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Abstract. This paper describes a fluid dynamical in- 
vestigation of the influx of hot, dense ultrabasic mag- 
ma into a reservoir containing lighter, fractionated 
basaltic magma. This situation is compared with that 
which develops when hot salty water is introduced 
under cold fresh water. Theoretical and empirical 
models for salt/water systems are adapted to develop 
a model for magmatic systems. A feature of the 
model is that the ultrabasic melt does not im- 
mediately mix with the basalt, but spreads out over 
the floor of the chamber~ forming an independent 
layer. A non-turbulent interface forms between this 
layer and the overlying magma layer across which 
heat and mass are transferred by the process of 
molecular diffusion. Both layers convect vigorously 
as heat is transferred to the upper layer at a rate 
which greatly exceeds the heat lost to the surround- 
ing country rock. The convection continues until the 
two layers have almost the same temperature. The 
compositions of the layers remain distinct due to the 
low diffusivity of mass compared to heat. The tem- 
peratures of the layers as functions of time and their 
cooling rate depend on their viscosities, their thermal 
properties, the density difference between the layers 
and their thicknesses. For a layer of ultrabasic melt 
(18 % MgO) a few tens of metres thick at the base of 
a basaltic (10 % MgO) magma chamber a few kilom- 
etres thick, the temperature of the layers will become 
nearly identical over a period of between a few 
months and a few years. During this time the turbu- 
lent convective velocities in the ultrabasic layer are 
far larger than the settling velocity of olivines which 
crystallise within the layer during cooling. Olivines 
only settle after the two layers have nearly reached 
thermal equilibrium. At this stage residual basaltic 
melt segregates as the olivines sediment in the lower 
layer. Depending on its density, the released basalt 
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can either mix convectively with the overlying basalt 
layer, or can continue as a separate layer. The model 
provides an explanation for large-scale cyclic layering 
in basic and ultrabasic intrusions. The model also 
suggests reasons for the restriction of erupted basaltic 
liquids to compositions with M g O < 1 0  % and the 
formation of some quench textures in layered igneous 
rocks. 

Introduction 

High-level magma reservoirs within the Earth's crust 
are well known to undergo long-term chemical evolu- 
tion as the chamber cools, becoming progressively 
more fractionated with time. Detailed petrological 
and geochemical studies of igneous rocks together 
with geophysical investigations of active volcanoes 
have provided persuasive evidence that many such 
magma chambers are periodically replenished by an 
influx of new and generally hotter primitive magma 
from depth. 

The influx of new magma provides additional 
thermal energy to the chamber prolonging its life 
substantially (Usselman and Hodge 1978). The influx 
can also substantially modify the chemical fractio- 
nation of a magma chamber (O'Hara 1977), and 
provides a mechanism for eruption at the surface 
(Brown 1956; Sparks et al. 1977, 1980; Smith 1979). 
Evidence for replenishment can be found in all major 
volcanic environments: mid-ocean ridges (for exam- 
ple, Donaldson and Brown 1977; O'Hara 1977; Rho- 
des et al. 1977; Walker et al. 1979; Sparks et al. 
1980); island arc volcanoes (Anderson 1976; Eichel- 
berger 1978) and epicontinental silicic centres (Hil- 
dreth 1979; Smith 1979). There is also good evidence 
for the replenishment mechanism from the cyclic 
layering observed in many basic and ultrabasic in- 
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trusive complexes (Brown 1956; Irvine and Smith 
1967; Wager and Brown 1968; Irvine 1977; Smew- 
ing 1980). Magma chamber replenishment is evi- 
dently a process of major petrological importance. 

In this paper we present a general treatment of 
the influx of hot, dense magma into the base of a 
magma chamber. Our treatment differs significantly 
from that presented by Usselman and Hodge (1978) 
in that we infer that the new magma does not im- 
mediately mix with the resident magma, but stratifies 
at the base of the chamber forming a two-layer 
system. The model treats the cooling history of the 
two turbulently convecting layers as they exchange 
heat across a nonturbulent interface. 

The model is applied to the case of a picritic 
basalt magma intruded into a chamber containing 
fractionated basalt. We discuss features of basic and 
ultrabasic rocks which can be explained in terms of 
the model. We reinterpret the large-scale cyclic layer- 
ing observed in the ultrabasic parts of layered in- 
trusions such as Rhum and at the base of many 
ophiolite complexes. We also discuss the scarcity of 
highly magnesian liquids (MgO> 10.0 ~) in eruptive 
suites and the tendency for tholeiitic basalts to fall in 
a restricted compositional range. 

General Assumptions 

Figure 1 shows a basaltic magma chamber filled with fractionated 
magma. The model we develop employs a simple rectangular 
shape for the chamber (Fig. 1 b), which is sufficient to elucidate the 
fundamentals of the phenomena under investigation. The magma 
evolves chemically as heat is lost resulting in crystal fractionation 
which is usually assumed to be the dominant process in basaltic 
magmas. 

We assume that new melt is introduced from depth into the 
reservoir and that the influx is geologically instantaneous. Ex- 
plicitly, we assume that the time taken for the influx is small - less 
than a few weeks - compared to the thermal decay time of months 
or years, which we calculate for the system Different fluid 
mechanical concepts are involved if the magma leaks into the 
reservoir continually, which is a possible alternative. We assume 
that the new magma is hotter, but denser than the resident magma. 
In the case of basic and ultrabasic melts, the larger density of the 
new magma is due to its increased normative olivine content. 

In the simplified chamber (Fig. 1 b) the new liquid, because of 
its higher density, stratifies at the base of the chamber with 
thickness h 1 and temperature T 1 . The main part of the chamber is 
still occupied by pre-existing magma with thickness h 2 and temper- 
ature T 2. The model treats the cooling history of the two layers. 
There are physical controls on the relative thickness of the two 
layers. If the surrounding country rock does not fracture, then the 
amount of new liquid capable of entering the chamber is restricted 
by the elastic deformation of the chamber walls and the compres- 
sibility of the magma itself. If the country rocks fracture, however, 
then magma fi'om the chamber can be intruded to form dykes or 
erupted at the surface making room for the incoming liquid. 

An important factor in the development of a model is to 
decide on the nature of the interface between the two liquids. 
Studies of the convection that occurs when a layer of hot, salty 
water lies beneath a relatively colder, fresher and lighter layer 
indicate that the transfer of heat and salt through the interface is 
entirely by the process of molecular diffusion, even though each 
layer is in vigorous convective motion (Turner 1979). This passive 
structure of the interface relies on the different molecular diffu- 
sivities of heat and salt. Experiments with heat and salt, or with 
different pairs of quantities, for example with two solutes of 
different molecular diffusivities, confirm that little matter is di- 
rectly transferred from one layer to the other by turbulent eddies. 
The quantitative relationships for the rates of transfer of heat and 
salt obtained in the laboratory for this double-diffusive system 
have been confirmed to hold in larger-scale, natural systems. 
Huppert and Turner (1972) tested these relationships by develop- 
ing a thermal model of a salt-stratified Antarctic lake, measuring 
approximately 5 km x 1 km x 50 m deep. Their model was in good 
agreement with data obtained from the lake. We consider that this 
type of structure will also develop in magmas where the ratio of 
diffusivity of mass to that of heat is typically < 10 -5. 

In this paper we obtain an expression for the temperature and 
cooling rate of the two layers as a function of time by using the 
quantitative relationships obtained from the study of a heat/salt 
system, allowing for the latent heat release due to crystallization 
and showing that the heat loss to the country rock can be 
neglected. Crystallization can occur on the floor of the chamber or 
within the convecting lower layer. For the latter case, the concen- 
tration of crystals with depth in the lower layer is obtained by 
comparing their (low Reynolds number) free-fall speed in a quies- 
cent liquid with the root-mean-squared vertical turbulent velocity 
in a single convection layer. Initially the free-fall speed is small and 
crystals are held up by the convective motion, and are uniformly 
distributed with depth. With time, the crystal size increases, as 
does the fall speed, while the vertical convective velocity decreases 
due to the decreasing temperature difference between the two 
layers. The crystals begin to settle, leading to a concentration 
which increases towards the bottom. The quantitative analysis of 
these effects is presented and the results are applied to the case of 
picritic basalt and basalt magmas in subsequent sections. 

ili!!!!iiiiiii!!i!!iiiiiill 

Fig. 1. a High-level magma chamber beneath a volcano, b A simpli- 
fied model of the chamber 

Quantitative Analysis 

The new magma ponds at the base of the chamber, because it is 
heavier than the resident magma, and cools by turbulent convec- 
tion, because it is at a higher temperature. In order to quantify the 
thermal evolution of the lower layer, we apply standard relation- 
ships obtained for the analogous system of a layer of hot, salty 
water cooling under a layer of colder, fresher water. We expect that 
in this situation the two fluids - magma and brine - behave 
similarly and believe that it is scientifically desirable to evaluate 
quantitative predictions for our model which can be compared 
with field observations. 
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The compositional contribution due to MgO in the two layers, ~400 
denoted by S and expressed as a weight fraction of the magma, is u 

o 
identified with the salt in the salt-water analogy. The turbulent [12 

heat flux is quantified according to the relationship (2.1) suggested 
by dimensional analysis, the background to which is explained by ~, ~350 
Turner (1979, p. 274). The latent heat release accompanying the ~: 
formation of olivine crystals is taken into account in the heat o 
budget of the lower layer. w- 

The quantitative results are first developed in generality and ~ 1300 
the specific values are inserted for the physical parameters. ~ 

n u l  1 2 5 0  

t u  
(a)  The Temperature History 

The heat flux per unit area, FH, through an interface between two 
fluids across which there is a temperature difference A T =  T 1 - T  2 
and a compositional difference A S = S  2 - S ,  as depicted in Fig. 1 
can be shown, as argued extensively by Turner (1979, p. 274), to 
take the form 

F u =poCv(gk2r . ~/V) 1/3 p(fiAS/~A T, G, r)A T 4/3 (1) 

which incorporates the following physical properties in the layers: 
P0 is the mean density, cp is the specific heat, g is the acceleration 
due to gravity, k r is the molecular diffusivity of heat, v is the 
kinematic viscosity, ~ is the coefficient of thermal expansion, /~ is 
the proportional density change due to unit compositional change, 
the Prandtl number ( r -v /kr ,  ~ = k j k  r with k~ equal to the mole- 
cular compositional diffusivity and (p is a non-dimensional func- 
tion of three arguments. Experiments in which the compositional 
differences are due to salt (oral0, ~ 1 0  2) indicate that the 
function q0 can be expressed as (Huppert 1971): 

(p(flAS/~A Z); G, z )=0-  32(fiAS/~A T) 2. (2) 

Substituting (2) into (1), we obtain 

FH=0- 32pocpC~2(gk~.c~/v) 1/3 t 3 2 A T 1~ A S -2 (3a) 

=-pocpq A Tt~ AS -2 (3b) 

where (3b) is a definition of q. Since beat transfer rates are 
insensitive to the exact value of cr for a larger than about 10 (Busse 
1978), and are independent of  ~ for sufficiently small values which 
is the case for the magma considered here, we use (3) in quantifying 
the heat flux in our model. This may upset the quantitative accuracy 
of  our predictions, especially for large flAS/c~AT which is beyond 
the range yet achieved by laboratory experiments. We consider, 
however, that the qualitative descriptions of the cooling history 
of the system are correct. 

The corresponding compositional flux, F s is given in general 
terms by (Turner 1979) 

F~ = (c~/fi) O (fl A S/c~ A T; G, ~) (Ftj p o c;) (4) 

where ~ is another function of three arguments. All experiments 
conducted so far, and all associated theory, suggest that for a wide 
range offiA S/aA T, ~ = z ~,,z and is independent of  G so that (4) can be 
expressed as 

F~ =(~/~) ~1/2 (F~/po %). (S) 

The fractional crystal content of the lower layer, x, is a 
function solely of 7'1, say x = f ( T l ) .  Considering the latent heat 
release due to crystallization (L cals gm 1) in the heat budget for 
the two layers and using (5) and (3), we obtain 

hl [ 1 -  L c ;  l f '(T1)] J~l 

= - q ( r  1 - T:)'~ - S ; )  2_(FB/poep ) (6a) 
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Fig. 2. Temperature of the Iower layer as a function of time (t) for # 
- 3 0  poise, a compositional density difference poflAS=O.02, an 
upper layer thickness h z = 4 k m  and a lower layer thickness h 1 
=100m. The solid curve is the analytical result ( l la) ,  the dashed 
curve is the result of a numerical integration of (6) 
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Fig. 3. Graphs of: f ( T ) = ( 1 , 4 0 0 - T ) / ( 1 9 2 4 - T ) ;  f ' (T ) ;  and 1 
- L c ~ l f ' ( T )  with L = 2 0 0 c a l g m  1 and cp=0.3 ca lgm-*  

h2J~2=q(Tt T2)1~ -2 (6b) 

$1 = (o:/13)qzl/2(T1-T2)l~ $2) 2 (6c) 

S2 = (~//~) z 1/2 :i:2 (6 d) 

where F B is the heat flux lost from the lower layer to the adjacent 
country rock. Before continuing we invoke the following simplifi- 
cations. Since (e/fl)z 1/2 is typically very small (~5  x 10 5), the 
compositional change due to transfer across the interface can be 
neglected and S 1 and S 2 set constant in (6). We show in the 
appendix that the conductive heat loss to the country rock is small 
compared to the convective term in (2.6a) and can be neglected. 
The remaining equations can be solved numerically, and the 
results of such a procedure are presented in Fig. 2. 

Figure 3 presents a graph of 1 - L c ; l f ' ( T )  for f(T)=(1,400 
- T)/(1,924- T). In the case of olivine, the best available estimate 
of L is 200 cal gm-1 (Bottinga and Richet 1978), and cp=0.3 cal 
gm-1 ~ The expression for f ( T )  is empirical, derived from the 
liquidus relationships found experimentally for picritic basalts in 
the range of MgO content 9 to 18 ~ by Krishnamurthy and Cox 
(1977). The value of 1 - L c ~ I f ' ( T )  in Fig. 3 differs little from 2.0 
which suggests inserting this value into the left-hand side of (6a). 
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This approximation allows the equations to be solved analytically 
and the dependence of the solution on the physical parameters to 
be easily assessed. 

With these simplifications (6) become 

J~ = - �89 A(T~ - 7"2) 10/3 (7a) 

J~z =r  A(T1 - T2) 10/3 (7b) 

where 

r =hl /h  2 (8) 

and 

A = q/(h 1 A S 2) = 0.32 (~/fl) 2 (g k~ r ~/v)~13/(hl A S) z. (9) 

The solution to (7) is determined by subtracting (7b) from (7a) 
solving the resulting equation for T 1 -  T z and then using (7) to 
obtain 

J'l = --1A[doTI3 + 7 A(r + �89 t]-  i~ (10) 

Integration of (10) and (7b) leads to 

Tl( t )=T~(O)+{[AoT/3+~A(r+�89 ( l la)  

T2( t )=T2(O)-Zr{[AoT/3+~A(r+�89 ( l lb )  

where A0 is the initial temperature difference between the layers. 
T~(t), as given by (lla),  is plotted as the solid curve in Fig. 2. The 
difference between this curve and the more accurate, numerically 
obtained solution, represented by the dashed curve, is insignificant; 
henceforth the discussion will use the analytical relationships (10) 
and (11). 

(b ) The Interface Thickness 

The thickness of the thermal interface between the two layers can 
be evaluated by using the fact that the heat transfer between the 
layers is by molecular diffusion. Hence the thickness, say d, is given 
by 

F~ =pocvkrA  T/d. (12) 

Representing Fn by (3b) and using the definition of A given in (9), 
we can thus write 

cl=(k/ahOA T -  7< (13) 

Table 1 presents values of d for a number of different values of A 72 
It can be seen that tire interface thickness grows with time as the 
temperature difference decreases. It should be borne in mind that 
the interface will not remain perfectly horizontal, but will oscillate 
somewhat in position in response to the buffeting it receives from 
the turbulent eddies in both layers. 

(c) Crystallization and Crystal Settling 

Cooling of the lower layer results in crystallization. Two circum- 
stances of crystallization can be envisaged. The first situation is 
when crystallization occurs on the floor of the chamber and the 

Table 1. The thickness of the interface between the layers for 
various temperature differences, as given by (13) with Ah1=8.3 
x 10 I~176 

A T(~ 130 100 50 25 10 
d (m) 0.01 0.02 0.10 0.52 4.7 

second situation is when crystals are precipitated throughout the 
liquid. We now consider in detail the second circumstance. 

The study of the behaviour of small particles in a turbulent 
medium is still in its infancy, despite numerous important appli- 
cations such as sand in rivers, aerosols in air and crystals in 
magma chambers. Batchelor (1965) argues that a steady-state 
distribution of small but heavy particles in a fluid results from the 
balance between the downward flux of particles due to gravity and 
upward flux due to turbulent exchange processes. The downward 
concentration flux per unit horizontal area can be estimated as VC 
where V is the terminal velocity of a particle in the absence of any 
turbulence and C is the concentration which will be a slowly 
varying function of height. The upward turbulent transport flux 
can be written as - e d C / d y  where ~ is the eddy diffusivity and y 
the vertical co-ordinate. Since the turbulent convective eddies will 
extend throughout the lower layer, ~ w h ,  where w is the root- 
mean-square vertical velocity. Thus the steadystate concentration 
of particles is given by 

dc 
V C =  - wh~ dy  (14) 

the solution of which for constant w is 

c =c  0 exp [ -  Vy/(wha) 3 (15) 

where C o is the particle concentration at y=0 .  Thus if V ~ w ,  the 
concentration is almost uniform throughout the layer, while if 
V>>w, the concentration at the top of the layer is exponentially 
small compared with that at the bottom: the particles have vir- 
tually settled. 

In a one-component layer, with a Rayleigh number greater 
than about 10 v, the convection is fully turbulent (Krishnamurthi 
1970). Under this condition, similarity theory indicates that w,,, the 
maximum value of w is dependent only upon the heat flux and the 
depth of the layer. It can thus be expressed as 

wu=(c~gFnha/poc y / 3  , (16) 

Experiments (Deardorff and Willis 1967) indicate that w increases 
monotonically from zero at the base of the layer to approximately 
w,, in the middle of the layer before returning to zero at the top of 
the layer (Townsend 1976, Fig. 8.13). Extending the above results 
to our two-component system, we write 

w=(agAh2,)a/3A T 10/9, (17) 

The terminal velocity of an isolated spherical crystal is 

V~ =2a2gAp /v  (18) 

where a is the radius of the crystal and A p its density excess over 
the fluid in which it resides. For non-spherical crystals the multipli- 
cative factor 2/9 which appears in (18) must be altered by an 
amount which depends on the exact shape of the crystals. The 
effect of increasing crystal concentration on the settling velocity of 
individual spherical crystals can be estimated by (Barnes and 
Mizrahi 1973) 

V/V~ =(1 - E )  exp [ - ~ E ( 1  - E )  1]/(1 + E  1/3) (19) 

where E is the volume fraction of crystals. 

(d) Constraints on Parameters 

Although the above analysis can be applied to any dense hot 
magma intruded into a reservoir of lighter magma, we concentrate 
in this paper on the case of picritic basalt melt intruded into a 
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Table 2. Chemical compositions of melts used in our illustrative 
models. Composition 1 is Elthon's estimates (1979) of the average 
composition of  the oceanic crust. Compositions 2 5 are residual 
liquids derived by successive crystallisation of  olivine (Fo9o) from 
composition 1. Estimates of  liquidus temperature, density and 
viscosity are listed for each melt. The amount of olivine required 
to generate the liquids 2 5 from composition 1 are also listed. 
p~ is the bulk density of the magma (crystals plus melt) 

t 2 3 4 5 

SiO 2 47.76 48.12 48.52 48.97 49.48 
A120 3 12.06 12.69 13.40 14.19 15.08 
FeO 8.96 8.91 8.87 8.82 8.77 
MnO 0.12 0.12 0.13 0.13 0.14 
MgO 17.78 16.11 14.27 12.21 9.88 
CaO 11.20 11.79 12.44 13.18 14.00 
Na20 1.31 1.38 1.45 1.54 1.64 
K20  0.03 0.03 0.03 0.03 0.03 
TiO 2 0.59 0.62 0.66 0.69 0.72 

Temp. (~ 1,385 1,360 1,325 1,290 1,255 
p (gm/cm 3) 2.723 2.717 2.711 2.705 2.700 
Pb 2.723 2.746 2.770 2.795 2.820 
/~ (poise) 8.83 13.65 22.31 46.33 100.5 

Crystal 
content 5 % 10 % 15 % 20 % 

basaltic magma chamber. There is a large amount of petrological 
literature, some referred to earlier, which points to this situation 
being important, in the evolution of associated basic and ultrabasic 
igneous rocks. 

Table 2 shows the composition (no. 1) of a representative pic- 
ritic basalt magma. Elthon (1979) estimated this composition as a 
suitable parent for tholeiitic basalts in the ocean crust from the 
relative abundance of rock types in ophiolite complexes. There is a 
growing consensus amongst petrologists, based on a wide variety 
of experimental and geochemical studies, that the parental magmas 
to many tholeiitic basalt suites have MgO content of between 15 
and 20 % and are, in broad terms, compositionally similar to 
Elthon's estimate (see for example O'Hara 1968; Irvine 1979; 
Green et al. 1979; Clarke and O'Hara 1979; Berg 1980; and 
Sinewing 1980). Compositions 2 5 are successive liquids produced 
by crystallization of olivine (Fo90) from a melt of composition 1. 
Liquidus temperatures are estimated from the experimental de- 
terminations at a pressure of one atmosphere of a similar picritic 
basalt by Krishnamurthy and Cox (1977). Thompson (1973) has 
shown that there is an approximately linear relationship between 
MgO content ( M g O > 1 0 ~ )  of a basaltic melt and liquidus 
temperature. 

Table 2 also shows the variation of melt density and viscosity 
and the bulk magma density (crystals plus melt) with composition 
for the case where crystals are precipitated throughout the lower 
layer. In Eq.(7) it is analytically sufficient to take viscosity as 
constant (30 poise) because the parameter A is weakly dependent 
on viscosity. The settling velocity of olivine crystals is strongly 
dependent on viscosity [Eq.(18)] and the precise values of melt 
viscosity are used in calculating settling velocities. We assume that 
the picritic basalt has no yield strength while olivine is the only 
major liquidus phase and have calculated the liquid viscosities by 
the method of Shaw (1972). Magmas can become non-Newtonian 
when plagioclase joins as a crystallizing phase (McBirney and 
Noyes 1979), considerably complicating rheological behaviour. 

Densities are calculated by the method of Bottinga and Weill 
(1970) using values of partial molar volumes presented by Nelson 
and Carmichael (1979). Figure 4 shows a plot of melt density 
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Fig. 4. Variation of melt density with MgO content in picrite 
liquids. The estimate of Elthon (1979) for the parental magma to  
the ocean crust with MgO~17.8  ~o was taken as a starting point 
and a succession of liquid comparisons down to M g O = 1 0  % 
generated by the removal of fosterite (Fo90). Liquidus tempera- 
tures were estimated from the experimental data of Krishnamurthy 
and Cox (1977). The density minimum at A is illustrated with the 
approximate trend of MOR basalt density with MgO content for 
MgO less than 9 % (Sparks et al. 1980) 

Table 3. The values of 5 parameters used in the calculations 

~ - 5 x 1 0 - S K  - I  
K = 8 X 1 0  7m2s 1 

v - 1 0 - 3 m 2 s - 1  
o -=2x  10 -2 
-c~10-3 

against MgO content, which illustrates a characteristic feature of 
the low-pressure evolution from picritic magma to tholeiitic basalt. 
When olivine is the only major fractionating phase, magma melt 
density decreases (Sparks etal. 1980; Stolper and Walker 1980). 
This decrease continues until the melt reaches a cotectic boundary 
at which plagioclase, and perhaps pyroxene, join olivine as the 
crystallizing phase. Plagioclase crystallization generally causes melt 
density to increase as discussed by Sparks et al. (1980). 

A marked density minimum is thus attained during the evolu- 
tion of tholeiitic magmas. Compositions which occupy this density 
minimum typically contain 9-11 ~ MgO. Glasses with such com- 
positions are amongst the most primitive to be recovered from 
mid-ocean ridges and to be found as aphyric lavas in ophiolite 
complexes. In several layered igneous complexes the 'parental '  
basaltic magmas also have composition which fall in this minimum 
(generally with high CaO and A120 3 contents). For our calcu- 
lations the resident magma is assumed to have the composition of 
analysis 5 (Table 2). 

Other physical properties required are listed in Table 3. The 
value of latent heat of crystallization of olivine (L=200 cal gm-~) 
is taken from Bottinga and Richet (1978). A value of L 
= 100 cal gm ~ is often taken for basalt solidification, but Bottinga 
and Richet (1978) document a considerable range in L values for 
the common basic minerals from over 200 cal gm-1 (forsterite) to 
50 cal g m -  1 (albite). 

In the case of the water/salt system the parameter AS repre- 
sents the difference in salinity between the two layers. In the case 
of magma, the definition of AS is related to several components 
causing differences in melt density. For the picritic basalt system, 
considered in detail below, the essential difference in composition 
is the normative olivine content for magnesian-rich compositions. 
Olivine component plays an analogous role to salinity in the 
magma. The parameter poflAS thus expresses the density contrast 
between the two layers due to compositional effects. 



The dimensions of basaltic magma reservoirs have been esti- 
mated by a variety of indirect methods. Seismic studies of mid- 
ocean ridges (Rosendahl 1976; Nisbet and Fowler 1978) and of 
basaltic central volcanoes (Bjornsson et al. 1979) provide evidence 
of high-level magma storage, but only allow qualitative inferences 
to be made concerning the shape and dimensions of the reservoirs. 
Lava flows from central volcanoes in Iceland have volumes of 
several km 3 (Sigurdsson and Sparks 1978). Many such lavas have 
been extensively fractionated at low pressure, implying substantial 
storage chambers. The dimensions of magma chambers can also be 
estimated from the lateral extent and composition of layers in 
cumulate sequences. Smewing (1980), for example, has deduced 
that the magma chambers beneath the spreading centre that 
formed the North Oman ophiolite reached 10 km in one horizontal 
dimension with vertical heights up to 3.5 km. In view of such 
studies we adopt thicknesses in the range of 0.5 m to 5 km for the 
value o fh  2 and 3 to 500m for the value o fh  1 (Fig. lb). 

Finally, olivine crystal dimensions in ultrabasic cumulates and 
in olivine phyric lavas are typically in the range 0.1 to 0.5 cm. 

Results 

]400 
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1300 

(a) Cooling Rates 

Figure 5 shows the variation of initial cooling rates of 
the lower layer, T~ = •  A ~ o/3 =~-~o , as a function ofA o and 
hr. The initial cooling rates were calculated with a 

viscosity of 10 poise, appropriate to the initial tem- 
perature of a picritic basalt layer. In all other calcu- 
lations on the subsequent history of the layer a mean 
value of 30 poise was used. Figure 6 shows the 
variation of cooling rate with time as given by (10) 
for h 2 = 4 k m  and A0= 130~ for a range of values of 
h~ (3 to 300 m). These results are relevant to the case 
where a melt of composition 1 (Table 2) forms the 
lower layer and a melt of composition 5 forms the 
upper layer. Both Figs. 5 and 6 show that if the 
temperature difference is large (100 ~ to 200 ~ C), or the 
layer thickness is thin (of the order of a few metres), 
rapid cooling rates can occur. 

Figure 6 also illustrates a striking division of the 
cooling history of the lower layer into a period of 
rapid cooling rates followed by a long period of 
steady decline in cooling rate. The initial period in 
fact produces most of the temperature decline in the 
lower layer. 

(b) Temperature Variations 

Figure 7a shows the temperature of the lower layer 
as a function of time for h 2 = 4 k m  and various ht (3 
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Fig. 5. Initial cooling rate of the lower layer as a function of the 
lower layer thickness (hi) and the initial temperature contrast (A0) 
for /~= 10 poise and compositional density difference po]3d S=0 .02  
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Fig. 7. a Temperature of the lower layer as a function of time (t) 
and lower layer thickness (hi) for /~= 30 poise, a compositional 
density difference poflAS=O.O2gmcm -3 and upper layer thick- 
ness h 2 = 4 km. b Temperature of the upper layer as a function of 
time (t) for the same conditions as used in (a) 
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to 300m), Ao=130~  and a mean viscosity of 30 
10- 

p o i s e .  For these conditions we observe that most of 
the temperature decline takes place within periods of 
a few weeks to a few years. Alteration of the principal 
parameters  (Table 2) within plausible limits for basal- 
tic and picritic basalt magmas and for different cham- 
ber dimensions would not significantly alter this con- 

E 
clusion. In comparison to the total cooling time of 

~> 0~ basaltic magma chambers by conductive cooling to 
country rocks (Usselman and Hedge 1978), which ~> 
may take tens of thousands of years, the lower layer 
equilibriates thermally with the more voluminous 00~ 
upper layer exceedingly quickly. 

Figure 7b shows the temperature of the upper 
layer for the same conditions as used in preparing 
Fig. 7a. The temperature increase in the upper layer ~0 
has a number  of petrological consequences outlined 
below. 

(c)  Turbulent Velocities 

Figure 8a shows the variation of the characteristic 
turbulent eddy velocity computed from (17) as a 
function of time for the same conditions as used for 
Fig. 7a. 

The settling velocities of olivine crystals with den- 
sity excess of 0.6 gm cm-3  and with diameters rang- 
ing from 0.2 to 1.0cm diameter in a fluid with 
viscosity of 100 poise, are also shown. Clearly in all 
circumstances the initial convective velocities far ex- 
ceed the settling velocities of the olivine phenocrysts 
typically observed in ultrabasic rocks. The velocities 
of the crystals only become comparable to the turbu- 
lent velocities when the temperatures of the two 
layers are very close. 

Figure 8b shows the decline of w~ with time for a 
10 m thick layer under the same conditions as Fig. 7. 
The figure also shows the settling velocities of olivine 
crystals with time in the lower layer. The settling 
velocities decrease as the melt viscosity increases and 
the concentration of olivines increases. Again for a 
long time after the rapid cooling phase has ended, the 
turbulent velocities of the lower layer greatly exceed, 
by over an order of magnitude, the settling velocities 
of the olivines. We predict a nearly uniform distribu- 
tion of olivines suspended in the lower layer until a 
late stage in its cooling history. 

One consequence of the decrease in turbulent 
velocities toward the boundary of a convecting layer 
is relevant to the sedimentation of crystals. F rom 
Eq. (17) it is evident that turbulence will decay close 
to the chamber floor and that even during the early 
stages of cooling, a crystal that reaches close enough 
to the base of the layer can settle. The boundary layer 
in which sedimentation can occur will increase in 
thickness with time. Thus sedimentation will become 
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Fig. 8. a Mean turbulent vertical velocity in the lower layer, given 
by (17), as a function of time (t) and lower layer thickness (h 0 for 
the same conditions as used in Fig. 7. The dashed lines indicate the 
settling velocities of olivine crystals with a density excess of 
0.6 gm cm- 3 as a function of their diameter (in cm) in a fluid with 
~=100 poise, b The mean turbulent settling velocity for h~ = 10m 
is shown by the solid line for the same conditions as (a). The light 
dashed lines are the settling velocities of olivine crystals as a 
function of time. Each curve shows the settling velocities of a 
crystal of constant diameter. The settling velocities vary with time 
due to the increasing melt viscosity and crystal concentration 

progressively more important  as the lower layer 
cools. 

We conclude this section with comments on two 
parameters implicit in the model. First, the Rayleigh 
number  of the lower layer, typically exceeds 109 , thus 
justifying the assumption that it is turbulent. Second, 
the Reynolds number of the crystals which is at most 
10 .2  , thus justifying the use of the Stokes free-fall 
relationship (18). 

Some Geological Applications 

Cyclic Layering in Ultrabasic Rocks 

Large-scale cyclic layering is a common feature in the 
ultrabasic parts of intrusions. In such a sequence of 
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layered rocks each unit shows part or all of a pro- 
gression from one end l:nember of a suite to the other 
(Brown 1956; Sinewing 1980). The path of fractional 
crystallization is usually represented in each unit with 
a typical change from ultramafic to mafic layers. 
Cyclic units are generally interpreted as the result of 
periodic replenishment of a magma body by primi- 
tive magma (Brown 1956; Irvine and Smith 1967; 
Smewing 1980). We propose that these cyclic units 
are the consequence of the formation of two layers in 
a magma chamber as outlined in our model and 
shown in Fig. 1. We now interpret the principal fea- 
tures of cyclic units in terms of our quantitative fluid 
dynamic model. 

A well-documented example is the Rhum ultra- 
basic intrusive complex, NW Scotland, where over 
fifteen cyclic units were identified by Brown (1956). 
Each unit consists of a lower peridotite layer (olivine 
cumulate) and an upper leucocratic layer (plagiocla- 
se-pyroxene-olivine cumulate). The cyclic units vary 
from about 15 to 175m and average 60-70m in 
thickness with the peridotite layer usually being the 
thicker part. The layers extend laterally up to 5 km. 
A thin chromitite seam often occurs at the base. 
Detailed sections through individual units (Brown 
1956; Maaloe 1978; Dunham and Wadsworth 1978) 
show that the peridotite layer is remarkably homo- 
geneous with no cryptic variation, no obvious crystal 
sorting (typical dimension 0.1 cm) and little modal 
variation. The transition to the upper leucocratic 
cumulates is fairly abrupt (a few metres) and the 
upper layer shows marked rhythmic layering and 
cryptic variation. 

The replenishment model of Brown (1956) has 
generally been accepted by later workers, though the 
nature of the influxing magma has been debated: 
Brown (1956) and Dunham and Wadsworth (1978) 
favour a basaltic magma, whereas Gibb (1976) sug- 
gests a basaltic liquid rich in suspended olivine pheno- 
crysts (ultrabasic bulk composition). 

We now suggest a modification of the replenish- 
ment model and interpret each cycle as the con- 
sequence of influx of picritic basalt magma. The 
composition of the reservoir magma is taken as simi- 
lar to that proposed by Brown (1956) with 
MgO~10 ~ and the picritic basalt magma is taken 
as much more magnesian rich (MgO~20 ~o) follow- 
ing Gibb (1976). In terms of MgO content, tempera- 
ture and densitysuch magmas would be comparable 
to compositions 1 and 5 (Table 2) which we used 
before in our illustrative calculations. The denser 
picritic basalt spreads over the chamber floor form- 
ing a layer a few tens of metres thick. Room is 
made for the new liquid either by eruption (Brown 
1956) subsidence, or by injection of dykes. The lower 

picritic basalt layer cools rapidly as previously de- 
scribed and olivine precipitates, but remains suspend- 
ed due to the vigorous convection. Chromite seams, 
observed at the base of some Rhum cyclic units, can 
be formed by hybridisation between the new magma, 
the resident magma and melted chamber floor by the 
mechanism proposed by Irvine (1977). Some resident 
magma is inevitably trapped as the picritic basalt 
spreads out over the chamber floor and the plagiocla- 
se-rich floor is likely to melt providing the oppor- 
tunity for contamination. 

The two layers convect vigorously as they ex- 
change heat. If the typical influx of new magma 
associated with the formation of a Rhum cyclic unit 
represents approximately 10 ~o of the chamber vol- 
ume, as envisaged by Brown (1956), then a substantial 
part of the heat exchange will be accomplished in a 
few years (Fig. 5). The lower layer will evolve into a 
dispersion of olivine crystals in a basaltic liquid. As 
convection dies down in the lower layer, settling of 
olivine crystals begins and becomes increasingly im- 
portant. Little sorting can occur during e n  m a s s e  

olivine sedimentation and a thick layer of olivine 
crystals of relatively uniform size will form (the peri- 
dotite layer). The olivines would be of uniform com- 
position having grown in a well-mixed convecting 
layer. 

As the olivines sediment, residual basaltic liquid 
remains in the lower layer. However, for values of the 
ratio h z : h a of about 10, the residual liquid will have 
a composition close to the density maximum (Fig. 4) 
and therefore would mix convectively with the over- 
lying basalt layer. The upper layer, now a hybrid of 
pre-existing basaltic magma and the residual basalt 
magma from the lower layer, returns to the genera- 
tion of plagioclase-pyroxene-olivine cumulates until 
interrupted by the influx of new magma. 

The same model can be applied to cyclic units 
found at the base of ophiolite complexes. A particu- 
larly well-documented succession has been described 
by Smewing (1980) from the ophiolite of North 
Oman, who proposes a similar model to that ad- 
vanced here. Each cyclic unit consists of dunite or 
peridotite, ranging in thickness from a few metres to 
several hundred metres, overlain by olivine gabbro. 
The transition from ultramafic to mafic cumulates in 
each unit is abrupt, marked by changes in mineral 
compositions and proportions. 

Smewing interprets each cyclic unit as evidence of 
the influx of picritic basalt magma into a large cham- 
ber beneath a fast-spreading ridge. In many cases, the 
olivine compositions of the ultramafic parts of each 
unit are much more primitive (fosteritic) than the 
olivines in the underlying gabbro of the previous unit. 
He concludes from these observations that the new 
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influx of primitive magma does not immediately mix 
throughout the chamber, but undergoes a period of 
crystallization as an independent layer. During this 
period, the ultramafic part of the bimodal unit is 
formed. The abrupt transition to gabbros represents, 
according to Smewing, eventual mixing of the new 
magma with the much larger volume of fractiouated 
basalt in the chamber. 

We agree with Smewing's interpretation and sug- 
gest that the same model outlined for the Rhum 
layers can be applied to the Oman rocks. In Oman 
the primitive magma MgO content is also estimated 
as about 18%. For one peridotite unit 50m thick, 
which precipitated Fo91 olivine Smewing estimates 
that the body of liquid from which the layer formed 
was four times the volume of the layer. He also 
estimates the chamber height as being of the order of 
3.5 km. The lavas in this ophiolite are typical mid- 
ocean ridge tholeiites (MgO< 10 %). If these figures 
are accepted then, with a value of the ratio h 2 : h 1 of 
between 10 and 20, and similar magmas involved to 
those compositions in Table 2, the results of our 
quantitative calculations are directly applicable. As 
outlined by Huppert and Sparks (1980), a large ma- 
gma chamber beneath an oceanic spreading centre 
will operate as a trap for magmas with MgO > 10 %. 
The Oman ophiolite is suggested as an example of a 
situation where the mechanism of layering has oper- 
ated repeatedly and efficiently, producing compo- 
sitional stratification in the ophiolitic oceanic crust 
and limiting the range of melts which can reach the 
surface. 

Quench Textures in Layered Rocks 

Donaldson (1976) has shown in experiments that 
olivine crystal morphology is related to the cooling 
rate and melt composition (particularly MgO con- 
tent). Donaldson reproduced hollow hopper-shaped 
crystals at cooling rates of 2.5 to 15~ and elon- 
gate crystals at cooling rates of 15 ~ to 40~ Both 
these morphological varieties occur in ultrabasic cu- 
mulates. For example, on Rhum spectacular comb- 
layering (harrisite) is apparently the result of large 
branching olivine crystals growing vertically from the 
chamber floor. There are many possible ways of 
forming comb-layering (Donaldson 1977). Conditions 
for generating rapid cooling (Fig. 5) that are appro- 
priate for forming such layering in ultrabasic in- 
trusions could occur when thin layers of hot ultra- 
basic magma spread out over the base of a basaltic 
magma chamber. 

Donaldson (1977) has also suggested that the 
layering was formed during relatively quiescent peri- 
ods in the magma chamber. It is worthwhile pointing 

out that the thin layers show the least vigorous convec- 
tion (Fig. 8) because of their relatively smaller Ray- 
leigh number. Thus thin layers are predicted to show 
a combination of rapid cooling rates and relatively 
low degrees of turbulence. Comb-layering can also be 
observed on the vertical walls of magma chambers 
(Wager and Deer 1939), which cannot be attributed 
to the process suggested here. 

Evidence for the formation of quench textures in 
layered igneous intrusions during the influx of ultra- 
basic magma to a basaltic chamber has recently 
emerged from the study of the Hettash Intrusion, 
Labrador (Berg 1980). Berg provides evidence for the 
influx of an ultrabasic magma (MgO ~ 19.3 ~)  into a 
magma chamber containing alumina-rich basalt 
(MgO~7.6 %). A highly distinctive troctolitic ho- 
rizon can be traced over 17 km with a thickness of a 
few metres. This layer contains much more calcic 
plagioclase and forsteritic olivine than the anortho- 
sitic cumulates both above and beneath. The layer 
also displays spectacular comb-layering of plagioc- 
lase and snowflake texture (largescale spherulitic 
plagioclase). Berg interprets the layer as due to the 
spreading of an ultrabasic melt over the floor of the 
chamber and its rapid cooling. Our model supports 
this interpretation and predicts suitably high cooling 
rates for a 10 m thick layer (Figure 5). 

Conclusions and Discussions 

A general model has been presented for the intrusion 
of a hot and dense magma into the base of a magma 
reservoir. In this circumstance, two layers are formed 
which turbulently convect and exchange heat across 
a stable interface. There is no extensive mixing of the 
new magma with the resident magma. The detailed 
structure of interface is controlled by the lower diffu- 
sivity of chemical components in the two magmas in 
comparison to the diffusivity of heat. 

Equations (10) and (11) allow the cooling rate and 
temperature of each layer to be predicted as a func- 
tion of time. The cooling history is controlled by the 
physical properties of the magmas and the relative 
thicknesses of the two layers. In the case of the 
ultrabasic and basic magmas, cooling times are of the 
order of a few months to a few years, illustrating the 
rapid rates of heat transfer in this situation. The 
lower layer cools to equilibrium with the upper layer, 
but remains at virtually the same composition as it 
had originally. 

In this paper we have emphasised the case where 
crystallization occurs within the convecting liquid. 
An important result of the calculations is that con- 
vective velocities are too rapid to allow crystals to 
settle during cooling. However, crystal settling occurs 



288 H.E. Huppert and R.S.J. Sparks: The Fluid Dynamics of a Basaltic Magma Chamber 

at  a late stage of  the  evolut ion,  when the system is 
close to thermal  equi l ibr ium.  The growth  of  suspen- 
ded  olivine in the lower  layer  could  lead  to a si tua- 
t ion of  equi l ibr ium crys ta l l iza t ion and litt le or  no 
compos i t i ona l  var ia t ion  in the resul t ing cumula te  
layer. There  may,  however,  be c i rcumstances  where 
crys ta l l iza t ion  takes  place on the chambe r  floor. In 
such case progress ive removal  of  ol ivine at the base  
of  base  of the cool ing lower layer  would  lead  to a 
s i tua t ion  of  f ract ional  crystal l izat ion.  

In ei ther case, the mode l  provides  an exp lana t ion  
for the fo rmat ion  of  b imoda l  cyclic units in layered 
intrusions.  U l t r abas i c  m a g m a  is in t ruded  into a ba-  
salt ic reservoir ,  forms a separa te  layer  and  undergoes  
a pe r iod  of  independen t  crystal l izat ion.  Eventua l ly  
the residual  l iquid becomes  b u o y a n t  and  mixes with 
the over ly ing basalt .  The  residual  l iquid is likely, in 
many  plaus ib le  c i rcumstances ,  to  be close to the 
densi ty  m i n i m u m  with M g O  9 - 1 1 % .  The mode l  thus 
suggests reasons for the res t r ic t ions  in the compo-  
sit ions of e rup ted  tholei i t ic  basa l t  l iquids in an open-  
system m a g m a  chamber .  

We are aware  that  more  complex  crys ta l l iza t ion  
sequences can be envisaged than  that  t rea ted  here in 
assoc ia ted  bas ic  and u l t rabas ic  magmas ,  depending  
on pressure,  t empera ture ,  vola t i le  content  and  bu lk  
m a g m a  composi t ions .  Thus, for example ,  some ul tra-  
basic  m a g m a s  can evident ly  p rec ip i ta te  highly calcic 
p lagioclase  (Berg 1980). We  can also envisage si- 
tua t ions  where, after sed imen ta t ion  of  olivine, the 
res idual  m a g m a  is still denser  than  the over lying 
layer. Other  types of  cumula te  could  then form, such 
as werhli te  or  pyroxeni te ,  before the res idual  m a g m a  
in the lower  layer  becomes  sufficiently l ight to mix 
with the over lying m a g m a  layer. These o ther  circum- 
stances may  involve sl ight  modi f ica t ion  of the as- 
sumpt ions  we have m a d e  on the re la t ionsh ip  of  com- 
pos i t ion  to the  re levant  physical  proper t ies .  However ,  
these modif ica t ions  will no t  affect the b r o a d  con- 
clusions of the model ,  which app ly  to a wide range of 
possible  s i tuat ions,  for which the fundamenta l  as- 
sumpt ions  of re levant  densit ies and  t empera tu res  are 
upheld�9 

There  are  o ther  m a g m a t i c  assoc ia t ions  which 
could  be considered in the l ight  of  such a model .  
Ana logous  behav iour  can be an t i c ipa ted  in, for ex- 
ample,  var ious  members  of the  basa l t -andes i te -dac i te  
group.  In this associa t ion  l iquid densi ty  decreases 
progress ively  with crys ta l l iza t ion  and  repea ted  in- 
jec t ion  of dense bas ic  m a g m a  could  lead to the 
fo rmat ion  of  a chemica l ly -zoned  m a g m a  chamber .  
We have only given deta i led  a t t en t ion  here to a few 
specific cases of bas ic  and  u l t rabas ic  rock  associates  
to i l lustrate the poten t ia l  of the mode l  for in terpre t -  
ing igneous rocks.  
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A p p e n d i x  

The purpose of this appendix is to demonstrate that the conductive 
heat loss to the country rock at the base of the chamber can be 
neglected in the calculation of the temperature history of the lower 
layer. 

The effect of the relatively cold country rock is to cool the 
bottom of the lower layer and quench the convection at the base of 
the layer. Thus the heat transfer fiom the lower layer to the country 
rock is by conduction. This situation may be modelled by a semi- 
infinite region in 7 < 0 (the country rock), initially at a temperature 
of To(0), below a semi-infinite region, initially at TI(0). The temper- 
ature profile in the upper region is then (Carslaw and Jaeger, 
1959, p. 88). 

T~ (t) - To(0) + [T 1 (0) - Tr {K~ k; i/2 

+K~k~i/Zerf[�89 (A1) 

where K is the thermal conductivity and subscripts 1 and c refer to 
the upper and lower regions respectively. For y/(klt)i/2>>l the 
temperature in the upper region is TI(0), and the flux of heat at 
the base of the upper region is 

Po c, [~ i/2 Kc(kl/kc)i/2/(Ki k l  1/2 + Kc k2 i/2)] 

�9 IT i (0) - T~(0)] t -  ,12. 

Provided hff(k i t)l/=>> 1, we can use the results of this model to 
estimate the heat flux from the lower layer of the magma chamber 
to the country rock by writing 

Fjp  0 cp = [~z- i/2 K~(kl/k2)l/2/(Kt k[ i /2 + K~k~- 1/2)] 

�9 IT 1 ( t ) -  T ~ ) r  1/2, (A2) 

where T~ is the far-field temperature of the country rock. Setting 
K i = K  ~ and kl=kc=lO -z cmZs -1 in (A2), inserting it into (2.6) 
and solving the equations numerically, we obtain results which 
cannot be distinguished from those obtained by setting F B = 0. We 
conclude that the conductive heat flux from the base of the magma 
chamber can be neglected. 
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