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like a plug-very much like toothpaste being squeezed 
out of a tube. 

In summary, the first essential for intrusion to result is 
that there must be a plastic medium (salt, mud or cl~y, 
ice, magma) and this must occur in the form of exte1_1s1ve 
sheets. In the case of salt, before buoyancy can begm to 
play any role, it must be buried at a depth of from 2,000 
to 5,000 ft. Salt starts to become plastic below 12,000 ft. 
on account of pressure, and at about 25,000_ ft_- it bec_om~s 
mobile on account of temperature. When 1t 1s mobile, it 
behaves hydrostatically and, as the surface load is never 
in exact balance, it will move laterally to places of less 
overburden pressure, where piercem~nt or domin~ ??curs. 
This state of balance is extremely delicate. Once 1mtiated, 
flow would continue until the supply is exhausted. 

The second requirement, then, is that there must be a~ 
imbalance in geostatic load distribution to initiate hori
zontal hydrodynamic flow. This lateral flow can only be 
due to geostatic load, but once piercement occurs, ge?
static load plus the ever-increasing effect of buoyancy will 
cause the intrusive mass to rise rapidly through the over
lying strata. Buoyancy only becomes a powerful for?e as 
the height of the intrusion increases to large proportions. 
At first, when no vertical relief exists on top of the eva
porite layer, buoyancy is zero and piercement of the 
overlying strata cannot be caused by buoyancy alone. In 
the case of salt, buoyancy is lmown to be positive, but for 
magmas, it may be positive (up) or negative (d?wn), 
depending on the density difference. Accordingly, 
buoyancy is not a requirement for intrusion, but is a 
modifying effect. Thus, intrusion of a very dense magma, 
such as kimberlite, can also occur. 

As the salt moves into shallower overburden depths 
with their reduced geostatic load and lower near-surface 
compaction, the diameter of the stock generally increases. 
When the hydrostatic pressure of the salt (or magma) 
column balances the geostatic overburden pressure of the 
rock column on the source reservoir, or when the supply 
is exhausted, upw.ard movement will cease. Thus, heavy 
basaltic magmas and even salt domes frequently do not 
reach the surface. His postulated that the intrusive salt 
or magma should spurt into joints or fractures in the 
overlying rocks, speedily rising toward the surface, 
slowing down on reaching shallower depths (of less than 
5,000 ft. in the case of salt), so that gentle flow may occur 
at the surface. Where the salt has reached the surface, 
it can fl.ow out on the surface, or downhill like a glacier 
at the time of extrusion, but once it cools, it can only 
move downhill by very slow solid creep. This is in no 
way a measure of the rate of intrusion. 

It should be pointed out that isopach thinning of a 
formation over a dome is not evidence of uplift during 
sedimentation unless erosional thinning can be demon
strated: thinning can also occur by stretching or by 
compaction of the strata above a dome at the time of 
intrusion. 

In conclusion, heat is extremely critical for salt intrusion 
to result, and the energy driving the motion is gravita
tional potential energy derived primarily from the weight 
of the overburden, or geostatic load, and supplemented by 
the buoyancy effect caused by a d ensity differential. 
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Olivine Nodules in a Phonolite of the East 
Otago Alkaline Province, New Zealand 

NUMEROUS olivine nodules were recently reported by 
Sang Lyen 1 in a cossyrite phonolite flo~ from on? of the 
lesser centres peripheral to the Duned~n Volcamc Com
plex, of Upper Miocene to Lower Pliocene age .. The 
nodules are " ... of varying size, widely scattered m the 
fl.ow. Small nodules, a fraction of an inch across, ma)'." be 
found distributed widely, while larger types are mamly 
concentrated in the medial layers of the fl.ow .... " Blocks 
up to 20 in. long were found. 

The nodules are similar in appearance to those freque1;1tly 
found in basic lavas of alkaline affinities••• and have_srm1-
lar mineralogy: olivine ((3 = l ·6".2 1: 0·0?2), ?pt1cally 
neutral, often with undulose extmction m wide sub
parallel bands; clinopyroxene ((3 = 1,-685 ± ?·002), 2. V = 
58° (ref. 1), bright green in hand specimen, with occasional 
exsolution lamellae of orthopyroxene; orthopyroxene 
((3 = l ·672 ± 0·002), very high negative 2 V; spin?! (n = 
l ·80 ± 0·005 (in o.u. 17738) and 1-8~ ± 0-0~ (m o.u. 
17737)), brown interstitial grains, sometimes with narrow 
reaction rims against silicate. . . 

The volume of exposed trachytes, phonohtes, and sal~c 
pyroclastics accounts for about a q1;1arter of _the Dunodm 
Complex as a whole, while types mtermediate between 
these and the basalts and basanites represent loss than 
5 per cent. On the other hand, t~a~l_iytic lav~s and pyro
clastics made up almost all the m1t1al eruptive phase. of 
the main volcano, and over half the lavas of ~he third 
main eruptive phase were phonolite ( estimates denved from 
incomplote computations by t_he late ~rof. W. N. Benson}' 

In many continental alkalme provmccs (such as E~st 
Africa) the overall volume of salic lavas and p~oclast~cs 
equals or exceeds that of associated basic eruptives, while 
flows of intermediate composition are but sparsely re~r~
sented as they are in the Dunedin Complex. Implicit 
in som'o recent' work on the subject•-7 is the idea that m 
such regions a mechanism other than fra?tional c~ystal
lization is required to account for th~ d1sproport1onatc 
amounts of basic intermediate and sahc lavas. 

Olivine nodul;s in alkaline basalts are considered by 
many (see, for example, refs. 2 and 3) to ~epresent su?
crustal material. Assuming this to bo a vahd hypothesis, 
the occurrence of similar nodules in this phonolite would 
be evidence that it too was generated at sub-crustal 
levels. 

Other evidence that some phonolite may or~ginat~ at 
great depths is less directly prov_ided by rec?nt mvest1ga
tions of strontium isotope ratios m carbonat1tes and other 
rocks from alkaline igneous complexes8

•9 • Th? r?sults are 
shown to be consistent with at least a sub-siahc source, 
both for the carbonatites and for the associated, comag
matic, igneous rocks. Phonolitic activity is no~ infre
quently associated with carbonatite centres, as m Ea~t 
Africa where field associations o.t least suggest that it 
may ~ell be genetically related to carbonatite (see re~. ~O), 
and could therefore have been generated from a mm1lar 
deep-seated source. 

I thank Prof. D. S. Coombs for helpful advice and 
discussion. 
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