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Cooling rate studies of rocks from two basic 
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dykes 

S Y N O P S I S  

NUCLEATION and crystal growth of plagioclase 
have been studied in two basaltic melts by one 
atmosphere, constant-rate and variable-rate cooling 
experiments using the wire-loop technique (Donald- 
son et al., 1975). Constant-rate cooling studies 
indicate that the length of the incubation period 
prior to nucleation varies systematically with the 
degree of supercooling and with the cooling rate. 
Attempts to determine the rates at which the mar- 
ginal parts of two dykes (from the Isle of Arran, SW 
Scotland) cooled, by the attempted reproduction 
of the natural textural features, in constant-rate 
cooling experiments suggest that for one of the 

* Present address: 22 Newbould Lane, Sheffield, 
$10 2PL. 

dykes, plagioclase phenocrysts at the contact could 
have grown at a cooling rate of approximately 
3 ~ and the groundmass plagioclase laths at 
faster cooling rates in excess of 10~ For 
the other dyke the plagioclase laths in the rocks 
0.5cm from the dyke contact probably grew at 
rates slower than 2 ~ Attempts to validate 
experimentally the Jaeger (1957) cooling model for 
the two dykes suggest that the dykes cooled at 
much slower rates than the theory predicts. 
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Many experimentalists have uSed non-equllihri~ studies in 

preference %o equillbri~ studies to try to evaluate the rates at which 

natura l  rocks could have cooled (e .g .  Lofgren e t a l . ,  1974, 19755. In  

this study c o n s t a n t  rate and v a r i a b l e  r a t e  c o o l i n g  e x p e r i m e n t s  have 

been  USed t o  t r y  t o  s i m u l a t e  a s  c l o s e l y  as  p o s s i b l e  t h e  m i n e r a l o g y ,  

grafnsize and textures of the marginal parts of two basaltic dykes f~ 

t h e  I s l e  of Arran in S.W. S c o t l a n d .  

The c o n s t a n t  r a t e  c o o l i n ~  experiments had a d u a l  pu rpose  i n  t h a t  

firstly, they were a study of the effects of cooling rate on the 

i n i t i a t i o n  of n u c l e a t i ~ ;  s e c o n d l y  I t h e y  w e ~  uSed t o  o b t a i n  a f i r s t  

approximation of the mte~ at which t h e  martial ports of two basaltic 

dykes cooled. The variable rate cooling experiments were per fo~ed to 

simulate as c l o s e l y  as possible the cooling of natural rOCks as 

predicted by the Jaeger cooling model (Jaeger, 19575. 

T~ DY~S 

The two dykes  f r ~  the Isle of grr~ consist of one olivine 

tholeiite (dyke I) and ~e tholelite (dyke 25. Each dyke was sampled 

at intervals f~ ~e of its contacts to its centre. In each case 

o n l y  h a l f  t h e  w i d t h  o f  each  dyke was samTled i n  d e t a i l  on t h e  no t  

u n / e a s o ~ a b l e  a s s ~ p t i ~  t h a t  t h e  dykes  are c o m p o s i t i o n a l l y  s y m m e t r i c a l .  

Orientated samples cut pa~llel and perpendicular to the walls of  the 

dykes showed that there was generally no preferred mineral o~ientation 

wlthin either of the two dykes, The whole rock analyses for the ~jor 

e l e m e n t s  of  t h e  dyke r o c k s  a r e  BiVen in T a b l e  I .  

T a b l e  I .  c se| of  Sam l e a  

f rom D~kes I and 2- 

Dyke 1 Dyke 2 

Sample G.1 G.9 G.15 G.18 
NUmber 

~:a~or Elements ( w t . ~ )  

Ss 45.59 45.74 49.38 48.94 

El20~ 17.46 17.96 15.01 15.25 

TIO 2 1.55 1.4~ 2.28 2.19 

Fe205 4.~9 2.96 7.16 4.68 

FeO 7.24 8.60 8.28 10.59 

F.nO 0.19 0.19 0.24 0.21 

]q~O 6.20 8.47 5.05 5.24 

CaO 10.69 10.~1 9.05 9.71 

~420 2-75 2.47 2.58 2.58 

K20 0.17 0.1~ 0.79 0.64 

I=205 0.15 0.14 0.20 0.18 
S 0.09 0.05 0.21 0.12 

002 2.7)  0.20 1.07 0.41 

H2 O+ 1 .~8 1 .~2 ~ .18 0.97 

Total 100.58 99.99 100.46 99-71 

Sample G.1 = 0.41m fr~ M. contact of dyke 1. 
Sample G.9 = 1.8~ f~ w* contact of dyke 1 (i.e. tenth). 
Sample G.15 = 0.215m f~ N.E. contact of dyke 2. 
Sample 0.18 = 2.54m f~ N.E. contact of dyke 2 (i.e. centre). 

The variation in modal parentages of plagioelase, elinopyro*ene, 

olivine and iron oxldes across each dyke is given i n  figs. 1 and 2. 

~ Ta%le ~ 1% can  ~e  s een  t h a t  dyke 2 shows no e v i d e n c e  o f  f r a c t i o n s -  

rico even tho~ the modal variations of olivine and iron oxides across 

this dyke (fig. 2) do evd~est possible f~ctio~tinn; a p~sible 

explanation for this is diseased later on in the text. From Table I, 

dyke 1 shows some degas of fractlonation with Y~ increasing with 

erystalllsatlon. 

The experiments were carried out in an ordinary )Oma born, l>t-20~ 

wound, v e r t i c a l  quench f u r n a c e  i n  which t h e  f02  was c o n t r o l l e d  by a 

C02-H 2 mix ture.  ~ e  wi re- loop method (~onaldsoD e t a l . ,  197545 was 

~ e d .  For the o o n s t u t  T a t s  eoal lx~ exper~ents 0 . ~  diameter /~40Pd60 
wire was ~ e d  and f o r  the varimble rate c o o l i ~  e~per~ents 0.15m 

30 

GK 

5( 

j, 

~ P~odme 

w 

. . . .  ~ . . . .  t . . . .  

Ft. I. V~latim in modal parentages of pla~ioclase, climopy~xene, olivine 

and iron o~Ides across dyke I. 

Dyke2 

ken OxMes 
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Fi B. 2. u in modal percentages of plagioclase, clinopy~xene, 

olivi~ ~d inn o, ides acro~ dyke 2. 

d i ~ e t e r  A~aoPd60 w i n  was u sed  i n  an  a t t e m p t  t o  r educe  i r o n  l o s s e s  t o  

a minlm~ (Co~igan and Gibh, 1979). In the variant of the wi~-loop 

method used in this work the powde~d starting materials (50-80mg) wen 

pressed into pellets 5~ in diameter ~nd 2-5~ thick, a length of 

~nsaled wire was gently twisted arced the pellet and the enti~ pellet 

was p a r t l y  f u s e d  t o  f o ~  a bead  by h o l d i n g  i t  s u h s t ~ t i a l l y  above i t s  

liquidus temperature (between 100-150~ for a short inte~al (between 

2 and 6 minutes). Durir~ this initial fusion the muffle fu~aee 

atmosphen was controlled by mixtures of CO, 002 and N 2 to minimize 

oxidation of the iron and also oxidation of silver i n  the wire. It was 

later found that the initial fusion of the pellets could be satisfact- 

orily achieved in air ~ing a muffle fu~aee so lor~ as heBtlng times 

were r e d ~ e d  t o  2- 5 m i n u t e s ,  o t h e ~ l s e  s e r i o u s  weaken ing ,  and i n  
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ext~ oases fail~e o f  the wire re~u/~sd. At the e~d of the 

e w e r i m e n t  t h e  s a m p l e  (complete with s~peudiM wi~ and cemic 

l ~ a l a t o r ;  s e e  D o n a l d s o n  e t  a l . .  1 9 7 5 a .  f i g .  21 was q u e n c h e d  i n t o  c o l d  

w a t e r .  W h e ~  t h e  p e l l e t s  r e m a i n e d  i m t a c t  t h e y  were c u t  h o r i z o n t a l l y ,  

i.e. p e r g e n d i c u l a r  t o  t h e  suspending wire and made into t h i n  sections. 

I n  t h e  c a s e  o f  s h a t t e ~ d  p e l l e t s  a s m e l l  a = o ~ t  o f  t h e  c h a r g e  was 

c ~ h e d  ~ d e r  a l i q u i d  ( a c e t o n e  or w a t e r )  a n d  t h e n  c o a r s e l y  g r o ~ d  a n d  

mounted on a glass slide. This expedited preliminary identiflcati~ of 

the silicate phases ~d the consequent d~isions re~ardlng the condit- 

ions neCeSsary for subseq~nt experiments. Thi~ sections were made 

from the r e m a i n i n g  fzm~ments of the shattered heads. 

I n  b o t h  t h e  c o n s t a n t  r a t e  a n d  v a r i a b l e  r a t e  c o o l i n g  e x p e r i m e n t s  t h e  

t e e ~ e r a t u r e  was  l o w e r e d  by u s i n g  a v a r i a b l e  s p e e d  e l e c t r o ~ e c h a n i c a l  

s t e p p i n g  d e v i c e  t o  c o n t i n u o ~ l y  i n c ~ a s e  t h e  o u t p u t  f r ~  a DC m i l l i v o l t  

s o u s e  by  e x t r e m e l y  ~mall increments (either 4-5 X lO-Smv o r  1-39 x 

I0-~). This signal was added to that frm the control thermocouple in 

t h e  f u r n a c e  t o  s i m u l a t e  s gradual r i s e  i n  f ~ c e  t e m p e r a t u r e ,  t h u s  

i n d u c i n g  t h e  r  s y s t e m  t o  c o o l  t h e  f u r n a c e  a t  t h e  r e q u i r e d  r a t e  by  

a t t ~ p t i n g  t o  m a i n t a i n  t h e  t o t a l  sisal a t  a c o n s t ~ t  l e v e l .  T h i s  

method was u s e d  a s  m ~ l  or methanlcdl adj~tmemts of the set point of 

t h e  c o n t r o l l e r  c o u l d  n o t  g i v e  t h e  p r e c i s i o n  r e q u i r e d  a n d ,  i n  a n y  e ~ e ,  

was  l i a b l e  t o  g i v e  ' o v e r s h o o t ' .  

I n  b o t h  t y p e s  o f  e x p e r i m e n t s  t h e  c h a r g e s  w e r e  h e a t e d  a b o v e  t h e i r  

l i q u i d ~  t e m p e r a t u ~  t o  s e t  v a l u e s  o f  + A T  ( s u p e r h e a t )  f o r  12 t o  24 h o u r s  

with the gas mixture set to give au [0~ of 10 -9 atmospheres (dyke I) or 

10 -8 atmospheres (dyke 21 at this t~perat~ (these are the f02 values 

d e t e r m i n e d  e x p e r i m e n t a l l y ,  a t  w h i c h  the d y k e s  a r e  t h o u g h t  t o  h a v e  f o ~ d  

(Corrlgan, 1980)). In the constant rote oooli~ experiments the 

thar~ee were then cooled rapidly to 10-15~ above the liquid~, with 

adjustment in the gas mixt~ to give the same f02 at the liquid~ 

t e m p e r a t u ~ .  The c h a n g e s  w e r e  t h e n  c o o l e d  a t  t h e  p ~ d e t e m i n e d  r a t e s  

t h r o u g h  t h e  l i q u i d u s  t e m p e r a t u r e  t o  v a r i o u s  d ~ r e e s  of - A T  ( s u p e ~  

c o o l i n g )  and  q ~ n c h e d .  In  t h e  v a r l ~ b l e  r a t e  c ~ o l l n g  e x p e r i m e n t s  t h e  

s a m p l e s  were c o o l e d  r a p i d l y  to the liquid~ t e m p e r a t u r e ,  m a i n t a i n i n g  

a co~t~t fc2 by a readj~tment of the CC2~K ~ gas mixture and then the 

charges were cooled at the ~qui~d rates th~t~h the llquidus temperat- 

ure. The CO2|g  2 r a t i o  i n  t h e  a t m o s p ~ e ~  was  n o t  a l t e r e d  d~IY~ t h e  

%-,.una) so that ~he iS2 de~se4 slightly wi%h c~li~. This p~edume 

is Justifiable since H a m i l t o n  and  Anderson (1967) h a v e  shown t h a t  

a n h y d r o u s  b a s a l t i c  magma r  ~mder  c o n d i t i o n s  o f  o o n s t ~ %  t o t a l  

c c m p o s i t i c ~  will h a v e  a s m a l l  d e c r e a s e  i n  f o R .  

CONSTABT RATE C005~ K ~ P E R ~ S  

N u c l e a t i o n  o f  phases 

C o . r a n t  r a t e  c o o l ~ n g  s t u d i e s  on  s ~ p l e  G . 1 8  (dYke  2 )  h a v e  s h ~  

t h a t  t h e  o r d e r  of a p p e a r a n c e  o f  l i q u i d u ~  p l n g i o c l a s e  ( 1 1 6 6 . ~ 0 )  and  

s e c o n d  p h a s e  c l i n o p y r o x e n e  ( 1 1 4 7  -+ 4 . 5 ~  i s  %he same a s  ~ d e r  

equilihri~ conditions althongh the n~leation temperature of each phase 

is l o w e ~ d .  The  e x p e r i m e n t a l l y  d e r i v e d  s u p e r c o o l i n g  r e l a t i o n s h i p s  f o r  

sample 0.18 superheated to +AT = 34-5 *- 40C (fig. ~) indicate that the 

t e m p e r a t u r e  at w h i c h  plngloclase nucleates from the melt is dependent 

on  the ooollng rate, and that the length of  the incubati~ period for 

both the l i q u i d u s  ph~e ~d the second p~ase increases as the cooling 

rate deceases. A l s o  the amo~t of  -AT required prior t o  nucleation 

decreases as the cooling ~te deceases. This relationship is 

consistent wlth the findings of Donaldson (1970, 1979) for the delay in 

the nucleation of o l i v i n e  fm a 5adaltlc melt) with the work of  

Walker et  el. (I~76) on a l~r plcrlte ccmposltlon and also with the 

crystallimatlon studies o f  Lofgren and Donaldson (1975). 

For sample G 18 olivine did not nucleate in a~j of the experimental 

charges except for two ~s cooled at 1~ and quenched from . ATe 

of 110~ and 1050C respect ively (fig. 51. ~ dyke 2 there ~ e  no 

olivine phenocrysts and g r a n u l a r  ground�9 olivine increases in amo~t 

f~ the dyke margin to the dyke centre (fig. 21 with olivine absent 

f~ the actual contact .  Since the~ a~ no olivine phenocrysts 

flowage differentiation cannot account for the distribution of olivine 

in the dyke. The experimental data (fxg.)) snggest the possibility 

t h a t  t h e  modal increase i n  olivine towards t h e  d y k e  centre m i F h t  h e  

attributable to varlatlon in the coolu~g rate (and supe~oolimF) across 

the dyke and not be a result of a differentiation mechanism (other than 

flowa~e differentiation which has a l ~ u d y  been discounted). This is 

suppol~ed by the fact that the ma~in and centre of dyke 2 a~ almost 

identical ch~ically (Table I )  which would not be the case if auy t~ 

f r a c t i o n a t i o n  had  occurred, I% is also tenable t h a t  the olivine 

distribution in the d y k e  could he due to the nucleation of iron oxides 

in preference t o  olivine &t the dyke mx~61n) either b e c a m e  o f  the 

f a s t e r  c o o l i n g  r a t e  o r  b e c a m e  o f  a h i ~ h e r  f02 a t  t h e  d y k e  c o n t a c t .  

Such iron o x i d e  nucleation would a c t  to  deplete the melt in the iron 

n e c e s s a r y  f o r  o l i v i n e  g ~ w t h .  I n  s u p p o r t  o f  t h i s  latter i d e a ,  t h e r e  i s  

a m a r k e d  increase in medal iron oxides f r o m  t h e  centre towards the 
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contact of the dyke (fs 2). Whichever explanation is favoured it does 

n o t  detract fr~ the f~t that %he olivine conte~t varies across dyke 2 

without any obvio~ co~espondln,? vardati~ in the bulk c~positlon 

which is ~ d o u b t e d l y  a n  imports% phen~non. 

The s i m p l e s t  e ~ l a n a t i o n  t o  a c c o s t  f o r  t h e  absence o f  o l i v i n e  a t  

the act~l dyke contact is that the constit~nts of the olivine are 

ouenched i~to the glass. A more complex hypothesis is that the gradual 

l~rease of olivine from the contact could be d,e to slower coohng 

towards the dyke cent~ allowlr~ the iron oxides to be ~so~ed and 

r e p l a c e d  by iron-rich olivine. 

Re~roductlon of ~rainsizes and n~leation denSitie~ 

gon-equilibri~ experiments in which basaltic melts were cooled at 

constant rates have been s~cessful in t h e  rsp~duction of the textures 

and mlne~l chemistry of basaltic rocks, and in obtainir~ estimates of 

cooling rates by the comparison of the natural rock ~d the experimental 

p~dutts (e.g. Donaldson et al., 1975b). The lack of crystal/liquid 

equilibri~ d~i~ natural crystallisation Is esper characteristic 

of ~ke 2, as evidenced by clino~xene fed spherulites, skeletal iron 

oxides ~d skeletal Dla~i~lase. It is also evident in dyke I which 

contalns skeletal ollvine and ellnopy~yene fan sphs~lites. As a 

~ s a l t ,  experiments designed to s t u d y  equilibrium srystalllsation are 

not strlctly a~plicable ~d therefore, no~equilibri~ conditis.e have 

been Investigated t o  determine the approximate razes at which parts of  

t h e  two d y k e s  c o u l d  h a v e  c o o l e d .  I t  i s  r e a l i s e d  t h a t  n a t u r a l  c o o l i n g  i s  

not linear hut linear ~tes are a good first approximation (variable 

rate coollr~ experiments will be discussed later). 

The variations in crystal sizes and n~leation densities in igneous 
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Fig. ). Phase relationships for sample G.18 as a f~ction of - ~T and 

cooling rate. The symbols are as follows: ooen circle = glass; solid 

circle = glass * plagioclase; solid sq~re = glass § plagl~l~e + 

clinopyroxene; solid trinn~le = glass § plagioclase § cllnopy~xene + 

olivine. 

bodies are attributed to dlf~crent coolln~ ~tes within the m~49n~tic 

body (Lame, 1898; ~ueneau, 1902; Gray, 1968, 1970). The me~ sizes of 

the twenty largest plad~ioclase crystals in thin sections (3~ x 2cm) of 

the ~cks were determined by measurement of their 'widths' perpendicular 

to the (090) pl~e on the ~Iversal sims. The twenty lar6est crystals 

vrre ~easured in prefe~nce to aver~in~ l~ge n~ber~ of crystals as 

it is likely that the first few crystals to fo~ in the melt will have 

nucleated h~o~eneously, whe~e~ the size of later gene~tions of 

crystals seems likely to be ~overned to s~e extest hF the ~ainir~ 

space in the melt ~d they m~y well have nuclested heterogeneously on 

v ~ l s t ~  c r y s t a l s .  The l ~ e s t  e ~ o r  i n  t h i s  me thod  p r o b a b l y  a r i s e s  

fr~ the fact that the largest crystal may be missed in smplir~z a 

limited a~a su=h as e thin section. 
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To check on the consistency of the crystal size measurements in the 

two dykes, replicate measurements were made on different thin sections 

and scmetlmes f~ different points along the length o f  the dyke as 

follo~ for dyke I three thin sect:~s were used to me~re the 'width' 

of the plagioslase crystals at 0.hem from the h. contact and they gave 

84,5~, 8~,5B and 86~ respectively; f o r  dyke 2 s~ples at O.hom f~m the 

S.W. contact were taken from two areas (one area o f  four thi*~ sections 

~nd the other of five thin sections) a~d each gave respectively 4~.9~I 

and ~.2~o The results of the crystal size measur~ents ~e given in 

fig. ~ where it is shown that these is a gene~l increase in the 'width' 

of the pl~ioclase crys ta ls  from the margin to the centre of  the two 

dykes. The difeerences in crystal s i z s  ae~ss the dykes  ~e attributed 

t o  d~ferent coo l i r~  rates within the ma~mmtic bodies. 

In the eX~ericent~l charges t h e  plagioclase crystals ~ere measured 

ccolln~ rates. TO try ~d dets~ine for s~ple G.~8 at what temperature 

below t h e  liquid~ t e m p e r a t u r e  p l a ~ i o c l a s e  c r y s t a l  growth ceases, 

several runs were p e r f o r m e d  at  a eoolind~ rPte o f  2-~ -~ O.~~ and 

then quenched a f t e r  various times ~ d  therefore from d i f f e ren t  

temperatures b e l o w  the l i q u i d u s  temperature, The ~ e s u l t s  of this 

experiment a r e  shown in fig. 6 whe~ the mean plagioclase crystal size 

is p lot ted aEaimst the t o t a l  time (tG) spent in  excess of tha t  required 

to reach the nucleat ion temperatu~ and that  necessary f o r  incubation 

and nucleation. To calculate t G the experimental coolln~ ~te c~e 

for this sample was used (see fig. 86, Corrig~, 1980). The result was 

that after 18 hour~ the crystal size had increased no furthe; and after 

51 hou~ i t  had levelled off. The ~omalous point 'A' o~ fig. 6 with a 

larEer crystal width could be d u e  to t h e  measur~ent o f  heterogeneo~ly 

nucleated crystals which wem not ident*fied as such. I% is possible. 

I 

Plg. 4. E.ean 'widths' of t h e  twenty largest plagioclase crystals (see text) 

perpendicular to t h e  (010) u l ~ e  at  va r l e t s  distances ~cross dykes 1 and 2. 

so l id  c i r c les  = dyke 1, open s i d l e s  = dyke 2. The centre of each dyke i s  

indicated by the dashed line. 

in exactly the s~e way as in the natural dyke rocks. Great care was 

t a k e n  n o t  t o  m e a s u r e  c r y s t a l s  t o u c h i n g  t h e  s u p p o r t i n g  w i r e  a s  t h e y  m i g h t  

r e p r e s e n t  h e t e r n g e n e o ~ l y  n u c l e a t e d  c r y s t a l s .  A n o t a b l e  f e a t u r e  o f  the 

constant rate cool ing experiments on sample G.1 (dyke 1) was the 

existence of a bimodal plagi~lase orystal size distribution. It seems 

probable that the larger plagi~lase crystals in s~h charges have grown 

heterogeneously and so only the mBalier 'interstitial' plngi~lases were 

measured. The i r  sizes must he considered as mining ~ the ~resenoe Qf 

l a x g e r  h e t e r c ~ e m e o ~ l y  n ~ l e a t e d  plagioclases would  h a v e  p l a c e d  

limitations on  the growth of  s u b s e q u e n t  plngioclases, TO ch~k ~ the 

pmcisi~ of such measurements two chutes of sample G.1 were cooled at 

10.see/he u r  ~ d  then quenched from 1016~ ~ d  96~C ~ d  both gave 

p l a g d o c l a S e  crystal 'widths' of 2.6~. 

Since nucleation and growth in the melt are interrelated a textural 

analysis o f  ~ r o c k  should also t a k e  i n to  accost crystal nucleation 

dermlties, h u t  there is really no satisfactory method of  obtaining a 

value for .ucl~tlc~ density. 

Dyke 1 

For sample G.1 the chazger used for the pla~ioclase crystal size 

measu~ents were cooled to temperatures such that no s i g n i f l c ~ t  

~ o ~ t  of glass remained. Cooling at  2.3~ and q~enching f r ~  

1016o5~ ( - ~ T  = 24~.5~ g a v e  a pla~ic~lase c rys ta l  'width"  o f  11.htt. 

Clearly to  p~duce plagioclase c r y s t a l  'widths' of  6 5 p  a t  0.hem f~ the 

w e s t e ~  ~ r g i m  o f  the dyke ( f i g .  4) cool ing would  have had to be at  a 

rate considerably slower t h ~  2 ~  

DYke 

Fig.  5 shows t ha t  a r e l a t i ~ s h i p  ex is ts  betwee~ pla~imclsse c r y s t a l  

size and c o o l i n g  rate fo r  charges quenched f r ~  the s ~ e  -~T value.  

This r e l a t i o n s h i p  may not be p a r t i c u l a r l y  inst~ctive, however, since 

the crystal size attained at a~y set cooling rate may well depend more 

u p ~  t h e  f r ~ t h  t i m e  i n  t h e  m e l t  t h ~  t h e  - A T  v a l u e  f r ~  w h i c h  i t  i s  

q u e n c h e d  ( i . e .  i f  t ~ o  e h a c g e s  a r e  c o o l e d  z t  d i f f e r e n t  r a t e s  and t h e n  

quenched a t  the s ~ e  - ~T value the c rys ta ls  i n  t h e  m o r e  slowly cooled 

charge w i l l  have had a longer E~wth time than those in the more quickly 

co.led charge). If the ~lationship shown in fig. 5 is me~rq~ful it 

follows that a callb~timn of this variation could he used t~ dete~ime 

h ~ e v e r ,  t h a t  t h e  mean w i d t h  m i g h t  go  th rOUgh  a m a x i m ~  ( p o i n t  ' A ' )  

s i n c e  i n  t h e  l a s t  s t y e s  o f  n u c l e a t i o n  and g ~ w t h  t h e  g y o w t h  o f  many 

g a l l  c r y s t a l s  c o u l d  h a v e  s t o p p e d  b e f o r e  t h e y  h a d  t ~ e  t o  a t t a i n  l a r g e r  

s i z e D .  The t i m e  a t  w h i c h  t h e  p l a g i ~ l a s e  c r y s t a l s  i n c r e a s e  no  f u r t h e r  

in  size eo~esponds to - A T  ~ 142.5~ ( i . e .  1024~ and thus a 

c a l i b r a t i o n  of c r ys ta l  s ize against cool ing rate f o r  charges quenched 

f~m or b e l ~  1024~ should be me~ in~ fu l .  In  support os t h i s .  

i s ~ t h e ~ a l  eueerCoolinF exoeriments (see C o r r i g ~ ,  1980) imdlcate that  

the solidUS of C.18 is a t  -~&T = 145r 

I n  f i g .  7 t h e  ~ l a t i o n s h i p  b e t w e e n  c o o l i n g  r a t e  ~ d  p l a g i ~ l e s e  

c rys ta l  size is shown. A regression curve of the f o ~  y = a x b z 

(y = 66.60 x 0.g147 z) is  shown as a dashed l i ne  and a v i n y l  f i t  curve 

is  shown by the so l id  l i n e .  I t  is evident from the data points ' A ' ,  'B' 

~ d  'C '  t h a t  t h e  t ~ e  c u r v e  i s  n o t  j u s t  a s i m p l e  e ~ p o n e n t i a l  c u r v e ,  b u t  

should in fac t  r ise  much ~ o ~  steeply a t  slow cool lz~ rates (s ince the 

charges 'A'  and 'B' were quenched f r ~  10~6~ and were thus not held as 

l o n g  as the other charges their crystal size must be a minim~ and the 

true curve may be even steeper at sl~er cooling rates), Initially it 

se~ed likely that the c~e could he asymptotic to the crystal size 

axis st.ee at very slow coo]i~ rates the nucleation o f  small n~hers of 

crystals would enable them to ~r~ ieto very large crystals, it is, 

h~ever, unlikely that the true eu~e is asymptotic to the cooling rate 

axis b~ause a t  s~e critical rate the charge would consist only of 

glass. 

When the variation in natural pla~ioclase crystal 'width' ~ross 

dyke 2 (fig. 4) is used in con~nction w~th fig, 7 It c~ he deduced 

that a t  0.hem f r o m  the dyke's south-west margin the plagi~lase crystal 

'width' of  51p could have been p~d~ed at a constant cooling ~te of 

2,2~ Directly a t  the south-west c o n t a c t  the dyke ~k c o n s i s t s  

o f  plagi~lase phenocry~ts in ~ dominantly glassy g~mdmass with 

sparse gro~ass plagioclese, with the fo~er having a mean 'width' of 

~ap and the latter hewing a mean 'width I of ~,59. Such ~l~i~lase 

phenocrysts would correspond to COOlin~ rates of 5~ ~d the 

FrO~dmass plagioclase to cooling rates faster th~ lO~ Due to 

t h e  u n r e l i a b i l i t y  o f  t h e  c u ~ e  ( f i g .  7) ~ t  very slow c o o l i n g  r a t e s  i t  

c ~  only he said tha t  the pla~ioclase c rys ta l  'w id th '  of Pfip at  21am 

f r ~  the dyke contact could o o r r e s p o n d  to  cool ing rates slower th~n 
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Fig. 5. Mean 'widths' o f  the twenty largest pla~ioclase crystals perpendicular 

to the (O10) plane as a f~etion of cooling rate for sample S.18. Each solid 

symbol refe~ to a charge. The charges (curve 'A', solid circles) were all 

quenched f~m -AT = 80 -~ I~ and the charges (curve 'B', solid squares) were 

all quenched f~ -~T = 112.5 4- 2~ 
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Fig. 6. Mean 'widths' of p l a g i o c l a s e  crystals (in some cases less than twenty 

crystals were measured as fewer crystals than this wen obse~ed in the charges) 

perpendicular to the (010) plane as a f~cti~ of  the total time spent in excess 

of that required for incubation ~d nucleation (tG) for sample 0.18. Each solid 

circle refers to a change cooled at a rate of 2.~ -+ 0*5~ 
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Fig. 7. Mean 'widths' o f  the twenty largest plaginclase crystals (perpendicular 

to the (010) plane) as a function of coolin~ ~te for charges of s~ple G.18. 

Solid circles ~fer to charges cooled to less than I024~ ~d quenched (ezcept 

for changes 'A' and 'M' which a~ explained in the text). The dia~ indicates 

at what cooling rate plaglcclase crystals of a certain size could have g~wn at 

the contact and 0.bcm f~ the contact of dyke 2. 

1 . 5 ~  and t h a t  t h e  p l a E i o c l e s e  c r y s t a l  'width' of  1509 a t  201cm 

f r o m  t};e dyke  c o n t a c t  c o u l d  c o r r e s p o n d  t o  c o a l i ~  r a t e s  s l o w e r  t h a n  

1~ 

Concl~ions 

It is annarent from the experiments reported above that the 

duplication of coarse-grained rocks (i.e. at constant cooling rates 

slower than 1~ is diff/cult hec~use of the long eoolln~ tines 

~nd large s~.pls sizes which would he necessary. The consist rate 

cooling experinents on s~ple 0.18 fro~ dyke 2 have shown, however, that 

sizes of crystgls found to occur naturally in dykes can he reproduced 

in realistic times in the laboratory. 

u ]~ATE COOLING EY~I~.E~S 

~eproduetion o f  cr~stal sizes 

These experiments we~ conducted to try to duplicate the cooling 

conditions predicted for e~eh dyke by the Jaeger (1957) cooling model 

as closely as possible. The model is based on the foll~in~ ~ss~ptions: 

fl~tly, the intrusive body has the fo~ of a flat sheet of thickness 

'd' in ore direction ~d it extends indefinitely in'the perpendicular 

directions, with the c o . t r y  rock extending indefinitely on either side 

at a constant t~peratu~, which is taken as 0~ secondly, intrusion 

%8-kes place v e r ~  rapidly, with the mama8 heins int~ded at a constant 

temperature (this tempe~ture is taken as %he ]lquldus temperature o f  

the c~position concerned); thirdly, the the~al p~perties of the 

co.try rocks and the solidified mac~a ~e considered to be the s~e 

and to be independent of temperature~ fourthly, the loss of heat due to 

escauing volatlles i s  iFnored~ fifthly, the affects o f  convection in the 

maims are ignored ~d cooling is ass~ed to be only by conduction into 

the wall ~cks. For a full description of this theoretical model 

(includind~ the equations used) the reader is z efer~d to Jaeger (1957). 

In order to try %o update the n~erinal values used by Jaeger (1957) 

and to differentiate between the thermal properties of the liquid and 

solid magma, most of his input p~ameters were replaced by mo~ recent 

and app~priate data (Table II). The liquidus temperature for each of 

%he compositions used was determined experinentally. Due to the 

extreme difeiculty in identlfyln~ accurately the small quantities of 

~lass in exDerinents heated to j u s t  above the solid~ t e m p e r a t ~ e  and 

hence in dete~ining the solidus temperat~e, approximate va lues  were 

datelined fr~ isothe~al supercooling experiments (Corrig~n, 1980 ). 

These latter experiments showed that for s~ple G.I there was less the, 

1C~ glass at ~I00~ (-~T = 158~ for s~ple G.18 there no 

detectable ~lass at 1021~ (-~T = 14~C ) but about I0~ glass at 1041~ 

(-AT = 125~ In view of the ~certainty sure,dinE the solidus 

temperatures, thee values have been used for each of the dykes In the 

calculations to cover the whole of the likely range. The latent heat 

Table II. ~erical Values used in the Jaeger Coolln~ Model. 

Par~eter Rock Liquid Pa~eter Solid 
Magma M a ~ a  

Density p 2 G.I 2.85 P I 2.88 

(~'/sm 5) c . l s  2.92 (h) 2.Be 
(a) 

To ta l  0 . 1  0 . 3  c I 0 .25  

Specific G.18 0. 5 (d) 0.25 

Heat  c 2 
( c )  

Thermal G. 1 0.0068 E 1 0.00506 

Conduct icily G �9 18 0.0061 ( f ) 0.00506 

Z 2 ( cal/~/sec~ ) 

(e) 

( a )  = The d e n s i t i e s  o f  t h e  l i q u i d  magmas a t  t h e i r  l l q u i d u s  

t~pe~t~es which were calculated using the method of 

Bottdn~a ~d Weill (1970). 

(b) = This value is the one us@d by Jaeger (1957) for the density of 

the solid ~ck (the measured densities of the rOckS (2.6 - 2.7 

~m/om 5) are slightly lower and may not be the true values 

since the rocks have ~dergone a certain degree of weathering). 

(c) and (d) = These values were taken directly from Jaeger (1957). 

(e) = The values for tPe the~al conductivity of the liquid saFmas 

at their respective llquidus temperatures were derived by 

extrapolation of the data compiled by Clark (1966). 

(f) = The value for the thermal conductivity of the solid dolerites 

was taken from Clark (1966) as this value was the most 

app~priate for the solid rock densities used here. 
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Fig. 8. Tine/temperatu~ curve~ for dyke I calculated for a point 10~+Scm from the 

contact+ The n~be~ on the ou~es refer to the case n~be~ (see Table II1). 

Dyke1  

.=oe 
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- 7  - 6  - 5  . . . . . . .  --~ . . . . .  L+ . . . .  -=  . . . . .  -', ' o 

Co%ormm ( ~ )  

F i g .  9 .  V a r i a t i o n  o f  t e m p e r a t u r e  w i t h  t i m e  f o r  s i x  p o i n t s  i n  d y k e  1 .  The d i s t a n c e s  c f  

these points from the dyke contact are indicated on the curves. The c~es ar~ based on 

case 2 (Table IIl). 

l~ ,ke  2 

_.,. . . . . . .  . ~  . . . . . .  ..... . . . . .  ~ . . . . . .  .~  . ~~;'~ ~r~, {v,m,l 
Pig. 10. Variation of tempe~tu~ with time for five points in dyke 2. The distances of 

these points from the dyke contact a~ indicated on the cu~es. The cu~es a~ based on 

ease 11 (Table III). 

values of 80 and 100 cal/gm a~ used by Jaeger (1957) h~ve been utilised 

he~, since it is believed that such values are likely to fo~ the 

maxims and minim~ limits of the t~e r~ge. 

In the J~ger cooling model several factors have been neglected 

which could well lead to e~ors in the predictions of the natural 

cooling rates of the two dykes studied. These include, firstly, the 

effect of superheating; secondly, possible preheating of the countl-~ 

roeks~ thirdly, a decrease in the latent heat parameter with time 

erystulllsation proceeds; fourthly, ch~ges in temperature due to the 

escape of volatiles, ~d fifthly, it was ass~ed that the injection of 

magma was instantaneous and that it r~ained at a ~ifo~ temperature 

throughout its period of intrusion. These factors aM discussed more 

fully elsewhere (Cosign, 19e0). 

For the theoretical modelllng of the cooling of the two dykes t 

twelve cases (Table Ill) were calculated to show how variation in the 

latent heat values ~d estimated r temperatu~s could affect the 

t~ger~ture/time curves (see fi~. 8 for the dyke % data). Fo~ dyke 

the near~ontaet ~ck G.I w=s u~ad, as the dyke shows some degree of  

differentiation ~d for dyke 2, which is more eh~ically h~ogeneous the 

central s~ple G.18 was used, so that any chemical changes due to 
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weathering would he ~duced to a minim~=. )or the  experimental 

modelling of p~ts of dykes I ~d 2 cases 2 and 11 were chosen as belr~ 

closest to the estimated solidus temperatures, but the latent hePt value 

(i.e. I00 cal/~) was chosen arbitrarily for reasons ~Iready stated. In  

fiFs. 9 ~d 10 the temperature/tree curves ~ shown for cases 2 and 11 

respectively for various values of X (i.e. d i s t ance  from t he  dyke 

margin). It is c l e a ~  from these cu~es that the cent.s of dykes I and 

2 (figs. 9 and 10) had cooled by 1 to 2~ after 0.02 and 0.05 yeazs 

~spectimely and that at 0.bcm from the dyke contact dyke 1 had cooled 

by 199~ after 65 seconds (11,142~ and dyke 8 by 150~ after 61.5 

seconds (8,781~ At 88cm from the contact of dyke 1 195~ of 

cooling was reached after 56.1 hou~ and at 21.5cm f~m the contact of 

dyke 2 150~ of cooling was attained after 51.1 hou~. A com~ris~ of 

these cooling rates ~redicted by the Jaeger cooling model with the 

app~ximate linear cooling rates deduced p~viously sugges ts  t ha t  the  

theoretically predicted rotes are much too fast (by orders of magnitude 

for s a m p l e s  at dist~ces of O.bcm). Nevertheless, since parts of t he  

two  dykes  cam he coo led  i n  t imes  a t t a i nab le  i n  the  l abo ra to r y ,  mode l l i ng  

of the theoretical cases 2 ~d 11 we~ ~dertaken for x = 0.bcm (for both 

dykes) ~d for x = 28cm for dyke I and for x = 21 .bcm for dyke 2. 

The limiting factor in duplicating the Jaeger c o o l i n g  model 

experimentally for the centres of the two dykes was the smallest 

t~perature inte~al that the electromechanieal cooling rate device could 

cope with. At the slowest part of the cooling, cu~e this t~perature 

inte~al occurred a f t e r  55 minutes, therefore the temperature changes 

w e r e  c a l c u l a t e d  a t  5~ m i n u t e  i n t e ~ a l s  and t h e  c o o l i n g  r a t e s  a t  t hese  

intervals were then datelined. TO try to duplicate the textures and 

grain sizes at 0.bcm from each of the two  dyke con tac t s  the f~sce was 

switched off which gave ~controlled cooling but was the only way to 

cool f a s t  enongh. 

F~,S. 11a ~d 11h show the calculated t~perature/time cu~es (for 

rocks at 28cm and 21.5cm from the contacts of the two dykes) ~d the 

experimental temperature/time curves which were an attempt to duplicate 

Parameters used for the Theoretical 

Modelling of the Cooling of D~kes 1 

a~d 2 as P~dlcted by the JaeFer 

Coolln~Model. 

Case TI(~ Zs(~ Co=ants 

1 1065.55 1258.55 Dyke 1 L = 80 

2 1108.55 1258.55 Dyke 1 L = 80 

5 1158.55 1258.55 Dyke 1 L = 80 

4 1065.55 1258.55 Dyke 1 L = 100 

5 1108.55 1258.35 Dyke 1 L = 100 

6 1158.55 1258.55 Dyke I L = 100 

7 991 .52  1166.52 Dyke 2 L = 80 

8 1016.52 1166.52 Dyke 2 L = 88 

9 1066.52 1166.52 Dyke 2 L = 80 

10 991.52 1166.52 Dyke 2 L = 100 

11 lO16 .52  1166.58 Dyke 2 L = 100 

12 1066.52 1166.52 ~ y k e  2 L = 100 

TI(~ ) = Solidus Temperature 

T2(~ ) = Liquldus Tempe~tu~ 

the foyer. In f i g s .  11a ~ud 11b the time at which t h e  tempe~tu~ 

fi~t decreased for both the calculated and experlmental curves Is 

taken as the same thus all~ing for the lag time at the beginning of the 

cooling sequemme at vez~ slow cooling ~tes and also the thermal inertia 

of the furnace. The result is that the maxim~ disc~p~cy between the 

c a l c u l a t e d  and  t h e  e x ~ p e r i m e n t a l  t e m p e r a t u ~ / t i m e  c u ~ e s ,  which was ~e  

much as 1B~ without this eorrecti~, is reduced to 2 to 5~ which is 

a l m o s t  within the limits of e r r o r  of the fu~ace t e m p e r a t u ~  measu~ment. 

The t~mperatu~/klme curves of the experiments for rocks at 0.bcm f~m 

the mar~ins of the two dykes a~ shown in fig. 12, where the tempe~ture 

readings were taken a t  two minute intervals. 

For dyke 1 a cha~cterlstic f e a t u ~  o f  the experimemts designed to 

duplicate the cooling ~tes p~dicted by the Jaeger cooling model at a 

dist~ce of 28cm from the dyke contact is that. as in some of the 

comtant ~he cooling experiments, plagi~lase c~stallised in a bimodal 

size distribution. Since it is uncertain whether the larger crystals 

represent t~e phenocrysts or whether they a r e  heter~geneo~ly 

nucleated crystals (some are ~deniably l~ated in the vicinity of the 

suppor%in~ wire), those crystals were ign.ored in the crystal size 

measu~ents and only gro~dmass crystals were ~ed. For dyke I two 

samples we~ ~ together and both we~ quenched f~ 1060~ (-~T = 

198~ after ooo l i r ~  as sho~rn in Pig. 11a. They con ta i ned  lamellar 

t ~ i n : ad ,  se : :e t imes : ke l e t a l  but more often non-skeletal h l~ i~ l ases  

which were so~eti~:es zoned; subequant rodlet spinel; a marie phase(s) 

(olivine and/or clinopyroxene were too fine-gralned for optics] 

identification ~d there was not enoch material for identification by 

x-ray dlff~.ctisn), and les~ then 10~ interstitial glass. The ~undmass 
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F i g .  1 1 a .  The e x p e r i m e n t a l  ( E )  and  c a l c u l a t e d  (C)  t e m p e r a t u ~ / t i m e  

c u ~ e s  f o r  dyke  1 u s i n g  c a s e  2 ( x  = 28ore) .  

e c 

F i g .  11b. Tne e x p e r i m e n t a l  ( g )  and  c a l c u l a t e d  (C)  t e m p e r a t u r e / t i m e  

c u r v e s  f o r  d y k e  2 u s i n g  c a s e  11 ( x  = 21 .5cm) .  

plagiocl~se 'width' was consistent in both charges (21~ and 19~ 

respectively). A e~parison of the grain sizes of ~he natu~l rook at 

28cm fr~ the dyke contact ~d the ~crystallised rocks produced in the 

experiment showed that the ex~er~nent had failed to ~produce the 

texture ~d g~in size of the natural ~ck. 

The two charFes for dyke 2 ~r to try to duplicate the textu~l 

relationships at 21 .bcm from the dyke contact were quenched f~ 

1004~ ( -AT  = 162~ a~d f r ~  1014~ ( -AT  = 152~ a f t e r  coo l i n~  as 

shown in f~. 11b. Both the charges were holocrystalline ~d contained 

very de,so slinopyro~ene fan spherulites which were intergrown with 

thin acicular plad~ioclase laths. T~ce amours of an inte~titial 

granular phase with second order birefringence (olivine?) we~ obse~ed 

and iron oxides were present i n  skeletal fo~. The pl~i~lase crystal 

'widths' in both char~es were 5B- A comparison of the grain sizes of 
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t h e  n a t u ~ l  rock  a t  21.5r from t he  dyke co~t:=ct  and t h e  rec~ystal!ise~ 

rocks produced in t h e  ex,eriment showed that the experi~,ent had failed 

t o  ~ o ~ d u c e  t h e  t ~ x t u ~  and g r a t h  s i z e  o f  t h e  ~ a t u ~ l  ~ c k .  

F o r  dyke I charges of sample G.I were quenched fr~ I027~ 

(-AT = ?~I~ and from 962~ (-AT = 2970C) ~,pectively a f t e r  coolir~ 

as shown %n fig. 1~. Both charges were holocrystalline and consisted 

of e~r fine-g~ined intergrown fa~ spherulites of clinopy~- 

xene and p l a ~ i o c l a s e  accompenied by evenly disseminated rodlet and 

p ~ U l a r  t o  s u b e q ~ n t  i r o n  o x i d e s .  I~o o l i v i n e  was o b s e ~ e d .  The 

charge q~enehed from the slightly hither t e m p e r a t u r e  c o n t a i n e d  

olngi~l~e with a crystal 'width' of  7F and the plagioel~se cz$'stal 

'width' in  t h e  o t h e r  charge wa~ I.)~. 

For dyke 2 a charge of s~ple G.18 w~ quenched fro~ 989~ 

G1 

~ 40 eO 
r , , , ~  

Fig. 12. Cooling profiles for samples G.1 ~d G.18 resultir~g f~m 

switching o f f  the f u ~ a c e  power system. 

( - A T  = 177~ a f t e r  c o o l i n g  as  s h o ~  in f i g .  12, ~ d  t he  t h i n  s e c t i o n  

of the bead was observed to consist of 95% glass with four fib- 

grained clinofyro~ene f~ sphe~lites oecurri~ in a cluster in one 

part of the section. No pl~giocla~e was observed. If the cllnopyroxene 

fan sphez%ulites were a ~sult of homogeneous nucleation, this charge is 

direct evidence that at extremely fast cooling rates the l i e u l d u s  phase 

(flagioclase) may fall to  nucleate in preference to the second phase 

(elinefy~xene). 

For  both dy~es none of She charges p~duced at such fast coolzn~ 

r a t e s  b o ~  any r e semb lance  to the natu~l dyke r o c k s .  

Thus, ~ comparison of the ex~erAmentally produced charge~ with the 

appropriate natural dyke ~oks indicates that they a r e  quite different 

~d th~ the dykes must have cooled at much slower rates th~ the 

J~eger cooling model p~diets to attain their natural plagioolase 

crystal sizes. Further, the results confi~ that the cooling ~tes 

predicted by the Jaeger cooling model are much too fast and are not 

comfatlhle with the experimentally determined linear cooling rates. 

Clearly much longer experiment times th~ those indicated hy the 

J~ger model (i.e. sl~er cooling rates) are required to rep~duce the 

natural dyke rocks by variable rate cooling and such times would be 

impractical in the laboratory. However, as a first approximation the 

much slower linear cooling rates determined for the dykes e~ be 

FACTC,%~ POSSIBLY Ik~/UENCIhG T~ CHYSTALLISATIO~ O~ ~SLT$ 

Certain factors which could affect nucleation and growth in the 

experlments but do not apely to n~tu~l systems and e@ually othe~ 

which cou ld  a f f e c t  t h e s e  p r o c e s s e s  i n  t he  n ~ t u r a l  sys tem h u t  no t  i n  t h e  

experimental case must he conside~d ~ they could well result in 

diffe~nces in texZure ~d ~ l n  size between the experiment~l and 

natural systems. The foamer include: firstly, the sample container rased 

durin~ the experiment and the mass ratio of the s~ple to the conteiner 

(clearly the larFer the sample mass relative to the container mass the 

less liklihoo4 of  heteroFeneous n~leation); secondly, iron loss f~m 

the sample to the supportinE wire which could act to cha~e the ~eY*/Fe 5. 

~at!o of the melt (Cow,tan and Gibh, 1979), and thirdly, iron loss f~m 

the sample to the supporting wire with the result~t release of 02 which 

could al%er the fop- F~cto~ of the second type inclvde: firstly, the 

presence of a volatile phase duriuf natural magmatic crystallisation 

which could signific~.tly affect the resultant textural features (Lofgren 

and Donaldson, (1975) indicated t h a t  the nucleation rate could he 

increased by a little EyO in the gas phase), and secondly, Buckley (I~51) 

indicated ,ucleatio~ could be promoted by turbulence which could he 

p r e s e n t  d u r i n g  ma~m&tie i n t ~ s i o n .  In view of t h e s e  f a c t o ~  some c a u t i o n  

is necessary in drawing c~parisons between ~c~stallised ~cks produced 

i= the laboratory ~d natu~l rocks. 

CO~CL~ IOh$ 

The c o n s t a n t  r ace  c o u l s  s t u d i e s  have shown t h a t  t he  t e m p e r a t u r e  a t  

which l l ~ u i d u s  p l ~ g i n c l a s e  n u c l e a t e s  f ~  t h e  m e l t  i s  dependent  on t h e  

cooling rate, and that the length of the incubati~ period for both the 

liquidus phase and the second phase increase as the cooling rate 

decreases. At fast cooling rates the nucleation of e~rtaim phases may he 

sup~ssed ~d ~his phenomenon m~gh~ offer ~ explanation for the absence 

of certaln phases at the margins of incisions~ 

Attempts to reproduce the textural relative of  two basic dykes in 

constant and variable rate coolinE experiments had only limited success. 

The dykes must have cooled at much slower rates th~ those predicted by 

the Jasper cooling model, st~gesting that the model is inadequate or 

that the dykes were continuousl~ supplied with magma and acted as feede~ 

for lava flows and/or sills. 
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