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Abstract A new profile mass balance procedure is pre-
sented to calculate the chemical composition of solid
precipitated during cooling and crystallization of many
tholeiitic and alkaline magmas. It is a variant of the
earlier interval method (MacLean 2000, Contrib Mineral
Petrol 139:85–100), and is also based on chemical vari-
ation diagrams of lava sequences (liquid profiles) con-
structed with a quantitative monitor of fractionation
derived from the residual enrichment of an incompatible
trace high field-strength element (HFSE). In this new
profile method, the concentration of a component in
solid is shown by mass transfer considerations to be a
function of its mass on a liquid fractionation path
(profile) and on a path (profile) of perfect incompatible
enrichment. The latter hypothetically contains all of the
component, hence subtraction of the amount contained
in liquid will yield its mass in the solid. The calculations
are straightforward and adaptable to both equilibrium
and fractional crystallization processes. Corrections to
the fractionation monitor for measured DS=L

HFSE (solid/
liquid distribution coefficient), estimates of ‘‘trapped
liquid’’ in solid, and other variables, can be applied. The
method is illustrated with chemical data for a suite of
alkaline volcanic rocks from Mt. Erebus, Antarctica
(Kyle et al. 1992, J Petrol 33:849–875). The lavas are
silica-undersaturated, and range from nepheline-bearing
basanite to phonolite. The solids correspond to those of
ultrabasic rocks through most of fractionation, and are
more SiO2-undersaturated than the lavas.

Introduction

Tholeiitic and alkaline magmas are largely generated in
the mantle and cool and crystallize on their rise to the
Earth’s surface. Periodic eruption of lava provides
samples of magma that can be used to follow the
chemical evolution of the liquid, but it is not a simple
matter to obtain chemical compositions of the coeval
solids. Solids are accessible for study only if exhumed, or
penetrated by drilling or other means, and, even in those
circumstances, segregation, reworking of minerals, and
other processes in magma chambers (Hunter 1996) may
well make it extremely difficult to match coeval solids
with individual lavas.

It seems intuitive, nevertheless, that if the chemical
evolution of the liquid is known, that of the solid frac-
tion should be amenable to calculation. The crux of the
problem lies in evaluating the precise fraction of liquid
(F) and solid (1-F) at all points of differentiation. Once
this problem is resolved, estimation of the total solid
composition is straightforward, and can be calculated
with simple mass-balance techniques, which can be used
to derive numerical solutions for both equilibrium and
incremental crystallization.

An earlier procedure to estimate the composition of
solid was demonstrated by MacLean (2000), in what I
refer to now as the interval method. The interval method
was based on the premise that a liquid A evolved to a
liquid B and solid A-B over an interval of F. The com-
positions of the liquids were taken from binary chemical
variation diagrams of a suite of lavas, and the mass of
solid (1-F) at each point of fractionation was obtained
by conversion of the concentration of an incompatible
trace high field-strength element (HFSE) to F via the
Rayleigh distillation equation (Rayleigh 1896). The bulk
chemical composition of the solids, the only unknown,
was then calculated.

The profile method presented here is a variant of the
interval method, and yields identical results. The proce-
dure also employs differentiation paths (profiles) for
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oxides (and other components of the silicate liquid) on
chemical variation diagrams monitored with F. A path
(profile) of perfect incompatible enrichment is added for
each component to hypothetically and independently
store the entire mass of the oxide during fractionation.
The mass of the component in the liquid is subtracted
from the hypothetical incompatible mass to obtain its
mass in solid. The procedure offers a unique visualiza-
tion of the distribution of components between liquid
and solid in a crystallizing magma, and provides a
simple mass-balance method of calculation.

Enrichment of incompatible HFSE (Zr, Nb, Th, Hf,
etc.) in liquid has been used to monitor differentiation in
a variety of tholeiitic and alkaline lava suites (e.g.,
Barrett et al. 2001; MacLean 1990, 2000, MacLean and
Barrett 1993). Once incompatibility of the HFSE has
been established for a suite of lavas, accuracy in the
calculation of solids depends largely on the closeness of
samples to liquid compositions and the precision of
fractionation trends. Contrary to the tholeiitic and
alkaline liquids, the HFSE are compatible in most calc-
alkaline and continental alkaline liquids, and thus do
not yield reliable estimates of F.

Solids formed during the crystallization of tholeiitic
magma were illustrated using the interval method of
calculation (MacLean 2000). A suite of alkaline lavas
from Mount Erebus, Antarctica (Kyle et al. 1992) has
been chosen to illustrate the profile method. The Erebus
lavas have penetrated continental crust, but the HFSE
have remained incompatible and are used to calculate F.
Plots of chemical compositions and normative minerals
provide a clear history of the generation of solids in the
middle to late stages of liquid evolution at this active
volcano.

Rationale of the profile method

The principle of the profile method is illustrated in
Fig. 1. The ‘‘profiles’’ are chemical variation diagrams
(differentiation trends or paths) of components (oxides
and trace elements) in a suite of lavas plotted against F,
or the derived ‘‘% fractionated’’ [(1-F)*100] monitor.
P-1 (Fig. 1a) is a hypothetical profile of perfect incom-
patible enrichment of a component. Profile P-2
(Fig. 1b) is a chemical fractionation trend for the same

component in liquid, as established on a chemical vari-
ation diagram (monitored by F) for a suite of lavas
exhibiting a range in chemical composition. It is
apparent that the area between P-1 and P-2 represents
the amount of the component in solid. The crux of the
calculation is the estimation of F.

Fig. 1a–c Distribution of chemical components between liquid and
solid with decreasing fraction of liquid. (F=fraction of liquid
remaining). a Rayleigh incompatible enrichment (DS=L

i ¼ 0) for a
component of liquid (P-1 profile). Co=50 is the starting concen-
tration. All of the component is stored in liquid. b The distribution
of a component with DS=L

i ¼ 0:3 (P-2 profile) between liquid and
solid. The area below P-2 is the mass of the component in the
liquid, and the area between P-1 and P-2 is its mass in the solid.
Line A at F=0.4 refers to calculations in the equilibrium
crystallization model in Table 1a. c The distribution of a strongly
compatible component with DS=L

i ¼ 1:5 (P-3 profile) between liquid
and solid. The interval of F betweenM and N refers to calculations
in the fractional crystallization model in Table 1b

c
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Estimation of F

The values of F are based on the residual enrichment of
an incompatible HFSE in an evolving magma that
periodically erupted a suite of lavas. That is, as a body of
liquid solidifies, the incompatible element is concen-
trated in the decreasing mass of liquid. The incompati-
bility of the HFSE is well known in tholeiitic and many
alkaline lava suites (MacLean 2000 and references
therein), and measured distribution coefficients (mineral/
liquid) are generally DM=L

HFSE < 0:1 (Dalpé et al. 1995;
Beattie 1994; Dunn and Sen 1994; Hack et al 1994;
Mahood and Stimac 1990). Incompatibility throughout
a span of fractionation is confirmed by the linearity of
binary plots of the HFSE in collected samples of lava. Zr
is the most abundant, and most commonly used, of these
trace elements.

A value of F is calculated for each sample of lava by
substituting its Zr content in the Rayleigh distillation
equation (Rayleigh 1896):

cl
Zr ¼ co

Zr � F D�1 ð1Þ

where cl
Zr is the concentration of Zr in a sample of lava,

co
Zr its original value in the lava suite (lowest Zr content
of the lava samples), F is the fraction of liquid remain-
ing, and DS=L

Zr (the bulk solid/liquid distribution coeffi-
cient) is initially set at zero. When measured values of
DS=L

Zr are available, they can be substituted in the Ray-
leigh equation. F is the sole unknown, and is computed
for each value of cl

Zr, that is, for each chemically ana-
lyzed sample of the lava suite. The values of F are rel-
ative to the chosen value of co

Zr. Changes in the values of
F are then used to monitor the chemical variation dia-
grams of the oxides and trace elements. Each scale unit
of F represents an equal mass of liquid converted to
solid.

Calculation of solid

The amount of an oxide (or other component) precipi-
tated as solid is calculated from the separation of its
incompatible enrichment and liquid chemical variation
profiles, again using the example in Fig. 1b. It is calcu-
lated initially as mass and then converted to chemical
concentration. The incompatible enrichment of mass
(P-1) is generated with the Rayleigh equation:

ml
i ¼ mo

i � F D�1 ð2Þ

ml
i is the incompatibly generated mass of the component

in liquid, mo
i its original or ‘starting’ mass, and F the

fraction of liquid.
The P-2 profile is a chemical variation diagram for

the component and generated here with DS=L
oxide ¼ 0:3; its

origin is also mo
i , and P-2 will lie below P-1. It is evident

that the space between P-1 and P-2 represents the mass
of the oxide in the crystallized solids (or immiscible
liquid, vapor, etc., in special cases).

Mass-balance calculations

Mass-balance calculations, after the methods of Alba-
rède (1995), are used to convert the masses of solid
between P-1 and P-2 (Fig. 1b) into chemical composi-
tions, and also to link the calculation procedures in the
profile and interval methods. The chemical components
at each value of F are processed individually and summed
to obtain a bulk chemical composition of the solid. Since
the mass of a component is conserved in a fractionating
system, its total mass in liquid and solid (ms

i ) at a value
of F is equal to its mass in the starting liquid:

mo
i ¼ ml

i þ ms
i ð3Þ

The mass of a component is also a function of F and of
its concentration (wt%, ppm, etc.) in liquid (cl

i ) and in
solid (cs

i ):

ml
i ¼ F � cl

i ; and; sinceFo ¼ 1; ð4Þ

ms
i ¼ 1� Fð Þ � cs

i ð5Þ

hence, from Eq. (3):

1 � co
i ¼ F � cl

i þ 1� Fð Þ � cs
i ð6Þ

and

co
i ¼ F � cl

i þ 1� Fð Þ � cs
i ð7Þ

This is equivalent to Eq. (1) in the interval method
(MacLean 2000). Dividing through by F yields:

co
i

F
¼ cl

i þ
1� Fð Þ

F
� cs

i ð8Þ

From Eq. (1), at D=0,

co
i � F �1 ¼ co

i

F
¼ cinc

i ð9Þ

where cinc
i is the perfectly incompatible enrichment

concentration of the oxide, and Eq. (8) becomes:

cinc
i ¼ cl

i þ
1� F

F
� cs

i ð10Þ

Thus, a mathematical relationship is developed to relate
the hypothetical perfect incompatible build-up of a
component to its concentration in liquid and in solid. The
chemical composition of the solid is calculated for two
types of magma solidification: (1) a process of equilibrium
crystallization wherein solids and liquid continually
equilibrate with each other as F decreases, and (2) amulti-
step fractional crystallization process wherein the solids
are produced in narrow segments or ‘fractions’ of F, and
preserved thereafter from reaction with liquid.

Equilibrium crystallization

In the equilibrium model a bulk composition is calcu-
lated for all components of solid from the start of
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crystallization (Fo) of liquid to a value of F (MacLean
2000). It is the ’total solid composition’ (TSC) of Morse
(1997), and the simplest to visualize when a component
follows a path of Rayleigh enrichment in the liquid
(Fig. 1b). Rearrangement of Eq. (10) yields the chemical
composition of a component of solid at a value of F:

cs
i ¼

F
1� F

� cinc
i � cl

i

� �
ð11Þ

Vertical line A at F=0.4 in Fig. 1b represents a stage of
F, with intersections on P-1 (cinc

i ) and P-2 (cl
i ); cs

i is the
bulk chemical composition of this component of solid
produced between F=1 and F=0.4. Figure 1c illustrates
stronger precipitation of a component at DS=L

i ¼ 1:5
(close to that of MgO and CaO in lava), producing areas
that become much larger for solid than for liquid.
Solidification with varying DS=L

i is calculated in the same
way. For example, the profile of liquid evolution for
TiO2 in Fig. 2 follows a Rayleigh enrichment trend at

DS=L
TiO2 ¼ 0 in basalt, and a varying one at DS=L

TiO2 > 1
thereafter. A sample calculation is provided for a
component of equilibrium crystallization of liquid in
Table 1a. The procedure is repeated for each major oxide
to obtain the bulk chemical composition of the solid.

Fractional crystallization

The fractional crystallization model calculates the bulk
chemical composition of solids produced in narrow
sequential ‘fractions’ of F (DF), wherein each fraction of
new solid is isolated from reaction with liquid. As DF
approaches zero, it becomes equivalent to the ‘instan-
taneous solid composition’ (ISC) of Morse (1997). Each
DF segment has a new ‘starting liquid’ chemical com-
position (that at the end of the previous segment), and
the composition of each component of solid is calculated

only for DF (Fig. 1c). Mass-balance considerations de-
fine the chemical composition of the crystallized (in this
case ’fractionated’) solid in a segment (FMN, Fig. 1c):

ms
iMN
¼ ms

iN � ms
iM

ð12Þ

Using the relations between m, c and F in Eqs. (3) and
(4), this expands to:

FM � FNð Þ � cs
iMN
¼ 1� FNð Þ � cs

iN � 1� FMð Þ � cs
iM ð13Þ

where cs
iMN

represents the chemical composition of a
component of solid generated between points of frac-
tionation FM and FN, and cs

iM and cs
iN are the composi-

tions of all solid formed up to the M and N values of F.
Substituting Eq. (11) for each of these cs

i values intro-
duces the hypothetical incompatible enrichment profiles
to the equation:

FM � FNð Þ � cs
MN
¼ 1� FNð Þ � FN

1� FN
� cinc

iN � cl
iN

� �

� 1� FMð Þ � FM

1� FM
� cinc

iM � cl
iM

� �

ð14Þ

where cl
iM and cl

iN
are the chemical compositions of the

liquids at FM and FN.
Rearranging yields:

cs
iMN
¼ 1

FM � FN
� FN � cinc

iN � cl
iN

� �
� FM � cinc

iM � cl
iM

� �h i

ð15Þ

Thus, the composition of fractionally crystallized so-
lid is directly related to the concentrations of compo-
nents on incompatible enrichment and liquid chemical
variation profiles. In the example in Fig. 1c, the com-
ponent is being strongly depleted in liquid at DS=L

i ¼ 1:5.
The procedure is repeated for each segment of frac-
tionation. As the size of the segment diminishes, the
process approaches perfect fractional crystallization

Table 1 The concentration of FeO in solid calculated with the
profile method. Data are from Table 2 in wt%

(a) Equilibrium crystallization (Eq. 8), F=0.4
F

1�F 0.4/(1–0.4) 0.667

cinc
i 29.56

cl
i 5.97

cinc
i � cl

i 23.59
cs

i 23.59·0.667 15.73 wt%

(b) Crystal fractionation (Eq. 13), DF=0.44–0.40
FN FM

F 0.40 0.44
cinc

i 29.56 26.87

cl
i 5.97 6.58

cinc
i � cl

i 23.59 20.29
xF 9.44 8.93
Difference 0.506
DF 0.04
cs

i 0.506‚0.04 12.65 wt%

Fig. 2 Fractionation of TiO2 in tholeiitic lava (MacLean 2000).
TiO2 is incompatibly enriched (DS=L

TiO2 ¼ 0) in the basalt, but
is compatible (DS=L

TiO2 > 1) and depleted in andesite (and), dacite
(dac), and rhyolite (rhy)
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(ISC of Morse 1997). A sample calculation is given in
Table 1b.

Equation (15) is directly related to Eq. (3) of the
interval method. The bracketed portion can be rear-
ranged into liquid and incompatible compositions:

cs
iMN
¼ 1

FM � FN

� FN � cl
iN
� FM � cl

iM

� �
� FN � cinc

iN � FM � cinc
iM

� �h i

ð16Þ

The F � cinc
i factors represent co

i in both cases, and cancel
each other, leaving

cs
iMN
¼ 1

FM � FN
� FN � cl

iN � FM � cl
iM

� �
ð17Þ

which is equivalent to Eq. (3) in MacLean (2000). The
input for Eq. (17) is simply the chemical compositions of
the liquids at ends of the segment, cl

iM and cl
iN , the values

for FM and FN, and the outcome is the instantaneous
solid composition (ISC) of Morse (1997).

Mt. Erebus alkaline lavas

The profile procedure is illustrated with chemical data
from a suite of alkaline lavas from Mt. Erebus, Ross
Island, Antarctica (Kyle et al. 1992). These data are used
solely to portray the application of the profile method
to the study of fractionated suites of lava. The lavas at
Mt. Erebus are, in general, fresh, contain abundant
incompatible HFSE, and exhibit an extended span of
fractionation.

Mt. Erebus is a recently active alkaline, intraplate
volcano with exposed nepheline-bearing lavas ranging
from basanite to hawaiite, benmoreite, mugearite and
anorthoclase phonolite (Kyle et al. 1992). According to

Fig. 3 Chemical variation diagrams (profiles) monitored with Zr
for components of the Mt. Erebus lavas. The span of fractionation
in the suite is from 350–1,000 ppm Zr. Samples of each lava type
are from Kyle et al. (1992) and are shown on the SiO2-Zr plot.
Least-squares regression differentiation lines are fitted to the data
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these authors, they represent an intermediate to late-
stage span of fractionation, and have low uniform
87Sr/86Sr indicating a lack of significant crustal con-
tamination. The suite was chosen for its range of lava
types, coherence of binary plots of the HFSE, and
smooth fractionation trends for the oxides and HFSE
(Fig. 3). The sorting of samples with the Zr monitor
(Fig. 3, SiO2-Zr) yields a basic-to-felsic trend of lava
chemical evolution, without obvious gaps, and like that
obtained by Kyle et al. using the SiO2 monitor. The
reason for the similarity is evident in the curvilinear
correlation between Zr and SiO2 in this span of frac-
tionation (Fig. 3).

Only lavas from the main edifice of Mt. Erebus were
used in the present study (EL—Erebus Lineage—lavas,
Table 4 of Kyle et al. 1992). Plots of Zr against Th, U,
Hf and Nb are linear and, except for Nb (discussed
later), pass close to the origin (Fig. 3). The Zr/Nb va-
lue, a reasonably good indicator of alkalinity in intra-
plate lavas (e.g., Hofmann 1988), is �3 for the suite,
and similar to alkaline lavas at Tenerife, Canary
Islands (�5, Ablay et al. 1998), Pantelleria, Italy (�6,
Civetta et al. 1998) and Terceira, Azores (�7, Mungall

and Martin 1995). Zr/Nb values are much higher in
tholeiitic lavas: �30 in MORB Leg 163 (Larson et al.
1999), and �20 for Archean lavas at Matagami, Que-
bec (MacLean 2000).

Oxides versus Zr

The increasing concentration of Zr in the Mt. Erebus
lavas sorts them in order of least to most differentiated.
All these lavas are moderately silica-undersaturated, and
K2O contents range up to �5 wt%, generating copious
anorthoclase phonolite (Kyle et al. 1992). Plots of the
major oxides versus Zr produce smooth and continuous
fractionation trends over the range of �350–1,000 ppm
Zr (Fig. 3). The 350 ppm low value for Zr is the starting
co

Zr value for calculation of F for the suite. Regression
equations fitted to the sample arrays were used to obtain
continuous chemical profiles of liquid evolution (Ta-
ble 2). They display continuous enrichment of SiO2,
Al2O3, Na2O and K2O, and rather strong depletion of
other oxides. The most basic basanite in this group of
samples would be at or just beyond the peaks of Fe, Ti

Table 2 Chemical compositions of liquids and solids derived from data of Kyle et al. (1992) for Mt. Erebus alkaline lavas

Liquid wt% (from chemical variation profiles of lavas)
SiO2 43.92 44.05 44.47 45.03 45.62 46.24 46.88 47.55 48.26 49.00 49.79 50.62 51.50 52.45 53.48 54.61 55.86 57.29 57.68
TiO2 3.67 3.64 3.56 3.45 3.33 3.21 3.08 2.94 2.80 2.65 2.49 2.31 2.13 1.93 1.72 1.49 1.23 0.95 0.88
Al2O3 16.82 16.85 16.94 17.06 17.19 17.32 17.46 17.60 17.75 17.91 18.08 18.25 18.44 18.63 18.85 19.09 19.36 19.66 19.75
FeOt 11.82 11.76 11.57 11.30 11.02 10.72 10.41 10.08 9.74 9.37 8.98 8.57 8.12 7.65 7.14 6.58 5.97 5.30 5.13
MnO 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23
MgO 5.21 5.16 5.04 4.86 4.67 4.47 4.27 4.05 3.82 3.58 3.32 3.05 2.76 2.44 2.10 1.73 1.33 0.89 0.77
CaO 10.12 10.04 9.82 9.51 9.19 8.85 8.50 8.12 7.73 7.31 6.86 6.39 5.88 5.34 4.75 4.12 3.42 2.65 2.45
Na2O 4.62 4.65 4.75 4.88 5.02 5.17 5.33 5.51 5.69 5.89 6.10 6.33 6.58 6.84 7.11 7.40 7.68 7.95 8.01
K2O 2.06 2.08 2.14 2.23 2.33 2.44 2.55 2.67 2.80 2.95 3.10 3.27 3.45 3.66 3.87 4.11 4.37 4.63 4.70
P2O5 1.52 1.51 1.48 1.44 1.39 1.34 1.29 1.23 1.17 1.11 1.05 0.98 0.91 0.83 0.74 0.65 0.55 0.43 0.40
Zr 350 354 365 380 398 417 438 461 486 515 547 583 625 673 729 795 875 972 1000
Fa 1 0.99 0.96 0.92 0.88 0.84 0.8 0.76 0.72 0.68 0.64 0.6 0.56 0.52 0.48 0.44 0.4 0.36 0.35

Incompatible enrichment of oxides
SiO2 43.92 44.36 45.75 47.74 49.91 52.29 54.90 57.79 61.00 64.59 68.62 73.20 78.43 84.46 91.50 99.82 109.80 122.00 125.49
TiO2 3.67 3.71 3.82 3.99 4.17 4.37 4.59 4.83 5.10 5.40 5.74 6.12 6.55 7.06 7.65 8.34 9.18 10.20 10.49
Al2O3 16.82 16.99 17.53 18.29 19.12 20.03 21.03 22.14 23.37 24.74 26.29 28.04 30.04 32.35 35.05 38.24 42.06 46.73 48.07
FeOt 11.82 11.94 12.32 12.85 13.44 14.08 14.78 15.56 16.42 17.39 18.47 19.71 21.11 22.74 24.63 26.87 29.56 32.84 33.78
MnO 0.23 0.23 0.24 0.25 0.26 0.28 0.29 0.31 0.32 0.34 0.36 0.39 0.41 0.45 0.48 0.53 0.58 0.64 0.66
MgO 5.21 5.26 5.42 5.66 5.92 6.20 6.51 6.85 7.23 7.66 8.14 8.68 9.30 10.01 10.85 11.83 13.02 14.46 14.88
CaO 10.12 10.22 10.54 11.00 11.50 12.04 12.65 13.31 14.05 14.88 15.81 16.86 18.07 19.46 21.08 22.99 25.29 28.10 28.91
Na2O 4.62 4.67 4.81 5.02 5.25 5.50 5.78 6.08 6.42 6.80 7.22 7.70 8.25 8.89 9.63 10.51 11.56 12.84 13.21
K2O 2.06 2.08 2.14 2.24 2.34 2.45 2.57 2.71 2.86 3.03 3.22 3.43 3.68 3.96 4.29 4.68 5.15 5.72 5.88
P2O5 1.52 1.54 1.59 1.66 1.73 1.81 1.90 2.00 2.12 2.24 2.38 2.54 2.72 2.93 3.17 3.46 3.81 4.23 4.35

Fractionated solid (wt%)
SiO2 30.59 30.88 31.41 32.04 32.70 33.39 34.11 34.86 35.64 36.46 37.32 38.22 39.15 40.11 41.09 42.08 43.02 43.57
TiO2 6.29 6.24 6.14 6.04 5.92 5.80 5.67 5.54 5.39 5.24 5.07 4.89 4.70 4.49 4.27 4.02 3.75 3.57
Al2O3 13.94 14.00 14.13 14.27 14.42 14.58 14.74 14.91 15.09 15.27 15.46 15.65 15.85 16.04 16.24 16.42 16.57 16.65
FeOt

b 18.08 17.96 17.75 17.49 17.22 16.93 16.63 16.31 15.96 15.59 15.20 14.77 14.31 13.81 13.26 12.65 11.98 11.53
MnO 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23
MgO 9.37 9.15 8.97 8.79 8.59 8.39 8.17 7.94 7.69 7.43 7.15 6.84 6.51 6.15 5.76 5.33 5.05
CaO 17.31 17.17 16.92 16.62 16.30 15.97 15.62 15.24 14.84 14.42 13.96 13.48 12.95 12.38 11.75 11.07 10.33 9.83
Na2O 1.62 1.65 1.70 1.77 1.85 1.94 2.05 2.17 2.31 2.47 2.67 2.91 3.19 3.54 3.98 4.54 5.28 5.84
K2O 0.01 0.03 0.05 0.09 0.13 0.18 0.24 0.30 0.37 0.46 0.57 0.69 0.85 1.03 1.27 1.57 1.95 2.25
P2O5 2.57 2.55 2.52 2.47 2.43 2.38 2.33 2.27 2.21 2.15 2.09 2.01 1.94 1.85 1.76 1.66 1.55 1.48

aFraction of liquid remaining
bTotal iron as FeO
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and P enrichment attained in fractionation of more
primitive alkaline lava sequences (e.g., Kerguelen,
Indian Ocean, Yang et al. 1998; Tenerife, Canary
Islands, Ablay et al. 1998; Terceira, Azores, Mungall
and Martin 1996; Galapagos Islands, Ecuador, Geist
et al. 1995, Naumann et al. 2002).

Oxides versus degree of fractionation

The conversion of Zr in the lavas to F and ‘‘% frac-
tionated’’ [(1-F)*100] [Eq. 1; Fig. 4] provides a quanti-
tative means to evaluate the evolution of lavas (liquids)
at Mt. Erebus. The mo

i (start of’ fractionation) value of
each oxide is calculated at co

Zr ¼ 350ppm in Fig. 3 (Ta-
ble 2). Each oxide is portrayed on (1) hypothetical per-
fectly incompatible enrichment profiles and (2) liquid
chemical variation profiles derived from the lavas. Sixty-

five wt% of the local starting basanite magma was
solidified, while Zr was enriched from 350 to 1,000 ppm.

The distribution of components between liquid and
solids are visually distinct in Fig. 4. The positive slope of
the SiO2 liquid profile at DS=L

SiO2
� 0:75 assures that SiO2

will be in higher concentration in liquid than in solid.
The less steep positive profile for Al2O3, at DS=L

Al2O3
� 0:85,

keeps slightly more Al2O3 in liquid, but very steep po-
sitive profiles for Na2O and K2O keep most of these
components in liquid. The liquid profile for MnO (not
shown) is poorly constrained and flat (DS=L

MnO � 1), but
those for MgO, CaO, FeOt, TiO2 and P2O5 are strongly
negative, with DS=L

oxide ranging from 1.6–2.0, and they are
transferred strongly to solid. It is apparent that there are
more mafic components in the solid than in the liquid in
this span of fractionation from basanite to phonolite,
and that the solid will be more highly silica-undersatu-
rated than the liquid.

If solidification were to occur with significant ‘‘trap-
ped liquid’’ (5–30 wt%; Barnes 1986; Kerr and Tait
1986), bulk DS=L

Zr values would increase by the same factor
(0.05–0.3, MacLean 2000). This increase has the effect of
extending apparent % fractionated to higher values, and
leads to predictions of more highly evolved solids.

Fig. 4 Chemical variation diagrams monitored with ‘% fraction-
ated’ [(1-F)*100] for liquid and for perfect incompatible enrich-
ment, outlining fields for each component in solid and in liquid.
Rayleigh fractionation trends with constant DS=L

oxide values are
superimposed for comparison. Felsic components (SiO2, Al2O3,
Na2O and K2O) have variably restricted fields of solid
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Area plots

Area chemical variation plots (Fig. 5a, b) display a
continuous history of compositional change in the
Mt. Erebus liquid and estimated solid as the magma
crystallizes. As fractionation proceeds, the felsic compo-
nents in both liquid and solid typically become enriched
and the mafic components depleted. However, as noted
for Fig. 4, the ratio of mafic to felsic components is
significantly higher in the solid than in the liquid.

Changes in chemical composition are also depicted
with normative minerals (cation percent, Fig. 5c, d, e).
Ferric and ferrous iron were estimated at Fe#=Fe3+/
Fetotal=0.3 (cation), which is somewhat above the
quartz-fayalite-magnetite oxygen buffer at magmatic
temperatures. Both liquid and solid contain a consider-
able amount of nepheline. The differences in the chem-
istry of liquids and solids are also seen in the normative

minerals: the liquids contain �45–85% felsic component
(alkali feldspar and nepheline), and the solid �10–50%.
Anorthite, clinopyroxene, olivine, Fe-Ti-oxides and
apatite are major normative components of both liquid
and solid, and are reported as modal phenocryst and
matrix minerals in the lavas by Kyle et al. (1992).

With Fe#=0.3, the early-formed solid (0–40% frac-
tionation) is still SiO2-deficient with all alkalis expressed
as felspathoid, and periclase (Mg,Fe)O and minor CaO
were generated in the norm. Fractionation at lower Fe#
produces more normative periclase, and enhances the
problem. To produce silica to react with periclase, suf-
ficient clinopyroxene was recalculated as the melilite-
group end-member mineral, åkermanite (Ca2MgSi2O7),
in the reaction: 8Cpx+5Per=7Ak+6Ol. The small
amount of normative CaO was recalculated as larnite
(Ca2SiO4): 2CaO+10Ak=9Lar+3Ol. The larnite
probably formed a solid solution with olivine.

Fig. 5. a, b Area diagrams
showing chemical change in
liquid and in solid during
fractional crystallization. The
amounts of mafic components
decrease gradually with
fractionation in both liquid and
solid, and there is obviously
more mafic component in solid.
c, d Normative mineral
compositions (in cation %) of
liquids and the solids. Liquids
are enriched in alkali feldspar,
and the solids in anorthite.
Åkermanite is modeled as the
main undersaturated mineral in
solids. The small amount of
larnite is likely to be in solid
solution in olivine. Bulk mg-
numbers (mg#) are in cation %,
and shown in italics. ilm-
ilmenite, mt-magnetite. e Solid
formed with 20% ‘‘trapped’’
interstitial liquid. This produces
a bulk DS=L

Zr ¼ 0:2 (MacLean
2000), and increases apparent
fractionation from �65 to 73%
to produce a more felsic solid
residue
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Other Si-poor normative mineral options are possi-
ble. Kaersutite, NaCa2Mg4TiAl2Si6[O23(OH)], is a
scarce amphibole in Mt. Erebus lavas (Kyle et al. 1992)
and in other alkaline suites. However, it is not suffi-
ciently Si-poor to provide sufficient SiO2 to consume all
the normative periclase in solid, and it also selectively
fractionates and decouples Nb and Zr (Tiepolo et al.
2001; Hofmann 1988), a phenomenon that does not
appear to have affected the HFSE in this volcanic suite
(Fig. 3). Minerals of the garnet group are also Si-poor
options (Eggins 1992; Huang and Wiley 1986; Boyd
1970), but none are recorded at Mt. Erebus (Kyle et al.
1992), and they too strongly fractionate HFSE.

Discussion

A study of the chemical evolution of a crystallizing
magma via a suite of volcanic rocks is invariably hin-
dered by a lack of equivalent data for solids. Differen-
tiation profiles of liquid and solid fractions are not
simple mirror images, and substitutions of one for the
inverse of the other can lead to large error in interpre-
tation. A full view of crystallized cumulate solids is
rarely accessible to observation and, even when ex-
humed, correlation of solids with particular lavas would
be difficult or impossible.

The lack of direct field study of liquid-solid relations
is alleviated by calculation techniques designed to esti-
mate the solid fraction (e.g., Kyle et al. 1992; DePaolo
1981; Bryan et al. 1969). These largely involve addition
and subtraction of minerals with a chosen parental li-
quid, using DS=L

oxide values and mineral compositions to
essentially establish a liquid line of descent. The profile
method is designed in the opposite way: it establishes a
chemical liquid line of descent from the lava suite
monitored by F and, from this, the amount and chemical
composition of solid is calculated with Eqs. (11) and
(15). Techniques have also been designed to estimate
liquid compositions from solids (e.g., Morse 1996, 1997;
Chayes 1970; Wager 1960).

Error in the profile procedure is linked largely to
sampling of lavas, analytical inaccuracies, choice of
regression equations for lava sample data, changes in

DS=L
HFSE for the monitoring trace element, hydrothermal

alteration, and chemical weathering. Pulses of new
magma injected into a holding chamber also produce
scatter in chemical data, as do wall-rock contamination
and trapped liquid in accumulating solids; these factors
are treated in MacLean (2000). Series of fresh lava flows,
particularly aphyric rocks, should produce the most
accurate liquid fractionation profiles.

Improvements in accuracy and precision of bulk rock
chemical analyses, particularly for the HFSE, but also
for TiO2, K2O and P2O5 in low values in basalts, have
alleviated many problems in the calculations. The scatter
of HFSE on variation diagrams for alkaline (particu-
larly for the ocean island and related types) and tholeiitic

lavas has diminished substantially over the last decade
or so, their linearity has increased, and they more
commonly pass through or close to the origin of the
plots (Fig. 3). Whatever the previous history of partial
melting and crystallization, once a body of tholeiitic or
alkaline liquid has separated from its melting source and
begins to crystallize, the incompatible HFSE will retain
their inter-HFSE ratios and produce linear enrichment
arrays that project through the origin (Thompson et al.
2001; Tiepolo et al. 2001; MacLean 2000; Yang et al.
1998; Hoffman 1988). This is also true for Ti, K and P in
basaltic liquid, for there they too are commonly
incompatible. The HFSE are, however, commonly
compatible and cannot be used to estimate F in calc-
alkaline liquid, or in alkaline liquid that has been
strongly contaminated by crustal rocks.
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