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The thermodynamic history of the Earth is  preserved in  the trace element  record 

created through igneous processes. The ability to interpret that record depends on the 

accuracy and precision of numerical models that connect igneous processes with their 

geochemical consequences. This project answers three major questions concerning 

the relationship between trace element partitioning and the processes that influence it. 

One: using a common igneous mineral, clinopyroxene, as a base, how complete is the 

dataset on which our understanding of this  relationship relies? Two: what are the 

dangers involved with basing models on experiments that contain higher than natural 

concentrations  of  trace  elements?  Three:  how accurate  and  precise  is  the  current 

numerical model that describes this relationship, and can it be improved? This project 

determined that the data contain gaps at high pressures and temperatures, are limited 

for  felsic  rock  compositions,  and  are  lacking  for  hydrous  conditions.  A set  of 

experiments conducted on plagioclase feldspar crystallization from a base MORB 

composition containing various levels of dopants at  below wt% levels reveals the 

presence  of  non-Henry's  Law partitioning  behavior  through the  disruption  of  the 

phase  equilibria  of  the  system.  Lastly,  the  current  clinopyroxene/melt  rare  earth 

element partitioning model (Wood and Blundy, 2003) is shown to reasonably, though 

less than ideally, describe the relationship between igneous processes and their trace-

element partitioning results using the thermodynamics of the system. The accuracy 
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Quantification of the Temperature, Pressure and Compositional Dependence of Trace 
Element Partitioning: An Experimental and Theoretical Study

1. INTRODUCTION

Petrologists and geochemists strive to understand and quantitatively describe the 

processes  that  drive  the  internal  dynamics  and  differentiation  of  the  Earth’s 

constituents. These processes can be constrained using the partitioning of major and 

trace  element  trends  in  natural  rock  suites.  By building  numerical  models  that 

incorporate phase equilibria, mass balance and thermodynamics, we can develop 

quantitative simulations that help describe the identity and role of different igneous 

processes  in  the  evolution  of  igneous  systems.  Heat  flow  within  the  mantle  is 

closely connected to the convective cells that drive plate motion, decompression 

melting, and subduction processes. Depth and extreme temperatures inhibit direct 

measurement of these processes, but the rock record preserves their mineralogical 

and compositional  consequences.  One mineral  that  forms  during  many of  these 

processes  and  records  the  consequences  as  trace  element  concentrations  is 

clinopyroxene;  therefore,  much  of  this  project  will  focus  on  clinopyroxene 

geochemistry.

The central goal of this project is to provide answers to three major questions 

associated  with  our  understanding  of  how elements  partition.  First,  what  is  the 

configuration of the current clinopyroxene (cpx) trace element experimental dataset 

on  which  our  understanding  relies?  Specifically,  where  are  the  gaps  in  our 

knowledge  related  to  temperature,  pressure,  composition,  etc.,  and  how  do  the 

datasets for individual elements differ? Second, what is the effect of doping samples 

(adding trace-elements above natural  concentrations) on the partitioning of trace 

elements? Particularly, is it valid to assume partitioning behavior is unaffected by 

increased  concentration  (Henry’s  Law behavior),  and  if  so,  within  what  limits? 

Third,  taking  into  account  the  answers  to  the  two  previous  questions,  can  we 

develop a model based on the existing data for clinopyroxene/melt partitioning that 

accurately and precisely represents trace element behavior?

To  answer  these  questions,  the  work  was  divided  into  three  interdependent 
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components.   First,  data  from  published  clinopyroxene-melt  trace  element 

partitioning experiments were compiled into a single database. Second, a set of 

experiments was conducted to explore the Henry’s Law limit for Li, La, Y, and Zr,  

as well  as the effect of dopants on the phase equilibria of plagioclase-saturated 

systems  for  mid-ocean  ridge  basalt  (MORB)  compositions.  Third,  a  current 

cpx/melt  trace element partitioning model was tested and recalibrated to  fit  the 

large volume of data produced since the model’s last published calibration (Wood 

and Blundy, 2002). 
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2. BACKGROUND

2.1. Trace Element Partitioning

Geochemical  processes  active  in  natural  igneous  systems  are  commonly 

evaluated  by analyzing  their  trace  element  characteristics.  The  chemical  trends 

exhibited by differing suites of lavas depend on the partitioning properties of the 

specific  trace  elements  as  well  as  the  magnitude  and identity  of  the  processes 

responsible (e.g. fractionation, melting, mixing). While the distribution of major 

elements  is  considered  to  be  a  function  of  the  system’s  phase  equilibria,  our 

understanding of the partitioning behavior of trace elements is more complex. We 

know that trace elements distribute themselves between minerals and melts mainly 

due to the following factors: 

• the composition of the melt and the mineral

• the crystal structure

• the size and charge of the trace element 

• the conditions (pressure, temperature, etc.) of the formation environment 

It is generally accepted that for elements to substitute into any crystallographic 

site  within  a  mineral  lattice,  they  must  maintain  the  charge  neutrality  of  that 

mineral  and  typically  be  within  15%  of  the  crystal  lattice  site’s  ionic  radius 

(Goldschmidt, 1958). Trace elements whose charge and size more closely match 

those of the lattice site will be more likely to substitute into the mineral without 

destabilizing  the  configuration  of  the  crystal  (Goldschmidt,  1958).  The  size  of 

crystal  lattice  sites  is  affected  by  composition  and  pressure  (P);  therefore,  the 

partitioning behavior of any specific element is dependent upon both.

A great many other factors affect the partitioning of trace elements. Those factors 

include temperature (T),  crystal  field effects,  the degree of structure within the 

melt, and the shape of the site within the mineral. It has long been known from 

experiments  that  the partition coefficient  (D)  of most  elements  varies  inversely 

with  temperature,  is  more  affected  by  temperature  than  pressure  due  to 
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incompressibility effects, and converges on a value of ‘one’ as the structural level 

of the melt  increases (calculated by the ratio of non-bridging oxygen anions to 

tetrahedrally  coordinated  cations  (NBO/T)  in  the  melt;  as  structure  increases, 

NBO/T  decreases).  Quantitative  modeling  of  igneous  processes  requires  an 

understanding of the effect that each of these parameters has on the partitioning of 

trace elements. Our current understanding of trace element partitioning is largely 

based on experimental determinations. The range of composition, temperature, and 

pressure represented in the experimental database would ideally cover the same 

range exhibited by the natural systems we wish to model. 

An additional factor relevant to trace element experiments is the degree to which 

additional quantities of the element of interest were added to the experiments. Such 

“doping” is required in cases where the analytical precision is too low to analyze 

concentrations at natural levels in all phases. The impact of doping relates to the 

Henry’s Law Limit, which is the minimum concentration of a trace-element that 

may  be  added  to  an  igneous  system  without  disrupting  the  natural  chemical 

behavior of the system. A number of investigators have attempted to determine the 

extent  to  which  doped  experiments  may  be  used  to  calibrate  trace  element 

expressions (Mysen, 1978 and 1979; Nabelek, 1980; Drake and Holloway, 1981; 

Beattie, 1993; Bindeman et al., 1998; Bindeman and Davis, 2000).  However, there 

has been no consensus as to the maximum concentration which can be added to an 

experiment  without  altering  the  trace  element’s  behavior  from that  observed at 

natural levels.

Petrologists have attempted to quantify trace element partitioning dependence on 

P, T, and composition using a number of different parameters that combine basic 

thermodynamic criteria with empirical analysis of experimental data.  It is a goal of 

this project to test the accuracy of the current models for clinopyroxene/melt rare 

earth  element  (REE)  partitioning  and  to  adjust  the  model  in  order  to  more 

accurately represent  the  substantial  body of  new data  produced since  the  most 

recent publication of the model.
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The rare earth elements are particularly useful due to their coherent geochemical 

behavior  as  a  group.  Among  the  trivalent  REE,  the  ionic  radii  decrease 

systematically from 1.16Å to 0.977Å (in VIII coordination) (Shannon, 1976) with 

increasing  atomic  number,  creating  a  suite  of  elements  that  behave  subtly 

differently and so are sensitive indicators for many processes.

2.2. Clinopyroxene

2.2.1. Structure

Clinopyroxene is an inosilicate, also known as a chain silicate. Tetrahedra of 

SiO4 are  linked together  at  corners  to  form a  single  strand chain  (Figure  1). 

Multiple chains are held together by other cations in 6- and 8-fold coordination. 

There are three cation sites in clinopyroxene, the M1, M2, and Z sites, arranged 

as M2M1Z2O6. The Z site (radius ~0.315Å) is the tetrahedral site in the chain 

usually  taken  by  silica  and 

surrounded  by  oxygen  (Jaffe, 

1996).  The  chain  repeats 

approximately every 5.2Å (Deer et 

al, 1992). Both of the M sites are 

generally  considered  octahedral 

and  connect  the  silicate  chains. 

The smaller of the M sites, the M1 

site, has a radius of  0.67 – 0.59Å 

(Hill et al, 2000) and a  regular 6-

fold  coordination  (Cameron  and 

Papike,  1980).  The  M2  site  is 

much larger (radius 1.02Å (Blundy 

and  Wood  1994))  and  is  more 

easily  distorted  than  the  M1  site 

(Wood  and  Blundy,  2002).  When 

Figure  1:  Clinopyroxene  Crystal  Structure  
(Klein and Dutrow, 2007). The strings of Si  
tetrahedra are held together by the M1 and  
M2 lattice sites. 
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smaller cations enter the M2 site, it may stay in 6-fold coordination; however, as 

larger  cations  enter  the  M2  site,  the  site  can  be  forced  into  7-  or  8-fold 

coordination (Cameron and Papike, 1980).

2.2.2. Substitution

The M2 site is primarily occupied by Ca2+ in clinopyroxene and can also accept 

other cations, favoring those with radii between ~0.72Å and ~1.16Å (Cameron 

and Papike, 1980). The radii of all the REE fall into this range and so they can be 

assumed to enter the M2 site (Gallahan and Nielsen, 1992). The M1 site is usually 

occupied by Fe2+ or Mg2+, but can accept elements of radius ~0.53Å to ~0.83 Ǻ 

(Cameron and Papike, 1980). The Z site usually holds Si4+ and can also be filled 

by Al3+ or very rarely by Fe3+. When Al enters the Z site, the cation-oxygen bond 

distance of both the M2 and M1 sites are shortened. This limits the M1 and M2 

sites’ ability to deform and allow elements of radii significantly different from the 

site radius to enter the crystal structure (Hill et al, 2000). On the other hand, the 

addition of Al3+ in the Z site does provide a charge-balancing opportunity for a 

3+ REE to partition into the M2 site. There are other ways to charge balance a 3+ 

REE in the M2 site, such as filling one M2 site with a REE and another M2 site  

with Na1+, or filling two M2 sites with REEs and leaving a third M2 site vacant 

(Nielsen et al, 1992). However, exchanging a Si4+ for an Al3+ in the Z site seems 

to be the most common method of charge balancing the cpx structure (Wood and 

Blundy, 1997 and 2005). 

2.2.3. Significance

Understanding the partitioning behavior of trace elements in clinopyroxene is a 

prerequisite to quantitative modeling. Clinopyroxene is stable under a wide range 

of  conditions  and  melt  compositions.  In  addition,  the  cpx/melt  partition 

coefficients for many elements are relatively high. This means that the melting or 

fractionation  of  clinopyroxene  has  a  controlling  effect  on  the  trace  element 
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characteristics (or trace element budget)  of many natural systems. Due to this 

influential  role  of  clinopyroxene,  it  is  imperative  that  models  describing  the 

behavior of trace elements in relation to clinopyroxene integrate every known 

relevant dynamic of natural systems.

2.3. Plagioclase

2.3.1. Structure 

Plagioclase  feldspar  is  a  tectosilicate,  also  known  as  a  framework  silicate. 

Tetrahedra  of  SiO4 are  linked  together  at  corners  to  form  a  complicated 

framework where each oxygen anion is shared between two silica cations (Figure 

2). There are two cation sites in plagioclase: the A site and the T site, arranged as 

AT4O8. The A site usually contains either Na1+ or Ca2+, and both the coordination 

and  the  radius  of  the  site  change  depending  on  which  element  it  holds.  The 

average radius of the A site ranges from 1.201Å to 1.258Å (Wood and Blundy, 

2005). Generally,  coordination 

of  the  A  site  increases  with 

increasing  Na  content  (Wood 

and Blundy, 2005). The T site 

is  the  tetrahedral  site  of 

average radius ~0.315Å (Jaffe, 

1996) and commonly contains 

a mixture of Al3+ and Si4+. The 

ratio of Al3+ to Si4+ depends on 

the cation occupying the A site. 

If  the  A  site  contains  Na1+, 

there is one cation of Al3+ and 

three of Si4+ in the T sites. If 

the A site contains Ca2+, there 

Figure 2:  Feldspar Crystal Structure  (Freeman 
et al,  2008).  All  the tetrahedra are the T sites  
surrounded by 4 oxygen atoms. The small dots  
are T sites and the large dots are oxygen anions.  
The large open areas are the A sites.
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are two cations of Al3+ and two of Si4+
 in the T site. This arrangement satisfies 

the charge balance of the unit cell of the plagioclase crystal. Since the Ca-O bond 

length is 0.16Å shorter than the Na-O bond length, and the Al-O bond length is 

0.13Å shorter then the Si-O bond length, the compositional differences distort the 

internal structure of the crystal without greatly altering the edges of the unit cell 

(Ribbe, 1983). The unit cell for the calcium end member plagioclase (anorthite) is 

only very slightly smaller than the unit cell for the sodium end member (albite). 

2.3.2. Substitution

Trace element substitution in plagioclase is largely dependent on the anorthite 

(An) content of the crystal  (Blundy and Wood, 1991). This relationship stems 

from the  high  dependence  partitioning  has  on  the  site’s  radius  and  the  high 

dependence of site radius on the An content of the crystal, as explained in the 

previous section. The charge of the partitioning cation also has some effect on the 

radius of the A site. The range of radii given above is for 2+ cations; for cations 

of 1+ charge the radius is increased by 0.03Å and for cations of 3+ charge the 

radius is decreased by 0.03Å. Even the smaller end of the range of radii of the A 

site is significantly larger than the largest of the REE (La at 1.16Ǻ (Shannon, 

1976)),  leading to  a  much lower compatibility of  REE in plagioclase than in 

clinopyroxene. The coordination of the A site has little effect on trace element 

partitioning, and is therefore often assumed to be octahedral (Wood and Blundy, 

2005)

2.3.3. Significance

Due  to  the  uninterrupted  solid  solution  between  its  two  end  members, 

plagioclase crystals are readily formed over a wide range of melt compositions. 

The coupled substitution involved in forming the different varieties of plagioclase 

inhibits  the  crystal’s  ability  to  re-equilibrate  as  the  composition  of  the  melt 

surrounding it changes. This sluggish re-equilibration allows plagioclase to record 

its past melt environments. Many plagioclase crystals in natural systems exhibit 
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calcic  cores  that  grade or band into more sodic outer  rims.  Banding within a 

single  crystal  that  alternates  multiple  times  between  calcic  and  sodic 

compositions may signify that the crystal  was formed in an open-system melt 

where more mafic magmas were continually or sporadically intruded, refreshing 

the system. A grading from calcic core to sodic rim may be created in a closed 

magma system where the crystal can not equilibrate, due to the crystallization rate 

exceeding the re-equilibration rate. 

2.4. Henry’s Law

There are two laws that are used to describe trace element partitioning in any 

system.  In  an  ideal  solution  the  activity  (a)  of  component  (i)  is  equal  to  the 

concentration (X) of  i in the solution. This ideal of ai = Xi is known as Raoult’s 

Law (Figure 3).  However, in less than ideal situations (natural systems) Raoult’s 

Law only holds true when there is no amount of the element in the solution (Xi = 0 

= ai) or when the solution is purely composed of the element in question (X i = 1 = 

ai).  In all other cases, the presence of other elements in the solution interfere with 

the ideal behavior of any individual element, so ai < Xi.  To describe a section of 

this  non-ideal  behavior, 

Henry’s  Law  says  that  the 

difference between the ai and 

Xi can be described simply by 

a  proportionality  constant  or 

activity  coefficient  (γ).  The 

linear  relationship  described 

by Henry’s Law is thus: ai = γi  

* Xi. This relationship is only 

valid in low concentrations of 

i (at high dilution). (Wood and 

Fraser, 1977) 

Figure 3: Ideal and non-ideal element behavior in  
solution. The slope of the Raoult’s Law line is 1.  
The slope of the Henry’s Law line is  γ. Following  
Wood and Fraser (1977)

0

1

0 1Xi

ai Raoult's 
Law

Henry's 
Law

Non-ideal 
Behavior
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For  experimental  geochemists,  Henry’s  Law  has  become  a  useful  tool  for 

studying the partitioning behavior of trace elements in different igneous systems. 

According  to  Henry’s  Law:  in  a  melting  or  crystallizing  experiment,  a  trace 

element may be doped to higher concentrations without affecting its partitioning 

behavior, as long as the concentration level remains within the applicable range of 

Henry’s  Law for  the  system (below the  Henry’s  Law Limit).  Since  most  trace 

elements exist in concentrations near the lower limit of analyzing capability, the 

ability to dope an experiment with enough of a trace element to allow for accurate 

analyses without changing the compositional behavior from that which is observed 

at natural levels is essential to studies of trace element behavior. The Henry’s Law 

Limit changes depending on the composition of the system being investigated, the 

specific element of interest, and the temperature and pressure of the environment. 

Few, if any, systems have been so thoroughly investigated as to produce a well 

defined  Henry’s  Law Limit,  though research  is  continually being  conducted  to 

define the Henry’s Law Limit for different situations. Gallahan and Nielsen (1992) 

and Beattie  (1993) reported  finding no limit  all  the  way up to  the  wt% level.  

Bindeman et al. (1998) and Bindeman and Davis (2000) reported the possibility of 

a  Henry’s  Law Limit  in  the  experiments  doped  at  the  wt% level,  but  did  not 

explicitly define the range of compositions below which one could expect behavior 

to be consistent with natural levels. 

2.5.Thermodynamics

Many  more  factors  than  trace  element  concentration  affect  the  partitioning 

behavior of trace elements. Partitioning is highly driven by thermodynamics. For 

the  following  discussion  of  thermodynamics,  consider  the  sample  chemical 

reaction:

22 22 CBADCDAB +⇔+ [1]

The Gibbs free energy of the reaction (ΔGO) is calculated by
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22
22tan CDABCBADtsreacproducts

O GGGGGGG −−+=Σ−Σ=∆ [2]

If ΔGO > 0, the products become the reactants. If ΔGO  < 0, the reactants become 

the products. If ΔGO=0, the components are in equilibrium. This does not mean that 

the  reaction  is  not  taking place,  rather  that  the  rates  of  forward and backward 

reaction are equal  and opposite,  resulting in  an apparent  lack of change in the 

system.  The  individual  energies  of  the  components  are  dependent  on  the 

temperature and pressure of the environment, and the activities of the components. 

Based on these dependencies, ΔGO can also be calculated by:

KRTGO ln*−=∆       [3]

where R is the universal gas constant (in J/K*mol), T is the temperature (in K) and 

K is the equilibrium constant, the ratio of the activities between the products and 

reactants:

2

2

*
*

2

2

CDAB

CBAD

aa
aa

K =  [4]

ΔGO can also be calculated using other thermodynamic terms: 

OO
TTbar

O VPSTHG ∆−+∆−∆=∆ )1(,1 [5]

at a specified pressure and temperature (Wood and Fraser, 1997). ΔH is the change 

in enthalpy of fusion at 1 bar and the specified temperature, ΔS is the change in 

entropy of  the  reaction  at  the  specified  temperature,  and  ΔV is  the  change  in 

volume of the reaction. Equation [5] is the basis of determining the usability of a 

specific reaction as a geothermometer or geobarometer. A reaction that can occur at 

many  temperatures  but  at  only  specific  pressures  is  a  good  geobarometer.  A 

reaction that may relatively ignore the pressure term but is highly dependent on 

temperature is a good geothermometer.  (Wood and Fraser, 1977)

What we know of thermodynamics can be directly used for creating numerical 

expressions or models that describe the trace element behavior in different systems. 
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Section 2.6 explains the progression and role of thermodynamics in model creation 

over the last few decades.

2.6.Characteristics of Existing Models 

The accepted basis of mineral/melt partitioning modeling for many systems was 

summarized  by  Brice  (1975).  It  is  based  on  the  thermodynamics  involved  in 

inserting a specific element of known charge and radius into a crystal lattice site of 

known charge and radius. If the radius of the site is the same as the radius of the 

element, and the charge of the element is exactly that which is needed to charge 

balance the rest of the crystal  structure,  the element may partition into the site 

without straining the lattice. In this case, the energy used would follow equation 

[3], which may be rearranged as: 






 ∆=
RT
GK

O

O exp       [6]

where  KO is  the  equilibrium  constant  for  unstrained  partitioning.  Often,  the 

element in question (i) does not have the same radius as the site. This element will 

strain the lattice by entering the site. The energy required to overcome this strain is 

one of the critical factors allowing or inhibiting the partitioning of that element 

(Nagasawa, 1966). Thus:






 ∆+∆
=

RT
GGK

O

i

mineral
strainexp  [7]

 where  Ki is  the  equilibrium  constant for  the  strained  partitioning,  and 

ΔGstrain
mineral is the Gibbs free energy necessary to overcome the strain on the 

crystal lattice. This can also be written as:






 ∆
=

RT
GKK Oi

mineral
strainexp         [8]

The activities of a reaction are incredibly difficult to ascertain, as described in 
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section 2.4 above. Thus most often geochemists resort to the use of the partition 

coefficient (D) as a proxy for the activity. The true, or measured, partition 

coefficient (Dm) for a system is calculated:

melt

mineral

i

i
m X

X
D = [9]

where  Xi
mineral is  the  mole fraction  of  i in  the mineral  and Xi

melt is  the mole 

fraction of that same element in the melt. As described in section 2.4, the activity 

of  i is dependent on the concentration of  i in the reaction; however, geochemists 

have yet to find a perfect correlation between them and instead switch between 

using Raoult’s Law and using Henry’s Law depending on the situation they are 

interpreting. In this instance, the model is meant to focus on the partitioning of 

trace elements, so the relationship used to connect concentration and activity for 

the  model  is  Raoult’s  Law.  It  is  assumed that  since  the  concentration  of  trace 

elements  are  small  enough,  the  ratio  between  the  strained  and  unstrained 

equilibrium constant should not deviate very far from the ratio between the strained 

and  unstrained  partition  coefficient  for  the  system  (Wood  and  Blundy,  1997). 

Assuming this is true, the partition coefficient can directly replace the equilibrium 

constant in equation [8] to create:  






 ∆
=

RT
G

DD Oi

mineral
strainexp       [10]

where DO is the partition coefficient of an element that can enter the site without 

strain, and Di is the partition coefficient for an element that must strain the lattice in 

order to enter it. 

Brice (1975) published an expression to calculate the strain energy based on the 

radii of the element and lattice site (ri and rO respectively):

( ) ( ) 




 −+−=∆ 32mineral

strain 3
1

2
4 OiOi

O
Asite rrrrrNEG π [11]
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where  Esite is  the  Young’s  Modulus  of  the  site  in  question  (in  GPa)  and NA is 

Avogadro’s Number. Equation [11] assumes the crystal site is spherical. 

Equations [10] and [11] can be combined to form an expression that relates Di to 

the ionic radii  of the trace element  to be partitioned and mineral  lattice site in 

question (Brice, 1975):























 −−−−

=
RT

rrrrrEN
DD

iOiO
o

A

Oi

32 )(
3
1)(

2
4

exp
π

       [12]

Note that the values of ri and ro used in this equation must be in mm for the units 

to cancel correctly. This equation creates the parabolic relationship of partitioning 

displayed by different element series (Onuma et al, 1968) (Figure 4). The values 

(ro,  Do)  are  the  coordinates  of  the  vertex  of  the  parabola,  where  strain  free 

partitioning  takes  place.  The  width  of  the  parabola  is  determined  by  E,  and 

elements lie along the parabola based on their ionic radii. 

Do and  E both  change based on the  charge  of  i.  E  appears  to  decrease  with 

increasing charge, thus creating a slimmer parabola.  Do is highest when  i is the 

Figure  4:  Parabolic  curve  of  element  
Partitioning. This curve (first discovered  
by Onuma et al,,1968) occurs naturally,  
and  so  it  can  be  used  to  model  the  
partitioning behavior of elements. DO(M) 

is the strain free partition coefficient of  
an element that is the exact radius (rO(M))  
of  crystal  lattice  site  (M).  E(M) is  the  
Young’s  Modulus  of  the  site.  Elements  
fall  along  the  curve  of  the  parabola  
according to their ionic radii. Changing 
the  charge  of  the  element  moves  the  
parabola  up  and  down.  Changing  the  
pressure and temperature or the system  
thin or widen the parabola by changing  

the Young's Modulus (equation [13]). (Diagram from Wood and Blundy, 2003)
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same charge as the site  and decreases with changes  in the charge of  i.  Do can 

change  based  on  the  temperature,  pressure,  water  content,  and  major  element 

concentration of the system. 

This  section  so  far  has  discussed  the  model  building  that  is  used  for  many 

different  mineral-melt  systems.  The  rest  of  this  section  will  be  devoted  to 

describing  the  further  development  of  models  for  trace  element  behavior  in 

clinopyroxene/melt systems.  

Wood and Blundy (1997) constrained the average Young’s Modulus of the M2 

site in clinopyroxene by fitting experimental data (see Wood and Blundy 1997 for a 

list of data used) to the temperature and pressure derivatives of the bulk and shear 

moduli presented by Anderson (1989). Based on this, Wood and Blundy (1997) 

published a  simple  equation  for  calculating  the  Young’s  Modulus  for  the  trace 

elements of 3+ charge in the M2 site in clinopyroxene: 

TPEM 036.09.66.3183
2 ++=+  in (GPa)           [13]

Using 82 different experiments, Wood and Blundy (1997) created an expression 

based on equations [12] and [13]. Wood and Blundy derived values for ro and per-

formed a linear regression with all of the major compositional parameters and the 

pressure and temperature of the experiment. This resulted in the following expres-

sion for calculating ro:

       12 051.0067.0974.0 M
Al

M
CaO XXr −+=  in Å                [14]

This only leaves the need to calculate DO for 3+ elements partitioning into the M2 

site  of  clinopyroxene.  Wood and Blundy (1997) presented  an equation  for  this 

based off of equation [3]. In an environment where clinopyroxene is crystallizing:

melt
REE

cpx
REE

a
aK =            [15]

Because we are assuming that at trace element concentrations, Raoult’s Law is 

applicable to these processes. The activity of the REE component in the melt can 
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be  calculated  by  multiplying  the  Mg#  of  the  melt  by  the  total  fraction  of 

REE(Mg,Fe)Si2O6 in the melt (Wood and Blundy, 2002):

meltmelt
REEMgAlSiO

melt
REE MgXa #

6
⋅=                      [16]

Assuming that the Al3+ ions in the Z site are locally coupled to the 3+ REEs parti-

tioning into the M2 site (Wood and Banno, 1973; Wood and Blundy, 2002):
12 M

Mg
M
REE

cpx
REE XXa ⋅=     [17]

Taking  into  account  that  the  ratio  of  XREE
M2 to  XREEMgAlSiO6

melt is  equal  to  the 

unstrained partition coefficient of 3+ ions in the M2 site:

+= 3
2

6

Omelt
REEMgAlSiO

M
REE D

X
X

             [18]

Combining equations [15], [16], [17], and [18] results in:

melt

M
MgO

Mg
XD

K
#

13 ⋅
=

+

  [19]

By combining equations [3] and [5] with [19], an equation calculating the  DO
3+ 

value of a system is created. 481 individual anhydrous REE analyses were then 

used to create a best fit of the thermodynamic parameters of the right side of the 

equation (Wood and Blundy 1997).  

2
13

7707050644.6588750
#

ln PPT
Mg

XD
RT melt

M
MgO −+−=









 ⋅+

       [20]

where  P is  pressure  (in  GPa)  and  the  concentrations  are  in  mol  fraction.  The 

numerical values on the right side of this equation are the 1 bar enthalpy of fusion 

(J/mol), the entropy of fusion (J/K*mol), the volume of fusion (mm3/mol), and the 

pressure  derivative  of  the  volume  of  fusion  (mm3/GPa*mol).  The  standard 

deviation of those 481 points used to fit this equation is 3887 J.

In 2002, Wood and Blundy published a correction to the Do calculation meant to 
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adjust for the effects of water in hydrous experiments. 

hydrous
OmeltOH

melt
REEMgAlSiOO D

OHwt
XD =

−
−⋅⋅+

)%100(
100)1(

2

3
26

γ         [21]

where  γmelt
REEMgAlSiO6  is  the activity coefficient  of REEMgAlSiO6 in the melt  and 

Do
hydrous is the corrected Do value. By the definition of activity coefficient:

melt
REEMgAlSiO

melt
REEMgAlSiOmelt

REEMgAlSiO X
a

6

6

6
=γ         [22]

where  melt
REEMgAlSiOa

6
is the activity of REEMgAlSiO6 in the melt, and  melt

REEMgAlSiOX
6
is 

the concentration (in mol fraction) of REEMgAlSiO6 in the melt. When equations 

[16], [21], and [22] are combined, Do
hydrous can be calculated by:

( )
)%100(

1001#
2

3
2 meltOH

melt
O

hydrous
O OHwt

XMgDD
−

−⋅⋅= +               [23]

Equations [12], [20], and [23] comprise what will be referred to as the “Wood and 

Blundy Model” during later sections of this document.
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3. CURRENT WORK

This report covers three primary points that relate to the quantification of trace 

element partitioning. The first is an evaluation of how well the available database of 

petrologic experiments measuring for REE partitioning between cpx/melt covers the 

natural range of compositions and conditions - how experimentalist preference and 

scientific  interest  have  biased  our  knowledge  of  trace  element  partitioning.  The 

second is a study of the effects of Henry’s Law on trace element partitioning and the 

validity of assuming Henry’s Law behavior. With the results of the first two points in 

mind,  the  third  tests  the  accuracy  and  precision  of  a  current  cpx/melt  REE 

partitioning model (Blundy and Wood, 2002), and runs a recalibration of that model 

to account for the substantial  amounts of experimental cpx/melt  partitioning data 

created since the model’s most recent publication (Figure 5).

Figure  5:  The  number  of  publications  that  include  element  partitioning  data  
published each year. The rate of publication has increased steadily over the last few  
decades. 
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3.1.   Characteristics of Existing Experimental Database  

Trace-element  geochemists  have  worked toward  creating  a  geochemical  road-

map of the relationships between trace elements and magmatic processes across 

natural  conditions  (P,T,X,etc).  In  the  past,  successful  correlation  of  formation 

conditions to elemental concentrations has been limited by the lack of analytical 

techniques precise enough to measure minute trace element concentrations. Since 

the  development  and  routine  use  of  more  accurate  and  precise  analytical 

instruments, such as the modern electron microprobe and laser ablation techniques, 

the  number  of  trace  element  partitioning  experiments  published  each  year  has 

steadily increased. This greatly influences our ability to gain a more comprehensive 

understanding of trace element behavior during magmatic processes. 

Regardless of the increase in partitioning publications however, our knowledge of 

trace element partitioning still contains many holes. 

3.1.1. Methods

Decades  of  experimental  work  by dozens  of  different  research  groups  have 

resulted  in  a  wide  range  of  approaches,  analytical  techniques,  errors,  and 

presentation formats. While a large volume of data exists in published format, not 

all  of  it  is  easily  or  quickly  accessible  for  use.  Hundreds  of  papers  were 

scrutinized  for  data  to  be  included  in  this  dataset,  aided  enormously  by  the 

Geochemical  Earth  Reference  Model  (GERM)  online  database.  For  initial 

acceptance, the publication had to contain experimental procedures and analyses 

for at least one REE in both the cpx and the melt. Data were recorded for each 

publication, which included experiment name, P, T, duration of the experiment (t), 

oxygen fugacity (fO2) conditions, identity of phases crystallized, composition of 

the cpx, and composition of the melt. Experiments missing any such values that 

would affect the usability of the data were removed; individual experiments were 

dismissed for the following reasons: 1) lack of Fe concentrations, 2) missing trace 

element analyses for either the cpx or melt, 3) lack of compositional values (some 
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publications include D values but not the actual compositions), 4) non-silicate 

melt (carbonatite), 5) lack of water analyses for hydrous experiments, or 6) lack 

of  major  element  concentrations.  This  resulted  in  a  compilation  of  36  papers 

(documented in Appendix A) containing 376 individual experiments with a total 

of 870 different REE analyses. The difference in the number of experiments and 

the  number  of  analyses  is  due  to  analyzing  for  multiple  REEs  within  each 

experimental sample. This dataset will be referred to as the Full Dataset for the 

remainder of this study.

For any observations based on this dataset to be considered valid, some general 

assumptions must be accepted. Firstly, it must be assumed that the analyses were 

performed on samples that had reached equilibrium. This assumption surely adds 

some error to the results, but it is our hope that the data set used is large enough 

to  negate  any error  introduced through this  assumption.  Secondly,  it  must  be 

assumed that all the data were copied correctly from their respective publications 

and  that  the  data  were  not  mistyped  in  those  publications.  This  error  was 

introduced  by  triple  checking  the  values,  searching  out  explanations  for  any 

outliers, and even contacting the authors of papers to double check the published 

numbers when we could find no other explanation. In a few cases, the authors 

admitted to typographical errors in the values of their papers. In those cases, the 

numbers were changed in the database to the correct value. Thirdly, it must be 

assumed that there is  no bias between different measurement techniques. This 

may  be  one  of  the  larger  assumptions  made,  because  perfect  calibration  is 

difficult and many analytical machines may be considered temperamental. It must 

also be assumed that the experimental and analytical errors associated with each 

experiment are minimal.

The necessity of combining a large number of different datasets, each with its 

own experimental  methods,  analytical  technique,  presentation,  and  number  of 

elements analyzed may introduce some error. The restrictions placed on allowing 

data into the compilation were necessary for the dataset to be usable, yet may 
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have also inadvertently introduced error. Limiting the data used in the database 

limits  the  size  of  the  database.  This  increases  the  amount  of  error  that  any 

included publication may introduce. While most papers report between one and 

10 experiments, a few papers contribute up to 110 experiments (Gallahan and 

Nielsen, 1992) into the database. This biases the data toward the rock types used 

in those experiments and toward any error that may have been caused by faulty 

equipment or by a faulty standard. If such error existed in a publication with a 

larger contribution, it would affect the accuracy of the dataset more profoundly 

than error in a publication that contributed fewer experiments. The best way to 

limit  error  of  this  nature  would  be  to  increase  the  size  of  the  experimental 

database.  The compiled dataset was examined for completeness by comparing 

different chemical parameters environmental conditions (P, T, %H2O).

3.1.2. Results

The number of analyses available for each REE varies from zero to over 160 

analyses. La, Sm, and Lu have by far the most analyses. Pm and Tm have clearly 

the  fewest  (Figure  6).  The  inconsistency  in  the  amount  of  data  available 

complicates  the goal  of  producing models  that  accurately represent  the whole 

series. 

Each experiment was assigned a rock type by plotting the liquid compositions 

on the standard identification scheme for igneous rocks (LeBas, 1985) (Figure 7). 

There are some fairly well defined clusters of data between 45 and 55 wt% silica 

and between two and five wt% K2O + Na2O. The number of experiments on the 

silicic end of the spectrum is appreciably fewer than on the low silica end (Figure 

8). 

The balance of the individual REE data in relation to rock type changes when 

the data are divided by element (Figure 9). While most are still weighted heavily 

toward the lower silica range, some are more skewed than others. Some REE are 

completely missing data over large ranges of rock types (for example: Pr, Tb, 
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Figure 6: The total number of times for which each REE was analyzed in this  
compilation. Each element has a different amount of associated data. 

0

20

40

60

80

100

120

140

160

180

La C
e P
r

N
d

P
m

S
m E
u

G
d Tb D
y

H
o E
r

Tm Yb Lu

N
um

be
r o

f E
xp

er
im

en
ts

Figure 7:  LeBas diagram of rock types. The data plotted in this figure are the  
experimental liquid concentrations of the experiments in the full dataset.

0

2

4

6

8

10

12

14

16

30 40 50 60 70 80
SiO2 (wt%)

K
2O

+N
a 2

O
 (w

t%
)

Foidite Picro-
basalt

Tephrite 
basanite

Trachy-
basalt

Basalt
Basaltic 
andesite

Dacite

Rhyolite

Andesite

Trachyte

Trachy-
andesite

Basaltic 
trachyandesite Phono-

tephrite

Tephri-
phonolite

Phonolite

 



23

Tm).  Our understanding of REE behavior  is  biased towards the elements that 

have a greater degree of data associated with them, since the number and type of 

experiments varies across  the range of REEs.  La,  Sm, and Lu have the most 

information because they are frequently chosen to represent the light, middle, and 

heavy REE. This leaves some of the elements just outside the typical ranges with 

very few analyses. For instance, Thulium (Tm) for instance only has 3 analyses in 

this  compilation.  As the  error  would be  incredibly large,  there is  no point  in 

attempting to base partitioning models on a series of three points or less. Tm will 

not  be  considered  further,  and  neither  will  Promethium  (Pm)  as  it  is  rarely 

analyzed and is generally not a naturally occurring element (Lee et al, 1989).

Besides variations in the quantity of data, there are also significant gaps in the 

range over which data are available. The compositional range is both inconsistent 

between individual elements and biased toward basaltic compositions for all the 

elements  together.  While  clinopyroxene  has  a  higher  prominence  in  basaltic 

compositions in natural systems, this means we have little data for founding a 

Figure 8: The number of experiments of each rock type (determined by the placement  
of data in Figure 7). The data are highly weighted toward the lower silica rock types.
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model to show partitioning at higher Si contents, where cpx is still an important 

crystallizing phase. Europium (Eu) is the REE with the most even distribution 

across the rock types is, likely due to the interest in Eu’s natural occurrence as 

both a 2+ and a 3+ ion causing varying compatibility signals that allow for the 

tracking of certain crystal phases (mainly plagioclase).

Although there are still holes in the range of available data, some correlations 

can  be  drawn.  REE  partitioning  correlates  with  the  availability  and  site 
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occupation of Al within the cpx (Hack et  al,  1994; Wood and Blundy, 1997). 

There  is  a  direct,  although  somewhat  scattered,  relationship  between  REE 

partition coefficient and AlIV (Figure 10). The trends revealed by each of the REE 

differ, because the database for each element is significantly different in both the 

amount  of  data  available  and the rock type,  temperature,  and pressure of  the 

experiments that produced the data. The expected inverse relationship between D 

and T, based on the thermodynamic relationship expressed in equation [10] exists, 
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despite the cloud of data from basaltic melt compositions (Figure 11). A much 

less distinct correlation is visible between REE partitioning behavior and pressure 

(Figure  12).  Decreasing  pressure  generally  appears  to  increase  partitioning, 

though the data is too scattered to be conclusive, possibly due to a lack of data 

over  many pressure ranges.  For example,  there is  a  paucity of data  at  higher 

pressures; there are 177 experiments performed at 1atm in this database, and only 

14 above 3GPa. 

Increasing the water content of the sample causes a decrease in DREE (Figure 

Figure 11 The effect of temperature on the  
partitioning of the REE elements.  As the  
temperature decreases, the D value of the  
REE  increases.  This  shows  the  relation  
between lnD (as a proxy for lnK) and 1/T  
portrayed in equation [3]. 
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Figure 12 The correlation of decreasing  
pressure  and  increasing  DREE.  This  
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the correlation shown in Figure [11]. 

y = 0.3742e-0.1521x

R2 = 0.0328
0.001

0.01

0.1

1

10

0 2 4 6 8
P (Gpa)

D R
EE

Figure  13  Effect  of  water  on  
DREE. The open symbols are felsic  
compositions  and  the  solid  
symbols  are  mafic  compositions  
(split  at  52  wt%  SiO2 in  the  
melt). The black line is the trend  
of all the data together. The blue  
line  is  the  trend  of  the  mafic  
data. The red line is the trend of  
the  felsic  data.  The  equations  
and R2 values of  the trend-lines  
are available in Table G1.

0.01

0.1

1

10

0 5 10 15
wt% H2O melt

D R
EE

Mafic

Felsic
All



27

13). This can be seen in the overall trend of all the data and in the trend of the 

mafic data. The same correlation may exist within felsic systems, but because 

there are so few felsic data points, the same trend cannot be seen. More data is 

needed in the high silica range to define a clear trend between water content and 

REE partitioning in the silica rich systems.

3.1.3. Discussion

We have to consider not only which factors (Xcpx
Al, T, NBO/T, P, XREE) affect 

trace element partitioning, but also how much of an effect each factor has. In 

order to utilize these correlations for modeling purposes, the range and type of 

effect each has must be understood. This is made more difficult by the fact that all 

these variables are interdependent. For example, temperature and pressure tend to 

correlate (except in cases of isobaric or adiabatic melting/crystallization), melt 

structure is linked to the chemical composition of the melt and the water content, 

and the  melt  structure  is  also  connected  to  temperature  and pressure.  Sorting 

through and understanding the interlinked influences are the most difficult parts 

of creating an accurate partitioning model.

The  correlation  between  DREE and  AlIV supports  the  theory  that  paired 

partitioning of an REE and Al is the most common method of charge balancing 

the crystal structure. 

The relationship between DREE and temperature may be due to the decrease in T 

causing the melt  to become more structured (lower NBO/T) (Figure 14). This 

forces even those elements which usually prefer to remain in the melt  toward 

higher D values.  The trends for many of the REE are unclear in some places, due 

to the limited quantity of data in specific temperature ranges for many elements. 

Within the La data, for instance, is a gap in experimental temperatures between 

1550 and 1750°C. Some of the elements with smaller datasets, Tb for instance, 

show even larger gaps (1220-1500°C).

Changes  in  pressure  can  alter  the  size  of  the  sites  within  the  cpx  lattice. 
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Variations in the compressibility between different cations affects the result of a 

pressure change on the crystal lattice. Overall, incompressibility effects limit the 

influence this has on partitioning. More likely, the indistinct trend observed here 

is a mix of the correlations between temperature and pressure and between the 

temperature and partition coefficient. Since decreases in pressure tend to correlate 

with decreases in temperature (since both correlate with depth) they would show 

similar correlations to  D. However, the correlation with pressure would be less 

distinct, since the P-T correlation is imperfect (as in the case of decompression 

melting). 

The doping of trace elements, especially of incompatible elements like the REE 

series,  is  necessary in  order  to  bring  the  trace  element  composition  up  to  an 

accurately  measurable  level.   Below  a  certain  concentration,  the  analytical 

uncertainty becomes too large to allow for trust in the measurement; in the fall 

data set, this limit appears to be between 70 and 100 ppm of trace elements in the 

glass  (Figure  15).  This  figure  also  demonstrates  that  assuming  Henry’s  Law 

behavior of doped systems is risky when the Henry’s Law Limit of the system has 

not been defined.  Above the 70 to 100 ppm threshold of accuracy, many of the 

REE  show  trends  which  may  be  inconsistent  with  Henry’s  Law  behavior, 

suggesting the Henry’s Law Limit maybe even lower than our ability to analyze 

accurately.  This disturbing possibility is explored further in section 3.2.

Figure 14  The direct correlation 
between the structure of the melt  
and temperature. It is known that  
as  the  structural  level  between  
the melt and the crystal (NBO/T)  
become  more  similar,  DREE 

increases. It is unknown whether  
NBO/T  or  temperature  has  a  
greater effect on partitioning or  
if  the  two  are  inseparably  
correlated. 
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For  a  dataset  to  be  truly  useful  for  interpreting  the  complexity  of  igneous 

processes, it  needs to be repeatable, to span the range of all compositions and 

environmental  conditions  that  may  affect  the  outcome  (in  this  case  REE 

partitioning),  and to  be complete  within those  ranges.  The currently available 

dataset cannot fully satisfy any of these requirements. Within the dataset there are 

inconsistencies and differences in both the quantities and ranges of data between 

the various REE which prove detrimental to its use. This makes it difficult to see 

the overarching effects of the element radius on partitioning, for which the REE 

series is so useful.

Although there are still holes in the range of our knowledge of REE partitioning 

Figure  15  The  partition  coefficient  of  
some  representative  REEs  versus  the  
total concentration of trace elements in  
the glass.
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between clinopyroxene and melt,  there is  such a large amount  of information 

available  that  creating  decent  numerical  models  of  the  system dynamics  and 

compositions  is  plausible.  The  larger  the  database,  the  less  likely  error  is  to 

significantly affect any encompassing information gleaned from it.  Due to the 

great number of experiments included in this database, the regression equations 

defining element partitioning that may be developed from this compilation will 

provide a strong basis for updating current models. 

3.2. Henry’s Law Tests 

The primary goal of the second project was to examine the effect of dopant levels 

between  that  representative  of  natural  compositions  and  those  investigated  by 

Bindeman  and  Davis  (2000).  We  performed  Henry’s  Law  experiments  on 

plagioclase for doped samples containing between 100 and 4500ppm of each of 

four  trace  elements:  Li,  La,  Y,  Zr.  This  project  tests  the  validity  of  assuming 

Henry’s  Law  behavior  of  trace  elements  in  plagioclase  for  MORB  systems. 

Although the rest of this document focuses on cpx, not plagioclase, the basics of 

any conclusions drawn will be valid for both minerals, even if the specific values 

differ.

3.2.1. Experimental and Analytical Methods 

Experiments  were  conducted  at  Oregon  State  University.  The  starting 

composition for the plagioclase experiments was a MORB glass from the West 

Valley of the Juan de Fuca Ridge. A mixture of 4500 ppm each of Li, La, Y, and 

Zr was created as a base for doping the MORB sample. Li was chosen because it  

is a monovalent element for which there is little data and yet seems to exhibit 

unusual behavior in plagioclase. La was chosen to represent the light REE. Y was 

chosen because it shows similar behavior to the mid to heavy REE (similar to 

holmium) while having a naturally higher concentration than the REE; there is 

also a limited amount of data on Y in plagioclase. Zr was chosen to represent the 

high field strength elements (HFSE). The dopants were added as oxides, but the 
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weight of the oxide was compensated for so the dopant level reported is that of 

the  metal  only.  This  dopant  mixture was added in varying proportions  to  the 

MORB glass to create a range of samples with approximately 100, 200, 500, 

1000,  2200,  and 4500 ppm (±15%) of  each dopant  (approximately 400,  800, 

2000, 4000, 8800, and 18,000 ppm total dopant). Each population of glass and 

dopant was ground to a fine powder, placed in a graphite crucible, melted in a 1-

atm vertical drop furnace at one log unit below QFM for 20 minutes, and water 

quenched. Samples were reground and refused two or three times each to obtain a 

homogeneous glass. The starting compositions are in Table D1. 

Experiments were run by wrapping individual pieces of the glass samples in 

platinum  (Pt)  wire  and  suspending  them  in  the  1-atm  furnace.  Each  sample 

population was run twice.  Knowing that only through slow-cooling of the sample 

from just above the liquidus temperature, where the number of nuclei are limited, 

can plagioclase crystals large enough for both EMP and LA-ICP-MS analysis be 

grown (Aigner-Torres  et  al,  2007),  the  first  set  of  experiments,  the  “Type 1” 

experiments,  were  held  at  1300ºC  for  one  hour  to  melt  any  residual  crystal 

fragments,  then  dropped  to  1210ºC  for  approximately  24  hours  to  allow 

plagioclase feldspar to crystallize, and water quenched.  After observing that only 

a few of the crystals from Type 1 reached analyzable proportions, the second set 

of experiments, the “Type 2” experiments, were held at 1350ºC for one hour to in 

hopes of reducing the number of nuclei,  then the temperature was dropped to 

1210ºC  and  fluctuated  between  1210ºC  and  1220ºC,  circling  the  liquidus 

temperature  to  reduce  the  number  of  nuclei  generated  and  encourage  fewer 

crystal growths.  The temperature was fluctuated every ½ hour for 3-4 hours, then 

the temperature was held at 1210ºC for approximately 20 hours to allow the few 

surviving crystals to grow large enough for analysis, and water quenched. Exact 

experimental conditions for each run are in Table D2.

Experimental  runs  were  mounted  in  epoxy  and  progressively  polished  on 
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polishing wheels down to 0.05 μm Al2O3 grit. Backscatter Electron (BSE) images 

were produced by the electron microprobe (EMP) at  Oregon State University. 

These  images  were  used  to  show  the  size,  shape,  and  percentage  of  crystal 

volume with respect to the surrounding glass, as well as to map the location of 

analysis points. The EMP was used to analyze the major element composition of 

the crystals  and the surrounding glass.  Crystals  that thus proved to be olivine 

were marked for future reference. Plagioclase crystals were marked for further 

analysis  by Laser  Ablative  Inductively Coupled  Mass  Spectrometry (LA-ICP-

MS).  The  trace-element  composition  of  the  plagioclase  crystals  and  the 

surrounding  glass  were  analyzed  by LA-ICP-MS at  Oregon  State  University. 

More detailed information on EMP and LA-ICP-MS analyses can be found in 

Appendices B and C, respectively.

3.2.2. Results

BSE images show the resulting mineral assemblage to be mainly plagioclase 

feldspar, with some scattered olivine crystals (Figures 16 and 17). Increasing the 

dopant level suppresses the ability of minerals  to crystallize,  as shown by the 

percentage of minerals decreasing with increasing dopant, until at ~1.5 wt % total 

dopant  no  minerals  were  able  to  crystallize  in  either  the  type  1  or  type  2 

experiments. 

Compositional analyses are listed in Tables D3, D4, and D5.

Overall, the major element concentrations in the melt were consistent between 

the different samples. Magnesium (Mg) shows a strong correlation with the total 

amount of dopant added to the experiment. This is due to the addition of dopants 

changing the phase equilibria of the system. As the dopant level increases, the 

olivine in the system destabilizes, resulting in a steady increase is the Mg content 

of the melt. The positive Mg trend is reversed somewhere between 3000 and 8000 

ppm, because by 8000 ppm (0.8 wt%) dopant, plagioclase has also destabilized 

and reduced the relative concentration of Mg in the melt. (Figure 18).
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Figure 17: BSE images of type 2 experimental runs. Concentration labels are total  
dopant (Li+La+Y+Zr) added to sample. Pl plagioclase; Gl glass; Pt platinum wire.
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Figure  16:  BSE  images  of  type  1  experimental  runs.  
Concentration  labels  are  total  dopant  (Li+La+Y+Zr)  
added to sample. Pl plagioclase; Ol olivine; Gl glass. The  
100  ppm  sample  is  not  shown,  because  all  minerals  of  
analyzable size in that sample were olivine.
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The partitioning of the trace elements is more highly affected by the total doping 

level of the experiment than the major elements (Figure 19). All trace elements 

showed a general increase in partition coefficient with increasing dopant level. 

The increase is very slight for Zr and Y, and is much stronger for Li and La; this 

is due to differing diffusion rates between the elements. Li has a faster diffusion 

rate, and the REE have a slower diffusion rate. The Li type 1 experiments seem to 

show an inverse relationship with dopant concentration, as reported by Bindeman 

et  al,  1998;  this  could  be due to  residual  crystals  from the rehomogenization 

phase of the experimental procedure. 

The  partitioning  of  all  the  elements  strongly  decreases  with  increasing  An 

content of the plagioclase crystals (Figure 20). Even the partitioning Ti and Mg 

show  this  relationship,  albeit  less  strongly.  In  turn,  the  An  content  of  the 

Figure 18 The effect of doping on the concentration of Major Elements in the  
melt. Major Element Oxide concentrations in the melt are not greatly  
affected by the total dopant concentration (Li + La + Y + Zr ppm) in the  
experimental liquid. Small symbols are type 1 experiments. Large symbols  
are type 2 experiments. Trend-lines are color coded with their  symbols. The 
equations and R2 values of the trend-lines are available in Table G1.

0

2

4

6

8

10

12

14

16

18

20

22

0 2000 4000 6000 8000 10000
Total Dopant Concentration in Experimental Liquid (ppm)

w
t%

 in
 E

xp
er

im
en

ta
l L

iq
ui

d 
   

Al2O3

CaO

MgO

Na2O
TiO2



35

Figure 19 The effect of doping on trace element partitioning.  Trace elements are  
more  highly  affected  by  dopant  concentration  than  major  elements.  The  small  
symbols are the type 1 experiments. The large symbols are the type 2 experiments.  
Error bars indicate analytical uncertainty projected through the partition coefficient  
calculations. If no error bars are shown, error is smaller than the symbol. Trend  
lines are color coded with the symbols. Dashed trend-lines are type 1. Solid trend-
lines are Type 2. Equations and R2 values for trend lines are in Table G1.
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anorthite  content  on  trace  
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plagioclase is dependent on the dopant concentration of the sample (Figure 21). 

The anorthite content of the plagioclase crystals increases with increasing dopant 

level because of the change in phase equilibria that destabilizes the olivine in the 

system. The destabilization of the plagioclase crystals somewhere between 3000 

ppm and 8000 ppm causes the reversal in the trend. In the ~15,000 ppm dopant 

sample  (1.5  wt%),  shown in  figures  16  and 17,  the  plagioclase  crystals  have 

completely destabilized as well, leaving only glass.

3.2.3. Discussion 

These  experiments  serve  to  show  the  high  influence  that  small  changes  in 

experimental  process  may  have  on  phase  equilibria  and  trace-element 

partitioning. The main difference between the methods for the type 1 and type 2 

experiments  was  50ºC  in  homogenization  temperature  and  a  few  rounds  of 

temperature cycling. Although the starting compositions were identical, this small 

change  resulted  in  drastically  different  anorthite  contents  and  D values.  It  is 

suspected that 1300° C was not hot enough to fully melt the previous crystalline 

material for the type one samples before the crystallization process began.  This 

means  that  the  small  change  in  methods  resulted  in  residual  crystals,  which 

affected the analyzed compositions. The experimental procedures and results of 

Figure 21 The effect  of  dopant  
concentration  on  phase  
equilibria. The An content of the  
plagioclase  crystals  increases  
with  the  amount  of  dopant  
added to the sample.  The wide  
range  of  An%  covered  by  the  
type  1  samples  implies  the  
existence  of  residual  crystals.  
More experiments are needed to  
determine  the  partitioning  
behavior  between  3500  and  
8000  ppm  dopant.  Equations  
and R2 values for trend lines are 
in Table G1.

78

80

82

84

86

88

90

92

0 2000 4000 6000 8000 10000
Total Dopant Concentration in Liquid (ppm)

An%

Type 1

Type 2

Poly.
(Type 2)
Linear
(Type 1)



37

the Type 1 experiments are both very similar to those published by Bindeman et 

al (1998).

Our results also indicate that even low levels of dopant (less than one wt% total) 

have a significant effect on the phase equilibria of the experiments. The result is 

that the dopant level has a strong effect on the major element composition of the 

phases (the phase equilibria of the system), which strongly affects the measured 

partition  coefficient.  Most  notably,  the  An content  of  the  plagioclase  crystals 

increases with increased dopant level (Figure 21), which significantly decreases 

the trace element partitioning of the system (Figure 20). This means that it  is 

extremely difficult to separate changes in partitioning behavior caused by phase 

equilibria  changes  from those  caused  by  non-Henry’s  Law  behavior.  At  first 

approximation, it seems likely that the changes in phase equilibria have a larger 

effect on D than the level of dopant added; however, since the dopant level causes 

the change in phase equilibria, doping of experiments can still significantly affect 

experimental  results.  It  is  probable  that  dopant  levels  below 100 ppm should 

allow for  experimental  results  to  adequately mirror  natural  systems,  but  it  is 

suggested that doping levels be kept as low as allowable for accurate analyses in 

order  to  avoid  repercussions  due  to  phase  equilibria  changes,  exceeding  the 

Henry’s Law limit, or both. Those samples doped with just enough of an element 

to  bring  the  concentration  up  to  an  analyzable  level,  and  no  higher,  should 

provide the most trustworthy partition coefficients.

3.3. Trace Element Partitioning Models

Experimental trace-element geochemistry is  the pathway toward an interactive 

solution  of  a  complex  multidimensional  problem.  The  solution  is  a  numerical 

model that portrays the relationships between the process components of crystal 

formation (P, T, etc.) and their geochemical consequences. In spite of the growth of 

the  experimental  dataset,  it  has  not  been  common practice  to  recalibrate  trace 

element models as new data are generated.  Any model designed to be applicable 



38

over the full range of natural systems must include a quantitative understanding of 

the role of phase composition, substitution mechanisms, temperature, pressure and 

the  potential  influence  of  Henry’s  Law.  The  ability  of  partitioning  models  to 

describe the behavior of these natural systems depends on three parameters: 

• the precision of the calibration dataset

• the accuracy of the thermodynamic model

• the degree to which the dataset represents the range of natural systems being 
described 
Since the goal of these models is to quantify the effects of temperature, pressure 

and composition on partitioning behavior, only experiments for which all of that 

information  was  published  may  be  used  for  the  testing,  construction,  and 

calibration of models. Analyses of crystals and melt produced under unconstrained 

natural  conditions  (e.g.  naturally  quenched  lavas)  have  the  advantage  of 

representing the product of crystallization under realistic circumstances. However, 

those  conditions  (e.g.  temperature,  pressure,  cooling  rate,  volatile  content,  etc) 

cannot be quantitatively expressed for natural samples and so cannot be used to 

create models. It is important to understand the dangers in applying experimentally 

calibrated models to natural systems subject to dynamic processes not represented 

by the experiments (Francis and Minarik 2008). Nevertheless, one must begin by 

developing  expressions  based  on  data  where  the  crystallization  parameters  are 

known. The most prominent model for REE partitioning between cpx and melt was 

most recently calibrated by Blundy and Wood (2002). There has been a significant 

output of data since 2002, which this model may not accurately represent (Figure 

5). This section will test the current model for accuracy, and then recalibrate it  

using the new data.

3.3.1. Testing Phase 

3.3.1.1. Methods 

The  experiment  dataset  of  REE in  cpx  from section  3.1.  was  used  as  the 



39

experimental base for testing the Wood and Blundy, 2002 model. To prepare the 

data for use in the model, all concentrations were converted to elemental mole 

fraction. 

To test  the  accuracy of  the  model,  the  measured  partition  coefficient,  Dm 

(equation [9]), and the calculated partition coefficient, Dc, were compared for 

each REE in each experiment. To calculate Dc, the data from each experiment 

was first run through equation [20] to get a Do value. Then, if the experiment 

was  hydrous,  it  was  then  run  through  equation  [23]  to  get  a  Do
hydrous value. 

Lastly, all experiments were then run through equation [12] to get Dc. As per the 

instructions by Wood and Blundy (1997), the values used for ri in equation [12] 

are the 3+ VIII coordinated cation radii published by Shannon (1976). The less 

discrepancy between the value of Dm and the value of Dc for each element, the 

more accurate the model.

The  spreadsheet  created  to  perform these  calculations  is  available  through 

electronic Appendix F.

3.3.1.2. Results

In a perfect world with a perfect model all the measured data would match 

with the value calculated by the model, therefore falling on the 1:1 line in figure 

22. The general trend of the data is along the 1:1 line, but scatters into a cone as 

the values of Dcalculated and Dmeasured increase (Figure 22). Ten high temperature 

experiments (7.5 to 15 GPa) published by Green and Pearson (1985) produced 

Dc values below 0.0001, while their Dm values had ranged between 0.7 and 1.5. 

Including these values in Figure 22 would have drastically distorted the figure 

and made the general trend difficult to see; therefore, those 10 experiments are 

not shown.

The reason for much of this scatter is explained when each of the elements are 

graphed separately (Figure 23).  Although the data generally straddles the 1:1 

line, elements like La and Ce show a shallower trend while Er and Sm show a 
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Figure 22  The measured partition coefficient and the calculated partition  
coefficient from the Wood and Blundy (2003) model. Figure 22a shows the  
results with regular axes to accurately portray the scatter of the results. 22b  
shows the results in a log-log plot to better show the offset of the data trend.  
Ideally, all the data would plot on the 1:1 line. 
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steeper trend. Some elements, like Gd, Ho, and Lu don’t show much of a trend 

at all, but instead show a shotgun pattern that encompasses the 1:1 line.

The degree  of  offset  and scatter  (representative  of  accuracy and precision, 

respectively) can be calculated numerically and graphed (Figure 24). The offset 

of each individual analysis is calculated by:
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Figure 23  The measured partition coefficients  and the  
Wood  and  Blundy  (2003)  calculated  partition  
coefficients  divided by  REE. Much of  the  data do not  
follow the ideal 1:1 trend. Note the effect of ionic radius  
on REE partitioning: as the radius decreased from La to  
Lu, the D value “cloud” of data move to higher values.  
This  trend  is  predicted  by  Goldschmidt  (1958)  and  
equation [12] (Brice, 1975). 
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( )
m

mC

D
DDOffsetIndividual −⋅= 100

         [24]

Then the offset value for each element is calculated by:

OffsetIndividualOffseti Σ=    [25]

Ideally, Offset would equal “0” meaning that the values plotted on a Dc versus 

Dm graph are evenly distributed around and follow the trend of the 1:1 line. 

Scatter is calculated by:

)( OffsetIndividualabsScatterIndividual =      [26]

for each individual analysis, and for each element is calculated by:

ScatterIndividualScatteri Σ=            [27]

A Scatter value of “0” would mean that all the values plotted on a Dc versus Dm 

graph would lie in a straight line. 

Although the individual analyses have data placed on both sides of the 1:1 

Figure 24 The offset and scatter of data produced by the Wood and Blundy (2003)  
model. The offset of the values range from 5 to 70% error. The scatter ranges from  
30 to 90% error. The values of offset and scatter will never all be at “0,” because  
there will always be some amount of analytical and experimental uncertainty. Also  
note how the offset and scatter of the values are highly influenced by the amount of  
data available for each element: the more data an element contributes to the model,  
the better the model will predict the partitioning of that element. Values for offset  
and scatter are located in Table H1.
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line, the offset value for each element is positive. This means that the average 

Dc value for each element produced by the model are higher than the Dm values. 

3.3.1.3. Discussion 

The current model works, insofar as the data generally cluster around the 1:1 

line, meaning the calculated partition coefficients roughly equal the measured 

partition coefficients; however, considerable scatter indicates there is room for 

considerable improvement in the model. There may also be limitations to be 

placed  on  the  model.  The  model  did  not  appear  to  accurately  predict  the 

outcomes  of  experiments  run  at  7.5  GPa or  higher.  All  these  high  pressure 
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Figure 25 Evidence of non-Henry's Law  
behavior  at  low  dopant  levels.  
Comparing  the  total  concentration  of  
REE  in  the  melt  with  the  difference  
between  the  calculated  and  measured  
partition  coefficients  reveals  a  slight  
positive  trend  at  REE  higher  
concentrations.  This  means  that  the  
model  is  not  taking  into  account  the  
concentration of the REE (aka, the Dc  
values do not  account  for non-Henry’s  
Law behavior of the Dm values).
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experiments were contributed by one publication, so it is plausible that either 

the model is not successful at high pressure or there were inaccuracies in this 

single publication. 

One of the reasons the scatter cone of data shown in Figure 22 does not fit the 

ideal trend is due to slightly different slopes for each individual element. To 

improve this model, the trend produced for each individual element needs to be 

taken into account, along with the trend of the REE series as a whole.  There 

appears  to  be  some  non-Henry’s  Law  behavior  among  these  experiments 

(Figure 25). For most of the REE there doesn’t appear to be any influence of the 

concentration of trace elements in the melt on the partition coefficient. For a few 

elements, such as La, Sm, Gd, and Ho, Dm appears to decrease relative to Dc as 

the total  concentration of REEs in the liquid increases. Figure 25 would not 

reveal this trend if the model accounted for potential non-Henry’s Law behavior. 

Although the model as originally published (Wood and Blundy, 2002) appears 

to account for the amount of rare-earth elements in the melt, the combination of 

equations [16] and [22] to create equation [23] shows that the concentrations 

cancel out when the equations are combined; thus, the concentration of the rare-

earth  elements  is  effectively  not  included  in  this  model.  While  this  can  be 

useful, in that the model can be used without needing to measure for the trace 

elements in a sample,  it  gives the model a complete inability to account for 

samples  that  exceed  the  Henry’s  Law  Limit.  This  is  especially  worrying 

because,  as  was  suggested  in  section  3.1.,  the  Henry’s  Law  Limit  for 

clinopyroxene  may  be  near  or  lower  than  the  minimum  analyzable 

concentration for trace elements. Figure 25 shows that the elements that exhibit 

any trend off of y=0 (exhibit non-Henry’s Law Behavior) start this trend within 

or at the upper edge of the scatter of data at low concentrations. This implies 

that for any model to be accurate for even low dopant levels, non-Henry’s Law 

behavior must be taken into account for even low (a few hundred ppm) dopant 

levels.  It  must  also  be  taken  into  account  that  ass  the  REE  concentration 
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decreases, it becomes more difficult to measure them, which is reflected in the 

greater scatter of data. This model also does not take into account many of the 

common  major  element  concentrations  in  either  the  pyroxene  or  melt.  The 

major elements are critical in determining many factors that influence element 

partition, such as radius and charge balancing in the pyroxene and determining 

the structure of the melt. 

3.3.2. Recalibration Phase

3.3.2.1. Methods 

The first step in recalibrating a model is to determine what data are worthy of 

use in the calibration. For the best results, data with large associated errors or 

showing highly anomalous behaviors were not included. For instance, the Dm 

values from Wood and Trigila (2001) are anomalously and unexplainably high 

compared to those from other experiments of similar rock type and procedure; 

therefore,  these  experiments  were  considered  unfit  for  calibration  and  were 

removed from the dataset. This more exclusive dataset will be referred to as the 

Calibration Dataset, which contains 372 experiments from 35 publications. The 

actual recalibration of the model begins by examining the current sections of the 

model and deciding where the recalibration is most important. Equation [12] has 

been widely accepted for decades and is currently used for both pyroxene and 

garnet  partitioning.  The  main  issue  at  the  moment  seems  to  be  the  correct 

positioning of the  Do value. The equations for calculating  Do are then in the 

most need of recalibration. 

In order to create an authentic set of goal  Do values,  necessary for having 

values to  which the model  values may be compared,  the measured partition 

coefficients (Dm) for each REE analysis were run backwards through equation 

[12]. Although these values have technically been run through a component of 

the numerical model, they are valid for two reasons: firstly they stem from the 

original  Dm values;  secondly,  the  equation  they  were  run  through  was  just 
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resolved to be in little need of recalibration and so will add little error. These 

values will be referred to in the future as Do
m. A multiple linear regression was 

performed by MatLab using the Do
m values as the goal values. The independent 

parameters used were the  Do values from Wood and Blundy’s model (in the 

future to be referred to as Do
c), various major element concentrations from the 

mineral  and  the  melt,  pressure,  and  temperature.  After  the  first  run,  any 

elements  that  had  large  gaps  in  their  data,  due  to  not  being  the  subject  of 

analysis in many experiments, were removed. These included Cr, K, P. After the 

second run, any major elements with scalar values produced by the regression 

that were very similar between the mineral and the melt,  save for one being 

positive and the other negative, were assumed to have little overall effect on the 

final outcome of the model and were removed. The final run was based on the 

parameters left, and the resulting regression is my proposed recalibration. 

3.3.2.2. Results

From the multiple linear regression, a series of three numerical expressions 

have  been  created  to  recalibrate  the  Do value  of  the  model.  Equation  [28] 

calculates the Do value for the major element composition in the clinopyroxene. 

Equation [29] calculates the Do value for the major element composition in the 

melt. Equation [30] combines equation [28] and equation [29] and applies them 

to the Do value from Wood and Blundy’s (2002) model.

cpx
Fe

cpx
Al

cpx
Ti

cpx
Si XXXXCPX ⋅+⋅+⋅+⋅= 3079.13859.41222.157961.4

cpx
Na

cpx
Ca

cpx
Mg

cpx
Mn XXXX ⋅−⋅++⋅+ 7876.68995.01914.08842.0           [28]

melt
Mg

melt
Fe

melt
Al

melt
Si XXXXMELT ⋅+⋅+⋅+⋅= 5688.00996.01102.17206.0

( )melt
Ca

melt
Mn

melt
Ti

melt
Na XXXX ⋅+⋅+⋅−⋅+ 3834.2489.1315205.146392.3        [29]
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Figure  26  The  measured  partition  coefficient  and  the  calculated  partition  
coefficient  from  the  recalibrated  model.  Figure  26a  shows  the  results  with  
regular axes to show scatter. 26b shows the results in a log-log plot to show  
offset. Ideally, all data would plot on the 1:1 line. 
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084.101.00011.01441.0 3 −++⋅+⋅−⋅= + MELTCPXPTDD o
new
o            [30]

Nearly all the data now lie within the boundaries of the 2:1 and 1:2 lines, and 

are centered more tightly around the 1:1 line, both for the REE series as a whole 

(Figure 26) and for the individual elements (Figure 27).  Even Gd, Ho, and Lu, 

which before showed a shotgun scatter, now show a clear trend along the 1:1 

Figure 27  The measured partition coefficients  and the  
recalibrated  model  calculated  partition  coefficients  
divided by REE. For all the elements show a stronger  
trend with the correction. The 'cloud' of data produced  
by the original model has been resolved into a clear 1:1  
trend after recalibration. 
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line.  The offset and scatter of the recalibrated model results are calculated as 

described  in  section  3.3.2.2. The  offset  values  now hug the  “0”  value  line, 

except for Eu (Figure 28). In most cases the scatter value has also decreased. 

An excel spreadsheet that can run your choice of data through the recalibrated 

model is available through electronic Appendix F.

3.3.2.3. Discussion 

The  recalibration  definitely  tightens  the  trend  about  the  1:1  line  for  each 

individual element and the whole REE series. This increase in both accuracy 

and precision is exactly what was desired with the new model recalibration. The 

improvement  is  clearest  when  looking  at  Figure  28,  which  shows  that  the 

average offset for each element has significantly decreased. All the offset values 

are now easily within 10% error. The only exception to this is Eu, which has an 

offset  value  of  approximately  40%.  This  offset  can  be  explained  by  the 

properties of Eu. While the majority of REEs prefer to be in the 3+ state, Eu 

valence state is highly dependent on oxygen fugacity (Drake and Weill, 1975). 

The % of Eu+2 ranges from close to 100 % for conditions near the IW buffer 

(e.g. lunar conditions), down to approximately 20% at the QFM buffer and near 

Figure 28 The offset  and scatter of  data produced by the recalibrated model.  The 
model offset of the values from the recalibrated model range from  1 to 8 % error,  
except for Eu which is a special case (see section 3.3.2.3. for a discussion of Eu). The  
scatter ranges from 25 to 92 % error, an improvement for most of the elements from 
the original model. The scatter of the values is still highly influenced by the amount of  
data available for each element. The  values of offset and scatter are in Table H1.
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absent for oxidized alkaline magmas (Drake and Weill, 1975).  This model is 

formulated to calculate partition coefficients for 3+ cations only. The poor fit of 

Eu in this model is most likely due to the high percentage of Eu2+ cations. If all 

the Eu cations in a  particular  system were 3+, this  model  should accurately 

produce  DEu values.   The  amount  of  scatter  has  also  decreased  for  most 

elements; the only elements where the recalibrated model increased the scatter 

from the Wood and Blundy (2003) model are the two elements (Terbium (Tb) 

and  Praseodymium  (Pr))  that  contributed  the  least  amount  of  data  to  the 

calibration dataset.

3.3.3. Comparison Phase

3.3.3.1. Methods

The main purpose of modeling the relationship between composition and the 

formation  conditions  is  to  create  an  expression  that  is  widely  accurate  for 

experimental uses and can be properly applied to natural systems. Thus far the 

results of the model have only been compared to the measured concentrations of 

the dataset used to calibrate it. Three comparisons were devised to better check 

the accuracy of the model. 

Comparison one looks for improvement in the accuracy and precision of the 

Di values produced in this model over an older partitioning model known as 

BIGD (Nielsen, 1992).  BIGD is based on the influence of the Ti concentration 

in the pyroxene on REE partitioning. Nielsen (1992) performed a regression 

based on experimental data and found that for mafic systems (SiO2 < 65 wt%) 

Di=a∗DTi
2 +b∗DTi+c        [31]

where DTi is the partition coefficient of Ti between the pyroxene and the melt, 

and the values of a, b, and c are located in Table E1.

The Full Dataset was run through BIGD, and the results are shown in the next 

section. Originally available as a FORTRAN program, the BIGD model in now 
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available as an excel spreadsheet through electronic appendix F.

Comparison  two  checks  to  see  if  the  model  can  produce  reasonable  REE 

partition coefficients for experiments not used for calibration, or if the addition 

of  fresh data  will  “break”  the  model.  The major  element  concentrations  for 

1,610  experiments  were  pulled  from  the  Library  of  Experimental  Phase 

Relations  (LEPR:  http://lepr.ofm-research.org/classes/access_user/login.php). 

These  experiments  are  on  a  large  range  of  rock  types,  temperatures,  and 

pressures. This dataset will be referred to as the Major Element Dataset. All of 

the experiments in the Major Element Dataset were individually run through the 

new model to find the predicted REE partition coefficients. 

Comparison three checks to see if the partition coefficients for experiments 

found through the model fall in the same range as the partition coefficients of 

natural  rock  suites.  The  natural  REE  partition  coefficients  from  68 

phenocryst/matrix analyses were pulled from the Geochemical Earth Reference 

Model (GERM: http://earthref.org/GERM/) database for comparison.

3.3.3.2. Results

The amount of offset in the data produced by the recalibrated model is far less 

than the offset produced by either the Wood and Blundy (2003) model or the 

BIGD model  (Figure  29).  The scatter,  in  most  cases,  is  also  smaller  in  the 

recalibrated model  than in either  of the other two models shown. While the 

Wood  and  Blundy  (2003)  model  and  BIGD  have  a  wide  variety  of  offset 

between the different  REE elements,  the recalibrated model produces  results 

that show consistently low amounts of offset from the measured values. 

The partition coefficients calculated from the experiments included in the Full 

Dataset (Figure 30a) and the partition coefficients calculated from the Major 

Element Dataset (Figure 30b) both display the parabolic curve expected from 

Onuma et al (1968). The curve of data from individual experiments varies, as 

expected since different P-T conditions change both the Young's Modulus (the 

http://lepr.ofm-research.org/classes/access_user/login.php
http://earthref.org/GERM/


52

width of the parabola) and the strain-free partition coefficient (location of the 

vertex of the parabola) of the M2 crystallographic site. The range of D values 

produced from the Major Element Dataset is slightly larger than the range from 

the Full Dataset, which is not surprising considering the Major Element Dataset 

contains more than four times the number of experiments as the Full Dataset.

The  partition  coefficients  measured  from  phenocryst/matrix  analyses  from 

natural  samples  (Figure 30c)  show the expected parabolic  trend within each 

individual  sample,  but  the  bias  of  measuring  some  REE  rather  than  others 

makes the total range of values and the average trend of the data more difficult 

to interpret. Elements that are less popular for analysis show smaller ranges of 

D values and interrupt the flow of the parabolic curve. Nonetheless, the range of 

D values covered by the natural samples is very similar to the range of the Full  

Dataset partition coefficients calculated by the recalibrated model. The vertex of 

Figure 29 A comparison of the accuracy and precision of three different  
models.  “Wood  and  Blundy”  is  the  Wood  and  Blundy  (2003)  model.  
“NEW”  is  the  recalibration  of  the  Wood  and  Blundy  (2003)  model  
performed in Section  3.3.2.  “BIGD” is  the  BIGD model  published by  
Nielsen (1992). The exact values of offset and scatter are in Table H1.
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the phenocryst/matrix parabola may sit a little higher than those produced by the 

model, but the overall curvature is still very similar and the apex sits above the 

same range of radii. 

3.3.3.3. Discussion

The first  comparison shows that  the recalibrated model  is  an improvement 

over multiple older models by displaying a smaller degree in offset and scatter 

(higher accuracy and precision) among the partition coefficients produced by 

the recalibrated model than by either the Wood and Blundy (2003) model or the 

BIGD (Nielsen, 1992) model (Figure 29). 

The second comparison (Figure 30a vs Figure 30b) shows that the recalibrated 

model  can be used successfully for massive amounts of  major  element  data 

Figure 30 Example of  the consistency of  
the recalibrated model with experimental  
and  natural  data..  30a  shows  the  Dc 
values  produced  by  running  the  Full  
Dataset  through  the  recalibrated  model.  
30b  shows  the  resulting  Dc  values  from 
running the 1,610 individual experiments  
from the Major Element Dataset through 
the recalibrated model. 30c shows the Dm  
values from 68 natural phenocryst/matrix  

analyses. The thick, black lines denote the average D values and the outer reaches of  
the  data  for  each  dataset.  The  colored  lines  show  the  data  from  representative  
experiments or samples,  showing the trend in individual samples across the REE 
series.

0.0001
0.001
0.01

0.1
1

10

0.
95

1.
00

1.
05

1.
10

1.
15

1.
20

Ionic Radius (A)

D
m

c

0.0001

0.001

0.01

0.1

1

10

0.
95

1.
00

1.
05

1.
10

1.
15

1.
20

Ionic Radius (A)

D c
 

a

0.0001
0.001
0.01
0.1

1
10

0.
95

1.
00

1.
05

1.
10

1.
15

1.
20

Ionic Radius (A)

D
c

b



54

without producing partition coefficients that vary highly from those produced by 

the experiments included in the Full Dataset. This means that the recalculated 

model will produce reasonable results for any experiments performed remotely 

near natural conditions (possibly barring  carbonatitic compositions, which were 

not included in either dataset). 

The  third  comparison  (Figure  30a  vs  Figure  30c)  shows  that  the  model 

produces partition coefficients that fall within the range of partition coefficients 

measured  in  natural  samples.  The  average  D value  for  each  element  in  the 

natural samples is located a little higher than for the experimental data, but this 

could  be  due  to  not  having a  complete  range of  natural  values  to  compare 

against.  This  means  that  that  the  model  is  at  least  reasonably  applicable  to 

natural systems. 

It was found that removing any of the experiments with less than 10% Ca (by 

mol) in the cpx removed many of the outliers from the system. It is therefore 

recommended that this model be used only for experiments that have greater 

than 10% Ca in the pyroxene.
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4. CONCLUSIONS 

This  study  began  with  the  goal  of  discovering  the  feasibility  and  ability  of 

numerical models to accurately and precisely describe the trace element partitioning 

between clinopyroxene and melt  in  different  systems.  To define  this,  three  main 

questions were asked: what do we know about the applicable process and results 

through experiments and analysis; is it valid to dope trace elements to measurable 

concentrations and consider the results applicable to natural systems; and can we use 

our current level of knowledge to create numerical models that accurately describe 

trace element partitioning in experiments and natural systems? In answer to the first 

part,  a  large  compilation  of  experiments  proved  that  our  current  data  is  both 

inconsistent and incomplete. The number of analyses of the various trace elements 

ranges widely, making it very difficult to see trends across the REE series. There is a 

strong lack of data in high pressure and high temperature ranges, as well as in the 

more silicic rock types.  Nevertheless, the creation of models has been attempted 

from much smaller datasets, so the current dataset was deemed worthy of an attempt 

to  model  partitioning  behavior.  To  answer  the  second  question,  partitioning 

experiments were run to test the validity of assuming Henry’s Law behavior in all 

experimental systems. A small change in experimental process can change the phase 

equilibria of the system dramatically. Between the type 1 and type 2 experiments, the 

main change made was to  raise  the homogenization temperature by 50  ºC.  This 

decreased average the anorthite content of the plagioclase crystals from a range of 

86.5-89 %An to 82-85 %An, with no overlap.  It was also found that even small 

levels  of  dopants  can  affect  the  system  strongly  enough  to  change  its  phase 

equilibria. Experiments show an approximately three %An increase between a few 

hundred  ppm  dopant  and  3000  ppm  dopant  for  both  the  type  1  and  type  2 

experiments due to the destabilization of the system (first of olivine, and then of 

plagioclase). We must therefore be very careful of using doped experiments to model 

natural  systems.  The third question proved the most  complicated to answer.  The 

currently accepted trace element partitioning model between clinopyroxene and its 
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associated  melt  (Wood  and  Blundy,  2003)  is  difficult  to  use  and  confusing  to 

understand. Once an operating version of the model was created, a great range of 

data was run through it to test both its accuracy and precision in calculating partition 

coefficients for the REEs. In essence, the model worked; however, its accuracy and 

precision  left  it  lacking.  This  showed  the  model  required  recalibration.  To 

accomplish this, a multiple linear regression was run on the data and used to create a 

new equation to add to the current accepted model. The recalibration increased the 

accuracy greatly and the precision to a measurable degree over the original model 

(Wood and Blundy, 2003) and an earlier  model (BIGD by Nielsen, 1992). Many 

outliers were removed by limiting the use of the model to systems which produce 

clinopyroxene containing greater than 10% Ca by mol. The recalibration was also 

found to produce REE partition coefficients in a reasonable range when applied to 

experiments not used in the calibration of the expression. When compared to natural 

partition coefficients, the values produced by the model appeared to be slightly low; 

however, this could be a symptom of the few natural values available, a factor of the 

model  not  taking  into  account  the  effects  of  the  non-Henry’s  Law  behavior 

demonstrated by the data, or a mixture of both. Overall, the model put forth by Wood 

and Blundy (2003), combined with the recalibration presented in this study, create a 

reasonable method of calculating REE partition coefficients for clinopyroxene/melt 

systems. A working excel spreadsheet that performs the calculations for Wood and 

Blundy (2003),  the  recalibration  presented  here,  and  the  BIGD model  (Nielsen, 

1992) are available through electronic Appendix F. 
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5. FUTURE WORK

Many more experiments need to be run in order to understand the intricacies of non 

Henry’s Law behavior. Defining the Henry’s Law Limit is not possible, even with 

the current dataset available, so it cannot yet be accurately represented by numerical 

models. Future experiments that must be doped to make analysis possible should 

keep the dopant levels as low as analytically possible and dope as few elements as 

possible, in order to reduce the effects of non-Henry's Law behavior. There must also 

be further investigation of the practicality of basing a model on Raoult's Law, as the 

direct substitution of partitioning terms Di and DO for the equilibrium constants Ki 

and KO is questionable. As more research accumulates in the future, not only specific 

to Henry's and Raoult's Laws but also simple additions to the experimental dataset 

on which models may be based, there is little doubt that the model will yet again 

need to be recalibrated. At the rate at which experimental data is being published, 

especially when compared to the increasing rate over the last few decades, perhaps it 

will not be necessary to wait another full decade before there is sufficient data to 

perform the next calibration.
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Appendix B: Electron Microprobe (EMP)

Major element analyses of plagioclase crystals and the surrounding glass were 

performed  using  a  CAMECA  SX-100  Electron  Microprobe  at  Oregon  State 

University.  Plagioclase analyses were performed using a 30 nA beam current with 

an accelerating voltage of 15 keV and a 1 µm beam diameter.  Glass analyses were 

performed with a 30 nA beam current, an accelerating voltage of 15 keV, and a 5 

µm beam.  Major  element  count  times  for  both plagioclase  and glass  analyses 

range from 10-60 sec.  Standards used for plagioclase calibration were Labradorite 

(USNM #115900) for Na, Si, Al, and Ca, Kakanui augite (USNM #122142) for 

Mg, BASL (USNM #113498) for Fe and Ti, and Microcline (USNM #143966)for 

K. Standards used for glass calibration include: Labradorite for Al, fluoroapatite 

(USNM #104021) for P, Microcline for K, pyroxmanganite (Engi .#245) for Mn, 

BASL for  Si,  Ca,  Mg,  Ti,  anorthoclase  (USNM#  133868)  for  Na,  and  FO83 

(USNM #2566 ) for Fe. Analyses with totals below 99 or greater than 101 wt% 

were  discarded,  as  were  any  feldspar  analysis  with  a  stoichiometry  differing 

noticeably from a nominal plagioclase stoichiometry.  Elements analyzed, crystal 

configuration, counting times, backgrounds, and standards are summarized in Table 

B1.
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Appendix C: Laser Ablation Inductively Coupled Mass Spectrometry (LA-ICP-MS)

LA-ICP-MS analyses were performed at Oregon State University using a VG 

ExCell  Quadrupole  ICP-MS  and  NewWave  DUV  193nm  ArF  Excimer  or 

NewWave 213 Nd-YAG laser  ablation systems.  Plagioclase and glass analyses 

used a stationary 70 µm laser spot with a pulse rate of 4 Hz.  Background count 

rates were measured for 30 sec, and ablation count rates were measured for 40 sec. 

Ablation was conducted under a He atmosphere and He was used to sweep ablated 

particulate into the ICP-MS at a flow rate of ~0.80 liters/minute.  

Standard Reference Materials  BIR-2G and BHVO-2G were analyzed multiple 

times before, during and after each analytical session to identify any instrument 

drift and monitor analytical accuracy.  Standard Reference Material GSE-1G glass 

was the standard used to calibrate analyses of plagioclase and glass and 43Ca was 

used as the internal standard, with CaO contents measured by electron microprobe 

used to calculate elemental abundances. Analyses of the standards are recorded in 

Table  C1.
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Table C1. Reproducibility and accuracy of standards BIR-2G and BHVO-2G 
by  LA-ICP-MS,  used  to  monitor  instrument  drift.  Published  are  the 
published values from USGS

BIR-2G  1 2 3 4 5 Published
Li 2.17 2.98 2.83 2.88 1.71 3

Mg 60430 58972 65947 65079 67641 56688
Si 208705 212845 204254 205275 206233 222046
Ca 95054 95054 95054 95054 95054 95054
Sc 52.68 50.80 47.41 47.53 47.51 43
Ti 5750 5624 5548 5503 5760 5400
Cu 111.64 121.33 111.83 113.75 118.10 119
Zn 74.77 74.27 77.34 74.83 80.11 78
Sr 110.99 107.52 104.66 103.10 102.91 109
Sr 109.20 107.07 102.41 103.59 104.98 109
Y 15.25 16.05 15.09 14.37 15.24 14.3
Zr 15.12 15.59 15.77 14.55 14.29 14
Ba 4.92 6.39 5.80 5.41 6.83 6.5
Ba 5.85 5.97 5.72 5.82 6.01 6.5
La 0.22 0.65 0.48 0.64 0.54 0.609
Ce 1.82 1.63 1.90 1.83 1.92 1.89

BHVO-2G  1 2 3 4 5 Published
Li 3.45 4.04 5.85 6.58 4.90 4.4

Mg 43598 43805 49002 49531 48305 42998
Si 225267 226396 226477 222908 204405 230460
Ca 81475 81475 81475 81475 81475 81475
Sc 34.15 34.49 35.35 34.14 39.99 33
Ti 16098 16048 15993 16196 16269 16300
Cu 119.44 124.20 119.45 126.89 113.94 127
Zn 106.48 101.07 104.76 110.02 105.46 102
Sr 375.61 388.61 373.80 377.17 390.67 396
Sr 386.91 385.04 381.54 384.73 389.01 396
Y 23.73 24.09 23.45 23.17 28.96 26
Zr 173.70 171.92 162.91 162.65 195.16 170
Ba 126.92 122.62 126.99 126.53 117.88 131
Ba 119.13 119.36 123.74 124.97 119.93 131
La 16.24 15.97 14.78 15.13 16.84 15.2
Ce 33.22 33.94 34.77 36.23 33.91 37.6
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Appendix D: Henry's Law Test Analyses 
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Appendix E: BIGD calculations

Di=a∗DTi
2 +b∗DTi+c

Table E1: Values of a, b, and c for BIGD calculation. This table is taken directly 
from Nielsen (1992), where it was published as Table 3.
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Appendix F: Link to Spreadsheet

The following link leads to an excel sheet that calculated the partition coefficients 
for the Rare Earth Element series using the Wood and Blundy (2003) model, the 
recalibrated  version  of  the  Wood  and  Blundy  (2003)  model  published  in  this 
document, and the BIGD model from Nielsen (1992).

https://ir.library.oregonstate.edu/xmlui/bitstream/item/32802/CunninghamJenniferL
2012.xls?sequence=2

https://ir.library.oregonstate.edu/xmlui/bitstream/item/32802/CunninghamJenniferL2012.xls?sequence=2
https://ir.library.oregonstate.edu/xmlui/bitstream/item/32802/CunninghamJenniferL2012.xls?sequence=2
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Appendix G: Trend-lines
Table G1: Trend-line Equations and R2 Values

Figure Trend-line Equation R2

10

DLa = 1.1188*XAlIV
pxn + 0.0437 0.05

DCe = 7.9006*XAlIV
pxn - 0.2175 0.59

DPr = 14.165*XAlIV
pxn - 0.2933 0.73

DGd = 10.763*XAlIV
pxn 0.04

DDy = 16.91*XAlIV
pxn 0.47

DHo = 16.207*XAlIV
pxn 0.14

DLu = 12.413*XAlIV
pxn 0.35

11 DREE = 0.0146e3677.9*[1/T (ºC)] 0.11

12 DREE = 0.3742e-0.1521*[P (GPa)] 0.03

13

DREE (All data) = 0.7437e-0.0611*(wt% H2Omelt) 0.07

DREE (Mafic data) = 0.633e-0.0585*(wt% H2Omelt) 0.08

DREE (Felsic data) = 0.6581e0.0342(wt% H2Omelt) 0.01

14 NBO/T = 0.0014*T (ºC) - 1.3 0.02

15

DLa = -0.0001*[trace elements (ppm)]melt + 0.1131 0.03

DSm = -0.0011*[trace elements (ppm)]melt + 0.6648 0.05

DGd = -0.0005*[trace elements (ppm)]melt + 0.561 0.06

DHo = -0.0015*[trace elements (ppm)]melt + 0.9526 0.12

DLu = -0.001*[trace elements (ppm)]melt + 0.707 0.07

18

[Al2O3 (wt%)]melt = -0.0002*[total dopant (ppm)]melt + 18.494 0.11

[CaO (wt%)]melt = 6E-05*[total dopant (ppm)]melt + 12.962 0.18

[MgO (wt%)]melt = -1E-07*[total dopant (ppm)]melt 2 
+ 0.0012*[total dopant (ppm)]melt + 8.6655

0.60

[Na2O (wt%)]melt = -4E-06*[total dopant (ppm)]melt + 1.7653 0.02

[TiO2 (wt%)]melt = 3E-05*[total dopant (ppm)]melt + 0.8609 0.23
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19

DLi (Type 1) = -9E-06*[total dopant (ppm)]melt + 0.1565 0.89

DLi (Type 2) = 6E-06*[total dopant (ppm)]melt + 0.1733 0.84

DLa (Type 1) = 6E-07*[total dopant (ppm)]melt + 0.0039 0.02

DLa (Type 2) = 2E-06*[total dopant (ppm)]melt + 0.065 0.30

DY (Type 1) = -3E-07*[total dopant (ppm)]melt + 0.002 0.57

DY (Type 2) = 1E-06*[total dopant (ppm)]melt + 0.0076 0.72

DZr (Type 1) = -1E-06*[total dopant (ppm)]melt + 0.0051 0.88

DZr (Type 2) = 2E-06*[total dopant (ppm)]melt + 0.0001 0.78

DTi (Type 1) = 3E-06*[total dopant (ppm)]melt + 0.0206 0.35

DTi (Type 2) = 1E-06*[total dopant (ppm)]melt + 0.033 0.54

DMg (Type 1) = -2E-06*[total dopant (ppm)]melt + 0.0302 0.41

DMg (Type 2) = 4E-07*[total dopant (ppm)]melt + 0.0338 0.15

20

DLi = -0.0137*An% + 1.3418 0.88
DLa = -0.0152*An% + 1.3432 0.73
DY = -0.0031*An% + 0.2692 0.82
DZr = -0.0015*An% + 0.135 0.39

21
An% (Type 1) = 0.0012*[total dopant (ppm)]melt + 85.448 0.11

An% (Type 2) = -2E-07*[total dopant (ppm)]melt 2 
+ 0.0011*[total dopant (ppm)]melt + 82.916

0.28

25

Dc-Dm (La) = 0.0001*[REE (ppm)]melt - 0.0092 0.14

Dc-Dm (Sm) = 0.0005*[REE (ppm)]melt - 0.0887 0.04

Dc-Dm (Gd) = 0.0003*[REE (ppm)]melt - 0.0224 0.02

Dc-Dm (Ho) = 0.0007*[REE (ppm)]melt - 0.1265 0.03

Dc-Dm (Lu) = 0.0005*[REE (ppm)]melt - 0.0745 0.02



80

Appendix H: Model Comparison

Table H1: Comparison of Model Offset and Scatter. Value of NA means the model 
does not calculate this value. A value of “0” is optimal. Values between 5 and 10 are 
preferred.

 Wood and Blundy (2003) New Model BIGD
 Offset Scatter Offset Scatter Offset Scatter

DLa 31.47 49.62 7.31 38.38 26.00 41.84
DCe 53.16 68.29 -1.68 57.37 89.94 94.94
DPr 69.05 86.57 -2.92 92.38 NA NA
DNd 24.85 56.37 -4.05 39.11 55.26 81.24
DSm 17.50 41.92 6.55 31.07 33.38 52.82
DEu 59.60 79.74 41.93 69.30 81.25 111.85
DGd 13.80 31.39 0.50 28.94 15.55 30.51
DTb 40.87 71.26 -4.76 80.22 NA NA
DDy 31.65 58.15 -6.57 41.79 8.92 46.80
DHo 10.07 38.94 1.17 26.19 15.62 44.02
DEr 26.81 57.31 3.40 46.62 -7.73 39.43
DYb 29.50 59.92 3.85 43.39 18.55 62.06
DLu 5.08 31.48 -1.06 26.26 -2.66 36.46
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