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ABSTRACT
The microstructure in basaltic dykes is significantly different from that in sills and lava lakes of the
same bulk composition. For a given width of intrusion (or depth of lava lake), vertical tabular bodies
are coarser grained than horizontal bodies, with an invariant plagioclase shape across the intrusion. When comparing samples from sills and dykes for which the average grain size is the same,
the dyke samples contain fewer small grains and fewer large grains than the sill samples. In contrast, the variation of median clinopyroxene–plagioclase–plagioclase dihedral angles in dykes correlates precisely with that observed in sills and is a function of the rate of diffusive heat loss. These
patterns can be accounted for if the early stages of crystallization in dykes primarily involve the
growth of isolated grains suspended in a well-mixed convecting magma, with the final stage
(during which dihedral angles form) occurring in a crystal-rich static magma in which heat loss is
primarily diffusive. In contrast, crystallization in sills occurs predominantly in marginal solidification fronts, suggesting that any convective motions are insufficient to entrain crystals from the
marginal mushy layers and to keep them suspended while they grow. An exception to this general
pattern is provided by members of the Mull Solitary Dykes, which propagated 100–1000 km SE
from the Mull Palaeogene Igneous Centre, Scotland, through the shallow crust. These dykes, where
sampled >100 km from Mull, have a microstructure indistinguishable from that of a sill of comparable thickness. We suggest that sufficient nucleation and crystallization occurred in these dykes to
increase the viscosity sufficiently to damp convection once unidirectional flow had ceased.
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INTRODUCTION
The extent and vigour of convection during the solidification of mafic intrusions (sills and larger, more equant,
layered intrusions), flows and lava lakes remain controversial (Brandeis & Marsh, 1989; Marsh, 1989, 2015;
Worster et al., 1990; Huppert & Turner, 1991; Latypov,
2009). Geological observations used to argue for convection include: evidence for effective magma mixing
on a chamber-wide scale, demonstrated by the progressive development of concentric zones containing compositionally identical minerals on the walls, roof and
floor of intrusions (e.g. Salmonsen & Tegner, 2013);

modal layering attributed to scouring and resedimentation of crystals (e.g. McBirney & Nicolas,
1997; Irvine et al., 1998); and the increasing dominance
of floor crystallization as the intrusion size increases
(Worster et al., 1990), although this has also been used
as an argument to support the creation of intrusions by
the injection of a succession of crystal-rich slurries
(Marsh, 2013). In contrast, the accumulation of crystal
cargoes on the floor of sills has been used to argue
against convection (Gibb & Henderson, 1992), although
a recent re-examination of the olivine distribution on
the floor of the Shiant Isles Main Sill found compelling
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PLAGIOCLASE RECORDS COOLING RATE AND
CRYSTALLIZATION TIMESCALE
Plagioclase grain size
The grain size of a rock is the result of the balance
between nucleation and growth rates, with coarser grain
sizes expected as the cooling rate decreases and crystallization time increases (e.g. Ikeda, 1977; Cashman, 1993).
Owing to the high probability of nearby grains impinging
on each other, crystals in igneous rocks can grow freely
only during the early stages of solidification. Hence, in
rocks in which grains are randomly oriented, measures of
grain size parallel to the rapid growth direction (i.e. the
length of plagioclase tablets) provide information only
about solidification prior to significant impingement.
With few exceptions (e.g. Cashman, 1993), since the
introduction of the use of the crystal size distribution
(CSD) to geological research by Marsh (1988) the CSD of
plagioclase, rather than simple measures of average
grain size, has been used to constrain the timescales of
crystallization of basaltic systems [see Higgins (2006) for
a review]. The slope and intercept of CSD plots can be
used to constrain either the timescale of crystallization
or the growth rate (if the other parameter is known).

during slower cooling (Sato, 1995). In dolerite sills and
layered intrusions, plagioclase is generally tabular, with
the large faces parallel to (010). The three-dimensional
(3D) shape of plagioclase cannot be determined
straightforwardly from two-dimensional (2D) thin sections of rock containing randomly oriented grains,
unless all grains have the same shape. Although this
assumption underpins the 2D to 3D conversion method
of Higgins (1994), it is unlikely to hold for natural samples (see Mock & Jerram, 2005; Duchêne et al., 2008).
However, the average apparent aspect ratio (AR; as
viewed in thin section) can be used as a measure of
grain shape with no associated assumptions about the
3D shape (Meurer & Boudreau, 1998; Boorman et al.,
2004; Holness, 2014). High values of AR are to be
expected in samples containing randomly oriented
platy grains, whereas low AR is to be expected either in
samples containing randomly oriented equant grains,
or in samples in which platy grains have a preferred orientation parallel to the plane of the thin section.
Holness (2014) showed that AR for randomly oriented plagioclase varies systematically across dolerite
sills and in basaltic lava lakes, with the lowest values
(i.e. relatively equant grains) in the slowest-cooled parts
of the body (i.e. at, or near, the centre of sills, and in the
lower part of lava lakes). Both sills and lava lakes show
marginal reversals in AR, perhaps attributable to chilling (Holness, 2014). AR in the central parts of sills of
varying thickness is a function of model crystallization
time (calculated assuming diffusive heat transport, a
country rock temperature of 0 C, and a crystallization
interval of 1200–1000 C during which latent heat is
released at a constant rate), with a relationship
described by
AR ¼ 05586½634–logðcrystallization time in yearsÞ:
Thus, the highest values of AR (and greater departure from an equant shape) are observed in thin sills,
and the lowest values are observed in thick sills
(Holness, 2014). Preliminary data from the Skaergaard
Layered Series suggest that a similar systematic variation is recorded in the stratigraphy of kilometre-scale
layered mafic intrusions (Holness, 2015).
Plagioclase grain shape, as measured by AR, predominantly provides information about the early stages
of growth, before the grains impinged against their
neighbours. After impingement of randomly oriented
grains, further growth is concentrated on the slowgrowing (010) faces, leading to a progressive reduction
in AR (e.g. Schiavi et al., 2009). The magnitude of this
effect has not yet been quantified but, for suites of
non-foliated rocks with a broadly similar order of crystallization and liquid line of descent, it is likely to have a
uniform effect.

Plagioclase grain shape
Experimental work shows that plagioclase grain shape
is a function of cooling rate, with thinner laths forming
during rapid cooling compared with those grown

Dihedral angles
Clinopyroxene–plagioclase–plagioclase dihedral angles
form during the later stages of solidification.
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evidence for settling from a convecting magma
(Holness et al., 2016).
It is well understood that liquid cooling at a vertical
wall will always be gravitationally unstable. The corollary of this is that, once unidirectional flow through a
basaltic dyke has ceased, convection will always occur
as long as the viscosity is sufficiently low (e.g. the crystal load is not too high). In comparison, magma in horizontal tabular intrusions will convect only if the critical
Rayleigh number is exceeded; this depends not only on
viscosity but also on the height of the intrusion, the density change on cooling and/or crystallization, and the
thermal gradient in the country rocks. In addition to this
fundamental difference between the behaviour of
liquids in vertical and horizontal tabular bodies, it is
also well known that the microstructure in dykes differs
significantly from that in sills: ‘The grain size and textures of dikes and sills show marked variations across
their widths . . . dikes consistently become coarser
grained than do sills of comparable thickness formed in
the same environment’ (Philpotts & Ague, 2009, p. 85).
In this contribution, we examine the microstructures
of tabular basaltic intrusions that are thought to have
formed from a single injection of magma, focusing in
particular on the grain size and shape of plagioclase.
We demonstrate that differences in microstructure
between sills and dykes are consistent with significant
differences in the vigour of convection and style of crystallization as a function of intrusion orientation.
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The geometry of these three-grain junctions in dolerites
and gabbros is a function of cooling rate, via the underlying control by the relative growth rates of the different
plagioclase crystal faces (Holness, 2015). Median dihedral
angles are 78 in rocks that were fully crystalline within
1 year, increasing to 100 for rocks that took 1000
years to solidify (Holness et al., 2012).

Indicators of magmatic flow include attenuation of
vesicles (Philpotts & Philpotts, 2007), alignment and
imbrication of phenocrysts (Philpotts & Asher, 1994),
lineation of crystals (Walker, 1987; Holness &
Humphreys, 2003), a preferred orientation of granophyric patches solidified from partial melts derived from
the wallrocks (Philpotts & Asher, 1994), and anisotropy
of magnetic susceptibility, or AMS (e.g. Knight &
Walker, 1988; Tauxe et al., 1998; Abelson et al., 2001;
Callot et al., 2001; Féménias et al., 2004; Philpotts &
Philpotts, 2007; Magee et al., 2016). Most studies using
AMS to detect flow directions through dykes concentrate on the dyke margins to detect the conditions of
flow early in the history of dyke emplacement, as the
chilled margin is likely to have formed while magma
was actively flowing along the conduit (Tauxe et al.,
1998; Callot et al., 2001).
Previous work on the microstructural record of convection was based on a consideration of the effect of
magma flow on the development of compositional
boundary layers around growing crystals and the consequences of this for grain shape. Martin et al. (1987)
considered the effect of convection via its control on the
length-scale of compositional boundary layers. They
suggested that growing crystals surrounded by a thin
compositional boundary layer are unlikely to have their
growth impeded by impingement against crystals
nucleating nearby, leading to a habit controlled entirely
by the relative rates of growth of the crystal faces.
Conversely, if a mushy layer is bathed in a compositional boundary layer thicker than the size of individual
crystals it becomes relatively easy to nucleate new crystals close to older crystals, which are thus likely to experience early impingement, leading to a more equant
habit [i.e. one affected by impingement rather than one
controlled by the relative (unimpeded) growth rates of
the different faces].
Kouchi et al. (1986) found that stirring during crystallization changes the relationship between crystal morphology and undercooling. In stirred magma at high
undercoolings, instead of finding the expected dendritic
and spherulitic crystals indicative of diffusion-limited
growth (e.g. Lofgren, 1974, 1980), plagioclase and
pyroxene are acicular. This is the morphology indicative
of crystallization under the interface-controlled growth
conditions that occur in static magma at lower

undercoolings. The transition from diffusion-limited
growth to interface-controlled growth results from the
disruption of the compositional boundary layers surrounding the crystals as the experimental charge is
stirred.
Higgins (1994) proposed that plagioclase becomes
more platy (leading to higher values of AR) if it grows in
well-stirred magma. Higgins & Chandrasekharam
(2007) developed this concept, citing the results of
Kouchi et al. (1986) to suggest that (non-dendritic and
non-spherulitic) plagioclase departs further from an
equant habit (leading to higher AR) as the velocity of
liquid flowing past the growing crystal increases. Thus,
highly tabular or platy grains are expected to have
grown in strongly convecting magmas. However, there
are a number of problems with this hypothesis. First,
the Kouchi et al. (1986) results concern the transition
between diffusion-limited and interface-controlled
growth and it is not clear that they can be extended to
explain variations in shape created entirely during
interface-controlled growth. Additionally, the velocity of
a crystal relative to the magma in a natural system will
be governed by the settling velocity, rather than the
convective velocity of the magma (Jambon, 1980), so
plagioclase, being almost neutrally buoyant, is unlikely
to experience widely varying velocities relative to the
magma. Finally, Holness (2014) showed that as sills
become thicker (and therefore more likely to convect),
plagioclase becomes less platy, in contradiction to the
prediction of Higgins & Chandrasekharam (2007).

ANALYTICAL METHODS
Plagioclase grain size
The plagioclase grain size was measured using photomicrographs of the fine-grained samples, whereas
images of the coarse-grained samples were obtained
with a high-resolution scanner using two polaroid
sheets to facilitate distinction between different plagioclase grains. We measured the long-axis lengths of all
grains visible in each image. For the very coarsest samples the total number of grains measured was relatively
low (with a minimum of 114 grains measured for sample HH-7 from the Hägghult dyke) but generally 250
grains were measured per sample.
We have chosen to portray the grain-size data in the
simplest possible form, with no corrections made to
account for measurement in 2D sections. This is
because such corrections are dependent on assumptions about grain shape and, while the details of 3D
shape are unknown, it is clear from the average apparent aspect ratio that this shape, or range of shapes,
changes between samples. We have not calculated
CSDs. Instead we portray the data in terms of the average long-axis length, the average area of the grain intersections [calculated as (average length)2/AR], and the
skew of the population of long axes. The grain-size distribution in selected samples is shown in cumulative
frequency plots.

Downloaded from https://academic.oup.com/petrology/article-abstract/58/10/2035/4794892 by University of Cambridge user on 10 April 2019

PREVIOUS WORK ON MICROSTRUCTURAL
INDICATORS OF MAGMA FLOW AND
CONVECTION

2037

2038

Plagioclase grain shape

Dihedral angles
True, 3D, clinopyroxene–plagioclase–plagioclase dihedral angles were measured using a four-axis Leitz universal stage mounted on a James Swift monocular
optical microscope, with a UM32 Leitz long working distance objective and a 10 eyepiece. The median value
of a population of angles can be determined satisfactorily with only 25 measurements (Riegger & van Vlack,
1960), although reduction of the 95% confidence intervals about the median to <64–5 [calculated according
to the method of Stickels & Hücke (1964)] generally
requires more than 50 measurements (Holness, 2010).
We report the median values of populations of up to
100 individual measurements of true 3-D dihedral
angles in each sample, which were chosen to create a
broad range of median angles (i.e. only a few samples
were chosen from the margins of the wider dykes, as
the field of rapidly cooled samples was adequately
populated by samples from the thinner dykes).

GEOLOGICAL EXAMPLES
We used the microstructural information reported by
Holness et al. (2012) and Holness (2014) for the dihedral
angles, plagioclase grain size and grain shape in a series of five basic sills of thickness varying from 35 to 366
m. For comparison, we collected microstructural information from a variety of dykes, each of broadly basaltic
composition. None of the dykes contains evidence of
internal chills indicating a poly-phase intrusion history,
and none carried a significant load of phenocrysts.
Three basaltic bodies, part of the Palaeogene Mull
Complex, were sampled on the south coast of Mull. The
first (Mull dyke 1) is a 37 m wide basaltic dyke, sampled
at 5632449 N, 593084 E. The second (Mull dyke 2) is
46 m wide and was sampled at 5632466 N, 593028 E.
The third body is a 14 m wide cone sheet (Mull cone
sheet) dipping at 70 to the north. We sampled this
body at 5631992 N, 594362 E, with 10 samples spaced
evenly across its width. All three bodies have welldeveloped chill zones. No geochemical data are available for these three bodies.
We examined samples from two dykes belonging to
the Precambrian Blekinge Dalarna Dolerite Group of
southern Sweden. These dykes are olivine tholeiites
and were emplaced at upper crustal depths into 18

Ga basement (Solyom et al., 1992). The Karlshamn dyke
is exposed in a quarry at Stärnö (56145024 N,
14848247 E) where it is 151 m wide. A sample traverse
was collected along the SW wall of the quarry. The
Hägghult dyke is exposed in a quarry west of the town
of Lönsboda and samples were collected in a traverse
at 56400559 N, 14253493 E where the dyke is 40 m
wide.
We examined a Palaeogene basaltic dyke, thought to
be related to the nearby Skaergaard Intrusion, collected
from NW Kramer Ø, in East Greenland, by T. F. N.
Nielsen and C. K. Brooks. This dyke is 10 m wide, with
well-developed chilled margins. Bulk compositions of
samples from nearby related dykes are provided by
Brooks & Nielsen (1978, 1990).
The Moneyacres dyke is one of the Solitary dykes
(Geikie, 1897) associated with the Paleogene Mull volcano, forming a swarm extending 600 km SE of Mull
(Macdonald et al., 2010). It is at least 100 km long. Three
sample traverses were collected where the dyke
crosses the Maich Burn, some 100 km SE of Mull
(55786 N, 4673 E), two as part of earlier studies
(Macdonald et al., 2010) and the third for the present
study. The dyke is 134 m wide at Maich Burn, with welldeveloped chilled margins, and the northern side of the
dyke is well exposed along the west stream bank,
allowing close sample spacing. Exposure of the southern side is fragmentary and relatively inaccessible, with
correspondingly fewer samples. The bulk compositions
of a selection of Maich Burn samples were reported by
Macdonald et al. (2010); the rocks are basalts and basaltic andesites and MgO values range from 7 to 5 wt %.
A further traverse was collected some 10 km further to
the SE, where the dyke is exposed in a small quarry on
East Moneyacres Farm (557242 N, 45027 E) where the
dyke is 32 m wide. One bulk composition from this traverse (for sample EM3) has been provided in the
Supplementary Data table of Macdonald et al. (2010).
The Lupchinga dolerite dyke belongs to a NNEtrending swarm about 10 km wide and 60 km long, and
is exposed on the southern coast of Lupchinga Island in
Pääjärvi Lake, Karelia, NW Russia, where it is 224 m
wide [it was inaccurately described as 21 m wide by
Chistyakova & Latypov (2012): R. Latypov, personal
communication, 2016]. It has been the focus of a
detailed geochemical study by Chistyakova & Latypov
(2012), who have provided bulk geochemical analyses
of all samples examined as part of the present study.
The composition of the dyke is generally uniform (with
MgO  55 wt %) with a compositionally distinct chilled
margin (only one margin is accessible as the other is
covered by the sea) with MgO increasing to 58 wt %.
The Kestiö dyke is a member of the Åland–Åboland
dyke swarm of SW Finland, which forms a NNEtrending zone 40 km wide and 120 km long.
Compositionally the dykes are classified as continental
tholeiites transitional to alkali basalts (Lindberg et al.,
1991; Eklund et al., 1994). The Kestiö dyke occurs on the
northwestern shore of Kestiö island, intruding mica
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Average apparent aspect ratios for plagioclase were
determined using the same grains for which we measured the long-axis length, following the procedure of
Holness (2014). The long and short axes on all grains in
any given image were drawn by hand, and the aspect
ratio was determined using ImageJ. Between 114 and
392 grains were measured for each sample. The 2r
uncertainties on the average apparent aspect ratio were
determined using a bootstrap method based on random sampling of the measurement population.
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gneisses of the Archean basement. It is 675 m wide
and was referred to as ‘thick dyke’ by Chistyakova &
Latypov (2009), who undertook a detailed geochemical
study of the samples examined here. The dyke has marginal compositional zoning in the chilled outer 60 cm
and a generally compositionally uniform central part.

Plagioclase grain size
Plagioclase grain size, as parameterized by the average
apparent long-axis length, is shown as a function of
intrusion width in samples from the five sills, eight
dykes and the cone sheet (the Moneyacres dyke is
sampled in two different places separated by 10 km) in
Fig. 1 (data in Table 1). Although average grain size in
sills and dykes generally increases with intrusion width,
in dykes it increases at a greater rate than it does in sills
(Fig. 1), consistent with the observation of Philpotts &
Ague (2009). The single exception in our study is the
Moneyacres dyke, which is finer grained than expected
from comparison with the other dykes: it has a grain
size similar to that of sills of the same thickness. The 14
m wide Mull cone sheet is also rather finer grained than
might be expected from the other dykes (Fig. 1), but is
generally coarser grained than the 134 m Moneyacres
dyke at Maich Burn.
The average grain size across the Lupchinga dyke, as
reported by Chistyakova & Latypov (2012), is significantly different from those reported here. However,
their values actually refer to the average length of the
10 largest grains measured (R. Latypov, personal

communication, 2016) and, when compared with the
average of the 10 largest grains measured as part of
this study, there is a close correspondence between
their data and ours (Fig. 2).
The average area of grain intersections is shown in
Fig. 3, together with the sill data from Holness et al.
(2012) and Holness (2014), as a function of the theoretical time taken for each sample to crystallize [calculated
following Holness et al. (2012) assuming diffusive heat
loss, a country rock temperature of 0 C, and a crystallization interval of 1200–1000 C during which latent heat
is released at a constant rate]. This theoretical time, calculated on the assumption that the sample crystallized
in the position it occupies at present, is therefore proportional to the square of the distance from the intrusion margin. We chose to plot average intersection
area, instead of average long-axis length, because the
trends and patterns are the same in both but the data
are more scattered for intersection area, making it easier to distinguish the different dykes.
The average intersection area forms a positive correlation with the calculated crystallization time for the
group of sills, which is linear on the log–log plot in
Fig. 3—sills become generally coarser grained as their
thickness increases and within each sill the grain size
increases towards the sill centre. The grain size of the
Moneyacres dyke and the other two Mull dykes are
indistinguishable from that of the sill samples with the
same theoretical crystallization time. The remaining
dykes and the cone sheet show a progressively coarser
grain size for any given calculated crystallization time,
with greater departures from the grain size seen in sill

Fig. 1. The average length of plagioclase grains viewed in thin section as a function of width of the host intrusion. Each data point
corresponds to a single sample. Whereas the dykes generally show a rapid increase of average grain length with increasing intrusion width, the sills increase in grain size at a slower rate [data from Holness et al. (2012)]. The Moneyacres dyke has a grain size
similar to that expected for a sill. The average grain sizes are also shown for the 5 m and 15 m Iritono dykes studied by Ikeda (1977)
(calculated assuming an average aspect ratio of 38–42), and the datum for the central part of the Cleveland dyke from Winkler
(1949) is also shown. The Ikeda (1977) dykes have a grain size similar to the majority of our dykes, whereas the two Mull Solitary
dykes, the Cleveland and the Moneyacres, have similar grain sizes to sills of comparable width.
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Table 1: Details of plagioclase grain shape and size, with the median value of the clinopyroxene–plagioclase–plagioclase dihedral
angle, Hcpp
Plagioclase grain shape
Sample

Dyke
width (m)

Position in
dyke (m)

n

AR

Min.

Max.

Average

10 largest

Skew

225
272
234
265
257
251
231
206

412
410
424
420
434
420
424
424

392
384
402
400
412
394
391
412

429
421
441
440
453
439
413
445

0210
0222
0241
0236
0242
0252
0225
0218

0432
0423
0563
0575
0557
0573
0548
0553

1855
0717
1224
2378
1463
1479
1484
2300

113
236
264
220

473
415
416
399

420
392
392
377

520
434
440
414

0164
0219
0267
0237

0329
0473
0588
0530

0913
0996
0836
1338

253
255
199
232
214
279
200

419
414
416
411
392
383
401

396
387
390
386
367
359
379

439
439
440
431
416
397
422

0277
0353
0417
0327
0412
0347
0376

0606
0773
0945
0753
0944
0798
0850

0958
0842
0769
0627
0642
1088
1283

233
174
223
207
237
137

358
373
391
371
361
384

337
353
365
351
339
365

378
390
412
394
381
400

0364
0450
0428
0403
0333
0069

0886
1006
0957
1065
0745
0124

1236
1197
0907
1511
1111
0555

349
233
229
258
346
302
278
278
254
290
228
203
255
193
232
387
390
295

450
388
403
461
461
403
379
377
333
347
345
408
396
361
372
335
366
353
424

368
381

408
426

438
375
355
352
316
327
327
387
364
344
350
315
345
341
401

488
425
402
396
347
366
366
430
406
383
391
352
387
376
438

0161
0246
0253
0152
0238
0223
0191
0220
0245
0269
0229
0194
0247
0233
0290
0257
0271
0272
0202

0387
0673
0543
0378
0704
0527
0439
0535
0575
0703
0549
0451
0566
0531
0750
0611
0687
0632
0455

1301
2330
1300
1836
0931
1191
1201
1576
1086
2150
1296
1388
1319
1101
2428
1309
1289
0933
1001

124
305
289
290
283
344
276
257
269

446
379
387
400
406
373
369
404
393

357
359
374
378
350
351
378
370

398
406
421
426
397
389
429
417

0246
0242
0307
0358
0316
0292
0332
0358
0294

0521
0575
0790
0908
0883
0664
0694
0783
0675

1373
1855
1136
2043
1242
1120
1091
0930
1072

254
254
283
228
194
282

367
328
316
300
309
321

343
307
299
284
290
301

387
348
331
318
326
339

0198
0297
0444
0478
0560
0550

0469
0638
0996
1205
1244
1559

1397
1028
1044
1136
0869
1554

Dihedral angle
na

Hcpp

(deg.)

50

775 6 3

50
60

825 6 5
82 6 6

50

785 6 3

50
50

785 6 4
785 6 4

50

79 6 4

50

80 6 4

50

78 6 4

50

795 6 4

50

82 6 3

50

81 6 3

50

805 6 3

50
40

80 6 4
83 6 2
(continued)

Downloaded from https://academic.oup.com/petrology/article-abstract/58/10/2035/4794892 by University of Cambridge user on 10 April 2019

Mull dyke 1
M14-20
37
346
M14-21
37
314
M14-22
37
285
M14-23
37
225
M14-24
37
168
M14-25
37
125
M14-26
37
045
M14-27
37
024
Mull dyke 2
M14-30
46
035
M14-31
46
090
M14-32
46
200
M14-33
46
270
Kestiö dyke
AL-10/3
675
04
AL-10/4
675
08
AL-10/5
675
105
AL-10/10
675
275
37
AL-10/14
675
AL-10/18
675
59
AL-10/19
675
615
Kramer Ø dyke
361034
10
10
361036
10
35
361037
10
60
361038
10
80
361039
10
95
361040
10
99
Moneyacres dyke at Maich Burn
MBA
134
011
MBD
134
335
MBE
134
107
MBB
134
128
MB1
134
02
MB2
134
08
MB3
134
20
MB4
134
335
MB5
134
47
MB6
134
536
MB7
134
67
MB10
134
11
MB11
134
22
MB12
134
30
MB13
134
40
MB14
134
56
MB15
134
76
MB16
134
96
MB17
134
126
Mull cone sheet
M14-16
140
020
M14-18
140
040
M14-9
140
120
M14-10
140
285
M14-17
140
360
M14-11
140
539
M14-12
140
710
M14-14
140
1189
M14-15
140
1305
Lupchinga dyke
mmc1-1/3(3)
224
2208
mmc1-1/1(1)
224
215
mmc1-1/23
224
2055
mmc1-1/25
224
1875
mmc1-1/27
224
1605
mmc1-1/29
224
1395
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Table 1. Continued
Plagioclase grain shape
Sample

Dyke
width (m)

Position in
dyke (m)

n

Dihedral angle
(deg.)

AR

Min.

Max.

Average

10 largest

Skew

na

321
313
319
312
313
321

297
294
299
289
286
301

342
330
336
331
332
337

0594
0534
0550
0541
0495
0579

1458
1255
1416
1447
1093
1317

1131
1098
1323
1506
0894
0919

50

835 6 3

365
334
319
314
314
356

347
314
297
293
294
324

384
348
343
330
332
375

0149
0236
0259
0249
0247
0229

0344
0514
0619
0601
0539
0563

1723
1315
1323
0963
0866
1129

50
50
50

825 6 3
845 6 3
825 6 4

290
308
332
307
338
295
308
305

272
288
313
292
322
275
29
286

307
324
354
319
353
306
324
318

0483
0632
0755
0759
0814
0666
0578
0589

1141
1512
1720
2001
1756
1611
1197
1213

0797
1045
1011
2285
1215
1129
0744
0722

321
316

317
296

356
333

1139
1443

2851
2876

1022
0652

320
319
304
318
321
301
317

295
297
284
296
302
283
300

344
336
319
335
337
317
333

1242
1278
1275
1268
1577
1288
1207

2923
3666
2895
3000
3181
2829
2967

1065
2231
1111
1607
1055
1166
1201

30
40

875 6 5
88 6 3

30
40
90

915 6 4
94 6 2
97 6 2

30

895 6 3

302
349

285
332

319
367

1348
1464

3228
2954

1834
1009

305
305

289
288

325
318

1218
1475

3204
3369

1762
1029

40
30
30

91 6 2
88 6 5
875 6 2

30

855 6 10

Hcpp

The number of grains measured is given by n, and the number of three-grain junctions measured is given by na. The minimum and
maximum values of AR were calculated using a bootstrap method to determine the range of average values from the (unknown)
underlying population. The grain size is reported as the average of all long-axis lengths, the average of the 10 longest grains, and
the skew of the entire population of grains.

samples with equivalent theoretical thermal histories
with increasing dyke width. Most dykes coarsen
inwards, in a similar manner to the sills, with the exception of the Karlshamn dyke, which has a constant grain
size throughout its 151 m width.
The correlation between intersection area and theoretical cooling time in much of the Lupchinga dyke has a
similar slope to that observed in the sills, but in the outermost 1 m the grain size decreases significantly more
rapidly as the margin is approached (Figs 2b and 3).
A similar pattern is hinted at in the data from the Kramer
Ø dyke, with an apparently anomalously fine-grained
sample within a few centimetres of the margin. This
marginal break in slope is not apparent in the Mull cone
sheet (sampled within 20 cm of the margin), Mull dyke
1 (24 cm from the margin), Mull dyke 2 (35 cm from the
margin), or the Moneyacres dyke (12 cm from the

margin). The most marginal samples from the Hägghult
and Karlshamn dykes were collected 1 m from the
margins and are not significantly fine-grained.
In Fig. 4a, the average length of the 10 largest grains
is compared with that of the entire grain population in
each sample (data in Table 1). The dykes and sills form
distinctly different trends, with the dykes having a
smaller difference in length between the 10 largest
grains and the entire population. This difference is
reflected in the generally smaller (positive) skew of the
grain-size population in the dykes (Fig. 4b), consistent
with a smaller tail at large grain sizes in any one dyke
sample compared with a sill sample with the same
average grain size.
The difference in the grain-size population is illustrated in Fig. 5a, in which the cumulative frequency of
measured grain lengths is shown for pairs of dyke and

Downloaded from https://academic.oup.com/petrology/article-abstract/58/10/2035/4794892 by University of Cambridge user on 10 April 2019

mmc1-1/31
224
119
229
mmc1-1/33
224
91
216
mmc1-1/35
224
715
228
mmc1-1/37
224
53
208
mmc1-1/38
224
43
282
mmc1-1/39
224
25
218
Moneyacres dyke at East Moneyacres Farm
EM1
320
2
392
EM2
320
7
303
EM3
320
12
325
EM4
320
17
288
EM5
320
22
275
EM6
320
27
273
Hägghult dyke
H-1
400
1
220
H-2
400
6
199
H-3
400
12
186
H-5
400
21
151
H-7
400
28
114
H-8
400
365
194
H-9
400
385
194
H-10
400
395
181
Karlshamn dyke
KH-1
1510
1
175
KH-2
1510
4
222
KH-5
1510
169
KH-6
1510
218
243
KH-9
1510
364
219
KH-12
1510
51
196
KH-15
1510
656
181
KH-17
1510
754
158
KH-19
1510
851
199
KH-22
1510
998
203
1144
KH-25
1510
KH-26
1510
1193
190
KH-27
1510
1241
195
KH-29
1510
1344
KH-30
1510
1398
173
KH-32
1510
1506
182
KH-33
1510
1506
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Fig. 3. Average area of plagioclase grain intersections, as viewed in thin section, plotted as a function of a theoretical time for crystallization, calculated assuming each sample crystallized at the position in which it is now found. Calculations are based on the
assumptions of a country rock temperature of 0 C, a crystallization interval of 1200–1000 C, a constant release of latent heat and
purely diffusive heat loss. The dotted lines are indicative and show a break in slope for the Lupchinga data and a possibly similar
break in slope for the Kramer Ø dyke. The invariant grain size across the Karlshamn dyke should be noted.
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Fig. 2. (a) The average apparent aspect ratio, AR, as a function of position across the Lupchinga dyke. Only one margin is accessible
as the other is covered by sea. These data are duplicated in Fig. 7. (b) The average length of plagioclase grains as viewed in thin
section in the Lupchinga dyke. Squares show the average length of all grains measured, whereas the open circles show the average
length of the 10 largest grains. The dots show the lengths of the 10 largest grains reported by Chistyakova & Latypov (2012).
(c) Analyses of plagioclase cores as a function of position in the dyke. Each point represents one grain. Data from Chistyakova &
Latypov (2012). The grey box shows the marginal region of the dyke in which AR increases—the five data points in this region form
a steep slope on a graph of log grain size vs log crystallization time (Fig. 3).
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sill samples with the same average grain length. Dyke
samples contain fewer small grains and fewer large
grains than the corresponding sill sample. The exception to this is the Moneyacres dyke, for which the
grain-size population, as illustrated using cumulative frequencies, is indistinguishable from that of sill samples
with the same average plagioclase grain length (Fig. 5b).

Plagioclase grain shape
The range of average apparent aspect ratios in sills and
dykes is shown in Fig. 6 as a function of intrusion
width. Plagioclase grain shape varies with intrusion

width, with lower aspect ratios in the wider intrusions
(data in Table 1). Whereas the aspect ratio decreases
continuously in sills as the width increases from 3 to
366 m, AR in the 151 m wide Karlshamn dyke is similar
to that in the 40 m wide Hägghult dyke, suggestive of a
reduction in the sensitivity of grain shape to intrusion
width in the widest dykes. In contrast to sills, which
commonly show a wide range of AR (correlating with
position in the sill), plagioclase grain shape in any dyke
is generally less variable: the exception to this is the
Moneyacres dyke, which shows as wide a spread as
the sills.
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Fig. 4. (a) The average of the 10 longest grains (as viewed in thin section) compared with the average length of the entire grain population. The number of samples in each population is given by n in (b). The data for sills and dykes are clearly distinguishable, with
different lines of best fit. Sills contain significantly more larger grains than do dykes with the same average grain size. The data
from the Moneyacres dyke do not clearly fall into either the dyke or the sill field. (b) A frequency plot of the skews of the grain-size
population. In general, the grain-size population in dykes has a smaller positive skew than that in sills. Sills have a significantly longer tail at large grain size than do dykes of a similar average overall grain size.
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In Fig. 7, AR is shown as a function of position across
each of six dykes and the cone sheet (with two traverses
across the Moneyacres dyke), in comparison with the
values expected from the relationship between average
apparent aspect ratio and model crystallization time
derived for sills by Holness (2014). The data for the
Lupchinga dyke are additionally shown in Fig. 2a.
Within error, the plagioclase grain shape is generally
invariant across the dykes and cone sheet, with the
exception of the Moneyacres dyke, which has AR values
that closely approximate the expected values for a sill
of the same thickness (Fig. 7). The marginal reversals in
AR in sills documented by Holness (2014) are not
present either in the cone sheet or in any of the dykes,
including the Moneyacres, which are otherwise similar
to sills.

Dihedral angles
The median values of the clinopyroxene–plagioclase–
plagioclase dihedral angles in the dykes and cone sheet
are shown in Fig. 8 (and Table 1), plotted against the calculated model crystallization time. The line through the
data in Fig. 8 is the best-fit line through the dataset of
dihedral angles collected from the suite of sills (Holness
et al., 2012). The dyke data are indistinguishable from
dihedral angles in sills of equivalent thickness.

DISCUSSION
Comparisons with earlier work
Direct comparison with earlier work on grain size is not
straightforward because there are many different measures of grain size. Ikeda (1977) reported the variation of
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Fig. 5. (a) The cumulative frequency of grain sizes (measured as the length of plagioclase grains as viewed in thin section) in pairs
of samples, one from a dyke and one from a sill, each with the same average grain size. It should be noted that for each pair, the sill
sample has more smaller grains and more larger grains than the corresponding dyke sample. (b) Pairs of sill and dyke samples,
comparing the Moneyacres dyke with samples from the Whin Sill, which have the same average grain size. In contrast to the other
dykes, the grain-size distribution in the Moneyacres dyke is indistinguishable from that in sill samples of the same average grain
size.
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average plagioclase grain size with dyke width, but
used the apparent grain width instead of the length as
his measure. If we assume that the plagioclase in the
two dykes studied by Ikeda (1977) obeys the same relationship between dyke width and average apparent
aspect ratio as we observe, then we might expect an AR
of 38–42 for his two dykes of width 5 and 15 m. His
reported average plagioclase widths of 70 lm (for the 5
m dyke) and 190 lm (for the 15 m dyke) would therefore
correspond to average lengths of 027–03 mm and
072–08 mm (Fig. 1), consistent with our values for
dyke grain size.
The Cleveland dyke is another of the Mull Solitaries
(Macdonald et al., 1988) and the grain size in this dyke
was measured at Great Ayton, Yorkshire by Winkler
(1949), some 400 km from the magma source on Mull.
The dyke is 166 m wide at Great Ayton, and the average
grain size of the plagioclase [reported by Winkler (1949)
as the average Heywood diameter] for the dyke reaches
a maximum of 011 mm (Fig. 1). This is significantly
finer grained that the 15 m dyke studied by Ikeda (1977),
but similar to the grain size we obtain for the
Moneyacres dyke and, by comparison with our sill data,
for 15 m thick sills.

Convection vs in situ crystallization
The larger average grain size and smaller spread of
grain sizes in dyke samples compared with sills, and the
essentially invariant plagioclase grain shape in dykes,
suggest that the early part of the solidification history in
tabular intrusions is dependent on intrusion orientation.
In contrast, the dihedral angles for sills and dykes are
indistinguishable, demonstrating that microstructural
development during the later stages of cooling are the
same regardless of intrusion orientation. We suggest
that this fundamental difference lies in the strength and
longevity of convection and the extent to which

plagioclase grains grow suspended in a convecting
magma or in situ on marginal solidification fronts.
Critical to our hypothesis is the assumption that the
formation of tabular intrusions involves a first stage
during which magma propagates along a planar fracture, and a second stage in which unidirectional flow
along the fracture does not occur. Although the first
stage may involve considerable flow (e.g. if the dyke or
sill is feeding a substantial surface eruption), the second
stage probably involves the closing off of the planar
intrusion to form an isolated body. If unidirectional flow
occurs over relatively short distances in cold crust (e.g.
<30 km for upwards flow through the crust), it is likely
that most cooling and crystallization occurs once unidirectional flow has ceased. Hence the margins of dykes
and sills record only limited crystallization during flow
and intrusion filling (and may therefore record some
compositional variance compared with the central parts
of the intrusion, if the magma changed composition
during this initial phase), whereas the central parts
record crystallization in a closed magma body. Our
hypothesis concerns the behaviour of the magma during this second stage.
If crystallization during the second stage occurs predominantly in inwards-moving solidification fronts on
the margins of tabular intrusions (Marsh, 1996), then
the shape of the plagioclase will record the crystallization conditions at the position in which it grows and the
grain shape will vary systematically through the intrusion: we suggest this is the case for most sills (Fig. 9a).
Solidification at any point in the intrusion occurs in the
time interval during which the solidification front moves
through that position, controlled by the rate of diffusive
heat loss through the walls. The grain size at any position will be controlled by the length of this time interval
and the nucleation density (which will control the
amount of growth on the crystal long axes before
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Fig. 6. The average apparent aspect ratio of plagioclase, AR, as a function of intrusion width. The sill data are taken from Holness
(2014). Error bars are not included for clarity.
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impingement against neighbouring crystals). During
the final stages of solidification, clinopyroxene–
plagioclase–plagioclase dihedral angles will form, with
values appropriate to the (diffusive) cooling rate experienced at that particular position in the intrusion.
In contrast, if convection is vigorous once unidirectional flow has ceased in the tabular intrusion, crystals
nucleated on the intrusion walls during the growth of a
chilled margin as the intrusion is filled may be swept
into the bulk magma (e.g. secondary nucleation;

Melia & Moffitt, 1964) where they will continue to grow
as isolated grains or grain clusters suspended in the
convecting magma (Fig. 9b). The number of suspended
crystals in the convecting interior may be increased if
nucleation in the bulk magma is promoted by the addition of supercooled liquid from the wall mushy layer
during vigorous convection.
It should be noted that both thermal and compositional gradients, together with variations in the crystal
content, may all produce significant density variations
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Fig. 7. The average apparent aspect ratio of plagioclase, AR, as a function of position within dykes. In each case the x-axis corresponds to the full width of the dyke. The continuous line gives the value of AR expected for a sill, calculated using the expression of
Holness (2014).
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Fig. 9. (a) Crystallization in a horizontal tabular body occurs predominantly in a static, or weakly convecting, magma, with growth
of crystals on the floor and roof. (b) Crystallization in a vertical tabular body occurs both at the walls and also in the convecting interior. Suspended crystals have a longer growth time than they would in the corresponding horizontal body, and can grow unimpeded for a significant period. Convection ceases once the magma is sufficiently crystal-rich, with further solidification occurring in
a static magma.
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Fig. 8. The median clinopyroxene–plagioclase–plagioclase dihedral angle for dykes, plotted against the model crystallization time
calculated assuming diffusive heat loss to a country rock of an initial temperature of 0 C and a crystallization interval of 1200–
1000 C. The continuous line gives the line of best fit for sill data from Holness et al. (2012) (calculated assuming a minimum value
of dihedral angle of 78 and an asymptotic approach to the equilibrium value of 109 ).
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that can drive convective flows within the vertical slot.
Here, for illustrative purposes, we make a rough estimate of the convective vigour during crystallization of
dykes by evaluating the thermal Rayleigh number,
Ra ¼ q0 gaDT L3
jl

Ra ’ 57  107 to 13  1015 :
These estimates suggest that once unidirectional
flow has ceased, convection in basaltic dykes is vigorous, with a nearly uniform interior temperature (Elder,
1965). It may be anticipated that a higher effective
Rayleigh number results when the effects of both composition and crystal content are included, but such a
condition has not, to our knowledge, been fully
explored in the literature.
Nevertheless, for such a rapidly convecting fluid system, the characteristic fluid velocity is (Ng et al., 2015)
1
2

Uf ’ ðgaDTLÞ1=2
which characterizes a mean thermal wind in the interior
of the dyke. In contrast, a simple estimate of the Stokes
settling velocity of plagioclase crystals,
Us ¼

2 DqgL2g
9 l

demonstrates that this is extremely small, with a value
of Us ’ 75  10–6m s–1 for values of the density difference between plagioclase crystals and basaltic melt,
Dq ¼ 110 kg m–3, and a crystal size Lg ’ 5mm. The
Stokes velocity of plagioclase will therefore generally
be sufficiently low compared with typical convective
velocities that the crystals do not leave the convecting
magma in significant numbers (e.g. Martin & Nokes,
1988, 1989; Lavorel & Le Bars, 2009).
Grains growing suspended in the convecting magma
will have a shape governed by the average rate of cooling across the entire convection cell. They will grow as
isolated crystals until captured by the wall solidification
front (Fig. 9b), and this relatively long period of unimpeded growth will mean they attain a large size.
Progressive capture by the inwards propagating wall
mush will result in a gradually increasing average grain
size towards the centre of the dyke. The differences in
grain-size populations (Figs 4 and 5) compared with sills
may be accounted for if the very largest grains (with the
largest Stokes velocity) leave the convecting magma by
flotation or settling, whereas smaller grains may be lost

Do all dykes convect?
The Mull cone sheet, dipping at 70 , has a grain size
intermediate between that expected for sills and that
expected for fully convecting dykes (Fig. 1). Although
this suggests crystallization behaviour intermediate
between one involving growth predominantly in marginal solidification fronts and one dominated in the
early stages by growth of grains suspended in a convecting magma, the plagioclase grain shape is generally invariant across the width of the sheet (Fig. 7),
consistent with crystallization in a convecting magma
body. The single data point suggestive of in situ growth
in a solidification front (close to the left wall, Fig. 7) is
intriguing, but we would anticipate that dips much shallower than 70 should be adequate to change the crystallization behaviour from sill-like to dyke-like. Further
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where we take the density q0 ¼ 2650 kg m–3, gravity g ¼
981 m s–2, thermal coefficient of expansion a¼ 645 
10–5  C–1, thermal diffusivity j ¼ 8  10–7 m2 s–1 and viscosity l ¼ 1–10 Pa s (Martin et al., 1987). Here we use a
nominal temperature difference between the dyke interior and the sidewalls, DT ’ 10 C, and, using the width L
as the natural length scale, we find characteristically
large Rayleigh numbers

by rapid ripening driven by the temperature fluctuations
experienced by grains suspended in a convecting
magma (e.g. Mills et al., 2011): these two processes
would create a final grain-size population that is narrow
in comparison with one of the same average grain size
created under static conditions.
In such a model, convection will eventually cease as
the load of suspended growing grains increases
magma viscosity (Fig. 9b). Once this has happened, further solidification will occur in a static crystal-rich
magma, governed by diffusive heat loss. This final
stage of solidification will result in overgrowth on the
existing grains; the amount of this overgrowth, and the
extent to which it may alter the overall plagioclase average aspect ratio, will depend on the amount of liquid
remaining when convection ceases. The essentially
invariant grain shape across the dykes (which are
sampled across a single stratigraphic horizon) suggests
only minimal adjustment of the overall grain shape by
in situ overgrowth. This static phase of solidification
also results in clinopyroxene–plagioclase–plagioclase
dihedral angles indistinguishable from those developed
in a body that cooled entirely by diffusion.
According to this model, solidification in sills occurs
primarily in solidification fronts on the sill floor and
roof, with the bulk magma being essentially crystalfree. In contrast, the early solidification of dykes is
dominated by the growth of isolated crystals suspended in a convecting magma. Convection ceases in
dykes once the crystal load is sufficiently high, leading
to a final stage of static solidification of relatively
crystal-rich homogeneous magma. The precise details
of the variation of microstructure across the dyke will
depend on the extent to which crystallization occurred
on the walls, the extent to which these wall crystals
were scoured by the convection, and the rate at which
the wall crystal mush propagated relative to the cessation of convection in the interior. These will in turn be
controlled by the rate of heat loss to the walls, the original crystal load of the dyke and the presence or absence
of exsolving volatile phases.
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Why is evidence for convection in dykes not
evident in AMS studies?
There is an abundant literature describing constraints
on magma flow directions in dykes using anisotropy of
magnetic susceptibility (AMS). Most of these studies
are concentrated on the marginal portions of dykes, to
detect the conditions of flow early in the history of dyke
emplacement and to ensure that solidification took
place while unidirectional flow was still occurring (e.g.
Tauxe et al., 1998; Callot et al., 2001; Magee et al., 2016).
Many studies are focused on thin dykes (e.g. Knight &
Walker, 1988; Philpotts & Philpotts, 2007; Magee et al.,
2012) and the fast cooling rates of these bodies mean
that it is less likely that convection was a significant

process during crystallization. Notably, Knight & Walker
(1988) found that a consistent flow direction was not
seen in the widest dyke (35 m) they examined and suggested that this is a consequence of turbulent flow (e.g.
Huppert & Sparks, 1985). However, it is also possible
that once dykes become wider than 35 m the magma
cools sufficiently slowly that it has time for convection
to be established once unidirectional flow has ceased:
vigorous convection would result in a widely variable
fabric preserved in the fully solidified dyke.
Nkono et al. (2006) used AMS to examine the variation of flow direction across two wide dykes (55 and 23
m) and found evidence for consistent laminar magma
flow across both: it appears that neither of these dykes
convected once unidirectional flow had ceased.
Importantly, both are relatively silica-rich basaltic andesites with a significant load of amphibole and biotite
phenocrysts: it is therefore possible that the viscosity
was sufficiently high to damp convection in a similar
manner to that postulated for the Moneyacres dyke.
Future work should be aimed at investigating the links
between consistent flow directions across dykes and
sills and microstructural parameters such as grain size
and shape and the phenocryst load.

Chill zones
Several intriguing questions arise from our observations of microstructures in the margins of tabular intrusions. First, values of AR in the margins of dykes do not
show the marginal reversals that are a feature of sills
and lava lakes (Holness, 2014), even for the Moneyacres
dyke, which otherwise has a microstructure indistinguishable from that of a sill. Second, several dykes
have a complex relationship between grain size and
position in the dyke, with a stronger positive correlation
in the outermost regions compared with the centre. The
dyke that shows this best is the Lupchinga, which also
shows an associated smoothly outwards increase in AR
in the marginal 1 m (Fig. 2a).
The margins of intrusions record the earliest parts of
the solidification history, although sustained flow of
magma within conduits will melt back any early-formed
chills (Bruce & Huppert, 1989, 1990). It is possible that
early-formed chills may also be eroded during sustained convection, either by melt-back if the intrusion is
sufficiently large, or by plucking of crystals from the
developing solidification front. The absence of marginal
reversals may be because the earliest stage of solidification is not preserved in dykes, and we are therefore
sampling some later stage once the solidification front
was able to develop.
A further complication may arise if the width of the
dyke changes during filling or conduit flow, or once
flow has ceased. The width of dykes is controlled by a
complex series of factors including the magmastatic
pressure in the source magma chamber and the
regional stress field. Although it is accepted that
magma-filled fractures can widen on the addition of
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work should be aimed at characterizing the microstructure of tabular bodies oriented at various angles to the
horizontal to determine the critical orientation that triggers this change in behaviour.
The Moneyacres dyke is an outlier in microstructural
terms, containing plagioclase with grain size (Fig. 1),
grain-size distribution (Fig. 5a) and shape (Fig. 7) indistinguishable from that of a sill of comparable thickness.
According to the model outlined above, the
Moneyacres dyke must therefore have crystallized by
the inwards migration of solidification fronts. The fine
grain size of the Cleveland dyke reported by Winkler
(1949) suggests that this dyke also crystallized in the
absence of convection strong enough to keep crystals
suspended. Both dykes are part of the swarm that
propagated up to 1000 km southeastwards through the
shallow crust from their source on Mull (Macdonald
et al., 1988). It is therefore likely that significant nucleation and crystal growth occurred both during initial
dyke propagation and as magma continued to flow in
the resultant conduits, with crystallites from the chilled
margin entrained into the flowing magma (e.g.
Macdonald et al., 1988). Once unidirectional flow had
ceased, the magma would therefore contain a large
number of crystals and crystallites compared with a
magma that had propagated only a short distance
through cold crust, and convection would therefore be
weak or short-lived.
Although the available compositional evidence for
the particular dykes described here suggests that they
are predominantly of uniform composition in their central regions, many dykes show significant compositional variation across their width (e.g. Philpotts, 1998).
Some of these dykes may be composite, with successive intrusions bringing in magma of different composition into a body that was already sufficiently solid to
permit the creation of a distinct later intrusion.
However, we suggest that significant compositional
variation across the width of dykes that preserve no evidence for internal chill zones may be indicative that convection in such dykes was either weak or very shortlived; this could be tested by an examination of
microstructure.
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suggested that the reversals may be a consequence of
abundant nucleation and early impingement in chilled
margins, but if this were so we might expect to see
reversal in dykes.

The relationship between dihedral angle and
grain shape
A critical difference between sills and dykes is that, in
the former, dihedral angle variation maps onto variation
of plagioclase aspect ratio, whereas in the latter these
two parameters are decoupled. Holness (2015) showed
that the underlying control on dihedral angle is the
response of growth rates of different crystal faces of
plagioclase to changes in cooling rates. The decoupling
between these two parameters in the dykes can be
explained if the growth patterns of plagioclase change
once it is trapped in the solidification front—once convection has stopped, plagioclase grows according to its
position in the dyke and therefore the final stages of solidification, during which dihedral angles are formed,
record the local cooling regime, rather than an averaged regime. That the second growth stage does not
significantly change the overall grain shape of the plagioclase suggests that it is the first growth stage that is
the dominant control on the final shape. Grain shape
therefore largely records the pre-impingement growth
of crystals, which occurs at the solidification front early
in the evolution of the magmatic intrusion, whereas
dihedral angle is largely controlled by the diffusive cooling of the late-stage, stagnant intrusion and country
rock as the remaining vestiges of residual melt are
cooled and crystallized.

CONCLUSIONS
Building on the initial observation of Philpotts & Ague
(2009), we have demonstrated that there commonly are
significant microstructural differences between basaltic
dykes and sills. For a given width of intrusion, vertical
(or steeply dipping) tabular bodies are coarser grained,
with an invariant plagioclase shape across the intrusion. When comparing samples from sills and dykes for
which the average grain size is the same, the dyke samples contain fewer small grains and fewer large grains
than the sill sample. In contrast, the variation of median
clinopyroxene–plagioclase–plagioclase dihedral angles
in dykes correlates precisely with that observed in sills
and is a function of rate of diffusive heat loss. These patterns can be accounted for if the early stages of crystallization in dykes occur primarily by the growth of
isolated grains suspended in a convecting magma, with
the final stage (during which dihedral angles form)
occurring in a crystal-rich static magma in which heat
loss is primarily diffusive. In contrast, crystallization in
sills of thickness up to 366 m occurs predominantly in
marginal solidification fronts, suggesting that any convective motions in the sills that we examined are insufficient to entrain crystals from the marginal mushy layers
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further magma, such fractures may also become narrower if the pressure in the magma is insufficient to
overcome the regional compressive stress field. The
microstructure in the dyke margins may therefore have
formed while the dyke was at a different width from
that finally preserved.
The Lupchinga chill has been very extensively analysed by Chistyakova & Latypov (2012), who found significant compositional variation in the outermost parts.
The anorthite content of the plagioclase decreases rapidly in the outermost 1 m, with a weakly developed
trend towards more primitive compositions in the dyke
centre (Fig. 2c), attesting to the filling of the dyke by
magma of varying composition. These compositional
variations have been used to argue that the Lupchinga
dyke records solidification during continuous flow of
magma of progressively changing composition
(Chistyakova & Latypov, 2012). Prolonged magma flow
in the dyke would result in the loss of well-developed
chill zones (e.g. Bruce & Huppert, 1989, 1990) and the
development of a wide contact aureole (e.g. Holness &
Humphreys, 2003). The associated heating of the country rocks would result in Hcpp being higher than that in
equivalent sill samples. Although we have no information about the contact aureole of the Lupchinga dyke, it
has a well-developed chill zone and dihedral angles
indistinguishable from values observed in sills (Fig. 8).
We therefore suggest that the Lupchinga dyke developed in two distinct stages, the first involving the creation of a narrow dyke filled with relatively evolved
liquid, which solidified from the margins with no significant convection, creating a smooth trend of inwards
decreasing AR in a fine-grained matrix. Before the first
batch was fully solidified the dyke was inflated by the
arrival of a second batch of magma—this batch convected, resulting in uniform AR and a relatively coarse
grain size. The weakly developed increase in anorthite
content towards the centre of the dyke (i.e. not including the chill zone, shaded in Fig. 2c) could be a consequence of small batches of magma being added to the
dyke during late-stage inflation.
Accordingly, the filling history of each dyke is critical
in determining its microstructural development, with a
slow incremental filling creating a well-defined chill
zone with sill-like features and possibly also a distinct
composition. The microstructure at the margins will
also depend on whether the dyke represents a longlived conduit or single injection. The final important factor is the load of crystallites in the magma once flow
has stopped. The first two factors control the microstructure of the edges (Is there a chill? How thick is the
chill?) whereas the third controls whether or not convection can occur.
What is still not clear is why horizontal tabular bodies
exhibit marginal reversals in AR, instead of the steadily
increasing values that might be expected for the shorter
crystallization interval at the margin (and that are
observed in the Moneyacres dyke and, in the model
outlined above, in the Lupchinga dyke). Holness (2014)
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