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ABSTRACT 

As magmas rise toward the surface, they traverse regions of the mantle and crust with which they are not 
in equilibrium; to the extent that time and the intimacy of their physical contact permit, the melts and 
country rocks will interact chemically. We have modeled aspects of these chemical interactions in terms of 
ion-exchange processes similar to those operating in simple chromatographic columns. The implications for 
trace element systematics are straightforward: the composition of melt emerging from the top of the column 
evolves from close to that of the incipient melt of the column matrix toward that of the melt introduced into 
the base of the column. The rate of evolution is faster in the incompatible than the compatible elements and, 
as a result, the abundance ratios of elements of different compatibilities can vary considerably with time. If 
diffusion and other dispersive processes in the melt are negligible and if exchange between melt and solid 
rock is rapid, extreme fractionations may occur, and the change from initial to final concentration for each 
element can be through an abrupt concentration front. Integration and mixing of the column output in a 
magma chamber or dispersive processes within the column, in particular the incomplete equilibration 
between matrix and fluid due to the slow diffusion in the solid phases, may lead to diffuse fronts and 
smooth trace element abundance patterns in the column output. If the matrix material is not replenished, 
the chromatographic process is a transient phenomenon. In some geological situations (e.g., under island 
arcs and oceanic islands), fresh matrix may be fed continuously into the column, leading to the evolution of 
a steady state. Aspects of the geochemistry of ultramafic rocks, island arc lavas, and comagmatic alkaline 
and tholeiitic magmas may be explained by the operation of chromatographic columns. 

INTRODUCTION 

The importance of permeable flow during 
segregation and migration of melts in the 
earth's mantle has been emphasized in a 
number of recent publications (e.g., Walker 
et al. 1978; Stolper et al. 1981; McKenzie 
1984, 1985; Richter and McKenzie 1984; 
Scott and Stevenson 1984, 1986; Ribe 1985). 
Chemical interactions must occur as melts 
and other fluids flow through mantle rocks 
with which they are not initially in equilib
rium. The consequences of this interaction 
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have been anticipated in general terms in 
many discussions of the evolution of alkaline 
basalts (e.g., Harris 1957; Green and Ring
wood 1967; Hart and Allegre 1980) and 
KREEP-rich lunar basalts (e.g., Warren and 
Wasson 1979) and in considerations of the 
role of mantle metasomatism in influencing 
the compositions of melts and mantle-derived 
nodules (e.g., Boettcher and O'Neil 1980; 
Menzies 1985). Recently, Richter (1986) ex
amined the evolution of trace elements during 
the segregation of melts from their compact
ing source regions. The goal of this paper, 
prompted by the recent progress in under
standing the fluid dynamical aspects of po
rous flow through a deformable matrix, is 
to consider in specific terms some of the 
geochemical consequences of the percolation 
of melts and other fluids through mantle re
gions with which they are not in equilibrium. 
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The essence of our treatment of melt
mantle interaction can be visualized by think:
ing about the well-known ion-exchange col
umn. Fluid is continuously fed into the base 
of a column and percolates upward at a con
stant rate. The fluid is initially out of equilib
rium with the column matrix, but as it flows 
upward, it interacts with the matrix and 
trends toward equilibrium with the initial ma
trix. After a time, the column becomes 
"dirty" or "used-up" and the fluid intro
duced at the base passes through the column 
with no interaction. Each element behaves 
differently during the fluid-matrix interaction, 
and hence fractionation can occur. The ex
treme fractionation possible via this kind of 
process is the reason that ion-exchange col
umns are so useful in laboratory settings. 
Both in the laboratory and in the mantle, the 
principal factors influencing the operation of 
the column with respect to each element in
clude: its partition coefficient between melt 
and matrix, the fluid fraction, the column 
length, the flow rate, the grain size, and the 
diffusion coefficients in the fluid and the ma
trix. Such modeling has been previously ap
plied to the study of metasomatic processes 
in crustal rocks (Korzhinskii 1970; Hofmann 
1972) and to hydrothermal systems (Norton 
and Taylor 1979). 

In this paper, we model the operation of a 
mantle ''chromatographic column'' using the 
laboratory column as a conceptual guide. We 
examine the evolution of trace element abun
dance patterns (TEAPs) in fluid and matrix 
during percolation, the kinds of fractiona
tions that can occur, and their dependences 
on column parameters. In the first part of the 
paper we establish the ''rules'' that such a 
process will obey and examine some of the 
ways in which the products of such a column 
might be identified and distinguished from 
other fractionation processes. In the second 
half of the paper, we apply our modeling to 
three specific scenarios and show how chro
matographic processes of the sort we have 
modeled may contribute to real rock suites. 
We emphasize at the outset, however, that 
even if this process operates in nature, it will 
surely do so in conjunction with many other 
processes (e.g., variable degrees of partial 
melting, crystallization, mixing, and assimila
tion). Thus, our treatment should be regarded 
as an effort to establish some of the end mem
ber effects of this process rather than a spe-

cific model of the detailed evolution of any 
igneous sui~e. Only by understanding such 
end members can we begin to decipher the 
complexities of petrogenesis. 

THE IDEAL COLUMN 

Imagine a mantle region containing solid 
rock in which fluid forms an interconnected 
network along grain boundaries. Properties 
of interest are assumed to change over a 
length scale that is large compared with the 
matrix grain size, so matrix and fluid are 
treated as two interacting continua. We as
sume that all solid phases can be represented 
by some average grain size and average trace 
element diffusivities. Major elements are not 
considered, and the partition coefficients for 
the trace elements are taken to be constants. 
The assumption of uniform and constant fluid 
fraction is equivalent to assuming either the 
percolation of fluid into a dry column in 
which the needed porosity is instantaneously 
established, or the preexistence of fluid in 
equilibrium with the matrix. Mathematically, 
the only difference between these two alter
natives is the addition/omission of the fluid 
volume initially present in the column. 

Consider a representative elemental vol
ume (Bear 1972), small compared to the scale 
over which the average chemical and physi
cal variables change, and large compared to 
the grain size. The elemental volume consists 
of a solid fraction of density Ps where the con
centration of a trace element i is Cs,i• and a 
fluid fraction, <!>, of density Pt where i is pres
ent in concentration Cf,i· Let Vs and Vt be the 
flow velocities of the solid and the fluid re
spectively, and let Ds,i and l51,; be the diffu
sion coefficients of i in the two phases; then 
the equation describing the conservation of 
mass of i in the system is: 

a a 
af[<J>ptCf,;] + af[(l - <J>)psCs,i] 

+ V!V[<J>ptCJ,;] + YsV[(l - <J>)psCs,;] 

- V[<J>p1l51,;VC1,;] 

- V[(l - <J>)psDs,;VCs,;] = 0 

(1) 

(Bear 1972; McKenzie 1984). The symbols 
used in our equations are summarized in table 
1 for reference. 
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t 
4» 
Ps• PJ 
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cS> c1 
c~, CJ 

TABLE 1 

NOTATION 

time 
fluid fraction in the column (by volume) 
densities of the solid and fluid 
radius of grains in the column matrix 
trace element concentration (by weight) in solid and fluid 
concentration in the matrix at t = 0 and in the fluid introduced at the 

base of the column (z = 0) 
concentration in the magma chamber, concentration in the magma cham-

Ds,Df 
G = WVP<J» 
G' = W2VP<J» 
Kd = Cs!Cf 
L 
M 
R =MIL 
tc = LIV1 
vf 
VP 
Vs 
w 

ber when it is first filled 
diffusivities in the solid and the fluid 
flux of fluid through a two-dimensional column 
flux of fluid through a three-dimensional column 
equilibrium partition coefficient (by weight) between matrix and melt 
column length 
volume (one-dimensional) of a magma chamber 
ratio of melt volume in chamber and column 
time it takes for the fluid to pass through the column 
melt velocity relative to the column ( v1 = vp + Vs) 
percolation velocity of the melt relative to the matrix 
matrix velocity relative to the column 
width of the two-dimensional column 

equilibrium mass fraction of an element in the fluid 

drift of the fluid front along the y direction 
drift of the concentration front of element i along the y direction 
column height from bottom of column to melt front 
distance traversed along the column 

We limit our analysis to the simple cases 
where densities and diffusivities of solid and 
fluid, as well as the melt fraction, are con
stant and uniform. We also assume that the 
transport of trace elements into and out of 
the elemental volume by diffusion through 
the solid phases may be neglected compared 
with the other fluxes (i.e., Ds,i = 0). Omitting 
the subscript i, equation ( 1) can be rewritten 
as: 

of reference (Vs = 0), equation (la) can now 
be reduced to 

ac1 + -~ Ps aCs + v;vc1 at <t> P! at 
(la) 

~ p -- -2 
+ _s Vs'iJCs - D/iJ Ct = 0. 

<t> P! 

Consider the case of an ideal, one-di
mensional column of uniform initial com
position in which local equilibrium is es
tablished instantaneously and dispersive 
processes within the fluid are negligible (i.e., 
D1 = 0). The assumption of local equilibrium 
requires that at any point, C s = K~1, where 
Kd is the partition coefficient for the element 
of interest. Choosing the matrix as our frame 

act + x v act - o -- f ~---at az 
(lb) 

where 

(2) 

X1 is the proportion of the trace element in the 
system that is contained in the fluid at equilib
rium. 

Equation (1 b) describes the rate at which 
a point of constant concentration moves 
through the column: 

(3) 

Trace element concentrations are transported 
at lower velocities than the fluid itself. Com
patible elements (high Kd, low X1) move at a 
lower rate than more incompatible ones. 
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Suppose that a fluid with trace element 
concentration, CJ, is introduced continuously 
into a column with uniform trace element 
concentration, Cs. If CsiCJ ~ Kd, the trace 
element must be exchanged between fluid 
and matrix, and a sharp concentration front 
moves through the column at a lower speed 
than the fluid itself. The fluid ahead of the 
front is in equilibrium with the original matrix 
(C1 = Cs!Kd); behind the front the matrix is in 
equilibrium with the inflowing fluid ( C s = 
KdCJ). 

In the case of this simple boundary condi
tion, the front position is also easily obtain
able from a simple mass balance considera
tion. When the fluid has traveled a distance Z 
up the column, the trace element content be
tween the base of the column and the height Z 
must be equal to the initial trace element con
tent of the matrix, Z(l - <j>)p5 Cs, plus what 
was brought in by the fluid, Z<j>pjCJ. Using 
the equilibrium concentration from the previ
ous paragraph and the fact that the concen
tration front has traveled a distance z, we can 
express the concentrations in fluid and matrix 
ahead and behind the front and relate them to 
the total trace element content of the column 
between Z and the bottom: 

z<!>p.rCJ + z(l - <!>)psKN 

+ (Z - z)<!>pJCs!Kd 

+ (Z - z)(l - <!>)PsG = Z<!>p.rCJ 

+ Z(l - <!>)PsG· 

The position of the front is then simply 

(4) 

(5) 

Figure la presents z/Z for some trace ele
ments with different distribution coefficients. 
Due to their smaller Kd values, fronts of in
compatible elements move faster than those 
of more compatible ones. The first fluid 
emerging from the column is in equilibrium 
with the initial composition of the matrix, and 
its trace element concentrations are similar to 
those produced by incipient melting of the 
column matrix (C1 = C~/Kd). This is true re
gardless of the fluid fraction in the column or 
the column length. These two factors deter
mine only the front position and the volume 
of fluid in front of it. Thus, the chromato
graphic process is capable of producing ex-

a 

b 

co 
d 

Kd=0.2 

0.2 

4>=0.03 
Ps /pf = 1.1 

t = tc 0.02 0.011 aDOS fms-

0.4 0.6 0.8 
z/L 

FIG. 1.-The ideal column. (a) Fluid concentra
tion of five elements vs. position in the column at 
t = 10 the time when the fluid first reaches the top 
of the column. Fluid with concentration CJ is con
tinuously supplied at the bottom of the column (left 
end) and flows to the right. As fluid and matrix 
equilibrate, a sharp front is formed. Ahead of the 
front the matrix keeps its initial concentration, C~, 
and the concentration in the fluid has changed to C1 
= C~/Kd· Behind it the fluid retains its initial com
position and the concentration in the matrix has 
changed to Cs = KdCJ. Column parameters and the 
element distribution coefficient are indicated in the 
figure. Concentrations are normalized to the range 
spanned by each element. The pattern for Kd = 
0.011 is enhanced for clarification. (b) Trace ele
ment abundance patterns (TEAPs) in fluids emerg
ing from the column at various times. (Concentra
tions are plotted against Kd; the REE in a typical 
peridotite would be distributed more or less evenly 
between Kd = 0.002 and Kd = 0.50.) In this ex
ample, melt introduced at the base of the column is 
produced by 10% batch melting of a source similar 
in composition to the column matrix. The first melt 
emerging at the top is identical to an infinitesimal 
partial melt of the column matrix. At later times the 
fronts of the different elements emerge from the 
column and their concentrations fall to the lower 
value of the melt introduced at the bottom. The 
pattern at t = 2tc is enhanced for clarification. 
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treme enrichments of incompatible elements 
that would otherwise require very small de
grees of partial melting. Figure lb presents 
the TEAP of melt emerging from a column in 
which the melt fraction is 3%. Regardless of 
the original TEAP of the melt introduced at 
the column base, the melt emerging from the 
top at t < 1.05tc Uc = L/Vf is the time it takes 
for a melt percolating at vf to pass through a 
column of length L) has a TEAP characteris
tic of melt produced by incipient melting of 
the column matrix (for elements with Kd > 
0.002). Note that in figure lb, concentrations 
are normalized to the initial matrix composi
tion CJ, which is not necessarily the same as 
the initial bulk composition of the column. In 
particular, if melt fraction <1> is present in the 
column at t = 0 due to partial melting of the 
column matrix, then the matrix is depleted in 
incompatibles at t = 0 and the initial matrix 
concentration C~ of incompatible elements 
will be low relative to more compatible ele
ments. The initial matrix composition (C~) 
will only be identical to the bulk composition 
of the column if the melts penetrate a solid 
column in which melt fraction <1> is only estab
lished during the percolation of melt through 
the initially dry column. 

Melts emerging at later times (t > 1.05tc in 
fig. lb) have compatible element concentra
tions still in equilibrium with the initial matrix 
composition. The incompatible elements, 
however, show the characteristics of the melt 
introduced into the base of the column. Their 
fronts have traveled the column, and the 
whole matrix has equilibrated with their ini
tial melt composition. After sufficient volume 
has passed through it, the column is ''used 
up" even for compatible elements and can no 
longer affect the melt composition. The col
umn life time for each element is given by Ll 
(VJXJ) = tc!Xf. . 

SMOOTHING OF THE COLUMN OUTPUT 

Perhaps the most striking feature of the 
output of the simple column described in the 
previous section is the abrupt change ob
served in the trace element pattern as each 
concentration front reaches the top of the col
umn. The absence of features of this sort in 
igneous suites of oceanic islands led Hof
mann (1984) to conclude that chromato
graphic processes do not play important roles 
in their petrogenesis. However, several pro-

cesses may lead to the production of 
smoother patterns in the output of mantle
scale columns. In the following sections we 
examine the potential of external processes 
acting on the products of the ideal, disper
sion-free column, and of internal processes 
(i.e., those taking place within the column it
self) for dispersing the sharp concentration 
fronts and for smoothing the abrupt TEAPs 
of the column products. 

It should be emphasized that the sharp 
fronts shown in figure 1 are not just the result 
of the properties of the ideal column, but also 
of our choice of initial and boundary condi
tions. In the case discussed in the previous 
section, the trace element concentrations in 
the melt at the base of the column, CJ(t) are 
introduced as a step function at t = 0. This 
sudden deviation from equilibrium travels 
through the column as a series of fronts 
shaped like step functions (eq. 3). Though 
these conditions may be appropriate for 
many situations, in some environments the 
deviation from equilibrium between melt and 
matrix may evolve gradually. The initial ma
trix composition may change along the col
umn length so that the melt is in equilibrium 
with the matrix at the base of the column and 
then gradually departs from equilibrium as it 
travels up the column. The input melt compo
sition may also vary smoothly from equilib
rium concentrations to some final CJ(t) =/:- C~l 

Kd. If these changes take place over a time or 
distance longer than the separation between 
the fronts of two consecutive elements, 
smooth and gradually varying TEAPs can be 
produced in the column output. For example, 
smooth variations in the melt composition in
troduced into the base of the column would 
result if early melts were produced by low 
degree of partial melting and later ones by 
progressively higher degrees, or if early melts 
were produced in a transition zone between 
the column reservoir and some other reser
voir that is the source for later melts. 

a. The Perfect Mixer.-One simple way of 
subduing sharp jumps in TEAPs is through 
integration and mixing of the column output. 
If magma is collected someplace (e.g., in a 
magma chamber below an impermeable layer 
or in an upper level crustal chamber), the 
TEAPs in melts coming out of such a cham
ber are smoothed. Consider the one-di
mensional case, in which magma emerging 
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FIG. 2.-Results of collecting and mixing the column output in a magma chamber. The output of the ideal 
column (fig. 1) is collected and mixed in a magma chamber that is assumed to operate as a perfect mixer. 
The chamber discharges melt after being filled to a volume of RL«V. (a) Concentrations of four incompatible 
elements in melts coming out of the chamber (R = 0.2) vs. time. Notice the difference from figure 1a where 
concentrations were plotted against distance. Kd values are indicated on the curves. (b) TEAPs of melts 
emerging from the chamber (R = 0.2) at various times. The first melt emerges at t = (1 + R)tc = 1.2tc, after 
passing through the column and filling the chamber. Melt and column parameters are identical to those used 
in figure 1b, but the sharp patterns are smoothed relative to the ideal case. (c) The evolution of La/Sm vs. 
Nd. Each solid curve represents the time evolution for a mixer of different volume (RL«V). R = 0 represents 
the output of an ideal column. The first melt has a composition A, which corresponds to the incipient melt of 
matrix with chondritic concentrations. The more incompatible La is enriched with respect to Sm. When the 
La front arrives the ratio changes to B; when the Nd front arrives, its concentration falls to that of the melt 
introduced at the base of the column, C. When the Sm front arrives, the Sm concentration falls and La/Sm 
reaches the final value of the melt introduced at the base, D (1 0% melt of source with chondritic concentra
tions). The first composition emerging after being mixed in magma chambers of different sizes is indicated 
by points A, E, F, G. The evolution curves are smoothed by the effect of the chamber. In all cases, melt 
composition is clearly distinct from that produced by simple mixing (dashed curve). (Ktt- values are for a 
peridotite with 65% olivine, 20% orthopyroxene, 10% clinopyroxene, and 5% garnet using values from Frey 
et al. 1978.) (d) Sm-Nd evolution of melt produced by 10% batch melting of a "bulk earth" reservoir 
[CJ(Nd) = 11 ppm, CJ(Sm) = 3.3 ppm, 143Nd/144Nd = 0.51265] percolating through a column of a depleted 
reservoir [C;(Nd) = 0.86 ppm, c;(Sm) = 0.32 ppm, 143Nd/144Nd :..: 0.51330; column and mixer parameters 
and Sm and Nd Kdvalues as in fig. 2c]. Area A' ADD' encloses all possible compositions resulting by simple 
mixing of A', the matrix composition; A, its incipient melt; D', the source rock; and D, its 10% melt. Note 
that the composition of the late melts emerging from the magma chamber may be misinterpreted as an 
isochron or a mixing line of D or D' with a reservoir represented by the stippled area (for the case of R = 
0.2). The composition of the first melt emerging from chambers with R = 0, 0.2, 0.5, and 1 are represented 
respectively by points A, E, F, and G. 
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from a column of length L and porosity <t> is 
collected and mixed in a region above the col
umn. The newly formed magma chamber 
grows to a thickness M, and then discharges 
magma at the same rate as it is recharged. If 
mixing in the chamber is perfect (i.e., occurs 
instantaneously), then conservation of mass 
for any trace element requires: 

where c1 is the trace element concentration in 
the melt entering the chamber and Cmc is the 
concentration of the trace element in the 
chamber. In the case of a chamber above an 
ideal column, c1 = GIKd until the front en
ters the chamber at t = tciXt'A. (t = 0 refers to 
when the melt is first introduced at the bot
tom of the column). At later times, c1 = CJ. 

For any given size of magma chamber 
there is a critical value of Kd for which the 
volume of melt ahead of the concentration 
front is equal to the chamber volume: 

(7) 

More compatible elements have a larger vol
ume ahead of their fronts, and the trace ele
ment concentration in the chamber when it is 
first filled is Cmc = C';/ Kd. For more incom
patible elements the volume of melt ahead of 
the front is smaller, and Cmc is given by: 

Cnzc - C} _ 1 ( 1 1) (S) 
C';/ Kd - C} - R Xt -

where R = M I L<t> is the ratio of melt volume 
in the chamber to that in the column. 

In the case of a chamber above an ideal 
column the solution of equation (6) is a simple 
exponential decay to the final concentration, 
CJ. In the case of the compatible elements 
the decay starts when the front reaches the 
chamber, t = tciXt; in the case of the incom
patibles the decay starts at the time the cham
ber is first filled, t = teO + R). In both cases 
the time constant for decay is MIV1<t> = Rtc. 

Figure 2a presents the results for a reser
voir with R = 0.2 placed above the ideal col
umn of figure 1. The sharp fronts of the ideal 
case are relaxed into exponential decay with 
time. If the concentration fronts of ''consecu-

tive" elements (e.g., La, Ce) overlap (fig. 
2a), the sharp jumps produced by the ideal 
column are smoothed (fig. 2b ). This effect is 
more pronounced for incompatible elements 
than for compatible elements. 

Inspection of figures 1 b and 2b shows that 
concentration ratios of incompatible to com
patible elements can undergo extreme varia
tions in successive melts emerging from 
an ideal column or from a magma chamber 
above such a column. These changes are il
lustrated in figure 2c. For the ideal column, 
the initial output has a ratio of (C~.La/Kd,La)/ 
(Cs.sm!Kd,sm) (point A). The ratio then jumps 
to C},Lai(G,smiKd,sm) (B,C) and finally 
changes to C'},La/Cf.sm (D). This path of evo
lution of melt composition is clearly dis
tinct from that produced by simple mixing of 
the incipient melt of the column matrix with 
the melt introduced at the base (dashed line). 
Note that for small magma chambers the 
chromatographic process is capable of pro
ducing element ratios that cannot be ex
plained by simple mixing of any two melts 
plotting at A and D; i.e., La/Sm ratios lower 
than that of point D can be produced. 

Isotopes of the same element are equally 
affected by the column and evolve similarly 
because they have the same value of Kd. The 
change in isotopic ratio is the same as during 
simple mixing. Thus, if 143Ndfl44Nd were 
plotted versus liNd, a straight line would re
sult, similar to a mixing line between incip
ient melt of the matrix and melt input into the 
base of the column. However, since ratios of 
elements of different compatibilities can vary 
widely in the output of a single column (fig. 
2c), parent-daughter evolution diagrams can 
display some unusual trends. In figure 2d, we 
have constructed a Sm/Nd evolution diagram 
for an ideal column and various magma 
chamber sizes for specific choices of Kd, CJ, 
c; and 143Nd/144Nd ratios for the matrix and 
the melt introduced at the column's base. For 
the ideal case (R = 0), the abrupt variations 
in Sm/Nd ratios as the two fronts arrive, 
coupled with the jump in the Nd isotopic ratio 
when the Nd front arrives, produce an ex
treme pattern. For the magma chamber 
cases, trends that resemble isochrons or mix
ing lines are produced. These clearly have no 
time significance, nor do they necessarily 
yield any direct information on the properties 
of the two components (i.e., percolating melt 
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and matrix) being "mixed" in the chromato
graphic column. For example, melts along 
the R = 0.2 trend in figure 2d could be misin
terpreted as mixing between D or D' and a 
recently depleted reservoir (stippled area). 
Similar results are produced on a Rb/Sr evo
lution diagram. On an ENd - Esr plot (DePaolo 
and Wasserburg 1976), the interaction be
tween melts and matrix lying along the man
tle array may deviate from the arr~y, because 
Sr is more incompatible than Nd and Esr 

would change faster than ENd. 

The ion-exchange process, softened to 
some extent by a ''perfect mixer,'' can thus 
produce smoothly varying trace element pat
terns. If elements covering a wide range of 
compatibilities are studied, the output of this 
process should be distinguishable from other 
fractionation processes; it could be misinter
preted if only isolated parts of the data set 
were examined. 

b. Internal Dispersive Processes.-In a 
realistic column, dispersive processes within 
the column itself could lead to diffuse fronts 
and smooth TEAPs in the column output. For 
example, chemical diffusion must occur 
across the concentration fronts, with the re
sult being more dispersed, wider fronts. Me
chanical dispersion, which is the result of 
processes such as capillarity in the tubules or 
the column tortuosity, mixes fluid parcels 
across the front and has a similar effect. Slow 
volume diffusion in the solid matrix may pre
vent local equilibrium between fluid and solid 
during flow and lead to dispersion of sharp 
concentration fronts. 

Whereas an "ideal" column can be fully 
characterized by the melt fraction and parti
tion coefficients, examination of dispersive 
processes requires knowledge of some other 
parameters: grain size, flow velocity, dif
fusivities in the fluid and the solid, and fluid 
viscosity. Current knowledge of most of 
these parameters is sufficient for us to assess 
the likely contributions of the various disper
sive processes. 

(i) Chemical diffusion in the fluid. Chemi
cal diffusion must occur across the concen
tration fronts in the column, resulting in 
dispersed, wider fronts. In order to evaluate 
the magnitude of this effect, we reduce equa
tion (la) to the following form for a one
dimensional column, everywhere in local 

equilibrium, in which the matrix is chosen as 
the reference frame: 

Consider, as we did earlier, the case where 
melt with constant trace element concentra
tion CJ is continuously introduced at the bot
tom of a column of uniform composition. For 
these initial conditions equation (9) can be 
solved by the Laplace Transform, and for the 
case of CJ =I= C';/ Kd: 

Ct - CJ _ 1 { -e [( Vf )11'2 Z - Zrront J _;!.....___~ - - euc -- '12 
C';/ Kd - CJ 2 4Dt (Zrront) 

(10) 

+ exp[-zV_tJerrc[(-V_t)l>'2 z + Zrr~t ]}· 
Dt 4Dj; (Zrront) 

The physical situation described by equa
tions (9) and ( 1 0) is that of a concentration 
front that moves through the column with a 
velocity V1X1. The front, centered at z = Zrront 

= X1V1t, is dispersed and is in the form of 
an error function. (A related case of a spike 
in the fluid concentration is discussed by 
McKenzie 1984.) The last term in equation 
(10), which takes care of the initial condition 
at z = 0, can be neglected for Zrront > 4DpVJ. 

The extent to which chemical diffusion can 
smooth TEAPs (i.e., subdue the sharp steps 
shown in fig. 1b) may be evaluated by com
paring the width of the dispersed front to the 
separation between the fronts of two trace 
elements, i andj. The width of the dispersed 
front at the time it emerges from the column 
may be obtained as: 

A diff = 2(z* - Zfront) 

(11) 

where z* is that for which the argument in the 
erfc function is 1. When the front of i reaches 
the top of the column, the front ofj is at LXt) 
x1,;. The separation between the fronts is: 

Asep = L(1 - Xf,j ) (12) 
Xf,i 
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and 

_a_diff __ __ 4x_;1:...;_.i __ (:v~~ )\12 
a sep Xf,i - Xf,j 1......, 

(13) 

Dispersion of the concentration fronts is ef
fective at smoothing trace element patterns if 
this ratio is greater than one. For the case of 
the fronts of Nd and Sm in basaltic melt per
colating through peridotite, we obtain Xf,Nd 

= 0. 72, Xf,Sm = 0.58 (using the parameters of 
fig. 2c). D1 is of the order of 10- 6-10-7 cm2/ 

sec (Magaritz and Hofmann 1978), so that 
even for low percolation velocity (1 cm/yr), 
diffusion is important only in columns shorter 
than 70 m. 

We conclude, therefore, that chemical dif
fusion in the fluid is inefficient at dispersing 
the sharp fronts of the ideal column. It may 
be of importance in the cases of very incom
patible elements (fronts are not well sepa
rated), short columns (L < 1 km), and low 
percolation velocities. 

(ii) Mechanical dispersion. Mechanical dis
persion may also contribute to the broaden
ing of the concentration fronts in mantle col
umns. Mechanical dispersion (also called 
hydrodynamic dispersion; Bear 1972; Dullien 
1979) is the result of processes that lead to 
mechanical mixing of the fluid. For example, 
during flow in a single tubule, capillarity and 
the irregular shape of the tube result in the 
dispersion of the front due to mechanical stir
ring of the fluid across the front. Fluid from 
the two sides of the front may also be mixed 
due to the different random paths of fluid par
cels through the network of tubules. 

It is possible to estimate the extent to 
which mechanical dispersion can broaden 
concentration fronts. Under some simplifying 
assumptions (Bear 1972; Dullien 1979), the 
effects of mechanical dispersion can be ac
counted for by replacing D1 in equation (9) by 
total dispersivity, Dj, which includes contri
butions from both chemical diffusion and me
chanical dispersion. Dj can be described as a 
function of the medium Peclet number, P e' = 
aV11D1, which is the ratio of the time it takes 
to travel a characteristic distance (a) by diffu
sion, a2/Df> and by advection, a!V1. 

If Pe' < 1, then mechanical dispersion is 
less efficient than chemical diffusion and DJ 
- D1 (Dullien 1979). For Pe' > 1, DJ can be 

approximated by 

DJ = aV1. (14) 

(Dullien 1979). For a typical column with D1 
= 10-6 -10- 7 cm2/sec, v1 = 0.1-100 cm/yr, 
a= 0.1-1 em, Pe' is between 10- 3 and 100. 
Equation (13) describes the situation for Pe' 
< 1. For Pe' > 1, we substitute Dj = a V1 for 
D1 in equation (13) yielding: 

adisp = 4Xf,i (.E_)\12· (15) 
a sep Xf,i - Xf,j L 

Using Xf,Nd = 0.72, Xf,Sm = 0.72 as in the 
previous section yields adisp/asep > 1 only for 
L < 4 m. This estimate may be modified 
somewhat due to the effects of varying pack
ing of grains or irregular grain geometry on 
dispersivity. Limited measurements and cal
culations suggest that increase in DJ of two 
orders of magnitude is possible (Dullien 
1979). However, even such enhanced disper
sivities would not result in broadening of con
centration fronts comparable to the separa
tion between them for km-scale columns. 

(iii) The effect of diffusion in the solid 
phases. Up to this point, we have simplified 
our analysis with the assumption of instanta
neous, local equilibrium between melt and 
solid matrix in the column; i.e., at all points, 
Cs = CfKd. However, it is easy to see that 
this assumption will be unjustified if grain 
size in the matrix is large enough (or melt
solid contact is limited by the restriction of 
melt to tubules in partially molten systems; 
F. Richter, pers. comm.) or melt velocity is 
high enough. Suppose, for example, that the 
column's grain size is 1 em and the diffusivity 
in the solid is about 10- 13 cm2/sec (e.g., rare 
or alkaline-earth elements in diopside and 
garnet at l200°C; Freer 1981; Sneeringer et 
al. 1984). The time scale for equilibration 
would be on the order of 300,000 yrs. This 
may be comparable to the lifetime of a 
Hawaiian volcano (Shaw et al. 1980) and to 
the time required for basaltic melt to traverse 
a 1 0-km column of 1 em grain size (McKenzie 
1985; Scott and Stevenson 1986). The effects 
of slow volume diffusion in the matrix may 
thus be important for the kind of processes 
we are considering and, as we shall show, are 
likely to be the most important sources of 
dispersion. 
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Without the assumption of instantaneous 
local equilibrium, analytical solution of equa
tion (la) becomes difficult; Cf and Cs must 
now be related through a diffusion law rather 
than through the simple expression Cs = 
C1Kd. We have constructed a numerical solu
tion to equation (la) using Pick's second dif
fusion law to describe the diffusion through 
a stationary matrix consisting of spherical 
grains. Diffusion and mechanical dispersion 
in the fluid were shown earlier to be small and 
have been neglected. The details of the nu
merical solution are described in Appen
dix A. 

Figure 3a presents concentration fronts for 

c• 
f 

¢=0.03 
P5 1Pt=l.l 

ct 05 tcla2 = 0.4 
t=tc 

c; /Kd o 
0.2 0.4 0.6 0.8 1.0 

a z/L 

Kd,La =0.0025 Incipient melt of A 
8 column matrix --

c: Kd,Nd=O.O I I 
0 
.c 

~s,n0.020 ~ 

E cp = 0.03 en 6 
......... P/Pt= 1.1 c 
~ 

.......... 

:::4 
Cll 
E 

E Melt introduced 
en at base of column 

.......... 2 l Dstc c 
~ -2 •0. 

D o 

00 20 40 60 80 100 

Ndmelt 
c Ndchon 

a sample calculation when the melt has just 
reached the top of the column (t = tc). It is 
clear that the slow diffusion in the solid does 
lead to a strong dispersion of the fronts and to 
a substantial overlap between fronts of differ
ent elements. Another factor contributing to 
the good overlap is the faster rate at which 
the fronts move compared with the equilib
rium case (dotted lines). This faster rate of 
front migration results from the weaker in
teraction between fluid and solid. In the ex
treme case, when no equilibration takes 
place, the concentration fronts of all elements 
travel at the fluid velocity. 

The overlap shown in figure 3a results in 
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FIG. 3.-Incomplete equilibration due to slow volume diffusion in the solid. (a) Trace element concentra
tions vs. position within the column at t = tc. Notice that fronts advance a larger distance than in the 
equilibrium case (dotted lines) and that elements of different compatibility have fronts of different width. 
(Column parameters and Kd values are indicated in the figure. Dstcla2 is the ratio of advective and diffusive 
time scales, which controls the column's approach to local equilibrium.) (b) TEAPs in fluid emerging at L at 
various times. (c) The evolution of La/Sm vs. Nd. Each curve represents the time evolution for a different 
value of Dstcla2

• Composition of matrix and melt introduced into the column as in figure 2c. (d) Sm-Nd 
evolution diagram. Melt and column parameters as in figure 2d. 
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smooth TEAPs (fig. 3b) that change gradually 
with time. The characteristic features of the 
chromatographic column, mainly the evolu
tion from incipient melt of the column matrix 
to the composition of the melt introduced into 
the column's base and the faster evolution of 
the incompatible elements, are still present. 

Figures 3c and 3d show variations in in
compatible to compatible element ratios and 
a representative parent-daughter isotope evo
lution diagram. Again, though the trends are 
smoothed, they preserve the characteristic 
features of the chromatographic process 
(compare with figs. 2c and 2d). 

The shape of each front can be approxi
mated by an error function solution similar to 
equation (1 0) where D1 is replaced by 

''D'' (A8) 

(see Appendix A). The ability of slow diffu
sion in the solid to produce overlap between 
fronts of different elements may be examined 
by substituting "D" into equation (13): 

.ldiff 4XI,i [a2
V1 X1,,{l -XI,;) ]'12· 

Xl,i - Xl.j DsL 41T olsep 

(16) 

Recall that dispersion of the concentration 
fronts leads to smoothing of the trace element 
patterns if this ratio is greater than one. In the 
case of basaltic melt flowing through matrix 
with a = 0.5 em at a velocity V1 = 30 cm/yr, 
we obtain for Nd (Kd = 0.011) and Sm (Kd = 

0.02), .ldiff/.lsep > 1 for L < 170 km (using 
column parameters of figures 2 and 3 with D s 

= 10- 13 cm2/sec; Sneeringer et al. 1984). 
Under these conditions .lditr/.lsep > 1 for L < 
404 km in the case of the incompatible ele
ments La (Kd = 0.0025) and Ce (Kd = 0.05). 
For the more compatible elements Yb (Kd = 
0.23) and Lu (Kd = 0.38), .ldiff/.lsep > 1 in 
columns shorter than 23 km. Thus, in km
scale columns, slow diffusion in the solid ma
trix is found to be efficient in dispersing the 
fronts and smoothing the sharp TEAPs pre
dicted for the ideal case. 

It is important to emphasize the strong de
pendence of equation (16) upon grain size. 
Since V1 ex: a2 during permeable flow (Bear 
1972), the parameter a2V11DsL goes as a4 • 

Thus, for example, if a = 0.1 em, .ldiff/.lsep > 
1 only if L < 270m (for Nd and Sm). For 
matrix with this grain size, the assumption of 
local equilibrium would be appropriate if col
umns are more than a few kilometers long 
(McKenzie 1984; Richter 1986), and smooth 
TEAPs would not characterize the output of 
such columns. If grain size is larger than a 
few centimeters, or if flow is in veins so that 
the effective "grain size" is even larger, dif
fusive interaction would probably be small, 
and melts would be little influenced by the 
wallrock; however, any interaction that oc
curred under these conditions could still be 
described by the treatment we have devel
oped. 

If solid and melt react so that solid phases 
dissolve and/or crystallize, or if recrystalliza
tion is important, then trace element transfer 
across the solid-melt interface would be en
hanced. It was suggested by Norton and Tay
lor (1979) that the same mathematical scheme 
we have used is applicable in this case if dif
fusivity is replaced by transfer rate co
efficients. Although very little is known of the 
kinetics of trace element transfer in such sys
tems, it seems plausible that under such con
ditions columns could operate close to equi
librium whether melt flows along grain 
boundaries or in small veins. 

DISCUSSION 

The essence of the kind of process we envi
sion and have described in the previous sec
tions is as follows: melt is continuously in
troduced at the base of a column of rock and 
moves upward through it by permeable flow. 
The melt is initially out of equilibrium with 
the rock matrix, and the two interact chemi
cally. A snapshot of the column at any time 
would show for each element a concentration 
front, above which the melt is in equilibrium 
with the initial matrix of the column and be
low which the melt is unchanged from when it 
was introduced into the base of the column. 
Above the concentration front, the matrix re
tains the initial column composition; below it, 
the matrix has changed to be in equilibrium 
with the melt flowing into the column. The 
width of the front depends on the effec
tiveness of dispersive processes in the col
umn. 

If we looked at a movie of the column, we 
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would see the concentration front for each 
element sweeping upward, with the fronts of 
the more incompatible elements moving 
faster than those of the more compatible 
ones. If we sat on the top of the column and 
sampled the liquids that emerged, we would 
first collect melt identical to that of an 
infinitesimal degree of partial melting of the 
initial matrix material. As the concentration 
front of each element reached the top of the 
column (the fronts would arrive in order of 
increasing compatibility), we would observe 
the melts changing from the concentration of 
that element in the incipient melt of the ma
trix to that of the melt flowing into the col
umn's base. Eventually, the concentration 
fronts of even the most compatible elements 
will have reached our position, and thereaf
ter, the melts that emerge will be identical to 
those injected into the base of the column. 

The features that should be emphasized are 
the rapid evolution of the incompatible ele
ments relative to the compatible elements in 
the melts emerging from the column, the ex
treme fractionations possible via the opera
tion of such a column, and its transient 
nature. These will be preserved in all in
carnations of this process. 

Chromatographic columns are well known 
for the strong chemical separations they 
produce. Sharp fronts are produced if local 
equilibrium is instantaneously established 
between melt and matrix, and dispersive 
processes are not efficient enough to broaden 
them. We have evaluated the dispersive ef
fects of some internal processes such as 
chemical diffusion in the liquid, physical mix
ing across the concentration front, and in
complete local equilibrium between melt and 
matrix due to slow diffusion in the solid 
phases. We conclude that incomplete local 
equilibration due to slow diffusion in the solid 
phases is likely to be the most important and 
effective agent of dispersion in columns 
where basaltic melts percolate through man
tle rocks. Chemical diffusion in the melt will 
play a role only if melt velocity is low or col
umns are shorter than a kilometer. Mechani
cal dispersion is not likely to be important 
when melt percolates along grain boundaries. 

Broad fronts and smooth trace element 
abundance patterns may also be produced by 
other processes. Matrix composition, and 
hence the distribution coefficients between 

melt and matrix, may change along the col
umn length, or input melt composition may 
change gradually with time, so that the devia
tion from equilibrium between the column 
and the percolating melt evolves gradually. 
Integrating and mixing the column products 
in a magma chamber can also be effective in 
softening the sharp fronts produced by a 
mantle column. 

It is instructive to compare the outputs of a 
hypothetical mantle column and of simple 
mixing of the melt introduced into the base of 
the column with the incipient melt of the col
umn's matrix. After all, both processes pro
duce a continuum of melt compositions rang
ing between that of the incipient melt and the 
melt flowing into the column. The inter
mediate products of the two processes are, 
however, quite distinguishable (e.g., fig. 2c). 
Basically, in the ion-exchange process, each 
element can be regarded as mixing at a differ
ent rate, which is a function of the element's 
compatibility with respect to the matrix, with 
incompatible elements changing rapidly be
tween the two end members and the compat
ible elements doing so slowly. Thus, although 
the end members of the two processes are the 
same, by examining the variations in a range 
of compatibles versus incompatibles in the in
termediate members of a series of magmas, 
they should be readily distinguishable. 

The chromatographic process has impor
tant similarities to zone refining (Harris 
1957). If the volume of the refined zone is 
infinitesimally small and the process is re
peated continuously, the results are identical 
to those of our equilibrium case. However, 
while in the case of zone refining, melt-matrix 
interaction is achieved by melting of the ma
trix and subsequent crystallization from the 
melt, our treatment has focused on diffusive 
interaction between the two media. 

Caveats.-In order to bring out the main 
features of the chromatographic process, we 
have focused upon a highly schematic model 
of mantle processes. At this point, it is worth 
evaluating the degree to which actual mantle 
processes and conditions may deviate from 
these we have modeled. It seems inevitable 
that fluids (melts or volatile-rich supercritical 
fluids) will pass through country rocks with 
which they are not in equilibrium as they rise 
buoyantly. The lack of equilibrium may be 
the result of disequilibrium melting, migra-
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tion of melts through a phase boundary (i.e., 
the garnet to spinel peridotite transition), or 
migration of melt between regions that have 
undergone different degrees of partial melting 
or between reservoirs of different chemical 
composition. It is less certain, however, that 
the melts are always able to interact chemi
cally with country rocks as they traverse 
them. Flow of melt through narrow cracks 
may result in extensive interaction (Quick 
1981) and melt percolation along grain bound
aries, the flow process considered by us in 
our modeling of ion-exchange processes, will 
clearly allow the necessary interaction. On 
the other hand, crack propagation or diapiric 
rise are so rapid and the surface area to vol
ume ratios- so low that chemical interactions 
for these modes of magma transport are likely 
to be minimal, though the effects of whatever 
interactions do occur may be similar to those 
we have described. 

In order to process melt quantities that are 
important on a regional scale, columns must 
be on the order of 1 km or longer. At present, 
it is not known whether narrow (em-scale) 
veins or porous flow are stable over such dis
tances relative to the development of larger 
dikes and conduits, in which chemical in
teraction of melts with wallrock is minimal. 
Also, the onset of permeability in a previ
ously dry rock, though experimentally ob
served (Watson 1982), is not yet physically 
understood. 

Perhaps the most important limitation of 
our modeling, and indeed of thinking about 
the process that we have envisioned in any 
geologically realistic situation, is that the 
only interaction between melt and matrix that 
we consider is ion-exchange. This implies the 
stringent limitation that, with respect to 
mineralogy (i.e., major elements), the fluid 
and the matrix are already in equilibrium 
when the fluid is introduced into the base of 
the column. If they are not, dissolution and 
precipitation of matrix phases or perhaps 
even new phases will occur. 

The end member process we have de
scribed will be most relevant to scenarios in 
which fluids pass between regions of the man
tle that have similar mineralogies (the same 
phases with similar major element chemis
tries, but not necessarily in the same propor
tions) but different minor and trace element 
characteristics. Since heat and most major 

elements will behave as "compatible ele
ments," minor incompatibilities between the 
phase equilibria of the injected fluid and the 
mineralogy of the matrix will probably be 
adjusted by reactions occurring at the base 
of the column, and the end member ion
exchange process may then be relevant to the 
movement of the melt through the bulk of the 
column. 

Other complexities may arise because of 
the pressure and temperature gradients along 
the column. These may lead to non-uniform 
composition of the initial column and to 
changes in the phase equilibria controlling the 
melt-matrix reactions. The non-uniformity of 
the initial column could be easily modeled by 
allowing for variability of the distribution 
coefficients with height. The effect of the 
pressure and temperature gradients on melt
matrix reactions is more difficult to estimate, 
given the paucity of relevant phase equilib
rium data, and would also require spec
ification of the pressures and temperatures 
throughout the column and in the melt flow
ing into it. Characterization of these aspects 
of the interaction of melt and matrix is be
yond the scope of this paper, but we note that 
the ion-exchange process upon which we 
have focused will be superimposed on these 
phase equilibrium effects. 

Geological Applications.-Vp to this 
point, we have purposely kept the modeling 
and discussion rather abstract so as to em
phasize the general features of the ion
exchange process and the effects of varying 
the parameters in the models. There are 
many possible situations involving different 
matrices, column geometries, initial melt 
compositions, and plumbing systems that 
could be modeled in detail. Rather than trying 
to anticipate all potential applications, we 
will briefly develop three geologically inter
esting scenarios in which ion-exchange pro
cesses might be important. Through these, 
we hope to demonstrate the kinds of observ
able geochemical features of natural suites 
that might reflect the involvement of km
scale chromatographic columns in mantle 
rocks. 

a. Mantle metasomatism: U-shaped REE 
patterns in peridotites. Our discussion has 
focused on the characteristics of the liquids 
that emerge from hypothetical mantle-scale 
chromatographic columns, but the com-
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plementary evolution of the matrix composi
tion is also of interest and may provide in
sights into the observed compositions of 
mantle-derived ultramafic xenoliths and ter
rains. The model that we have developed pro
vides a framework for considering the effects 
of mantle metasomatism as fluids (silicate or 
carbonatite melts or hydrous or COrrich 
supercritical fluids) flow through mantle 
rocks and alter their composition. 

An example of such a process is presented 
in figure 4. A column, initially depleted in 
light REE, is penetrated by a melt highly en
riched in these elements. As CJ > C~/ Kd, rare 
earth elements are transferred from the melt 
to the matrix. After small quantities of melt 
pass through the column, the fronts of the 
more incompatible, light REE reach the top 
of the column, their concentrations rise, and 
the matrix in this region develops U -shaped 
REE patterns. Later, other fronts arrive and 
the point of the minimum concentration 
moves toward the more compatible elements. 
After enough fluid has passed through the 
column, the pattern relaxes to the final equi
librium shape. 

This scenario is a possible explanation for 
U-shaped REE patterns observed in some 
metasomatized peridotitic nodules (Stosch 
and Seck 1980; Dupuy et al. 1986) and perido
tites from some ophiolitic bodies (Pallister 
and Knight 1981; Prinzhofer and Allegre 
1985). Such peridotites could have evolved 
initially as residues from extensive partial 
melting of a typical source rock for mid
ocean ridge basalts, or as cumulates from 
such magmas, and developed light REE de
pleted patterns [similar to the patterns ob
served in some Kilbourne Hole nodules (Ir
ving 1980) or in the Ronda peridotite (Frey et 
al. 1985)]. A later interaction of these rocks 
with a limited volume of light REE enriched 
fluid or melt could lead, according to the 
above scenario, to the formation of U-shaped 
REE patterns. 

Simple mixing of an enriched component 
and depleted matrix could also lead to U
shaped REE patterns, but given an appropri
ate data set, the two processes could be dis
tinguished. Such a data set is illustrated in 
figure 5, where we have plotted the REE con
centrations of a suite of nodules with U
shaped REE patterns from Hoggar, Algeria 
(Dupuy et al. 1986). The patterns are clearly 

0.4 
0.3 

0.2 

0.1 
0.08 

c: 
0.06 0 

..r::: 

u 0.04 ...... 
"' 0.03 u 

0.02 

0.01 
0,008 

0.006 

0.004 
!~ 

~ 

~ 
La Ce Nd 

§i 
dd 

SmEu 

<#> •0.01 

P5 1Pt = 1.1 

o5tc 1o2• 0.4 

Ho Yb Lu 

FIG. 4.-Evolution of REE abundance patterns 
during metasomatism of a depleted mantle in
filtrated by a melt highly enriched in incompatible 
elements. The matrix at the top of the column re
tains its initial composition until the first melt 
reaches it at t = tc. Then, since fronts of the more 
incompatible elements travel faster through the 
column, their concentrations rise earlier and a U
shaped trace element pattern evolves. If melt vol
ume is limited (0.05L<j>-0.15L<!> in the case shown), 
then interaction ends at t = 1.05tc-1.15tc) and 
these U -shaped patterns are the final ones. If more 
melt is available, then matrix composition will con
tinue to evolve toward equilibrium (t = 1.25-4tc). 
Melt composition is that produced by 0.1% batch 
melting of a source with chondritic abundance and 
with 65% olivine (ol) + spinel (sp), 22% ortho
pyroxene (opx), and 13% clinopyroxene (cpx). Ma
trix composition is that of a residue after a 20% 
batch melting of a similar source, and is composed 
of 74% ol, 22% opx, and 4% cpx. Kd values for the 
column were calculated using the values given 
by Frey et al. (1978) and are indicated in the fig
gure. 

distinguishable from the linear arrays ex
pected in the case of simple mixing. They are, 
however, very similar to what we would ex
pect if a chromatographic process produced 
the range of observed REE patterns. The 
concentration fronts of the more incompat
ible elements move faster through the chro
matographic column and their concentrations 
rise first. Figure 5 shows that, in accordance 
with the predictions of our model, the Ce and 
Nd concentrations in the nodules increase 
faster than does the concentration of the 
more compatible Sm, resulting in concave 
downward arrays. The Eu and Sm concentra
tions rise at comparable rates, as expected 
for two elements with similar Kd values. Yb 
and Lu concentrations (not shown) do not 



GEOCHEMICAL CONSEQUENCES OF MELT PERCOLATION 299 

(ppm) 

Ce Nd Eu 

0.3 

0 0.2 

X 

0.4 

X 

X 

0 

DATA 
Ce X 

Nd 0 
Eu + 

0.6 

Sm (ppm) 

E 

MODEL 

0.8 

FIG. 5.-REE concentrations of peridotite nod
ules from ·Hoggar, Algeria (Dupuy et al. 1986). 
Concentrations of Ce, Nd, and Eu are plotted 
against Sm concentration (concentrations along the 
y axis were plotted so that end member samples 
plot at approximately the same position). The data 
array for Ce and, to a lesser degree, Nd deviate 
from a straight line expected for simple mixing. 
The concave downward patterns fit the predictions 
of the chromatographic model (see text). Shown 
for reference are the results of a model calculation 
for column parameters and Kd values from figure 4. 
Matrix composition, M, is that of the most depleted 
nodules; melt composition is in equilibrium with 
the most enriched samples, E. 

correlate with Sm; this could reflect the fact 
that the fronts of the more compatible ele
ments did not reach most of the nodules, in 
which case their concentrations would still 
reflect older melting events (Dupuy et al. 
1986). 

Lacking any information about the spatial 
relations of the nodules prior to eruption, we 
cannot estimate the size of the chromato
graphic column that could have produced the 
patterns shown in figure 5. These patterns 
could be the result of a large-scale column of 
the kind discussed above, or of a smaller
scale chromatographic process operating out
ward from walls of dikes that intersected the 
source region. Melt tapped by the matrix may 
have contributed to the high REE concentra
tions of the suite (as suggested by petro
graphic data; Dupuy et al. 1986). However, 
the correlation of the deviation from a 
straight mixing line with the element incom
patibility strongly suggests the operation of a 
chromatographic process in the source region 
of the Hoggar peridotitic nodules. 

b. Island arc magmatism: matrix cross
feeding. An obvious environment for applica
tion of the chromatographic concept is in the 
source regions of island arc magmas. Fluids 
generated in the upper parts of subducting 
slabs are thought to interact extensively with 
the overlying mantle as they flow through it. 
Melts which form either in the subducted slab 
or in the mantle wedge above it can percolate 
upward and interact with overlying mantle 
material. The chromatographic column is a 
useful point of reference for thinking about 
the nature of this interaction. A number of 
authors (e.g., Nicholls and Ringwood 1973; 
Marsh and Kantha 1978; Mysen 1979) have 
anticipated aspects of the consequences of 
this process, and Myers et al. (1985) discuss 
an example where they think they can see 
petrochemical features that have time depen
dencies similar to those that might be ex
pected in the output of a chromatographic 
system. 

In an important respect, the situation 
above a subducting slab will differ from the 
simple case upon which we have been focus
ing. Suppose that the source region for the 
fluids or melts is fixed relative to the island 
arc (fig. 6). The mantle wedge convects as the 
fluids percolate upward through it. In the 
context of our chromatographic column, this 
amounts to a continuous replenishment of the 
column matrix. In this section, we examine 
some of the consequences of this lateral 
movement of material into and out of the 
chromatographic column and suggest how 
this may relate to the compositions of mag
mas delivered to island arc volcanoes. 

Consider a simple, two-dimensional model 
of our ideal column (local equilibrium, negli
gible dispersion). A column of length L and 
width W (fig. 6) is cross-fed by the convective 
flow in the mantle wedge. Fluids penetrate 
the column from below and percolate upward 
with a velocity VP. Fresh matrix is introduced 
on the left-hand side and passes through the 
column with a velocity Ys. Concentration 
fronts migrate upward while at the same time 
they are carried sideward and downward 
with the matrix. A steady-state situation is 
reached after the matrix migrates the whole 
width of the column or when the concentra
tion front reaches the top of the column. As 
shown in detail in Appendix B, fronts of in
compatible elements are carried only small 
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FIG. 6.-Schematic representation of matrix cross-feeding below island arcs. (a) Melts which form in the 

subducted slab or in the wedge above it percolate upward through a column of wedge material. Fresh 
material is introduced by ~nvection. Melt percolates upward at velocity VP and is moved with the matrix 
which is fed in at velocity V8 • Melt that originates at the lower left come_!: of the column (0) emerges at Yf. A 
concentration front of a trace element i travels at a lower velocity, XfVP, is carried further by the matrix, 
and emerges at Y;. Melts emerging to the left of Y; have a composition Cf = C~/Kd; those emerging to the 
right retain their initial composition, CJ. The position of Y; depends on the element compatibility, and three 
cases are illustrated: (b) An incompatible element. Most of the melt emerges with the same concentratiQn as 
in melt introduced into the base of the column. (c) Kd = K';r. Y; coincides with the right edge of the column. 
The concentration and isotopic composition of this element in melts emerging at the top is in equilibrium 
with the matrix and does not reflect the original source region. (d) A compatible element. Its concentration 
in the melt is as in (c). Matrix coming out of the column is zoned with respect to this element. At the lower 
part it is in equilibrium with the melt introduced at the bottom, Cs = KdCJ; in the upper part the matrix has 
not been changed by interaction with melt. 

distances with the matrix, and most of the 
fluids pass the column unaltered (fig. 6b). 
Fronts of compatible elements are carried 
through the entire column width, and the fluid 
emerging from the top of the column is com
pletely altered and is in equilibrium with the 
original matrix composition (fig. 6d). 

If, as a first approximation, the subduction 
angle, a, is taken to be zero, the critical Kd 

value, above which the composition of a cer
tain element in the fluid is controlled by the 
wedge composition only and does not reflect 
the original fluid composition, is shown in 
Appendix B to be: 

(B8) 
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WVP<1> = G is the flux of melt through the 
two-dimensional column, and should be 
equal to the rate of growth of the arc. A re
cent estimate of this rate (Reymer and 
Schubert 1984) is 30 km2/Ma, so for a choice 
of L = 10 km and Vs = 3 em/year, the critical 
value is K~rit - 0.1. In other words, all ele
ments with Kd > 0.1 will emerge from the 
mantle column in equilibrium with the initial 
wedge composition. Only more incompatible 
elements will reflect contributions of other 
sources, i.e., the subducted oceanic crust or 
sediments. The choice of L = 10 km (i.e., the 
distance over which melt percolates along 
grain boundaries) is somewhat arbitrary. 
Larger values would lead to decreases in K~rit 
and to a greater imprint of the mantle wedge 
on the compositions of erupted magmas. 

If the slope of the subduction zone is in
cluded in the calculation (equation B7), K~rit 
may be an order of magnitude lower than the 
value given in equation (B8) for reasonable 
choices of parameters. Our analysis shows 
that a 10-km column can significantly affect 
the trace element contents of melts that per
colate through the wedge overlying the sub
ducting slab. Elements such as the heavy and 
intermediate REE would reflect only the 
composition of the mantle wedge. Hf or Nd 
isotopes would reflect only slight contribu
tions from other sources. Fronts of more in
compatible systems such as Pb and, to a 
lesser degree, Sr do pass through the column, 
and their isotopic composition may reflect 
contributions from the subducted oceanic 
crust or sediments. The same is true for in
compatible element concentrations such as 
Cs or Ba. 

Based on our analysis, the contribution of 
the subducted oceanic crust and sediments is 
expected to be large for arcs with high ratios 
of growth rate over subduction velocities ( G/ 
V5 ) and with shallow subduction angles 
(equation B7). Though other parameters must 
also affect the contribution of the subducted 
sediment component, it is interesting to note 
that the Lesser Antilles, where large contri
butions from subducted sediments have been 
suggested (White and Patchett 1984), is char
acterized by extremely high GIVs ratio (Rey
mer and Schubert 1985) and relatively shal
low subduction angles (45°; Molnar and 
Atwater 1978) compared with other arcs. 

c. Comagmatic alkaline basalts and tho-

leiites. The nature of the relationship be
tween comagmatic tholeiitic and alkaline 
basalts remains one of the most enigmatic 
problems in petrogenesis. One possible ex
planation is that alkaline magmas evolve from 
tholeiitic liquids by interaction with the 
peridotitic wallrocks that they traverse en 
route to the surface (e.g., Harris 1957; Green 
and Ringwood 1967). Recent isotopic and 
trace element data of tholeiitic and alkaline 
suites from Hawaiian volcanoes (e.g., Chen 
and Frey ,985) as well as from southeastern 
Australia (McDonough et al. 1985) indicate 
that both suites reflect the mixing of melts 
from at least two sources. Chen and Frey 
have suggested a model in which a tholeiitic 
melt formed by high degree of partial melting 
of an undepleted ''plume'' source is physi
cally mixed with variable quantities of melt 
formed by low degree of partial melting of a 
depleted mantle similar in composition to the 
source regions of mid-ocean ridge basalts 
(MORB). 

It is possible to produce similar effects by 
letting the melts of the plume source pene
trate and percolate through an initially un
molten column of MORB source composi
tion. The characteristics of the incipient 
partial melting of the MORB source reservoir 
are then "injected" through reaction and ion
exchange, rather than through physical mix
ing of magmas. The column can "mix" the 
two end members in all needed proportions. 
The resultant REE patterns would be similar 
to those of figures 2b and 3b. Though details 
would depend on the specific parameters cho
sen, early melts have trace element charac
teristics similar in important respects to 
Hawaiian alkaline basalts (i.e., REE patterns 
similar to small degrees of partial melting of 
the column matrix, isotopic signature domi
nated by the contribution of the MORB 
source end member). As more and more melt 
percolates through the column and its ability 
to affect melt composition is diminished, the 
melt composition gradually changes toward 
that of the tholeiitic melt being continuously 
introduced at the base of the column. Thus, 
as anticipated long ago by Harris and by 
Green and Ringwood, wallrock interaction is 
indeed capable of producing melts similar to 
alkali olivine basalts, at least with respect to 
their trace element characteristics. It is not 
clear that the incipient melt of the depleted 



302 0. NA VON AND E. STOLPER 

column matrix has the undersaturation with 
respect to silica that is the defining character
istic of the alkaline suite. 

Such a scenario must, however, be an ex
treme simplification of any possible natural 
plumbing system. While it may be applied to 
the early alkaline lavas of a Hawaiian volcano 
(e.g., Loihi Seamount; Moore et al. 1982) or 
to the formation of small alkaline volcanic 
centers, it clearly fails to explain certain ma
jor features of the later phases of Hawaiian 
volcanism. In particular, during the transition 
from the early alkaline stage to the main 
tholeiitic stage, the simple, static column is 
all used up. Thus the tholeiites must be, in the 
context of this scenario, the unmodified melt 
of the plume source. For this reason, we can
not easily account for the variability in trace 
element and isotopic composition observed 
in tholeiites of different Hawaiian volcanoes. 
More obviously, we cannot produce the en
richment of incompatible elements observed 
in the late Jransitional and alkaline phases. 

In order to produce the observed sequence 
and to explain the late phases of Hawaiian 
volcanism, we must invoke the introduction 
of fresh column material. One mechanism for 
introducing fresh matrix is thro1:1gh cross
feeding by mantle convection (fig. 7), similar 
to the case presented for island arcs. During 
the shield-building tholeiitic stage, the high 

OCEANIC ISLAND 

========-;??-~ 

DEPLETED 
MANTLE 
(MORB SOURCE) 

PLUME 

FIG. 7.-Schematic representation of cross
feeding below an oceanic island. Melt rises from a 
melting plume and percolates through a region of 
depleted mantle above the plume. Mantle convec
tion cross-feeds fresh column material into the col
umn region so that a steady-state situation evolves, 
analogous to that presented in figure 6. 

flux of plume material overcomes the replen
ishment of the matrix, and melt composi
tion is barely changed from its initial tholei
itic composition. During the later stages the 
plume flux is weaker and the contribution of 
the cross-fed MORB source-like matrix is 
more pronounced. Using equation (B9) of 
Appendix B, and the estimated volcanic 
fluxes of Feigenson and Spera (1981), critical 
aspects of the geochemistry of the observed 
sequences of Hawaiian lavas can be repro
duced by ion exchange processes. In particu
lar, we can reproduce the same gross charac
teristics that Chen and Frey (1985) achieved 
when they postulated that during the alkalic 
stage the contribution of the MORB source
like matrix is of higher proportion and its 
composition is closer to that produced by in
cipient melting. Still, we cannot readily ex
plain the variability of tholeiitic basalt com
positions of different centers, since the flux of 
the cross-fed matrix would not be sufficient 
to alter significantly the composition of the 
plume-derived melts. Richter and McKenzie 
(1984) encountered a similar problem when 
they considered another model for the vol
cano plumbing system. This difficulty seems 
to be independent of the plumbing system 
chosen or the mixing mechanism of the two 
end members used. This, along with recent 
isotopic studies (e.g., Stille et al. 1983; 
Staudigel et al. 1984; Hegner et al. 1986), may 
suggest the need for additional components 
to account for the variability in trace ele
ments and isotopic composition of Hawaiian 
tholeiites. 

CONCLUSIONS 

As magmas rise from their source regions 
toward the surface, it is inevitable that they 
will traverse regions of the mantle and crust 
with which they are not in equilibrium; to the 
extent that time and the intimacy of their 
physical contact permit, the melts and coun
try rocks will interact chemically. In this pa
per, we have suggested that regions of the 
mantle can be treated as chromatographic 
columns and that, as melts and other fluids 
flow through these regions, aspects of their 
chemical interaction can be modeled in terms 
of a simple ion-exchange process. The impli
cations for trace element systematics are 
straightforward: The composition of melt 
emerging from the top of the column evolves 
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from close to that of the incipient melt of the 
column matrix toward that of the melt in
troduced into the base of the column. The 
rate of evolution is faster in the incompatible 
than in the compatible elements and as a re
sult the abundance ratios of elements of dif
ferent compatibilities can vary considerably 
with time. 

If diffusion and other dispersive processes 
in the melt are negligible and if exchange be
tween melt and solid rock is rapid, extreme 
fractionations may occur, and the change 
from initial to final concentration for each ele
ment can be through an abrupt concentration 
front. The abruptness of this change may be 
softened by dispersive processes within the 
column, by gradual change with time of the 
composition of the melt flowing into the col
umn, or by integrating and mixing the column 
output. 

If the matrix material is not replenished, 
the chromatographic process is a transient 
phenomenon. However, in some geological 
situations (e.g., under island arcs and oceanic 
islands), fresh matrix may be fed continu
ously into the column, leading to the evolu
tion of a steady state. 

We have demonstrated that aspects of the 
geochemistry of ultramafic rocks and comag
matic alkaline and tholeiitic magmas might be 
explained by the operation of chromato
graphic columns. This is not sufficient to 
prove that such processes did play a role, 
since combinations of other petrogenetic pro
cesses could undoubtedly produce similar 
petrological characteristics. We emphasize 
that we consider it extremely unlikely that 
chromatographic columns will operate exclu
sive of other processes. In particular, if melt 
and matrix are not in thermal and major ele
ment equilibrium, crystal fractionation and/or 
melting of the matrix must accompany the 
ion-exchange processes upon which we have 
focused. In addition, spatial and temporal 
variations in source composition and in the 
degree of partial melting will influence the 
compositions of melts introduced into our 
hypothetical columns. Mixing, assimilation, 
crystal fractionation, and other magma cham
ber processes will typically place their marks 
upon the output of such columns. 

Nevertheless, the raw output of a mantle 
chromatographic column should, according 
to our analysis, be easy to recognize, and 

though its characteristic fingerprints may be 
masked or mimicked by other processes, 
they should be identifiable, if present, 
through study of the temporal evolution of 
trace element systematics of volcanic suites, 
especially if elements across a wide range of 
compatibilities are examined. 
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APPENDIX A: THE NUMERICAL SOLUTION 

If dispersion in the fluid is neglected so that mass 
transport into and out of the elemental volume is by 
advection only, the evolution of the trace elements 
in the column can be modeled using the STOP-GO 
algorithm (Sweed and Wilhelm 1969). The advec
tion is represented by the GO phase in which the 
fluid is advanced a distance ~. Then during the 
STOP phase the stationary fluid interacts with 
the matrix for time tlt = tlz/Vf. 

Diffusion in the spherical grains is governed by: 

where Cr(z,r,t) is the concentration at radius r 
within a grain located at distance z from the bottom 
of the column at time t. The boundary conditions 
are determined by the spherical symmetry and the 
following assumptions: (a) Grain surfaces are al
ways in equilibrium with the fluid: 

(b) The fluid is of limited volume so its concentra
tion is related to the average concentration in the 
grain, Cs(z,t), by: 

"' iJCfz,t) = _ (1 _ "') iJCs(z,t) 
'I'Pf iJt "' Ps iJt 

-(1 - <f>)Ps ~ (A3) 
a 

· :t [f: Cr(z,r,t),Zdr] 

(c) The fluid is homogeneous at all times; this as
sumption is justified because diffusion in the fluid is 
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six to seven orders of magnitude faster than that in 
the solid. 

Equation (AI) was solved numerically using the 
Crank-Nicolson algorithm. We chose to describe 
the change in fluid composition by equation (A3), 
rather than by Fick's first law, since the numerical 
evaluation of the integral is more accurate than the 
evaluation of aCr/ar at r = a, where a singularity 
may exist. Typically we used Ll az = 20, a/ ar = 
75, and updated the fluid concentration five times 
during each of the STOP phases. The accuracy of 
the numerical technique was checked by compar
ing the numerical and the analytical solutions for 
the case of static fluid and by comparing solutions 
obtained using different grid sizes. 

The results of some sample calculations are pre
sented in figure 3a, and are characterized by (a) 
faster migration of the fronts compared with the 
equilibrium case, and (b) different amounts of dis
persion for fronts of different elements. The nu
merical solution is a function of two independent, 
dimensionless parameters: Xf, and Dstja2 (which is 
the ratio of the advective (tc) and diffusive (a2/D) 
time scales). 

An approximate expression for the front position 
in time that involves these two parameters and that 
will simplify application of our treatment to situa
tions other than those we have considered may be 
obtained by considering the following situation: 
Ahead of its front, a trace element in the fluid is in 
equilibrium with the matrix. Behind the front, fluid 
concentration is constant, CJ, and the matrix com
position is controlled by a simple diffusion law 
(Glueckauf 1955): 

where a is a parameter that includes the diffusion 
coefficient and other column parameters. Assum
ing that all fronts are sharp, and that to the first 
order their velocity may be taken to be constant, 
we can solve for Cs(z,t) and calculate the average 
concentration in the solid behind the front: 

Cs(t) = -- Cs(Z,t)dz 
1 JZfront 

Zcront 0 (A5) 

= KdCJ [ 1 - 1 - e:~(- at) ] 

Repeating the mass balance calculation (equation 
4), we obtain 

Z _ <l>Pf 

z - <i>PI +(I - <J>)p,Kd[t - - exp( -at)] 
at 

(A6) 

Fitting equation (A6) against the numerical results, 
we obtain very good agreement (better than 7%) 
using: 

,. = 4-rrDs . 1 - <J> Ps K 
..... ----- d 

az <l> Pf 

= 4-rrDs - Xf 
a2 xf 

(A7) 

for 0.01 < Dstla2 < 1 and 0.1 < (1 - <J>)psKdl<l>Pf = 
(1 - Xf)/Xf < 2. The physical situation described 
by equation (A6) is that of a concentration front 
which moves with the melt (V front = Vf) at t = 0 
and relaxes to the equilibrium velocity (V front = 
VfXf) for long times. The decay time is shorter 
for compatible elements than for incompatible 
ones. 

The shape of the dispersed front can be approxi
mated by equations of the form of equation (11) 
provided that: Zrront is calculated using equations 
(A6) and (A 7); an additional term is added in order 
to ensure that at the fluid front (z = Vft) fluid con
centration decays to the equilibrium value, Cf = 
C~l Kd; and the diffusion coefficient of the fluid, Df, 
is replaced by: 

Glueckauf (1955) suggested a similar expression for 
"D," but did not consider the faster rate of migra
tion of the fronts compared with the equilibrium 
case. In a given column, elements with Xf - 0.5 
(Kd - <l>) will be dispersed by the largest amount. 

APPENDIX B: MATRIX CROSS-FEEDING 

Consider a simple model where fluid is intro
duced at the bottom of a column of width W (fig. 6) 
and matrix is fed in a uniform velocity at an angle a 
to the horizontal. Such a column reaches a steady 
state for a certain element 

(acf) =(acs) =O (Bl) 
at y,z at y,z 

either when the concentration front reaches the top 
of the column or after the matrix migrates across 
the full column width. If dispersive processes are 
negligible, then a simplified form of equation (la) 
describes the mass balance of the advecting fluxes 
of trace elements by fluid and matrix flowing 
through the column: 
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Assuming instantaneous local equilibrium, this be
comes: 

(B3) 

V1 is the vector sum of the percolation velocity 
relative to the static matrix VP and the matrix ve
locity V5 • Separating the velocities into their y and 
z components, substituting into equation (B3), and 
rearranging yields: 

ac1 = 
az 

Vscosa aCt 

XtVP - Yssina ay' (B4) 

which means that C1 is constant along lines of slope 

~ = X1VP- V5 sina 
ay V5cosa 

(B5) 

and in particular the position of the concentration 
front [C1 = CJ + 0.5(CJ!Kd- CJ)] also lies in this 
direction. 

This result can also be visualized in the following 
way: from the time the wedge material starts its 
way across the column, a flux of fluid is penetrat
ing it. While the wedge moves a distance dy = 
V1cosadt, the melt percolates upward by (Vp -
Vssina)dt, and the front, being slower, migrates a 
distance dz = (X1 VP - V5 sina)dt. The combined 
effect is the same as given by equation (B5). 

Equation (B5) can be used to calculate the front 
position at the top of the column (Y; in fig. 5). If Y; 
> Y1 + W, where Y1 is the displacement of the fluid 
itself along the y direction and W the width of the 
column, then the front does not reach the top of the 
column. All fluid coming out is in equilibrium with 
the matrix and has C1 = C~/Kd. Y; depends on X1 
(equation B5) and hence on Kd· Fronts of incom
patible elements may pass the column, but above a 
certain degree of compatibility, no matter what the 
input is, the output is characterized by the matrix 
only. 

The critical Kd value can be calculated from: 

LV5 cosa < W 
VP - Yssina 

(B6) 

which yields 

( 1 V5 • )

2 

- vp sma 

(B7) 

cosa + - sma - -- sma w . (1 vs . ) 
L vp 

If, as a first approximation, the subduction angle, 
a, is taken to be zero, then: 

(B8) 

G = WVP<I> is the flux of melt through the two
dimensional column. In the case of the island arc, 
this flux is equal to the rate of growth of the arc per 
unit length of arc. In the three-dimensional case of 
hot spot volcanism (i.e., Hawaii), the column width 
and length have to be replaced by cross-sections in 
order to relate K'jrit to the rate of growth. 

Kent_ G' 
d - LWVs (B9) 

The incompatible element composition in melts 
emerging from the column is only partially affected 
by the matrix contribution. Averaging the column 
output over the entire width, the average concen
tration of elements with Kd < K'jrit is 

Ct = ~: ( Y; ; Yt) + C[ ( 1 _ Y; ; Y1 ). 

(B10) 

From equations (B6) and (B8) it follows that 

and 

(BI2) 

for incompatible elements with Kd < K'jrit. 
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