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Magmas that crystallize to produce layered intrusions may behave as double-diffusive convective systems. In such 
an intrusion, the magma would be stratified as a stacked series of thick convecting layers separated by thin, static 
"diffusive" boundary layers. Crystallization is often inferred to occur at the base of the chamber, and chemical changes 
due to fractional crystallization of the lowermost convecting layer are transmitted by diffusion across the thin "dif- 
fusive" boundary layers separating the thick stacked layers of convecting magma. 

In this work the Rayleigh distillation law is extended to describe changes in the concentration of a compatible trace 
element due to fractional crystallization of the convecting magma layer at the base of the stack as well as diffusion of 
the trace element into the layer across its top diffusive boundary. General equations are presented defining predicted 
geochemical profiles in terms of partition coefficient, rate of accumulation of the crystal pile, diffusion rates and 
thickness of discrete magma layers. 

Extraction of a single dense phase from the lowermost convecting layer progressively decreases the density of the 
residual liquid in the layer. Ultimately, the densities of the basal and immediately overlying layers of magma become 
equal, the diffusive boundary layer breaks down, and the two basal layers mix. This results in a reversal in the trace- 
element concentration of the crystals being precipitated. A "sawtooth" trace-element concentration profile results. 

The Bushveld Complex provides a good test for the double-diffusive convection model envisaged here. Available 
data on chromium concentration with respect to height in the main magnetitite layer of the Bushveld Complex are 
well described by these equations. 

I n t r o d u c t i o n  at the base of the lowermost convecting layer. 
Owing to the strong convective mixing, each 

It has been argued that  layered intrusions are liquid layer is homogeneous, but there are 
stratified in the liquid state by the process of chemical, density and thermal differences be- 
double-diffusive convection (d.d.c.) (e.g. tween layers (McBirney and Noyes, 1979; Ir- 
McBirney and Noyes, 1979; Irvine, 1980), and vine, 1980; Huppert and Sparks, 1980; Chen and 
that in many cases crystallization occurs only Turner, 1980; Huppert and Turner, 1981 ). The 
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diffusive boundaries between the convecting The concentrations of compatible trace ele- 
layers therefore represent compositional and ments in a magma are strongly influenced by 
thermal discontinuities within the liquid, the phases that are crystallizing. These ele- 
Chemical and thermal changes brought about ments can be used as petrogenetic indicators to 
by bottom crystallization of the basal convect- evaluate the thickness of the double-diffusive 
ing layer are transmitted by diffusion across layers from which cyclic units in layered rocks 
these diffusive boundaries. The rate of diffu- crystallized, as well as the influence of diffusion 
sion versus the rate of crystallization will thus across the boundary layers on the chemistry of 
influence the compositional variation of the the rocks. 
crystal products at the base of the crystallizing The Upper Zone of the Bushveld Complex is 
layer {Fig. 1). If the chemical and mineralogi- a strongly layered sheetlike body of iron-rich 
cal variations seen in cyclic units are the results cumulates. The mineralogy is dominated by 
of bottom crystallization during d.d.c., the rate plagioclase, magnetite, Fs-rich orthopyroxene 
of chemical diffusion across the boundary lay- and Fa-rich olivine (Molyneux, 1974). In gen- 
ers is slow but not insignificant compared with eral, the magma is becoming less dense with 
the rate of heat transfer and crystallization differentiation as the molten equivalent of the 
(Huppert and Turner, 1981). solid assemblages are more dense than the 

liquid. 
Detailed vertical Cr-concentration profiles of 

i t  i ~ ) I I the Main Magnetitite layer in the Upper Zone 
• " ' i ~ have been obtained by Cawthorn and Mc- 

C" Carthy (1980, 1981 ) These data can be usedto j 

l,., ' l t ~ T I ~  121_[ it model fractionation processes in the magma 
°"'. : : : chamber as the distribution coefficient of Cr 

1~ 
,,~.. ,~ between magnetite and liquid is between 100 

and 620 (Irving, 1978). 

t liquid~ t Derivation of the equations 

C If bottom crystallization and double-diffu- 
Z , sive stratification of magmas operate, it would 

! seem reasonable that as a compatible trace ele- 
~___~_~// ~ ment is extracted by fractional crystallization 

from the basal magma layer in a d.d.c, system, 
the concentration difference between that layer 

"~:~ crystals %° ~: and the one above it would increase if the dif- 
:~ ~°o~ ~°~% ~%%~ fusive boundary between them acts as a partial 

i seal (Fig. 1). The amount of interlayer diffu- 
j sion would be proportional to the concentra- 

Fig. 1. Schematic diagram (not to scale) illustrating the tion difference, and the thickness and diffusion 
basal crystallizing layer N, with part of the next higher layer, coe f f i c i en t  o f  th i s  b o u n d a r y  layer.  T h e r e f o r e ,  a 
These are separated by a diffusive boundary of thickness stage could be reached where there is an ap-  
B. The compatible element (Cr) is diffusing down into the proximate balance between the extraction of the 
basal layer and heat diffuses upward. The concentrations 
referred to in the text are C, C' and C~. H is the initial element by the fractionating crystals and the 
quantity of liquid in the layer, and Xis the quantity ofcrys- addition of the element by diffusion from above 
tals fractionated from the liquid and deposited as a layer. (Fig. 1 ). As diffusion is also time dependent, 
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the rate of extraction (i.e. the rate of crystalli- the differential equation has an exact solution: 

zation ) also has to be considered. C -  Cc H-__X 
In this derivation we assume that the magma Coo ~-Cc - ( H )  ( K' - 1 ) ( 3 ) 

is behaving as a d.d.c, system, and that crystal- 
lization is occurring at the base of the magma, where Co is the initial concentration in the liq- 
The distribution coefficient (K) of an element uid layer. 
between the crystals and coexistingliquid is held For K> 1 (i.e. for compatible trace ele- 
constant. Further, after any amount of crystals ments) this represents a concentration that 
had precipitated, the trace-element concentra- tends to a limit C~. The case D' = 0 also implies 
tion in that increment of crystals (Ca) reflects that C~=O and eqn. (3) reduces to the well 
the concentration in the coexisting liquid (C) known Rayleigh formula. In Appendix 1, an al- 
within the basal convecting layer from which ternative extended derivation of the equations 
the crystals formed, i.e. C~=KC (see Fig. 1). is presented, and it is shown that D' =pmD/BRps 
Changes in the concentration of the element in where Pm is the density of the liquid, andp~ that 
the liquid of the basal crystallizing layer allow- of the solid. D is the diffusion coefficient, B is 
ing for boundary layer diffusion can be mo- the thickness of the boundary layer and R is the 
delled by the following equation: rate of crystallization. 

Extraction of the trace element from the con- 
dC C D"C' ( H - X )  ~ = C - K  + ( -C)  (1) vecting layers stacked above the crystallizing 

layer owing to the downward diffusion across 
Where H is the equivalent solid height of the the boundary layers, can be modelled by an ex- 
basal layer before any crystallization takes tension of eqn. (1). In this case C=CN is the 
place, X is the height already crystallized and concentration in the basal (N TM) layer, and 
D' is a dimensionless coefficient taking into ac- C' = CN_ 1 is not assumed constant, but is gov- 
count the diffusion coefficient and thickness of erned by an equation describing diffusion into 
the diffusive boundary layer separating the layer N -  1 from the overlying layer N -  2 as well 
basal from the overlying convecting layer, as as down to layer N (Fig. 1).Theextendedmodel 
well as the rate of crystallization and hence time. which is derived in Appendix 2 does not have 
The concentration of the trace element in the an exact solution, and predictions have to be 
crystallizing basal layer is C and that of the made using a computer program, which is avail- 
overlying convecting layer is C'. able from the second author on request. 

The three terms on the right of eqn. (1) de- This model differs fundamentally from that 
scribe the change in concentration of the ele- proposed by Cawthorn and his co-workers 
ment in the liquid due to decreasing quantity of (Cawthorn and McCarthy, 1980, 1981; Caw- 
liquid, extraction by the crystals and addition thorn et al., 1983; Wright et al., 1983), as their 
by diffusion from the layer above respectively, model does not consider the possibility of a dis- 
Equation (1) can be written more conveniently: cretely stratified magma as assumed here. The 
dC ( K ' - I )  model also differs from that considered by 
d X -  ( H - X )  (C-Co) (2) McCarthyetal.  (1985) where they consider the 

possible effects of lateral accretion proposed by 
where K' = K + D '  and C¢=C'D'/(K'-1) .  Irvine et al. (1983). 

Because diffusion across the boundary layer 
is a slow process and the distribution coeffi- Appl icat ion to the  Bushve ld  Complex 
cient and properties of the boundary layer are 
assumed to be constant, C' may be assumed In the case of the Upper Zone of the Bushveld 
constant as a first approximation, in which case Complex, the system involves an iron-rich liq- 
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uid near the magnetite/plagioclase cotectic. The sively lower concentrations at the reversals. The 
magnetite/liquid system represents a large possibility that  these reversals are caused by 
density contrast, as the magnetite is almost magma replenishmentsfromoutsidethemagma 
twice as dence as the liquid. Hence, the corn- chamber is excluded by recent Sr-isotopic data 
positional changes brought about by fractional on the Upper Zone (Kruger et al., 1986). 
crystallization of magnetite might produce in- The magnetitite is assumed to crystallize at 
stability leading to d.d.c, the base of the lowermost layer of the d.d.c, sys- 

The Upper Zone of the Bushveld Complex is tern and that  there was no significant redistri- 
about 3 km thick and evolved from a single, well bution of the chromium after crystallization by 
mixed magma ( Kruger et al., 1986). The pres- vertical diffusion within the crystal pile. The 
ent boundaries of the Bushveld Complex indi- latter assumption is supported by the presence 
cate that  the Upper Zone magma layer had a of abrupt reversals and very steep concentra- 
lateral to vertical aspect ratio of more than 100. tion gradients ( Cawthorn and McCarthy, 1980, 
The sidewall cooling effects that  were impor- 1981; Cawthorn et al., 1983). Further, work by 
tant in the evolution of the small Skaergaard Reynolds (1985) on the magnetite layers sug- 
Intrusion (McBirney et al., 1985) are probably gests that  sintering of the magnetite occurs 
negligible in this case. Thermal modelling of in- concurrently with or very soon after precipita- 
trusive sheets (Gray, 1978) indicates that  the tion, causing the layers to become imperme- 
thick cumulate floor to the Upper Zone (ca. 5 able. Thus, postcumulus processes such as that  
km) would prevent downward heat loss, and proposed by Kerr and Tait (1985) may be ex- 
probably actually supply heat to the liquid part, cluded in this case. Therefore, at any height 
thus aiding convection. Heat flux was thus ver- within the magnetitite layers, the concentra- 
tically upward, through the roof rocks. Thus tion of Cr reflects that  of the coexisting liquid 
both the density changes due to changes in from which that  magnetite crystallized. Since a 
composition and heat flux serve to produce monomineralic layer (pure magnetite) is un- 
instabilities that  could cause d.d.c, in the Upper der consideration, and loss of heat of crystalli- 
Zone of the Bushveld Complex. This is a differ- zation is the rate controlling factor, the rate of 
ent situation to that  considered by McBirney crystal accumulation is assumed constant as a 
(1985) which deals with tholeiitic magmas that  first approximation. 
have not yet reached the stage of maximum iron During crystallization, diffusion of Cr oc- 
enrichment and are still becoming more dense curred across the diffusive boundary separating 
as a result of fractional crystallization, the basal crystallizing layer from the convect- 

Vertical concentration profiles for chromium ing layers above (Fig. 1 ). This is due to marked 
in the Main Magnetitite layer (MML) in the changes in concentration of Cr brought about 
Upper Zone of the Bushveld Complex have been by fractional crystallization of the basal magma 
determined by Cawthorn and McCarthy (1980, layer. As the Cr concentration contrast across 
1981). These stratigraphic concentration pro- the diffusive boundary layer becomes greater, 
files can be used to test our model for the crys- diffusion increases, until a stage is reached 
tallization of d.d.c, layers. In the MML, the where diffusion into the layer matches the ex- 
profiles show a "sawtooth" variation starting traction by magnetite crystallization, and the 
with a high concentration which rapidly de- concentration tends to the constant Co. 
creases to a constant concentration signifi- Curves predicted by eqn. (3) are a good fit 
cantly above zero. A number of abrupt reversals ( see the procedure below) for the observed ver- 
occur which give the "sawtooth" pattern, in tical concentration profiles of chromium in the 
which each section shows a similar depletion MML (Fig. 2), recorded by Cawthorn and 
profile and successive sections with progres- McCarthy (1981). Convergence to Cc is rapid, 
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and is observable even though the process ter- right-hand side of eqn. (3) is approximately exp 
minates in abrupt reversals to higher concen- (-)~X) where ~l= (K' -1) /H.  ForK'  - 1 > 3 0 0  
tration while X is only a small fraction of H. (a likely value for chromium deposition in 
This is probably due to the mixing of the basal magnetite) the difference between the right- 
layer with that  above when the densities be- hand sides of eqns. (3) and (4) is either less 
comeequal, as a result of the extraction of dense than 1% (for small values of/IX) or less than 
magnetite from the lowermost convecting layer. 0.001 (for larger values of ~X), or both. 
This process would result in a thicker convect- The exponential approximation leads to the 
ing layer at the base of the chamber with an simpler model: 
intermediate chromium concentration, which 
would crystallize magnetite with a higher chro- C -  Ca / Co - Cc = exp ( - ~X) ( 4 ) 

mium concentration. This aspect is examined Concentrations predicted by eqns. (3) and 
in greater detail below. (4) were fitted to data selected from Cawthorn 

and McCarthy (1981) by choosing parameters 
Fitting the parameters to minimize the root mean square relative error 

(RMS) over the data points. 
In the application of eqn. (3) to chromium The exponential model (eqn. 4) was fitted 

in magnetite, X/H is always small and K' - 1 is first to give starting values for fitting eqn. ( 3 ). 
large. For large values of the coefficient K' the It became apparent that  there was a range of 

parameters giving almost equally good fits even 
apart from the relationship between K' and H. 

O 

o/ The method adopted to locate this range was to 
plot the RMS values (to the nearest percent) 

] for given Cc ( which could be estimated from the 
0 

~/ graph of the data, see Fig. 2 ) and K' and a range 
of values for Co and H. Clearly then, an accurate 
estimate of either the distribution coefficient K 
or the initial concentration of Cr in the magma 

' O 

0 0 6 0 0  

ClC "~ 1 ~ ~ \ ~ \  ~ ~ 

0 1000 2000 3000 

Cr IJg/g -1 4ooo 

Fig. 2. Actual chromium concentrations in a pure magne- 10600 15()00 20000 25()00 
titite layer (Section C from Cawthorn and McCarthy, 1981 ) Cr IJg/g -1 
show the depletion predicted by eqn. (3). In the solid Cc is 
700 #g g-  ~, and the initial concentration is predicted to be Fig. 3. Error contour plot used to estimate the best fit pa- 
16,000 pg g-  ~ in agreement with the data of Cawthorn et rameters for eqn. (3). The best fit was 6.5% RMS relative 
al. (1983). The curve p l o t t e d u s e d K ' -  l = 3 0 0 a n d H = 5 0 0 0  error for H=5000  cm and Co= 16,000 #g g - '  in the solid. 
cm as suggested by the error contour plot (Fig. 3 ). This technique can also be used to fit other parameters. 
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is required before accurate predictions about H assumed constant  (i.e. the distribution coeffi- 
can be made. cient and the characteristics of the diffusive 

Figure 3 shows a typical error contour plot boundary were similar in each case),  the best 
for data from the smooth sequence from 32 cm fit Co and H were different for the different sec- 
to 137 cm of section C of Cawthorn and Mc- tions, and thus the basal crystallizing layers 
Carthy (1981). The RMS relative error has were not always the same thickness. 
been plotted for 9% error and less. Taking We have also used the extended model (Ap- 
K' - 1 = 300 and Cc = 700 ~g g-  1 Cr in the solid, pendix 2 ) to fit the same data, but  as diffusion 
the lowest RMS was about 6.5% for H = 5 0  m is slow, the results were not significantly im- 
and C,,= 16,000 /~g g-1 Cr in the magnetite, proved. The number of layers above the base 
However, RMS lies between 6.5% and 7.5% for can be adequately modelled using 4 to 5 layers 
a range of values between H - - 5 7  m, Co= 12,000 of equal thickness in the application consid- 
zg g-  1 and H= 45 m, Co = 21,000/~g g-  1 Cr. ered; higher layers showed almost no change in 

In addition to this flexibility in fitting the the concentration of chromium. 
physical parameters,  values of K' - 1 (domi- The parameter  D'  can be calculated from the 
nated by the distribution coefficient K in this relationships given in eqn. (2) and for section 
case) and H can be varied widely while keeping C is approximately 13.6, but  clearly it is also 
a constant  ratio as discussed above. For exam- subject to error. An alternative approach would 
ple, K' - 1 = 1500 produces the same error con- be to calculate D'  independently using the 
tour plot as Fig. 3 if the H-scale is revised to run equation D' =pmD/BRps derived in Appendix 
from 200 m to 300 m. The best fit in this case 1, but the parameters  necessary (B, D and R as 
would be obtained with H= 250 m and the same well as K) are not well known as yet and may 
Co-- 16,000/~g g -  1 Cr. The values for K avail- be in error by an order of magnitude, hence the 
able in the literature range between 100 and 620 present approach. 
(Irving, 1978), and thus the value of 1500 for Clearly, if these parameters  can be deter- 
K ' - 1  is an extreme used for illustration. But mined more accurately (e.g. using other fluid 
for most of the calculations K is about 275 (in dynamic, thermal modelling and geophysical 
the published range) and thus 50 m is not an data) ,  the model can be tested further. For ex- 
unreasonable value for H which is definitely less ample, the average rate of accumulation during 
than 250 m. Clearly, the equivalent solid heights crystallization of the Bushveld Complex was of 
quoted here have to be multiplied by PJPm the order of 2.3 cm per year ( 7 . 3 X 1 0 - S c m s  -1) 
(about  5/3 for magnetite/l iquid) to give the ac- calculated using a cooling time of ca. 350,000 
tual height of the magma layer, years and a thickness of 8 km (Walraven, 1981 ). 

The precipitated magnetite is a very small Substi tuting this value for R, setting D'  = 13.6 
fraction of the magma layer (between 0.4 and and B- -10  and 100 cm in the above equation, 
2% in the examples above ), and thus the model results in diffusion coefficients D of 2 X 10- ~ to 
does not demand unlikely phase relationships 2 X 10- ~ cm 2 s -  1. This is greater than ionic dif- 
such as lengthy single phase saturation. In fact fusion in a static magma (ca. 10 -8 - -  10 -s, see 
thin plagioclase partings in the magnetit i te lay- Hofmann,  1980), which may indicate that  the 
ers (Cawthorn and McCarthy, 1981; Reynolds, diffusive boundary may have processes which 
1985) suggests that  the magma was close to the aid diffusion occurring within it, or that  some 
magnetite/plagioclase phase boundary, movement  of the boundary into the overlying 

Severalother  smooth sequences f romthe  dif- Cr-rich layer occurs during crystallization. 
ferent sections in Cawthorn and McCarthy These suggestions can be tested in tank exper- 
(1981) were fitted in the same way. Despite the iments using the equations derived in this work. 
parameter  flexibility, it appeared that  if K' was If the same R is used in the work of Wright et 
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al. (1983) avery  highD is required (0.1 to 660), tended model (Appendix 2) was used to com- 
which seems unreasonable. The rates of accu- pute the profiles. 
mulation quoted in that  work are also unrea- Comparison of the shape of the profiles with 
sonably small (10 -]2 cm s -1) as the 100-cm- those of Cawthorn and McCarthy (1981) indi- 
thick MML would require ca. 3 Ma to accu- cates that  for most of the profiles the first model 
mulate, which is in excess of the time required fits best, but that  the second model may also 
for the whole of the layered sequence, apply to some reversals. It is self evident that  

for any sequence of reversals the initial profile 
is the same for both models. 

Modelling reversals in the data profiles A possible process whereby layers may split 

(process 2), is if magnetite crystallization re- 
As briefly discussed above, extraction of a sulting in less dense residual liquid is followed 

dense phase ( magnetite ) from a less dense liq- by plagioclase crystallization which results in a 
uid will result in the residual liquid becoming more dense residual liquid (Campbell et al., 
less dense. Thus magnetite fractionation of the 1983). This may have been the case in the 
basal layer will result in the residual liquid in Bushveld Complex. Plagioclase crystallization 
the layer becoming less dense until it equals that  may result in ponding of the dense residual liq- 
of the overlying layer. When the two layers be- uid enriched in mafic components at the base 
come equal in density, the diffusive boundary of the crystallizing layer which may then form 
will break down, and the two layers will mix. a separate convecting layer. Alternate magne- 
This results in a thicker basal layer which will tite/plagioclase crystallization could thus pos- 
then continue to crystallize when its liquidus sibly modulate the formation and coalescence 
temperature is reached. Alternatively, this new, of d.d.c, layers in the liquid. 
thicker mixed basal layer may split into two or 
more individual layers the lowest of which con- 
tinues to crystallize. This alternative scenario soo~ ~ - - \  - a 

appears unlikely, at least in the initial stages, i . , .  - . . . . . .  b 
but may become more likely if the basal layer 4so "'-- - - -  
becomes very thick due to repetitions of the 
mixing process, or a different phase (plagio- 
clase) starts to crystallize and produces a dif- ~ 300 . -- - - -  

: !\ 
ferent convective regime. ~ ,..._~._:._~:~_ 

In the modelling presented in Fig. 4, the pro- ~ 1sol 
files produced by both processes are shown for ~ '~ 
illustration. In this modelling, parameters  sim- o, - - -  
ilar to those derived in the previous section were o so'oo 10600 lsSoo 
used, and were assumed constant  throughout. Cr ~ g / g - t  

The stacked layers were assumed to be of con- 
stant thickness, and the same amount  of crys- Fig. 4. The form of the reversals if the basal layer mixed 

tals were precipitated after each cycle. Clearly with the one above and then (a) the double thickness layer 
continued to crystallize ( solid line) and (b) the mixed layer 

this is a simplification, but it does serve to il- split into two equal layers and continued to crystallize 

lustrate the principle, and the form of the re- (dashedline).  Repeti t ionofprocess (a) eventually results 
sulting depletion profiles. Because more than in a single very thick convecting layer, whereas process (b) 

results in the same number of layers being maintained. Pa- one layer is modelled, the depletion of the over- 
rameters used were: D '  - 20, K '  - 1 -- 300 and a reversal was 

lying layers due to diffusion may be significant produced every 150 cm. Initially, H= 5000 cm and C,,= 57 
when the mixing events occur and thus the ex- zg g ~ for all the layers. 
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Conc lus ion  thickness of the boundary layer, Pm and Ps (g 
cm -3) are the densities of the magma and solid 

We have extended the well known Rayleigh respectively (see Fig. 1 ) and D ( cm 2 s -  1 ) is the 
distillation law to include one type of partly diffusion coefficient. The magma layer is as- 
open system in which diffusion occurs. This ex- sumed to be equivalent to a solid layer H c m  
tended equation may lead to a better under- thick, and thus the actual thickness is S p s / p  m 

standing of the behavior of trace elements (cm).  
during d.d.c. The equations also serve as an al- Consider a situation when the crystal frac- 
ternative model to that  presented by Wright et tion ( cumulate pile ) has a height of X cm (Fig. 
al. (1983) fo r  the magnetitite layers of the 1). The residual magma will then be 
Bushveld Complex, and the lateral accretion (H-X)ps/pm (cm) and will contain ( H - X )  
model of Irvine et al. (1983) for layered intru- C (X)ps (ttg cm -2) of the trace element. Dep- 
sions as applied by McCarthy et al. (1985), to osition of the next AX cm of crystals causes 
the magnetitite layers. C~(X)p~AX=KC(X) AXp~ (/lg cm -2) of the 

Reversals in the compositional trends of the trace element to be deposited, as C~ = KC. The 
cumulates can result from the breakdown of the time taken is AX/R (s), where R (cm s-  1 ) is 
diffusive boundaries between layers and may the rate of accumulation, during which time 
not necessarily be the result of influxes of Dpm(C'-C) AX/BR (/~g cm -2) of the trace 
magma. The processes envisaged may result in element diffuses through from the layer above. 
the eventual homogenization of the whole re- Combining these effects will give the total 
sidual magma, or the d.d.c, layers may be quantity of the  trace element in the liquid when 
maintained, the height of the cumulate pile is X+AX cm. 

Collecting these terms and dividing by p~ re- 
A c k n o w l e d g e m e n t s  sults in: 

We thank B.D. Marsh for a helpful review of ( H - X - A X )  C (X+ AX) 
an earlier version of this work, and T.S. Mc- = ( H - X ) C ( X ) - K C A X + D ' ( C ' - C ) A X  
Carthy and R.G. Cawthorn for discussion and 

where 
encouragement. This work was started while the 
first author was in the Dept. of Geochemistry, D' =Dpm/BRp~ 
University of Cape Town and completed at the 

Thus: 
BPI (Geophysics) during the tenure of a Uni- 
versity of the Witwatersrand Post Doctoral d [ ] 
Fellowship. ~ ( H - X ) C ( X )  = - K C + D ' ( C ' - C )  

A p p e n d i x  1: Derivation of the diffusion model. This is equivalent to differential equation (1) 
in the text. 

The total mass per unit area of the trace ele- Note that  multiplying the differential equa- 
ment in the magma layer is increased in each tion by K changes the concentrations to/~g g-  1 

time interval by diffusion from the layer above, in the crystal fraction making the model predic - 
and decreased by deposition of the element in tions directly comparible with the data. 
the crystal fraction. 

The rate of diffusion across the diffusive A p p e n d i x  2: Multi-layered diffusion model. 
boundary layer is Dpm(C'-C)/B (]~g cm -2 
s -  1 ) where C' (/~g g-  1 ) is the concentration in For Nlayers the basal o r  N th layer will satisfy 
the overlying convecting layer, B cm is the eqn. (1) in the form: 
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