material in part of rest of the mass” (Bowen,
1919, p. 405-406). It is the latter half of Bowen’s statement that is especially
applicable to the present discussion, for the residual liquids tended to migrate
into the upper intrusion levels as the magma in the lower portions was repre-
sented by successive crystal fractions. Various mechanisms have been pro-
posed to explain concentration of the residual liquids which ultimately crystal-
lize as coarse-grained intrusive analcite syenite, namely squeezing of the
residual liquid into arch-type cavities produced by lateral thrusting of the
intrusion (Bowen, 1919, p. 407), downward pressure of the superincumbent
rock during crystallization (Tyrrell, 1928, p. 565) and auto-intrusion as the
result of the expansive force of volatiles just prior to final consolidation
(Bailey, in discussion in Tyrrell, 1928, p. 568).

In the final stages of crystallization, certain of the gabbro-teschenites
may be regarded in terms of crystals of clinopyroxene, feldspar and iron ore
immersed in an equivalent volume of residual liquid. The retention of this
liquid as mesostasis rather than its concentration to form internal bodies of
analcite syenite (or by active compression with subsequent extrusion to yield
a small flow of phonolitic composition) seems to have resulted principally
from the sill consolidating under a relatively thin sedimentary cover, which
resulted in an accelerated rate of cooling. There is no evidence of lateral
thrusting in the sediments surrounding the sill. Since analcite syenites occur
within the intrusions, tensional forces rifting apart the late-stage crystal mush
would seem to be an essential feature of their genesis. In many teschenite

slices, e.g. A3, A4, B4, B6, D2, D4 and D7 the cross-cutting veinlets of
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mesostasis and analcite which traverse fractured crystals of the earlier min-
erals. which themselves show a neat fit on either side of the veinlets, represent
embryonic analcite syenite injections. The attitudes of the minerals bordering
these veinlets suggest fracture by tensional forces at a late stage in the cooling
history. Such tensional forces may have arisen from the opening up of new
feeder dykes below the intrusion. which resulted in slight magmatic pulses at
a stage when the crystallization of the main sill was sufficiently advanced to
impart to it a certain amount of rigidity.
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