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Abstract The major platinum-group clements (PGE)
concentrations in layered intrusions are typically asso-
ciated with zones in which the sulfide abundance begins
to increase. In a number of layered intrusions, there is
also a distinct stratigraphic separation in the peak con-
centrations of the PGE from those of the base metals,
gold and sulfur through these zones. These stratigraphic
“offsets™ are characterized by a lower, typically S-poor,
Pt- and Pd-enriched zone overlain by a zone enriched in
the base metals, S and Au. The separations amount to a
few decimeters to several tens of meters. In some in-
stances, the high Pt and Pd concentrations are associated
with trivial amounts of sulfide. Theoretical consider-
ations suggest that these offsets can be modeled as
chromatographic peaks that develop during an infiltra-
tion/reaction process. Using Pd as a typical PGE and Cu
as a typical base metal, a numeric model is developed
that illustrates how metal separations can develop in a
vapor-refining zone as fluid evolved during solidification
of a cumulus pile leaches sulfide and redeposits it higher
‘in the crystal pile. The solidification/degassing ore-ele-
ment transport is coupled with a compaction model for
the crystal pile. Solidification resulting from conductive
cooling through the base of the compacting column
leads to an increasing volatile concentration in the in-
tercumulus liquid until it reaches fluid saturation. Sep-
aration and upward migration of this fluid lead to an
upward-migrating zone of increasingly higher bulk wa-
ter contents as water degassed from underlying cumu-
lates enriches overlying, fluid-undersaturated interstitial
liquids. Sulfide is resorbed from the degassing regions
and 1is reprecipitated in these vapor-undersaturated in-
terstitial liquids. producing a zone of relatively high
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modal sulfide that also migrates upward with time.
Owing to its strong preference for sulfide, Pd is not
significantly mobile until all sulfide is resorbed. The re-
sult is a zone of increasing PGE enrichment that follows
the sulfide resorption front as solidification/degassing
continues. In detail, the highest Pd concentrations occur
stratigraphically below the peak in S and base metals.
The high Pd/S ratio mimics values conventionally in-
terpreted as the result of high (silicate liquid)/(sulfide
liquid) mass ratios ("R values). However, in this case,
the high Pd/S ratio is the result of a chromatographic/
reaction front enrichment and not a magmatic sulfide-
saturation event.

Introduction

The major platinum-group element (PGE; mainly Pd
and Pt) concentrations in many layered intrusions
broadly occur at levels where sulfide abundance begins
to increase. In many instances, the amount of sulfide
may be higher than expected cotectic crystallization
amounts. The conventional interpretation is that these
zones mark levels at which the magma became saturated
in an immiscible sulfide liquid (hereafter sulfide) that
collected the PGE as it settled to the floor (¢.g., Camp-
bell et al. 1983). Alternatively, a number of workers have
suggested the PGE may have been carried to the ore
zones by volatile fluids (e.g.. Ballhaus and Stumpfl 1985,
1986).

In a number of layered intrusions. there is a distinct
and characteristic stratigraphic separation of the PGE,
base metals, gold and sulfur. Examples of intrusions
where this occurs include the Skaergaard intrusion and
Kap Edvard Holm complex of East Greenland (Bird
et al. 1991, 1995; Andersen et al. 1998). the Great Dyke
of Zimbabwe (Prendergast and Wilson 1989) and the
Munni Munni complex of Western Australia (Barnes
1993). These stratigraphic separations have been termed
“offsets™ (Barnes 1993) and are typically characterized
by a lower, typically S-poor, Pt- and Pd-enriched zone




overlain by a zone enriched in the base metals, sulfur
and gold (Fig. 1). Separations amount to a few tens of
centimeters to several tens of meters. The Pt and Pd
zones may occur well below the peak in sulfide abundance
(which typically corresponds to the peak Cu concentra-
tion) and in some instances are associated with trivial
amounts of sulfide. Other changes associated with these
offsets may include changes in the nature of the sulfide
assemblage. For example, the Great Dyke Main Sulfide
zone is characterized by a lower troilite-bearing assem-
blage whereas the overlying assemblages contain pyr-
rhotite 4 pyrite, indicative of a marked increase in sulfur
fugacity as a function of height (Oberthiir et al. 1998).

Current explanations for the offsets typically invoke
small batches of sulfide equilibrating with different
parcels of magma with different silicate liquid/sulfide
mass ratios (e.g., Prendergast and Keays 1989; Barnes
1993). In these models the PGE are largely incorporated
in the first sulfide to precipitate, with sulfide saturation
perhaps initiated by a magma mixing event. These
models have trouble explaining the observed profiles in
detail and have called on a number of questionable as-
sumptions such as requiring “preconcentration” of PGE
as alloys in the magma (e.g., Barnes 1993).

In previous works, we suggested that the PGE zones
represent a reaction front as volatile fluids exsolved from
crystallizing interstitial silicate liquid (hereafter fluid and

Fig. 1 Examples of PGE, base metal and gold offsets in the
Skaergaard intrusion (after Bird et al. 1991), Munni Munni complex
(after Barnes 1993) and the Great Dyke (after Prendergast and Wilson
1989; Oberthiir et al. 1998)

Munni Munni
Mineralized Layer

Skaergaard Gold Horizon
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liquid, respectively), leached sulfur and ore elements,
and moved them upward by a process of vapor refining
(Boudreau and McCallum 1992; Meurer et al. 1998). In
this model, PGE enrichments develop at the front where
sulfide-undersaturated fluids removed a preexisting (cu-
mulus) sulfide phase.

Here we expand this model and suggest that PGE -
base metal - gold offsets can result from the chromato-
graphic separation of these metals during such a
mobilization process. In the following, we first examine
the possible chromatographic separation of the PGE and
base metals from a theoretical basis using standard infil-
tration-reaction theory. In the second part of this paper,
the results of a numerical model involving the degassing
of a solidifying, compacting crystal pile are presented.

Offsets as chromatographic separations

The general features of an infiltration-reaction model
have been well described by Godard et al. (1995), a
summary of which is presented here. Although Godard
et al. were interested in silicate liquid infiltration, the
general form of the mass balance equations are indif-
ferent to the nature of the infiltrating medium (fluid or
liquid). In the following, the infiltrating phase is con-
sidered a fluid.

Consider an upwardly infiltrating fluid that is initially
out of equilibrium with the solid + liquid matrix as-
semblage it is moving through. We define a reaction zone
as the zone in which reaction between the fluid and host
solid + liquid matrix leads to a change in the mineral
composition. Where the reaction zone is of minimal
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(infinitesimal) thickness, one may instead speak of a
reaction front. In the case of interest the reaction zone is
defined by the loss of sulfide in the crystal pile; i.e.,
sulfide is absent below the reaction zone and present
above it. Similarly, a chromatographic or chemical zone
or front occurs where there is a sharp change in the
concentration of a trace element. The mass balance
equation for a trace element partitioning between the
fluid and the solid + liquid matrix at any point is:

O acy ocy apaCy
2l — @)D+ @ | >+ Qvp—-—D—
(p,( B > ot + Py 0z 0z Oz

Do 5 0Dy . e o0
g (@-nH+0-n%) m
with symbols as defined in Table 1. The first term on the
left describes the change in the trace-element concen-
tration in the fluid and matrix and the change in volume
of these phases with time. The second and third terms
describe the advective and diffusive transport of the el-
ement in the fluid, respectively. The right-hand side de-
scribes the change in the trace-element concentration
because_of mineral reactions that change modal varia-
tions (OD) and porosity (52).

If one neglects diffusion in the fluid phase and as-
sumes that the thickness of the reaction zone is also
negligible, then this equation simplifies to

Bg,  Bck
—+v—==0 2
ot 0z
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v = l'f — — ( >& (3)
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This applies to all regions except at the sharp reaction
front, whose position is defined as z = v, 7.

To a first approximation, one can consider the re-
gions below and above the reaction front (i.e., the sul-
fide-absent and sulfide-bearing zones) to each be
homogeneous in their properties. In this case, the dif-
fusion coefficient D, v-and ® all have constant values in
the homogeneous regions on either side of the reaction
front. In a plot in the plane (z, t), curves of constant
concentration plot as straight lines, the slope of which is
the velocity of the chromatogrdphic front for that ele-
ment in that zone (d— = v;). A given set of trace elements
with different bulk partltlon coefficients, D;, will move at
different velocities as defined by Eq. 3. High values of
the chemical front velocity v; are associated with small
bulk partition coefficients, all other factors being equal
(Godard et al. 1995).

Consider the case of the migration of a fluid in a
solidifying, partially molten crystal pile, in which fluid is
migrating through both a sulfide-free and sulfide-bearing
assemblage separated by a dissolution front. We can use
metal partitioning between silicate liquid, sulfide and
silicate minerals as a good first approximation as to how
strongly the metals will be held by the matrix in both
regions. From this, one can estimate relative transport
rates as the matrix changes. Elements such as Pt and Pd
are strongly partitioned into sulfide. Although the par-
tition coefficients are likely a strong function of com-
position, temperature and oxygen and sulfur fugacity,
measured sulfide/silicate liquid partition coefficients in
both experimental and natural systems are on the order
of k ~ 10* for Pt and Pd (e.g., Peach et al. 1990, 1994;
Fleet et al. 1991). In contrast to Pt and Pd, Cu has a
smaller sulfide/silicate liquid partition coefficient

Table 1 List of symbols

C; Concentration of element /

D Diffusion coefficient

D; Bulk distribution coefficient for element i; D; = ZI\Z/X

o Mass of element 7 at reaction front

K, Permeability of the matrix relative to silicate llqu1d

Ky Permeability constant

R Average grain radius

T Temperature

¢y Heat capacity

g Gravitational acceleration

ki Phase j/fluid partition coefficient for element i

q Heat

t Time

Uf, Vs, Uy Velocity of fluid, bulk solid and liquid, respectively

v;, U} Velocity of chromatographic front for element / on each side of reaction front,
respectively

Uy Velocity of the reaction front

z Height in the cumulus pile

AH rp Heat of crystallization

g Bulk viscosity of the matrix of cumulus crystals

n’ Shear viscosity of the matrix

f Liquid fraction

i Liquid viscosity

o, pe pss P Density of fluid, bulk solid, liquid and solid + liquid matrix, respectively

Solid fraction

A 8T

Porosity (= fluid fraction)

Thermal diffusion coefficient




(k = 180-1383, Rajamani and Naldrett 1978; Peach
et al. 1990). The sulfide liquid/silicate liquid partition
coefficients for gold are similarly 1-2 orders of magni-
tude smaller than those for Pd. (e.g., Stone et al. 1990).
None of these elements are significantly partitioned into
common silicate minerals. Hence, one would expect Pd,
Cu and Au to have relatively high chemical velocities in
the sulfide-free region compared to the sulfide-poor re-
gion. Within the sulfide-bearing region, Cu will have a
relatively higher transport velocity than Pd but perhaps
be similar to that for Au. This is consistent with the
observation that Cu peaks are above PGE peaks but
that Cu and Au peaks are broadly coincident. It should
be noted however, that relative solubility in the fluid also
affects the chemical velocity, as is discussed more fully in
the numerical model below.

Consider the case where v; and v} are velocities of
element / chromatographic fronts in the sulfide-bearing
and sulfide-absent sides of the reaction front, respec-
tively, and v, is the velocity of the reaction front. In the
instance where v; < v, < v! the enrichment front coin-
cides with the reaction front (Godard et al. 1995). In this
special case, where the trace elements are concentrated
at the reaction front, the instantaneous concentrations
profile is characterized by:

20 (1= 0)(@ + (1 - ¥)D)

At
+ Crolvi = v)(@+ (1 — D)Dy) (4)

where %Qf—’ is the quantity of the trace element accumu-
lated per unit time in the reaction front. The primed
quantities denote values for the sulfide-absent zone and
unprimed are values for the sulfide-bearing zone. Pa-
rameters Cy and Cy are the initial concentration of the
trace element in the fluid in equilibrium with the original
sulfide-bearing assemblage and in the sulfide-undersat-
urated infiltrating fluid, respectively. Note that the term
- (v; = v,) is negative. Dividing by the velocity of the re-
action front gives the increase in the quantity of the trace
element as a function of the position of the reaction

front:
AQ  AQi/Al (5)

Az vy

This simply states that the metal content at the reaction
front will increase as the reaction front advances with
time. Equations (4) and (5) further state that the reaction
front contains all the trace element lost from the up-
stream side of the front. This is essentially the case
modeled by Boudreau and McCallum (1992, case #1) for
Pd concentrating at a sulfide dissolution front.

In summary, the observed offsets in layered intru-
sions are consistent with profiles that could develop in
an infiltration-reaction environment. Under this inter-
pretation, metal transport is relatively rapid in the sul-
fide-free regions and the metals are easily carried to the
reaction front. Above the front, in the sulfide-bearing
region, the distribution of metals largely reflects their
transport velocity. The stratigraphic distribution of the
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offset peaks would suggest that the relative transport
velocity of Pt and Pd is less than that of Cu and Au.

A numeric model of element transport during degassing
of a compacting and solidifying cumulus pile

The above theoretical description, and especially its
simplifications, are strictly true only when the material
being infiltrated is uniform on either side of the reaction
front and when the infiltrating fluid has an initial con-
stant composition. This situation is not commonly en-
countered in layered intrusions because fluid evolution is
a consequence of crystallization of interstitial liquid.
Thus, both the matrix and the exsolved fluid composi-
tions are functions of both time and the location in the
crystal pile. Modal changes resulting from crystallization
or compaction will result in changes in bulk distribution
coefficients independently of any infiltration reactions.

To illustrate more realistically the effects of fluid
transport of the PGE and base metals requires a nu-
merical model to evaluate these pertinent variables as a
function of time and space. To this end, we have com-
bined the solidification and fluid separation and migra-
tion model of Boudreau and McCallum (1992) with the
numerical compaction model of Shirley (1986). The
following describes the various elements of this model
and the results.

Compaction of a cumulus pile

Compaction of a growing cumulus sequence has been
modeled by Shirley using the equations derived by
McKenzie (1984). The following momentum and conti-
nuity equations are used to describe the physical process
of compaction:

:
0%,

@w4mw(u—ﬂ —QQQ

A

022 0z Oz

=——(v1—v)+(1=f)(py— p1)y (6)

(1= f)o] (7)

The left side of Eq. 6 describes how the crystal matrix
responds to stress. The terms on the right-hand side
describe the buoying effect of the liquid on the matrix as
it is driven upward by compaction and the force on the
matrix due to gravity. Equation 7 is a continuity equa-
tion and is derived from the fact that, in the absence of
melting or crystallization, any liquid flux must be com-
pensated for by a matrix flux in the opposite direction so
that no voids exist.

The shear and bulk viscosities of the matrix (w® and
1, respectively on the left-hand side of Eq. 6) do not
vary greatly within a crystal pile for liquid fractions less
than 0.8 (McKenzie 1984). Variations in the perme-
ability (Ky) can result from variations in the rate of ac-
cumulation, changes in the initial porosity (e.g., caused
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by changes in the mechanism of accumulation), or from
variable rates of solidification of interstitial liquid (see
below). It is assumed to have a simple functional rela-
tionship to liquid fraction:

o (8)
1=5
The density contrast term (p,—p;) on the right-hand side
of Eq. 6 is taken to be constant throughout the com-
pacting pile in the following calculations. The influence
of density changes in the crystal pile have been consid-
ered elsewhere (Meurer and Boudreau 1996).

Shirley considered two endmember models, one with
a high accumulation rate of crystals relative to the
characteristic compaction velocity and one with a low
accumulation rate. We have used the parameters for
Shirley’s “‘slow accumulation case” (his case 2, with
values derived from the Muskox intrusion) in the fol-
lowing numerical modeling (Table 2). They are appro-
priate for the growth of a large, relatively deep seated
and slow cooling layered intrusion. As Shirley has done,
we assume that the top of the crystal pile initially starts
with a porosity of 60%. During the compaction steps,
we ignore the presence and any effects of the fluid phase.
Our interest in compaction is largely to model the
amount of interstitial liquid available for degassing as a
function of depth in the crystal pile.

K; = K(J

Heat transport

In the model, the compacting crystal pile is assumed to
be cooling through the base. The evolution of temper-
ature with time is governed by two parameters: (1)
thermal diffusion; (2) thermal changes involving the la-
tent heat of crystallization. A simplifying assumption is
made that the heat capacities of the liquid and solid
phases are equal. The small heat capacity contribution
of the fluid phase is also ignored because, as described
below, it is fractionally removed as soon as it is exsolved.
With these simplifications, the evolution of temperature
can be expressed by a numerical analog to the following
one-dimensional heat transport-reaction equation:

Pt 2
aor 0T  AHys OV
_ i 4 )

= 5 9
ot ox* pc, Ot &
where ‘(ff is the rate of change of the mass of crystalline

material per unit volume with time. Values for the
constants are again as listed in Table 2.

Heat loss from the crystal + liquid assemblage
causes crystallization. The change in the amount of
crystalline material can be expressed as a function of the
gain or loss of heat, ¢, with time:
oY 0¥y
ot  dq or

(10)

where % is the fraction crystallized per unit heat loss,
and % 1s the heat transfer resulting from thermal diffu-

sion. In the following examples, it is assumed that
crystallization is a simple function of heat loss such that

3}
e

1

o 11
C[ AHcryst ( )

[@))

Volume changes associated with crystallization are
ignored. Using nondimensional formulations of Eq. (6)
and (7) derived by Shirley (1986), the characteristic time,
distance and velocity are given by

e\ 1/2
Y
Ko

7= 12
Rxl(pv - pl) ( )
w5\ 1/2
z= K’—§> R (13)
u

SN —

(14)

7=

The thermal diffusion coefficient can be scaled to the
characteristic compaction length and time scales by:

{
i€ = s (15)

z

The effect of heat loss out of the bottom on the
evolution of the porosity profile in the cumulus pile is
illustrated in Fig. 2. Figure 2a shows the liquid fraction
in the crystal pile as well as the dimensionless solid
(matrix) and liquid velocity profiles for the case in which
there is no heat loss at 20 and 40 dimensionless time
steps. The resulting profiles are the same as those of
Shirley for his slow accumulation case (accumulation at
the top of the crystal pile is at a rate of 0.5 dimensionless
velocity units). Figure 2b shows that the consequences
of conductive cooling through the bottom are a solidi-
fication front that moves upward through the crystal
pile. In this and the following model runs, we allow the
temperature at the bottom to cool from an initial lig-
uidus temperature of 1250 °C. For the case shown in
Fig. 2b, the cooling rate is 5 °C per dimensionless time
step. In cases discussed below we vary the cooling/so-
lidification rate relative to the compaction rate to mimic
crystallization near or far from a cold bottom contact.

Fluid evolution and element transport

The evolution of fluid from the solidifying interstitial
liquid used in the model is as proposed by Boudreau and
McCallum (1992). Except as noted below, the initial
silicate liquid is assumed to contain 1 wt% water; this is
taken as the low end for water contents in boninitic
liquids (Sobolev and Chaussidon 1996) and likely to be a
realistic water content for many high-Mg layered in-
trusion magmas (Boudreau et al. 1997). The silicate
liquid is assumed to be fluid saturated when its water
concentration reaches 5 wt%. Any fluid exsolved im-
mediately migrates upward until it encounters liquid
that is not yet fluid saturated. In the model calculations,
the mass of fluid that is evolved in one level is assumed
to reequilibrate with each overlying zone until it en-
counters fluid-undersaturated interstitial liquids. On
encountering fluid-undersaturated liquid, the sulfur,
metal and water content of the fluid is added to the
liquid in that zone.




179

Fig. 2a, b Effect of cooling
through the bottom on the
distribution of interstitial liquid
in a compacting and growing
crystal pile. a Compaction with
no cooling (reproduces case 2
of Shirley, 1986). Left plot
shows the volume fraction of
liquid, right plot shows the
velocities of the solid (negative
velocities) and liquid (positive
velocities). Profiles are shown at
dimensionless times of 20 and
40. b Same parameters as for a,
but with cooling through the
bottom resulting in crystalliza-
tion of interstitial liquid at the
base of the crystal pile. In this
case, after 40 dimensionless
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40 40
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Liquid Fraction

Background bulk sulfur contents of cumulates con-
ventionally interpreted to be sulfide saturated at the time
of their formation (and above and away from obviously
sulfide enriched zones of interest here) are on the order
of a few hundred ppm (e.g., Hoatson and Keays 1989).
If these values represent cotectic proportions of sulfide
separating from the magma, they imply that sulfur
concentrations in the magma were of a similar order.
This follows because the magma precipitates sulfide to
keep an approximately constant S concentration. In
other words, the bulk precipitated assemblage and the
magma will both have the same bulk S concentrations.
Here we assume sulfide saturation in the silicate liquid
occurs at 400 ppm.

The partitioning of metals and S during fractional
~separation of fluid is modeled over small solidification
steps and is treated analogous to fractional melting. The
S content is assumed to be 20% by weight of the fluid as
long as sulfide is present (based on fayalite-magnetite-
quartz-pyrrhotite-O-H-S fluid equilibria calculated by
Shi, 1992), otherwise S is assumed to have fluid/liquid
partition coefficient of 500. This later partition coeffi-
cient is based on the estimated solubility of S in the fluid
(20 wt%) to that of sulfide-saturated liquid (400 ppm).

Sulfide/liquid partition coefficients for Cu and Pd are
generally as described earlier and are presented in Ta-
ble 2. For the PGE such as Pt and Pd, metal solubility in
silicate liquids is on the order of a few tens to at most a
few hundred ppb at oxygen fugacities appropriate for
natural magmas (e.g., Borisov et al. 1994; Borisov and
Palme 1997). In contrast their solubility in Cl-bearing
fluids is highly variable but estimated to be on the order
of a few ppm to a few tens of ppm (e.g., Sassani and
Shock 1990:; Hsu et al. 1991; Ballhaus et al. 1994). This
suggests a fluid/liquid distribution coefficient for Pd on
the order of 100 is reasonable. However, it should be
realized that Pd solubility at these temperatures is not

0.6 - 0 * 0 0.3 0.6 -0+

Solid & Liquid Solid & Liquid
Velocity Velocity
(dimensionless) b (dimensionless)

Liquid Fraction

well known. Cu is not likely to be a trace component of
any sulfide phase, although it is treated here as such. A
value of 80 is used for Cu partition coefficient between
fluid and liquid; this value is used so that Cu-S sulfide
phase dissolves approximately congruently.

The behavior of an element with a strong sulfide/
liquid distribution coefficient such as Pd as compared
with that of a base metal such as Cu during degassing is
discussed by Boudreau and McCallum and is illustrated
in Fig. 3. Shown is the change in the bulk concentration
of Pd, Cu and S during solidification and degassing of an
interstitial liquid. For this figure alone, the starting as-
semblage originally contains 25 wt% liquid, 0.1 wt%
sulfide (containing 40 wt% S) and the rest solid silicate
crystals (no compaction in this case). As discussed by
Boudreau and McCallum, fractional separation of a
fluid from the interstitial liquid leads to loss of sulfur
that in turn leads to resorption of any preexisting sulfide.
As the sulfide is the preferred host for Pd, very little Pd is
lost to the fluid until most of the original sulfide is lost to
the separating fluid. In contrast, Cu is lost approxi-
mately in proportion to sulfur loss.

Model results

We now examine four numerical experiments that il-
lustrate some of the features of metal and sulfur trans-
port that can occur during solidification and degassing
of a compacting crystal pile.

Case 1, degassing of a sulfide-saturated interstitial liquid
in a compacting and solidifving crystal pile

The evolution of water and ore-element concentrations
in the crystal pile during solidification is illustrated in
Fig. 4. It is assumed that crystallization at the top of the
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Table 2 Constants used in nu-
merical models

Compaction parameters (after Shirley, 1986):

K 0.0015 Permeability constant

R 0.0003 m Average grain radius

g 9.8 m/s’ Gravitational acceleration

£ + 4/3n° 5x10% pa s Combined bulk and shear viscosity of the matrix

1 10pas Liquid viscosity

(ps—py) 300 kg/m” Density difference between bulk matrix and liquid
Thermal constants:

K 1.0 x 107 m?/s Thermal diffusion coefficient

T 1250 °C Initial temperature

& 100 J/kg Heat capacity

AH rys 4% 10° J/kg Heat of crystallization

Partition coeflicients:

(None are assumed to partition into silicate minerals)

Pd:
Sulfide/liquid 10 000
Fluid/liquid 100
Sulfide/fluid 100

Cu
Sulfide/liquid 250
Fluid/liquid 80
Sulfide/fluid 3.12

S

Sulfide/liquid
Sulfide/fluid
Fluid/liquid

(liquid concentration fixed at 400 ppm while sulfide is present)
(fluid concentration fixed at 20 wt% while sulfide is present)
500 (when sulfide is absent)

pile produces an assemblage that is sulfide saturated.
precipitating 0.1 wt% sulfide (composed of 40% sulfur),
and 40% silicate minerals. Compaction reduces the
amount of interstitial liquid but crystallization increases
the amount of sulfur precipitated as sulfide until fluid
saturation is reached.

The solidification of the lower part of the crystal pile
leads to an increase in the water content of the intercu-
mulus liquid until it becomes fluid saturated. The fluid
migrates upward until it encounters a zone of fluid-un-
dersaturated liquid, at which point it dissolves into that

1.0

no-apying

T
|
|
|
|
|
|
|

o
w”
I

Cu

C/C, in cumulates

|
0.0 0.002

0.008 0.012

Wt. fraction water evolved

Fig. 3 Effect of degassing and fluid loss on the concentrations of S,
Pd and Cu in a crystallizing, partially molten sulfide-bearing
assemblage (after Boudreau and McCallum, 1992). Graph of
concentration of S, Cu and Pd in residual assemblage (normalized
to initial bulk concentration) as a function of wt% fluid evolved
during crystallization. Partition coeflicients for Cu and Pd between
fluid, liquid and sulfide are as discussed in the text. Sulfide-out line is
the point at which fluid separation has resorbed all initial sulfide

liquid. Also, the increase in the water content of inter-
stitial liquid above the saturated zones causes it to reach
fluid saturation earlier in its crystallization. The net ef-
fect of this fluid evolution and migration is that a rela-
tively sizable zone of fluid-saturated interstitial liquid
develops above the solidified zone and is here termed the
“fluid-saturated zone”. Note that although the liquid is
fluid saturated throughout this zone, the bulk water
content of the zone decreases with depth in the crystal
pile. This is because: (1) the interstitial liquids are losing
volatiles as they solidify and degas; (2) compaction is
always working to reduce the amount of interstitial lig-
uid, the only host for water other than the fluid phase.

The rightmost graph of Fig. 4 shows the evolution of
the sulfide distribution and the accompanying distribu-
tion of metals as the solidification/degassing zones mi-
grate through the growing pile of cumulates. Note that
the crystal pile actually develops two reaction fronts.
The main reaction front of interest is that resulting from
the loss of sulfide by the degassing of interstitial liquids.
However, a second occurs higher in the crystal pile at the
top of the fluid-saturated zone. Here, an increase in
sulfur (as sulfide) occurs as S-bearing fluid redissolves in
a liquid already sulfide saturated. The amount of sulfide
precipitated is a function of the amount of sulfide carried
in the fluid as well as the degree to which the interstitial
liquid is undersaturated in fluid. A liquid initially far
from fluid saturation will dissolve more fluid and hence
precipitate proportionally more sulfide. This additional
sulfide is later lost to eventual solidification and
degassing.

The Pd loss from the cumulate sequence is trivial
until most sulfide is lost, after which the fluid becomes
the next best host. The Pd liberated as the last sulfide
dissolves is carried upward (a very short distance) until
the fluid encounters sulfide-bearing assemblages, at




Fig. 4 Case 1: effect of fluid
separation and migration dur-
ing solidification of a compact-
ing crystal pile on the
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which point the Pd is strongly partitioned into the sul-
fide. Copper behaves similarly, but is less strongly par-
titioned into sulfide. Consequently Cu is not as strongly
concentrated and is offset to higher stratigraphic levels.

The net effect over time is that both a sulfide-enriched
zone and a sulfide dissolution front migrate upward and
the Pd is concentrated at the dissolution front. The peak
in Cu is above this resorption front, and broadly cor-
responds to the high sulfur/sulfide zone initially depos-
ited at the fluid-saturation front.

While the size/width of the peaks can be modified by
changing, say, the fluid/liquid partition coefficients, the
relative position of Pd below the Cu peak will remain as
long as Pd has a slower chemical transport velocity than
Cu. Thus, a lower Pd sulfide liquid/silicate liquid dis-
tribution coefficient (or a higher solubility in the fluid)
would lead to a broader Pd peak.

Finally, although we used a simple fluid evolution
model, the model does reproduce many of the features
observed in PGE-base metal offsets in layered intrusions.
Thus Pd is associated with zones of higher than normal
(background) sulfide modal amounts, the Pd peak is be-
low that of the main zone of sulfide enrichment, very little
Pd occurs in the uppermost part of the sulfide-enriched
zone and Cu largely follows bulk sulfur concentrations.

Case 2, degassing of a crystal pile that is not
initially sulfide saturated in the lower portions

Figure 5 shows a case similar that of case 1. However, in
this instance it is assumed that the initial magma does

|
5.0

Water conc.
(Wt. %)

0 60

S, Pd, Cu (C/C,)

0.6

not become sulfide saturated until after the crystal pile
has grown to 5 dimensionless units. Figure 5a shows the
system evolution after 30 time steps, at which point the
pile is about 6 units thick and has crystallized about 1
unit of sulfide-bearing cumulates at the top of the crystal
pile. The top of the fluid-saturation zone is at 4 units but
has not yet reached the sulfide-saturation zone. Note,
however, that a small peak in S concentration still forms
at the top of the fluid-saturation zone as S leached from
underlying interstitial liquid is added to the fluid-un-
dersaturated liquid at this level. Although not evident
because of the concentration normalization used in the
figure, a modest Pd peak is associated with this small
peak. Very little Pd concentrates at this lower peak be-
cause the interstitial liquid, the only host for Pd in the
lower part of the pile, contains much less than is typi-
cally concentrated in a cumulus sulfide phase. Conse-
quently, longer migration zones are required to build up
high Pd concentrations. However, this case does illus-
trate that even an initially sulfide undersaturated crystal
pile can locally precipitate sulfide-enriched zones that
may show small PGE enrichments as fluid migrates
upward.

After 60 time steps, the fluid-saturated zone has
progressed well into the sulfide-saturated zone and
produces the characteristic element peaks as seen pre-
viously (Fig. 5b). However, in this case, because there is
a large amount of water relative to the amount of sulfur
in the system sulfide is moved quite easily. In conse-
quence, the S and Cu peaks are narrower and they de-
velop closer to the top of the fluid-saturation zone.
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Fig. 5a, b Case 2: late Sulfide saturation in crystal pile. Graphs
again show the evolution of water, S, Cu and Pd profiles in a
solidifying and compacting crystal pile: a shows the profiles
after 30 dimensionless time steps: b at 60 time steps (ore-element
concentrations are normalized to that of initial, sulfide-
saturated assemblage; note scale changes). The situation is as for
Fig. 4, but in this case the cumulate section is not initially sulfide
saturated below 5 dimensionless units. Note in a the small
sulfide peak that forms at the top of the fluid-saturated zone as
sulfur-bearing fluid is added to vapor-undersaturated liquid,
inducing sulfide saturation. Note also that all metal concentra-
tions are normalized to initial concentrations typical of the
sulfide-saturated cumulates at top of crystal pile

Case 3, slow cooling relative to compaction

Figures 6 and 7 show two other phenomena that may
occur when the rate of cooling is slow or fast relative to
the rate of compaction. In Fig. 6, the cooling rate at the
bottom is only 20% of that in Fig. 4. Once the solidifi-
cation front advances a short distance into the crystal
pile, solidification slows substantially and compaction
becomes more important in controlling the amount of
interstitial liquid. In this case, all chemical and reaction
fronts, but particularly the PGE front, become stalled.
This arises because the loss of interstitial liquid by
compaction does not allow enough fluid to be evolved to
allow the fronts to move faster than the solidification/
compaction front at the bottom of the fluid-saturated
zone. The eventual result is that the fronts become fro-
zen in the liquid-poor crystal pile.

Case 4, cooling rapid relative to compaction

Figure 7 depicts the opposite case where cooling is rel-
atively rapid compared with compaction. In this case the
cooling rate at the bottom is twice as fast as for Fig. 4,
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Fig. 6 Case 3: slow cooling case. Similar to that of case 1 shown in
Fig. 4, but in this case the cooling rate at the bottom is only 20% of
that used in case 1 (1 °C per dimensionless time step). Liquid fraction
and S, Cu, and Pd profiles are shown after 10, 20, 40 and 100
dimensionless time steps. Note that at 100 time steps, the Pd chemical
front is essentially at the solidification front

and the initial water content of the liquid is 2.0 wt%
instead of 1.0 wt%. The rapid evolution of fluid from
crystallizing interstitial liquids causes the fluid-saturated
zone to reach the upper part of the crystal pile where
compaction is relatively rapid. In this instance volatile-
saturated interstitial liquids can actually be compacted
out of the crystal pile to mix with the liquid in the
chamber. The effect of the addition of volatiles to the
resident magma in the chamber is that nucleation and
growth of the crystal pile should stop. (This is modeled
by simply halting the growth of the crystal pile once the
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Fig. 7 Case 4: fast cooling, wet
magma case. Similar to case | r
shown in Fig. 4, but in this
instance the cooling rate at the
base is twice as high (10 °C per
dimensionless time step) and
water content of the initial liquid
is twice that for case 1 (2 wt%
H>0). Shown are liquid frac-
tions, bulk water concentrations
and S, Cu and Pd element
concentrations, the latter nor-
malized to initial starting con-
centrations. Profiles are shown
at 10, 20, 40 and 60 dimension-
less time steps
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fluid-saturated liquids reach the top of the crystal pile. In
addition, the mass of liquid in the chamber above the
floor is assumed to be large enough to absorb all fluid
evolved from the crystal pile without itself becoming
fluid saturated.) Halting the growth of the crystal pile
causes the development of porosity waves in the upper
part of the pile. In a more realist case, these porosity
waves may cause the sulfide-enrichment zone and asso-
ciated metal fronts to break into several zones as they
lead to changes in bulk composition (see Discussion). In
addition, the sulfur/metal fronts eventually converge at
the now fixed fluid-saturation boundary defined by the
top of the crystal pile.

Discussion

The model presented above improves on the simple as-

“ sumption of the reaction-reaction model presented in the
first part of the paper. However, the model is general,
illustrative of a process, and is not meant specifically to
describe what has occurred in any given intrusion. This
is because it also involves a rather simple set of as-
sumptions, including complete equilibration of the sys-
tem at all times and constant partition coefficients. In
addition to these problems, one can envision a number
of complications that can occur in a real intrusion, as
discussed below.

Nature of the fluid-saturated zone

In the model, the exsolved fluid is assumed to move
upward immediately once it separates from the inter-
stitial liquid. In reality, the fluid-saturated zone may
consist of a “bubble zone”. While the bubbles are small,
they may not migrate upward readily through the crystal
framework except as aided by compaction. In this case,
the fluid/bubbles would initially move upward with the
interstitial liquid and would move as a uniform zone

0.6 5.0 50 100
Water conc.
(WE. %) S, Pd, Cu (C/C)

through the pile. Over time, however, the bubbles will
become large and numerous enough such that they rise
more easily. In this case, bubbles moving up from below
could combine with smaller bubbles higher in the crystal
pile to cause a cascade effect of sudden fluid movement
through the crystal pile. If the fluid flow becomes fo-
cused into discrete channels it may form metal-rich pipes
(e.g., Stumpfl and Rucklidge 1982; Schiffries 1982;
Boudreau and McCallum 1986). Alternatively, a focused
fluid flow may escape the pile altogether and form pot-
holes in the top of the crystal pile (e.g., Buntin et al.
1985; Boudreau 1992).

Entrapment of sulfide during crystallization

The infiltration-reaction mechanism discussed here
differs from most treatments of infiltration in that the
fluid is evolved from the rocks (interstitial liquid) it is
infiltrating. Solidification of cumulates may effectively
isolate some sulfide that becomes either trapped in, or
surrounded by, silicate mineral phases. Alternatively, as
noted above, fluid migration may become channeled
and not equilibrate with the entire assemblage as it
passes through the pile. In this case, some sulfide will
remain in the depleted cumulates beneath the reaction
front and may record the passage of the metal front,
the sulfide having a high PGE/S ratios (Fig. 8). It is
nonetheless clear that there must be a net loss of PGE
and the base metals for ore-element enrichment fronts
to develop.

Saturation in a PGE alloy phase

As the PGE front advances, the metal concentrations
and PGE/S ratios can become quite high. In a real sit-
uation, the PGE may no longer behave as a trace ele-
ment and, as sulfur is lost, they may begin to precipitate
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zones of PGE metal alloys below the main PGE sulfide
front. This may explain instances such as are seen in the
Bushveld, where the S-poor, PGE-rich UG-2 chromitite
occurs below the Merensky Reef where (in normal Reef)
the PGE are associated with sulfide. In this interpretat-
ion, the UG-2 PGE represents part of the PGE front left
behind as relatively insoluble metal alloys.

Effect of compositional variability

A major limitation of the model is that there is no
consideration of compositional variability of the matrix.
This is particularly troublesome as modal variability is
perhaps one of the most characteristic features of lay-
ered intrusions. For example, in the Great Dyke the
Main sulfide zone is associated with a marked increase in
the Fe/Mg ratio of the bulk assemblage that occurs at
the top of the Ultramafic zone (e.g., Wilson 1982). We
have previously suggested that this enrichment can occur
during compaction as interstitial liquid develops poros-
ity waves beneath the density interface at the ultramafic—
mafic transition (Meurer and Boudreau 1996). This en-
richment in Fe may itself induce sulfide precipitation as
fluids exsolved from underlying magnesian cumulates
react with the more Fe-rich silicates via reactions of the

type:
H>S + FeO =

Fluid silicate

FeS + H,O

pyrrhotite fluid

Because of this stratigraphic variability, more than one
metal/sulfide zone may develop as the infiltrating fluid

Original Pd distribution

Height

Net gain in Pd

Net loss in Pd

Pd concentration

Fig. 8 Example of a more complex Pd distribution profile that may
arise in a real intrusion. The original Pd concentration may initially
show a simple fractionation trend as shown by the fieavy line. As the
Pd enrichment front migrates through the crystal pile, some of the
sulfide in the front may become trapped in the residual assemblage
below the front, leading to a new Pd concentration profile as shown
by the light line. In any case the net gain in Pd (shown by the light
shaded region) must equal that of the region that experienced a net loss
(darfe shaded region)

attempts to reequilibrate with different bulk composi-
tions.

Lateral transport of metals

A significant limitation of the model is that it is one
dimensional. This may be a reasonable assumption for
sills, but many intrusions have a thermal and composi-
tional profile that cannot adequately be described with a
one-dimensional model. For example, Andersen et al.
(1998) describe the convex-downward layering that
characterizes the Pd-Au zones in the Skaergaard as be-
ing analogous to a set of “gilt-edged plates™ with the
gold being preferentially concentrated along the margins
of the intrusion. A qualitative explanation for this ob-
servation is that fluid migration has a lateral component
that moves up-dip toward the margin of the intrusion as
well as a vertical component that moves metals up
through the intrusion.

Concluding remarks

The model calculations demonstrate several points:

1. The appearance of PGE-enriched sulfide zones in
layered intrusions can be explained as the result of mi-
grating sulfide enrichment-resorption fronts accompa-
nying degassing of interstitial liquids and need not be the
direct result of sulfide saturation in the magma chamber.
In this respect, high PGE/S ratios can be produced by
such a chromatographic mechanism without the need to
call on high silicate liquid/sulfide liquid mass ratios (R-
values; Campbell et al. 1983) of conventional magmatic
sulfide-saturation models.

2. The observed ore-element offsets can be produced
during the migration of the sulfide resorption front
owing to different chemical velocities of the PGE com-
pared to the base metals and gold. The slower transport
velocity of Pt and Pd is primarily a consequence of their
high affinity for sulfide.

3. The separating fluid need not, in a general sense,
“transport” significant PGE except immediately at the
sulfide resorption front. Fluid migrating below or above
the sulfide resorption front may contain very little of the
PGE in solution. Below the front, the PGE have already
been lost and thus cannot supply significant PGE to the
fluid, whereas above the front the metals are mostly held
in the sulfide phase.

4. The degree of PGE enrichment is a function of the
length the chromatographic front travels. The longer the
front travels, the higher are the resulting PGE concen-
trations. This explains why high-grade PGE zones typ-
ically do not occur along the lower contact of layered
intrusions and instead require some thickness of cumu-
lates beneath them.
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