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Abstract The chromium number of spinel Cr#sp (atomic

ratio of Cr/(Cr?Al)) is an important geochemical param-

eter for the estimation of the degree of partial melting,

temperatures, and provenance in peridotites. In this study, a

model has been developed in order to determine the effect

of subsolidus reactions on the Cr#sp in ultramafic rocks.

The final model includes temperature-dependent distribu-

tion coefficients of relevant reactions as well as solubility

data and has been applied to lithologies common in mid-

ocean ridge settings. Significant changes in the Cr#sp are

predicted from the application of this model during cooling

from 1300 to 800�C at mantle pressures. For spinel lherz-

olites and harzburgites, the Cr#sp is predicted to decrease

proportional to the absolute values of the Cr#sp at (con-

stantly) increasing spinel mass. Cpx-dunites show the same

trend, although to a lower extent. Websterites show a dif-

ferent behavior with a slight increase in the Cr#sp due to

their lack of olivine. Modal abundance of spinel correlates

with the magnitude in Cr#sp change, too. Finally, these

results were tested for possible effects on the calculated

degree of partial melting as function of the Cr#sp. Appli-

cation of the Cr#sp from a peridotite equilibrated down to

800�C would result in an underestimation of only 1.5 % in

the degree of melting, justifying the use of Cr#sp for esti-

mations of this parameter.

Keywords Chromium number � Spinel �
Ultramafic rocks � Partial melting � Mid-ocean ridges

Introduction

Mantle melting

The generation of oceanic crust through partial melting of

mantle peridotite is an important process in the evolution of

the Earth. Although many studies have focused on mantle

melting, occurring by decompression during mantle

upwelling, some aspects are still poorly understood.

Obvious regional differences in mantle melting and sub-

sequent magma differentiation (e.g. Klein and Langmuir

1987), temporal variations in temperature (e.g. Cipriani

et al. 2009), occurrence of domains depleted in ancient

melting events (e.g. Harvey et al. 2006; e.g. Liu et al.

2008) are examples that advance our understanding of the

complexities of the system Earth. The thorough study of

the residues of mantle melting, abyssal peridotites, is

therefore crucial to gain a better understanding of these

processes.

Spinel peridotites

The mineralogy of peridotites shows various amounts of

olivine (ol), orthopyroxene (opx), and clinopyroxene (cpx)

and smaller amounts of an aluminous mineral. Depending

on pressure, this can be either spinel (sp), garnet or pla-

gioclase. Spinel peridotites are the most common lithology

when considering suboceanic upper mantle rocks (Dick

1989). Extraction of mid-ocean ridge basalts (MORBs)

during partial melting results in distinctive mineralogical

and compositional changes (e.g. Kinzler and Grove 1992)
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and provides the base for quantitative models of the pro-

cesses occurring at depth. Abyssal peridotites, mantle

xenoliths, and alpine-type peridotites provide evidence of

the mantle below the oceanic crust. The latter are associ-

ated with ophiolite sequences exposed at the Earths surface

due to orogenic processes and may have been affected by

processes related to their obduction. Mantle xenoliths are

found enclosed in alkaline basalts and are thought to be

carried relatively fast to the Earth surface. Therefore, they

often retain the equilibrium composition existing at mantle

temperatures and pressures. Abyssal peridotites are

exposed at fracture zones associated with mid-ocean ridges

(Dick 1989) and along slow to ultraslow-spreading mid-

ocean ridges (Dick et al. 2003). Variable uplift rates along

the global system of mid-ocean ridges may result in varied

cooling histories and thus temperatures of equilibration.

The chromium number in spinel

The degree of partial melting (F) is a fundamental

parameter for magma generation. Depending on this

parameter, magmas of different composition can be gen-

erated from a homogeneous mantle source, represented by

the depleted MORB mantel (DMM). Because of the dif-

ferent compatibility of elements in melt and rock, they are

either partitioned into the minerals or the melt during

partial melting. The strong correlation between modal

mineralogy and mineral composition can be used to draw

conclusions about the degree of partial melting (Dick et al.

1984; Johnson et al. 1990).

Chromian spinel is a common accessory phase in peri-

dotites and basalts. The spinel structure can accommodate

a wide range of di-, tri- and quadrivalent cations of which

many can also fit in both (octahedral and tetrahedral) sites

(O’Neill and Navrotsky 1984). This results in a wide range

of solid solutions exhibited by the spinel group, making

them a useful petrogenetic monitor for various processes

affecting peridotites (Allan et al. 1988; Dick and Bullen

1984; Hellebrand et al. 2001; Irvine 1965; Sack 1982). The

wide range in spinel compositions from massif and abyssal

peridotites is thought to reflect variations in the degree of

partial melting (Dick and Bullen 1984). Through this,

spinel composition is also useful to discriminate between

different tectonic settings (e.g., Barnes and Roeder 2001;

Dick and Bullen 1984).

The chromium number in spinel Cr#sp (atomic ratio of

Cr/(Cr?Al) in spinel) has long been known to be such an

useful petrogenetic indicator (Dick and Bullen 1984).

Chromium behaves as a compatible element in spinel,

whereas Al strongly partitions into the melt (Jaques and

Green 1980). This leads to an increase in the spinel Cr#sp

during partial melting. The Cr#sp in abyssal peridotites

ranges from 0.1 to 0.6 while it extends to higher values in

arc settings (Dick and Bullen 1984). Assuming uniform

mantle composition prior to the melt extraction event, the

Cr#sp can be used to quantitatively determine the degree of

partial melting in the spinel facies field. Hellebrand et al.

(2001) empirically determined F ¼ 10 lnðCr#spÞ þ 24

based on the correlation between Cr#sp and trace element

concentrations in abyssal peridotites. Although this method

underestimates F for highly refractory peridotites, it is

often the only quantitative and readily applicable method

available in highly serpentinized peridotites. The com-

monly high degree of serpentinization of abyssal perido-

tites (e.g. Dick et al. 1984; e.g. Michael and Bonatti 1985)

leads to the frequent use of the Cr#sp method when

investigating heavily altered abyssal peridotites because of

the alteration resistance of spinel relative to associated

silicate minerals.

Subsolidus processes affecting element distribution

After the melt extraction event, residual peridotites are

affected by subsolidus processes during cooling and pres-

sure change (Brey and Köhler 1990; Hellebrand et al.

2005; Witt-Eickschen and O’Neill 2005). Although diffu-

sive reequilibration between silicates and spinel at different

temperature (T) and pressure (P) conditions ceases when

solid-state diffusion becomes increasingly ineffective at

low temperatures, several metamorphic reactions can be

observed. Whereas ion-exchange reactions between min-

erals only change the chemical composition of minerals,

net-transfer reactions resulting in a shifted modal miner-

alogy are also possible. Hence, near-solidus compositional

information may not be preserved but distorted to either

higher or lower values. Zoned pyroxene minerals in contact

with spinel in abyssal peridotites have been observed in

mantle peridotites (Coogan et al. 2007; Seyler et al. 2007),

and the possibility of distortion of the Cr#sp by cooling has

been noted (Coogan et al. 2007). Literature compilations

also indicate broad variations on plots between Mg#ol

(atomic ratio of Mg/(Mg?Fe) in ol) and Cr#sp, both con-

sidered to be robust melting indices (Ionov et al. 2005).

In addition to its importance to studies of mantle melting,

the correlation of Cr#sp with Mg# of spinel and silicates,

respectively, is used for discrimination of tectonic settings

as well as geothermometry. Because Mg-Fe exchange

between silicates and oxides is strongly dependent on Cr#sp

through the reciprocal exchange relationship between

Mg-Fe2? and Cr-Al in spinel (Engi 1983), it is incorporated

in the formulation of many geothermometers (e.g. Liermann

and Ganguly 2003; e.g. Ozawa 1983), the assumption being

that this value remains quasi-constant during cooling.

Hence, it is important to quantitatively evaluate possible

effects of cooling on the Cr#sp in order to separate them

from effects of partial melting. This study aims to evaluate
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the robustness of the Cr#sp in subsolidus equilibration

processes using a thermodynamic approach. We will focus

in the following on compositions and conditions relevant to

ultramafic rocks occuring at mid-ocean ridges as their

solid-state equilibra are best studied to date. The presence

of phases like plagioclase or hydrous phases will have

further subsolidus effects on spinel composition that lie

beyond the scope of this contribution.

Methods

Thermodynamics of solid solutions

Distribution coefficients

In order to evaluate the implications of subsolidus reactions

on compositional parameters like the Cr#sp, it is necessary

to examine the thermodynamic relations in the corre-

sponding system.

Since the Cr#sp is directly dependent on the chromium

and aluminum content of spinel, ion-exchange reactions of

the form

Ala þ Crb
� Cra þ Alb ð1Þ

between phases a and b should have a large effect on this

parameter. The exchange between spinel and opx,

formulated with the Mg-endmembers,

MgAl2O4
sp

þMgCr2SiO6
opx

� MgCr2O4
sp

þMgAl2SiO6
opx

ð2Þ

is an example for this type of reaction. At equilibrium,

la
Al

0 þ lb
Cr

0 � la
Cr

0 þ lb
Al

0
� �

¼ RT ln
aa

Cr � a
b
Al

aa
Al � a

b
Cr

ð3Þ

where lp
A

0
is the chemical potential of the pure phase p

with component A, and aA
p is the activity of component A in

phase p (e.g Saxena 1973). Because lp
A

0
is only dependent

on temperature and pressure, the equilibrium constant

K ¼ aa
Cr � a

b
Al

aa
Al � a

b
Cr

ð4Þ

is also a function of T and P only. The activities can then be

substituted by the product of the mole fractions xA
p and

activity coefficients cA
p , which gives

K ¼ xa
Cr � x

b
Al

xa
Al � x

b
Cr|fflfflfflffl{zfflfflfflffl}

KD

� c
a
Cr � c

b
Al

ca
Al � c

b
Cr

; ð5Þ

introducing the distribution coefficient KD. Because cA
p is

dependent on the mineral compositions, KD is only a

constant independent of composition when an ideal

solution, defined by cA
p = 1, is realized. However, espe-

cially the spinel solid solution is far from being ideal

(Petric and Jacob 1982), and therefore expressions for KD

should be functions of compositional parameters like the

Cr#sp.

Because the variations of lp
A

0
with changing temper-

ature are small, Eq. (3) suggests that ln KD / 1=T:

Pressure dependence arises from changes in partial molar

volume, which plays only a minor role when considering

reactions of type (1) according to Ganguly (2008). Fur-

thermore, there is no reliable geobarometer for spinel

lherzolites (Witt-Eickschen and O’Neill 2005), and

therefore the majority of published expressions for KD in

this context do not include a term accounting for pressure

changes.

Partition coefficients

If an ion is present only in traces (i.e.\0.001 wt%) in two

minerals, the stoichiometric controls of the exchange

reaction can be neglected, and the partition coefficient

D ¼ xb
A

xa
A

ð6Þ

for partitioning of component A between a and b can be

approximated. Both Al and Cr are major or minor elements

in some spinel lherzolite minerals and trace elements in

others. It is therefore appropriate to use partition coeffi-

cients in some cases, but distribution coefficients should be

valid in general.

It can be seen from comparison of Eqs. (5) and (6) that

when multiplying two partition coefficients of reciprocal

exchange, the distribution coefficient is obtained.

General aspects

Assumptions

The distribution of Al and Cr between present minerals is

calculated assuming

1. a closed system, i.e. no mass transfer in or out occurs,

2. only compositional changes (including mineral modes)

through reactions incorporated into the model take

place, and

3. equilibrium of these reactions is maintained at all

times.

In natural systems, deviations from these assumptions

can occur. Serpentinization is a result of the addition of

H2O to the system, and therefore a closed system is not

maintained throughout the P-T-path of most residual

Contrib Mineral Petrol (2011) 162:675–689 677

123



peridotites. However, this process only occurs at shallower

levels outside the temperature range of interest (see

‘‘Temperatures and pressures’’), and relict grains contain

valuable information about earlier P-T-X conditions. Aside

from this, refertilization of residual peridotites can occur

by melt entrapment, melt-rock reaction and veining

(Hellebrand et al. 2002; Jean et al. 2010). Therefore, it

should be kept in mind that these processes are not inclu-

ded in the calculations of this work

Regarding assumption (2), most reactions with a sig-

nificant influence on the Cr#sp have been included in the

model in this work. However, there is no reliable

expression for the Al solubility in cpx at present. It

is assumed that other reactions in spinel lherzolites

only have small effects on the Cr#sp and lead to minor

uncertainties.

The assumption of thermodynamic equilibrium is real-

ized in natural samples to variable degrees. Depending

largely on cooling rates and diffusion coefficients, non-

equilibrium is possible in rapidly cooled peridotites.

Compositional mineral zoning is often the result, if diffu-

sion cannot fully compensate this temperature change (e.g.

Bodinier et al. 1987; e.g. Nagata et al. 1983). Especially

when temperatures near the closing temperature are

reached, deviations from equilibrium increase systemati-

cally during further cooling (Coogan et al. 2007). The

models presented here do not account for these effects, but

comparisons to zoned minerals are presented.

Temperatures and pressures

Temperatures of interest are limited by the initiation of

partial melting at high temperatures and by the closure

temperature as a lower boundary. Robinson et al. (1998)

experimentally determined solidus temperatures at 1.5 GPa

of standard peridotite residues and spinel lherzolites of

1,265 and 1,315�C, respectively. Depending on pressure

and composition, similar temperatures in the range of

approximately 1,200-1,300�C have been estimated for

solidi of ultramafic rocks in the spinel stability field (e.g.

Jaques and Green 1980; e.g. Baker and Stolper 1994;

e.g. Katz et al. 2003; e.g. Wasylenki et al. 2003). Most

peridotite samples associated with mid-ocean ridge sys-

tems are equilibrated to temperatures of � 800� 1; 300�C
(Hellebrand et al. 2005). Therefore, 800�C is used as

lowest temperature when using the models, a rough

approximation of a minimal closure temperature. However,

it should be kept in mind that, depending primarily on

initial temperatures and cooling rates, not all residues of

mantle melting show the same equilibrium temperature.

Furthermore, varying velocities of different diffusion pro-

cesses could lead to individual deviations from equilibrium

with decreasing temperature.

As already mentioned, the majority of expressions for

KD used in this study show insignificant pressure depen-

dence and therefore do not account for pressure changes

(Witt-Eickschen and Seck 1991; Witt-Eickschen and

O’Neill 2005). Pressure is thus assumed to be a constant

value of 1.5 GPa throughout the models. This choice has

been made because (i) partial mantle melting beneath mid-

ocean ridges is usually initiated at pressures between � 3:5

and � 1:5 GPa (Klein 2003), leading to a rough estimate

for subsolidus reactions of 1.5 GPa and (ii) all distribution

coefficients that are used in the final model are calibrated to

temperatures calculated by the authors assuming 1.5 GPa.

Approach

In order to understand the effects of subsolidus reactions on

the Cr#sp, the distribution of Al and Cr between all relevant

mineral phases has to be modeled as a function of tem-

perature. Since various reactions are proceeding at the

same time, they have to be modeled simultaneously.

The most extensive and widely used internally consis-

tent thermodynamic database is the one of Holland and

Powell (Holland and Powell 1998). This database, how-

ever, does not contain chromium. The also widely used

software package MELTS (Ghiorso and Sack 1995) for the

thermodynamic modeling of phase equilibria assigns all

chromium to spinel (Asimow and Ghiorso 1998). We

therefore choose an approach that includes temperature-

dependent Al-Cr distribution coefficients estimated from

natural samples. The Cr#sp in spinel-bearing mantle rocks

is then modeled with an equation system composed of KD

expressions as function of temperature for each reaction.

However, these equations contain a higher number of

unknown variables than the number of equations. Hence,

mass balance equations have to be included in addition

(‘‘Mass balance equations’’). In this work, the creation of

the final model was carried out as stepwise addition of

reactions to the model, and this is described in ‘‘Ion-

exchange reactions’’ and ‘‘Solubility of aluminum in

orthopyroxene’’. At some points in this process, a pre-

liminary model was applied to exemplary data in order to

evaluate the importance of a reaction or the difference

between different published distribution coefficients. The

individual reactions require different mass balance

restrictions, and these are described along with the corre-

sponding model.

Implementation

From a mathematical viewpoint, all models described

below essentially require the solution of a non-linear

equation system with an equal number of equations and

unknowns. Since, due to transcendental terms within the
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equations, no solutions could be found analytically,

numerical methods were used to solve the equation

systems.

Solutions were computed in Mathematica (Wolfram

Research, Inc. 2008) using the FindRoot function. This

function essentially uses a modified Newton’s Method

with a backtracking strategy for the Newton step (Dennis

Jr. and Schnabel 1996) as a globally convergent method.

Using measured concentrations as starting parameters,

convergent solutions have been obtained at all times. In

some cases, the DampingFactor option had to be set to

values \1 in order to produce robust results with the

required precision.

Except for one equilibrium expression, only molar

fractions are used in equations of the models. In order to

minimize computational effort, all input data were con-

verted to mole fractions values beforehand. Conversion

was also done in Mathematica, using relations summarized

in Deer et al. (1996). For some modal compositions, no

indication whether the data are presented as wt% or vol% is

given in the corresponding publication. Considering the

small variations in mineral densities in ultramafic rocks,

these modal compositions were taken directly as wt%

because of the insignificant error due to the potentially

omitted density conversion.

Mass balance equations

The assumption of a closed system yields mass balance

equations for the components involved in reactions. For a

component A,

Aopx � Xopx þ Acpx � Xcpx þ Asp � Xsp þ Aol � Xol ¼ const

ð7Þ

where Xp is the mole fraction of mineral p, and Ap is the

mole fraction of component A per formula unit of p. Thus,

the sum in Eq. (7) is equal to the total number of moles of

component A divided by the total number of moles of all

components in the sample. For example, the mass balance

equation for Al2O3 is

NB
opx
Al2O3

þ NB
cpx
Al2O3

þ NB
sp
Al2O3

þ NBol
Al2O3

¼ const ð8Þ

where NB
p
A � Ap � Xp, and a similar equation can be for-

mulated for Cr2O3. In other words, N BA
p is the number of

moles of component A in phase p divided by the total

number of moles of all components in the sample. When

modeling the reaction changing the solubility of Al in opx,

mass balance equations for MgO and SiO2 have to be

considered additionally.

Depending on the reactions, additional mass balance

equations have to be considered. These are listed later in

the corresponding sections.

Ion-exchange reactions

Orthopyroxene–spinel

The equilibrium distribution of Al and Cr between opx and

sp (reaction (2)) can be described by the distribution

coefficient

K
opx=sp
D ¼

xopx
Al2O3

.
xopx

Cr2O3

xsp
Al2O3

.
xsp

Cr2O3

: ð9Þ

Witt-Eickschen and O’Neill (2005) analyzed the

composition of 16 natural spinel lherzolite samples in

order to determine KD as a function of temperature. These

well equilibrated samples show equilibrium temperatures

(Ca-in-opx geothermometer of Brey and Köhler (1990) at

1.5 GPa) from 1150 to 1500 K and therefore, span a useful

range of temperatures. The authors determined

ln K
opx=sp
D ¼ 1215þ 3137Cr#sp

T
� 0:391 ð10Þ

with vm
2 = 0.74. The term with the Cr#sp accounts for the

non-ideal miscibility of Al and Cr in spinel and is in good

agreement with estimations of Klemme and O’Neill

(2000).

No parameter errors are published for the fitting proce-

dure, and uncertainties for the analysis of main element

concentrations are not available. Thus, the fitting could not

be reproduced exactly. However, when using a relative

uncertainty of 5% for KD (which is the value Witt-Eickschen

and O’Neill (2005) used when uncertainties where not

available) and otherwise unchanged details of the fitting

procedure, a similar result is obtained. Absolute parameter

errors for the published fit can then be estimated using the

same relative parameter errors, yielding

ln K
opx=sp
D ¼ 1215ð�158Þ þ 3137ð�150ÞCr#sp

T

� 0:391ð�0:120Þ: ð11Þ

Clinopyroxene–orthopyroxene

Using additional experimental data, Witt-Eickschen and

O’Neill (2005) also determined

ln K
cpx=opx
D ¼ ln

xcpx
Al2O3

.
xcpx

Cr2O3

x
opx
Al2O3

.
x

opx
Cr2O3

0
@

1
A

¼ �1141� 2302Nacpx

T
þ 0:905 ð12Þ

for the distribution between cpx and opx. Formulated with

the enstatite and diopside endmembers, the corresponding

reaction is
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MgAl2SiO6
opx

þ CaCr2SiO6
cpx

� MgCr2SiO6
opx

þ CaAl2SiO6
cpx

:

ð13Þ

Calculated temperatures predicted by equation (12) for

the dataset of the authors result in values quite different

from the temperatures used for the fitting procedure of the

authors (differences of up to 670 K). Therefore, an attempt

was made to find a new fit for equation (12).

Due to the lack of other data for Al/Cr partitioning

between cpx and opx in the literature, a new fit was cal-

culated for similar conditions. The data comprise of the 16

natural samples presented by Witt-Eickschen and O’Neill

(2005) and 54 compositions from experimental studies

cited therein (Falloon et al. 1999; Pickering-Witter and

Johnston 2000; Schwab and Johnston 2001; Liu and

O’Neill, 2004). Only plagioclase-free samples containing

opx, cpx, ol, and sp were selected. Both xenolith and

experimental samples display large variations in errors

originating from analytic uncertainties (Fig. 1). All data are

then fitted to

ln K
cpx=opx
D ¼ aþ bþ c � Nacpx

Tðopx;1:5 GPaÞ
ð14Þ

with parameters a, b and c. All temperatures are calculated

using the Ca-in-opx geothermometer

Tðopx;PÞ ¼
6425þ 26:4PðkbarÞ
� ln Caopx þ 1:843

ð15Þ

of Brey and Köhler (1990) at 1.5 GPa. Using calculated T(opx,

1.5 GPa) values rather than given experimental temperatures

improved the fit significantly, suggesting incomplete

equilibrium for pyroxenes in some experimental charges.

The weighted non-linear least squares fit is calculated

accounting for uncertainties in ln KD and ± 10 K in T. Errors

for ln KD are calculated using given analytic errors. For the

16 natural samples, these values can be estimated from Fig.

16 in the corresponding publication. Fitting of the 70 data

points then gives

ln K
cpx=opx
D ¼ �1395ð�121Þ � 1036ð�330ÞNacpx

T

þ 0:7933ð�0:0723Þ ð16Þ

(vm
2 = 1.48, T in Kelvin) as new distribution coefficient,

which is used for further modeling. The improvement of

this expression compared to Eq. (12) is displayed in Fig. 2.

In order to estimate the difference between KD
cpx/opx and

partition coefficients available in literature, geothermome-

ters developed by Hervig and Smith (1982) and Seitz et al.

(1999) have been considered additionally. Seitz et al.

(1999) obtained

TðKÞ ¼ 11:00 � Pþ 2829

1:56� ln D
opx=cpx
Cr

ð17Þ

where P is the pressure in kbar and D
opx=cpx
Cr ¼

½Cr�opx
wt =½Cr�cpx

wt : Hervig and Smith (1982) determined

partition coefficients for Cr between ol/cpx and opx/ol.

The combination of these two partition coefficients gives

D
cpx=opx
Cr ¼ ½Cr�cpx

wt

½Cr�opx
wt

¼ 0:36422 � exp
3247

T
ð18Þ

with T in K.

6 987

104 T opx K 1

1.0

0.5

0.0

0.5

ln
K

Dcp
x

op
x

Witt-Eickschen & O’Neill (2005)

Experimental data (see text)

Fig. 1 Plot of 104/Topx (Ca-in-opx geothermometer of Brey and

Köhler 1990) versus ln K
cpx=opx
D of the xenolith samples of Witt-

Eickschen and O’Neill (2005) (closed circles) and various experi-

mental data (open circles, see text). Error bars display errors

resulting from analytic uncertainties

600 800 1000 1200 1400

Topx °C

600

800

1000

1200

1400

T
cp

x
op

x
°C

Witt-Eickschen
& O’Neill (2005)

This work

Fig. 2 Plot of Topx (Ca-in-opx geothermometer of Brey and Köhler

1990) versus Tcpx/opx. Open circles represent temperatures calculated

according to KD
cpx/opx of Witt-Eickschen and O’Neill (2005), whereas

the closed circles represent Eq. (16) in this work. Temperatures are

expected to fall on a 1:1 line because Topx was used to calibrate

KD
cpx/opx
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In order to demonstrate differences between geother-

mometers described in Eqs. (16, 17, 18), they have been

included into a preliminary model along with KD
opx/sp (Eq.

11). Additionally to the general mass balance equations,

the sums NBp
Al2O3

þ NBp
Cr2O3

� �
with p = opx,cpx,sp are

assumed to be constant at this point. The application of this

preliminary model to a spinel peridotite composition

(Fig. 3) reveals differences between these geothermome-

ters. Since KD
cpx/opx should be valid in a more general sce-

nario than the partition coefficients, only the recalculated

cpx/opx distribution coefficient (Eq. 16) is used in further

models.

Olivine–spinel

Olivine only shows a very limited ability to include Al and

Cr in its crystal lattice, demonstrated by Cr contents below

1,000 ppm (Witt-Eickschen and O’Neill, 2005) and Al

contents below 200 ppm (Wan et al. 2008) in spinel peri-

dotites. Nevertheless, the high olivine content of peridotites

requires the examination of Al/Cr partitioning between

olivine and other minerals.

Due to the poor correlation between Crol and the Cr#sp,

Witt-Eickschen and O’Neill (2005) propose the reaction

1

2
MgCr2O4

sp

þ 1

2
MgAl2O4

sp

� MgCrAlO4

ol
ð19Þ

instead of an exchange similar to those described above for

opx, sp, and cpx. The poor correlation may also be due to

analytical problems at low Cr contents in their samples or

prevailing temperature effects because of a narrow com-

positional range as discussed by Ionov (2007).

Reaction (19) induces a proportionality Crol /
Cr#spð1� Cr#spÞ, apparently leading to a better fit

ln Crol ¼ lnðCr#spð1� Cr#spÞÞ � 10070=T þ 14:47

ð20Þ

where Crol is given in ppm. Still, v2
m is 5.3, and the

influence of Al in olivine was not determined, impeding

further analysis.

In order to determine whether reaction (19) is important

or not, it can be modeled simultaneously with the cpx–opx

and opx–sp equilibria (‘‘Clinopyroxene–orthopyroxene’’

and ‘‘Orthopyroxene–spinel’’, respectively). This requires

the introduction of additional mass balance equations

NB
p
Al2O3

þ NB
p
Cr2O3

¼ const ðp ¼ opx; cpxÞ ð21aÞ

Xol þ Xsp ¼ const ð21bÞ

DNBol
Al2O3

¼ DNBol
Cr2O3

ð21cÞ

DNBol
MgO ¼ 0:5DNBol

Al2O3
ð21dÞ

DXol ¼ 0:5DNBol
Al2O3

ð21eÞ

where variables preceded by D are changes in these vari-

ables due to modeled reactions.

The resulting preliminary model is then applied to

sample MM1213 of Witt-Eickschen and O’Neill (2005)

which shows a high olivine content of 84 wt%. A com-

parison to the results obtained without ol/sp partitioning

(‘‘Clinopyroxene–orthopyroxene’’, solid and dashed lines

in Fig. 4) shows that variations in the Cr#sp caused by

Al/Cr exchange in olivine can be neglected even for high

olivine contents.

DCr

opx cpx
Seitz et al.

DCr

cpx opx
Hervig & Smith
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cpx opx
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C
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Fig. 3 The calculated Cr#sp of lherzolite sample MM1260 of Witt-

Eickschen and O’Neill (2005) as result of preliminary models with

different KD
cpx/opx (see ‘‘Clinopyroxene–orthopyroxene’’). The solid

line results from a model incorporating distribution coefficients for

opx/sp and cpx/opx (recalculated) equilibria by the same authors.

Combining data for partitioning of Cr of Hervig and Smith (1982)

with KD
cpx/opx gives the dashed line, whereas the combination with

data of Seitz et al. (1999) gives the dotted line

With KD
ol sp

& DAl
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ol sp
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Fig. 4 The Cr#sp of harzburgite sample MM1213 (84 wt% ol) of

Witt-Eickschen and O’Neill (2005) as result of different preliminary

models. Including Al/Cr partitioning between ol and sp (dashed line)

into the model (solid line) only leads to negligible changes. The

dotted line is obtained when the Al partitioning between ol and sp

according to Wan et al. (2008) is combined with KD
ol/sp
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A similar result is obtained, when the ol/sp partitioning

is described using the results of Wan et al. (2008)

Tð�CÞ ¼ 10000

0:512þ 0:873 � Cr#sp � 0:91 ln D
ol=sp
Al

� 273

ð22Þ

where D
ol=sp
Al ¼ ½Al2O3�ol

wt=½Al2O3�sp
wt (dotted line in Fig. 4).

Even though there are slightly larger differences, they are still

not significant. The partitioning of Al and Cr between olivine

and spinel is therefore not included in further modeling.

Solubility of aluminum in orthopyroxene

As it will be recognizable from the results, incorporating

changes in the solubility of Al in opx is important for a

realistic model. The net-transfer reaction describing this

process (Tschermak exchange in opx)

MgAl2O4
sp

þMg2Si2O6
opx

� Mg2SiO4

ol
þMgAl2SiO6

opx
ð23Þ

leads to an equilibrium constant of a different form than for

the simple ion-exchange reactions discussed above.

According to Stroh (1976),

KTs�Opx ¼
aol

Mg2SiO4
� aopx

MgAl2SiO6

a
sp
MgAl2O4

� aopx
Mg2Si2O6

¼
xM

Mg

� �2

ol
� xM1

Al

� �
opx

xA
Mg

� �
sp
� xB

Al

� �
sp

2 � xM1
Mg

� �
opx|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

K
Ts�Opx

D

� Kc
ð24Þ

where ðxS
AÞp is the mole fraction of component A on the

crystallographic site S in phase p. In practice, fractions of

Mg and Al on the M1 site in opx are calculated using

xM1
Al

� �
opx
¼ Alopx þ Naopx � 2Tiopx � Cropx

2
ð25aÞ

xM1
Mg

� �
opx
¼ 1

4
2Mgopx þ 2Mnopx þ 2Caopx þ 2Tiopxð

þ Naopx � Alopx � CropxÞ ð25bÞ

according to Gasparik and Newton (1984). As no detailed

specifications are given in publications of corresponding

geothermometers,

xM
Mg

� �
ol
¼ Mgol

Mgol þ Feol
ð26aÞ

xA
Mg

� �
sp
¼ Mgsp

Mgsp þ Fesp ð26bÞ

xB
Al

� �
sp
¼ Alsp

Alsp þ Crsp ð26cÞ

is assumed here.

Several geothermometers based on this equilibrium exist

today. While the equation of Gasparik and Newton (1984)

RT lnK
Ts�Opx
D þ 29190� 13:42T þ 0:18T1:5

þð0:013þ 3:34 � 10�5ðT � 298Þ� 6:6 � 10�7PÞP¼ 0

ð27Þ

with P in bar, R in J K�1mol�1 , and T in K is not

accounting for deviations from ideality in the spinel solid

solution, the expression of Witt-Eickschen and Seck (1991)

T ¼ 2248:25þ 991:58 ln KTs�Opx
D þ 153:32 ln KTs�Opx

D

� �2

þ 539:05Cr#sp � 2005:74ðCr#spÞ2 ð28Þ

with T in �C incorporates Cr#sp terms accounting for this

non-ideality. Hence, the second equation should give a

more accurate result. Moreover, this equation is calibrated

to the same geothermometer (Ca-in-opx of Brey and

Köhler (1990)) as the KD expressions described above,

promoting a more consistent model. According to the

authors, (28) reproduced temperatures within ±20�C,

which is used as uncertainty here.

The addition of this reaction to those described earlier

again requires specific mass balance equations:1

NBcpx
Al2O3

þ NBcpx
Cr2O3

¼ const ð29aÞ

Xol þ Xsp ¼ const ð29bÞ

DNBopx
SiO2
¼ �DXol ð29cÞ

DNopx
SiO2
¼ DNBopx

MgO ð29dÞ

DXsp ¼ DNB
sp
MgO ð29eÞ

DXsp ¼ DNB
sp
Al2O3
þDNB

sp
Cr2O3

ð29fÞ

Together with K
opx=sp
D ;K

cpx=opx
D ;K

Ts�Opx
D and mass

balance equations according to ‘‘Mass balance

equations’’, there is now a total of 13 equations in this

final model. The difference between Eqs. (27) and (28) is

shown in Fig. 5.

Estimation of uncertainties

Since equilibrium concentrations are obtained by a

numerical solution, the propagation of errors in input

parameters cannot be calculated deterministically. Thus,

the Monte Carlo Simulation is an adequate tool to estimate

uncertainties in modeled values. As uncertainties in the

starting composition for the model would simply cause a

systematic shift of the modeled Cr#sp, these errors are not

1 The term �DNBsp
Cr2O3

is the amount of DNBsp
Al2O3

due to the KD
opx/sp

equilibrium reaction (2), and therefore this term has to be subtracted

in the last equation.
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included in error estimations—only uncertainties in the

geothermometers described above have been included.

Monte Carlo Simulations were evaluated assuming

normal distributions for all uncertainties and 10000 runs in

order to produce robust results.

Resulting errors are displayed as error bars. It should be

kept in mind, that when comparing the Cr#sp at two dif-

ferent temperatures, possible variations due to uncertainties

occur in the same way at both temperatures. For example, a

shift to higher chromium numbers at a low temperature

would occur likewise at higher temperatures. In other

words, the absolute shift of the curves to higher or lower

chromium numbers due to uncertainties affects its change

between two temperatures only in a minor way.

Inevitably, error bars suggest that there is no significant

difference of the Cr#sp between two temperatures in some

cases. Thus, the variation in the Cr#sp between 800 and

1,300�C and the corresponding uncertainty is presented in

addition to the diagrams.

Results

In order to evaluate possible effects of the modeled pro-

cesses, it is crucial to apply the final model to different

initial compositions. Therefore, the Cr#sp is calculated

for several natural xenolith samples presented in Witt-

Eickschen and O’Neill (2005). All of them are well

equilibrated, and therefore application of the model pro-

duces reasonable results. In addition, a natural websterite

sample from the Southwest Indian Ridge (D47-12), previ-

ously described by Dantas et al. (2007), is used.

Important compositional parameters and temperatures

calculated with various geothermometers which were used

in the modeling process are listed in Table 1. Differences

in calculated temperatures with a maximum of ±74�C are

observable. The discrepancies between the Ca-in-opx

geothermometer of Brey and Köhler (1990) and tempera-

tures according to KD
opx/sp and KD

cpx/opx are in the range of

one standard deviation (1r) of these geothermometers.

Besides, there is no apparent correlation of temperatures

with Cr#sp when a larger set of samples is considered, and

as a consequence these errors should largely be of a ran-

dom nature.

In contrast, temperatures calculated with KD
Ts-Opx (Eq.

(28)) exhibit systematically lower values. This phenome-

non has been noticed in other natural samples (e.g. Franz

et al, 1997). Klemme and O’Neill (2000) noticed that this

phenomenon also exists with experimental data. Hence, the

parameters calculated here may exhibit a systematic shift.

Nevertheless, the trend and magnitude of changes in the

Cr#sp should be independent of this deficiency.

Lherzolites

The sample Mo22 is used as an example for a relatively

fertile spinel lherzolite. The low olivine content, a
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C
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cpx/opx

K
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D

opx/sp
cpx/opx

KD        + KD        + KD
Ts-opx (2)

opx/sp cpx/opx

Fig. 5 The Cr#sp, resulting from the application of the final model

(solid line) using KD
Ts-opx (1) of Witt-Eickschen and Seck (1991) and

the model using the less accurate KD
Ts-opx (2) of Gasparik and Newton

(1984) (dashed line) to lherzolite sample MM1260 of Witt-Eickschen

and O’Neill (2005). The final model incorporates the effects of opx-sp

exchange (see ‘‘Orthopyroxene–spinel’’), minor effects of opx-cpx

exchange (see ‘‘Clinopyroxene–orthopyroxene’’) and dominant con-

trol of the Tschermak exchange in opx (see ‘‘Solubility of aluminum

in orthopyroxene’’). For comparison, the results of the application of

the same data without reaction (23) (dotted line, solid line in Fig. 3) is

included

Table 1 Petrographic properties and calculated equilibrium temperatures of selected ultramafic samples

Sample Mode/wt% Cr#sp
Xol

Mg

a T/�C

ol opx cpx sp Ca-in-opxb
K

opx=sp
D

c

K
cpx=opx
D

d
KTs�Opx

D

e

MM1260f 73 20 5 2 0.418 0.917 1207 ± 19 1173 ± 139 1182 ± 162 1158 ± 20

MM1213f 84 13 2 1 0.451 0.921 1202 ± 19 1205 ± 139 1128 ± 154 1140 ± 20

DW1342f 86 8 3 2 0.411 0.916 1165 ± 19 1185 ± 142 1219 ± 164 1124 ± 20

Mo22f 63 21 14 3 0.108 0.896 1052 ± 19 1052 ± 205 1110 ± 136 1007 ± 20

D47-12g – 50 45 5 0.156 – 991 ± 19 1085 ± 182 962 ± 131 –

a Molar Mg/(Mg?Fe) in olivine; b Eq. (15) in text at 1.5 GPa; c Eq. (11) in text; d Eq. (16) in text; e Eq. (28) in text; f Analytical data is given in

Witt-Eickschen and O’Neill (2005); g Analytical data is given in Dantas et al. (2007)
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relatively small XMg
ol and a low Cr content indicate that only

small amounts of basaltic melt have been extracted from

this xenolith (Preß et al. 1986). These petrographic and

geochemical properties are characteristic features of the

DMM, similar to those presented by Workman and Hart

(2005).

The change of the Cr#sp indicated by application of the

model (Fig. 6) between 1,300 and 800�C is only -0.0096 ±

0.0043. Nevertheless, this is a significant decrease (greater

than 1r) in the Cr#sp. The original Cr#sp of 0.108 at 1,052�C

lies in the range of 1r of the calculated Cr#sp at the same

temperature, which is 0.112 ± 0.008.

A plot of the spinel mode (inset in Fig. 6) suggests that

spinel is constantly growing during cooling. Inevitably, the

amount of olivine in the rock would decrease by the same

magnitude during cooling according to the model (see

reaction (23)). This is in agreement with thermodynamic

modeling of Coogan et al. (2007) using MELTS (Ghiorso

and Sack, 1995), predicting the growth of spinel along with

a decreasing Cr#sp during cooling.

Harzburgites

Abyssal harzburgites are representative of mantle rocks

which were subjected to melt extraction. Sample MM1213,

a spinel harzburgite, shows typical properties of such a

rock. In comparison with Mo22, this xenolith contains

a larger amount of olivine along with a higher XMg
ol and a

much greater chromium content.

Figure 7 illustrates the calculated Cr#sp and spinel mode

for this sample, indicating a much greater decrease in the

chromium number with this configuration. Between 1,300

and 800 �C, a decrease of -0.0823 ± 0.0126 in the Cr#sp

is predicted. At 1202�C, which is the temperature accord-

ing to the Ca-in-opx geothermometer of Brey and Köhler

(1990), the calculated chromium number is 0.465 ± 0.013.

Since the original Cr#sp is 0.451, the calculated value is

systematically higher. The reason for this effect is most

likely the underestimation of temperatures by the KD
Ts-Opx-

geothermometer as described above.

Similar to the trend in the lherzolite, spinel is predicted

to grow during cooling in this harzburgite (inset in Fig. 7).

However, the absolute change is smaller, owing to the

smaller absolute spinel fraction in the rock.

Clinopyroxene-bearing dunites

Clinopyroxene-bearing dunites are typical for crust-mantle

transition zone dunites in the Oman ophiolite (Boudier and

Nicolas 1995). These dunites are usually interpreted as

conduits for melt flow (Kelemen et al. 1995). Although

sample DW1342 is not a dunite sensu stricto, it is suitable

as a representation of this rock type.

Using the model created in this work, the curves in

Fig. 8 are obtained. The calculated Cr#sp at 1,165�C of

0.416 ± 0.007 is in agreement with the measured value of

0.411. As illustrated in Fig. 8, the Cr#sp is predicted to

decrease only by -0.0364 ± 0.0046 between 1,300 and

800�C. This is less than half of the corresponding value of

the harzburgite sample, which shows approximately the

same absolute chromium content. The main reason for this

is the lower opx content of this rock, which influences the

KD
Ts-Opx equilibrium.

Websterites

In contrast to the previous rock types, websterites contain

large amounts of pyroxene and only a small fraction of

olivine. Sample D47-12 of Dantas et al. (2007), containing

no olivine at all, was chosen as representation of this
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Fig. 6 Plot of calculated Cr#sp and wt% spinel (inset) of fertile

lherzolite sample Mo22, indicating a decrease in the Cr#sp of only

-0.0096 from 1,300 to 800�C. Errors are calculated from uncertain-

ties (1r) in KD expressions
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Fig. 7 Plot of calculated Cr#sp and wt% spinel (inset) of harzburgite

sample MM1213, indicating a decrease in the Cr#sp of -0.0823 from

1,300 to 800�C. Errors are calculated from uncertainties (1r) in KD

expressions
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ultramafic rock type. This sample is equilibrated to 991�C

and shows a low Cr#sp of 0.156. Application of the model

gives a Cr#sp of 0.166 ± 0.014 at the same temperature,

which lies in the range of 1r of the original value. Due to

the low olivine content, this sample is predicted to show a

different behavior during cooling than the previous sam-

ples (Fig. 9).

According to KD
Ts-Opx, olivine would be present above

984�C (inset in Fig. 6). At lower temperatures, no olivine is

predicted to be present and the Cr#sp would therefore

increase during further cooling. Hence, DCr#sp from 1300

to 800�C is predicted to increase slightly by 0.0034 ±

0.0033.

However, we cannot be certain that olivine-out did not

occur at a higher temperature, which would shift the

position of the kink in the model (Fig. 9) to higher

temperatures. If olivine was never present in the webste-

rite, this would result in a maximum DCr#sp of

0.0176 ± 0.0050.

Discussion

The goal of this study was to investigate possible effects of

subsolidus processes on the Cr#sp occurring during cooling

of ultramafic rocks. In particular, compositional zoning

patterns observed in spinels and pyroxenes in abyssal

peridotites give reason to evaluate the causative reactions

in detail (Seyler et al. 2007; Coogan et al. 2007). The

possibility of a significant influence of such processes has

been described in the literature (e.g. Coogan et al. 2007),

but has never been quantified. In this work, a model of

important subsolidus reactions has been created and

applied to a representative range of modal and chemical

compositions of ultramafic rocks.

The results summarized in Table 2 suggest that there is

indeed a significant change in the Cr#sp to be expected due

to the modeled reactions. Unfortunately, there is no reliable

equilibrium expression for the solubility of Al in cpx,

leading to potential uncertainties. Additionally, the geo-

thermometer using the corresponding equilibrium in opx

(Eq. 28) apparently gives systematically lower tempera-

tures than other independent geothermometers.

Another potential source of uncertainty, the influence of

Na concentration in cpx which is incorporated in the

equation for cpx/opx (Eq. 16), has been evaluated by us.

Sodium in cpx has been shown to be mobile in the mantle

after melting and therefore may be distorted (e.g. Helle-

brand and Snow 2003). We tested the effect of a secondary

increase by 1 wt%, a typical value (Hellebrand and Snow

2003), on our results and found it insignificant.

Despite of these drawbacks, the trend and the change of

the Cr#sp over the temperature interval of 800-1,300�C

still is a valuable approximation of the influence of sub-

solidus processes: In spinel peridotites, the Cr#sp is pre-

dicted to decrease during cooling along with the growth of

spinel. A MELTS model of Coogan et al. (2007) predicted

qualitatively a similar trend for upper mantle rocks.
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Fig. 8 Plot of calculated Cr#sp and wt% spinel (inset) of clinopy-

roxene-bearing dunite sample DW1342, indicating a decrease in the

Cr#sp of -0.0364 from 1,300 to 800�C. Errors are calculated from

uncertainties (1r) in KD expressions
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Fig. 9 Plot of calculated Cr#sp and wt% olivine (inset) of websterite

sample D47-12 (solid line). At temperatures above 984�C;KTs�Opx
D

predicts that olivine is present in the rock. The projected Cr#sp

evolution trend if no olivine is present is shown as dashed line. The

respective error bar at 1,200�C would be of similar size. During

cooling from 1,300 to 800�C, the Cr#sp is predicted to increase slightly

by 0.0034 for the first case. If olivine was never present, DCr#sp is

0.0176. Errors are calculated from uncertainties (1r) in KD expressions

Table 2 Chromium numbers at different temperatures as predicted

by application of the final model

Sample Cr#sp
800�C Cr#sp

1300�C Cr#sp
800�C � Cr#sp

1300�C

MM1260 0.368 ± 0.007 0.433 ± 0.016 -0.0652 ± 0.0108

MM1213 0.394 ± 0.007 0.476 ± 0.017 -0.0823 ± 0.0126

DW1342 0.388 ± 0.005 0.425 ± 0.008 -0.0364 ± 0.0046

Mo22 0.105 ± 0.006 0.115 ± 0.010 -0.0096 ± 0.0043

D47-12 0.173 ± 0.017 0.170 ± 0.017 0.0034 ± 0.0033
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Our model predicts an increase in spinel mass of up to

1.4 wt% for the pyroxene-rich lithologies (Mo22, D47-12)

and around 0.5 wt% for the pyroxene-poor lithologies

(MM1213, DW1342) during cooling. Harzburgite

MM1260 falls in between with 1 wt%. A correlation exists

between the initial spinel mode in Table 1 and DCr#sp in

Table 2: the negative change of the Cr#sp is less pro-

nounced at higher spinel modes (Fig. 10). This correlation

results from partitioning of the cooling released chromium

into a higher spinel volume. Clearly, there are other factors

influencing this correlation, the opx/sp modal ratio proba-

bly being the most important factor.

The comparison of calculated chromium numbers in

different rock types shows large differences in the

magnitude of DCr#sp between 1,300 and 800�C (Fig. 11).

Apparently, there is a correlation between absolute values

of chromium numbers and the predicted decrease in the

Cr#sp when considering lherzolites and harzburgites only.

Namely, the decrease in the Cr#sp is greater at higher

absolute values of the chromium number. This is a very

rough first approximation, which is not valid in a general

scenario. For example, the low olivine content of webste-

rites and pyroxenites has a large influence on the reactions,

and a different behavior of the system is predicted by the

model.

In order to parameterize the change in Cr#sp at a given

Cr#sp, a mathematical description of the correlation

described above was developed. The Ca-in-opx tempera-

tures of the samples used for the original fit of Hellebrand

et al. (2001) are relatively high with a mean of * 1270�C.

Therefore, the possible effects when applying this equation

to samples equilibrated to lower temperatures are evaluated

here.

Fourteen spinel peridotite xenoliths of (Witt-Eickschen

and O’Neill 2005) were used to obtain stable results. Two

data points, DW1342 and DW211, have been excluded

from this fitting procedure because of their special

petrography. In addition, modeled DMM and harzburgite

compositions developed by Workman and Hart (2005)

have been included.

The presumably correlated parameters are displayed in

Fig. 12. A linear regression with weights according to the

errors gives

ðCr#sp
1270�C � Cr#sp

800�CÞ ¼ �0:011ð�0:005Þ
þ 0:179ð�0:019Þ � Cr#sp

1270�C

ð30Þ

with R2 = 0.97.

The change in Cr#sp may have a potential effect on

temperature estimates. Geothermometers utilizing the tem-

perature-dependent Mg-Fe exchange between spinel and

silicates assume a constant Cr#sp. If conversely a change in

Cr#sp through cooling would occur at a constant KD
Mg/Fe

between silicates and spinel, this would translate into a

downshift in calculated temperatures between about 10 and

65�C for the ol-sp geothermometer of Fabriès (Fabriès 1979)

and 10 and 135�C for the opx-sp geothermometer of

Liermann and Ganguly (2003, 2007) (at an initial Cr#sp of

0.1 and 0.6, respectively). Obviously, the KD
Mg/Fe between

silicates and spinel is not constant during cooling, and in

fully equilibrated rocks, both coefficients would record the

same equilibration temperature, hence no effect on tem-

perature estimates would occur. However, due to the dif-

ferent diffusivities of Cr-Al (Suzuki et al. 2008) and Mg-Fe

(Liermann and Ganguly 2002) in spinel, distortions may

develop between the two values depending on the cooling
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Fig. 10 Plot of DCr#sp between 1,300 and 800�C resulting from the

model created in this work versus wt% spinel. The different spinel

peridotite samples of Witt-Eickschen and O’Neill (2005) presented in

Table 1 show a correlation between these two values: the change of

the Cr#sp is less pronounced at higher spinel modes. Other factors, for

example opx/sp ratios, may also show an effect. DW1342 with an

opx/sp ratio of 13 shows a smaller change in Cr#sp than MM1260

with opx/sp = 10 at a given spinel mode
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Apparently, DCr#sp is greater at higher absolute chromium numbers

in spinel peridotites (MM1260, MM1213, Mo22). Different behaviors

are predicted for cpx-dunites (DW1342) and websterites (D47-12)
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rate and grain size as each equilibrium pair may record

different closure temperatures.

Our regression can be also used to evaluate possible

effects of cooling on the equation, which gives the degree

of partial melting

F ¼ 10 lnðCr#spÞ þ 24 ð31Þ

of Hellebrand et al. (2001). If Eq. (31) would be applied to

peridotites with equilibrium temperatures of 800�C, F would

be underestimated by 1.50 ± 0.28% at Cr#sp
1270�C ¼ 0:6; as

illustrated in Fig. 13. Considering that this is an estimation

of the maximum effects of the subsolidus processes, this a

relatively small value. Therefore, the Cr#sp is a robust

parameter for the estimation of the degree of partial melting.

Conclusions

The chromium number in spinel is an important factor for

the estimation of the degree of partial melting, tempera-

tures, and provenance in ultramafic rocks but can poten-

tially be affected by subsolidus processes. We developed a

model to investigate the significance of ion-exchange and

net-transfer reactions during cooling on this parameter and

applied it to a relevant set of natural samples.

During cooling in the temperature range from 1,300 to

800�C, the application of the model created in this work

predicts significant changes in the Cr#sp in all investigated

lithologies. When considering spinel lherzolites and harz-

burgites, the model predicts a decreasing Cr#sp and growing

spinel mass. The calculated decrease in Cr#sp in cpx-dunites

is smaller than in peridotites. In contrast, cooling of web-

sterites is predicted to cause a slight increase in the Cr#sp

because of their lack of olivine. Apparently, the magnitude

of the decrease in peridotites is greater at higher absolute

values of the Cr#sp. This cooling effect only leads to minor

potential changes when calculating the degree of partial

melting as function of the Cr#sp after Hellebrand et al.

(2001) (up to *1.5% in the chosen temperature range).

Hence, using the Cr#sp in mantle rocks for the evaluation of

the degree of partial melting is a robust method.
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