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Introduction:  Incompatible elements weakly par-
tition into mantle mineral phases so precise measure-
ments of incompatible element abundances in mantle 
melts have been used to infer mineralogy of mantle 
sources [1, 2]. In a recent study [3], we showed that 
several incompatible chalcophile elements (As, Tl, Pb) 
relative to REE were more compatible in martian igne-
ous rocks than in terrestrial basalts. This observation 
can be accounted for by (1) the bulk partition coeffi-
cients of chalcophile elements being higher due to the 
presence of more residual sulfide in the martian mantle 
[3] and/or (2) different relative compatibilities in the 
martian mantle due to differences in mineralogy. In 
this study, the compatibility sequences of lithophile 
elements in martian and MORB mantles are revised to 
better represent relative partitioning behavior during 
mantle differentiation and the influence of mantle min-
eralogy is examined.     

Methodology:  On a logarithmic concentration 
plot, a pair of elements with identical partition coeffi-
cients yields a correlation with a slope of unity [1]. A 
slope above unity indicates the element on the y-axis is 
less compatible than the element on the x- axis and 
vice versa. The relative compatibilities of incompatible 
trace elements in martian meteorites were assessed 
using data from this study and from literature sources. 
Fig. 1 provides an example where the relative compat-
ibility of Th, U, Nb and Ce were assessed against that 
of La for shergottites and for MORBs. The shergottite 
dataset used here includes new measurements by LA-
ICP-MS [3, 4], solution ICP-MS [5], and from [6]. A 
global MORB dataset from [7] and an estimate of bulk 
silicate Mars [8] are plotted for comparison. The slopes 
of the correlations in Fig. 1 were calculated using York 
regression [9] where errors in both elemental concen-
trations were taken into account. 

Results:  Two important observations are made in 
Fig. 1: (1) the relative order of compatibility, Th < Nb 
< U < La < Ce, is the same in shergottites and in 
MORBs [1]; but, (2) the relative magnitude of compat-
ibilities of Th, Nb and U against La in shergottites are 
more similar than that of MORBs as judged by the 
slopes of the correlations in Fig. 1. For example, the 
compatibilities of Th and Nb and that of U and La are 
nearly identical in shergottites whereas notable differ-
ences in compatibility are noted in MORBs for these 
elements. The slope of log [Th] vs. log [La] in sher-

gottites is 1.18, compared to 1.65 in MORBs (Fig. 1a). 
The range of relative compatibilities of Th, Nb, U and 
Ce to La are smaller in shergottites than in MORB.  

 
Fig. 1(a-d): Correlations of log concentration of La vs. 
that of Th, Nb, U and Ce for depleted, intermediate and 
enriched shergottites from this study and literatures [5, 
6], MORBs [7], and bulk silicate Mars (BSM) [8]. 

 
A matrix of inter-element compatibility was con-

structed for all available lithophile trace elements vary-
ing from highly incompatible to moderately incompat-
ible to construct the compatibility orders in shergottites 
and in MORBs. The result is summarized in Fig. 2 
where elements are plotted according to their compati-
bility with respect to La taken as 1.0. Since this set of 
elements spans a broad range of compatibility, and 
reliable comparisons are best made against an element 
of similar compatibility, a boot-strap method was used 
to place the various REE relative to La and then other 
elements were arranged according to their slopes to the 
nearest REE of similar compatibility.  

In Fig. 2, the bulk silicate Earth (BSE)-normalized 
composition of average N-MORB [7, 10] and BSM-
normalized composition of Tissint [8, 11] are plotted 
on this new relative compatibility scale that takes the 
magnitude of the difference in compatibility into ac-
count. Interestingly, Fig. 2 shows that (1) the order of 
relative compatibility of the majority of lithophile trace 
elements is similar between Tissint and N-MORB, 
except K and P are significantly more compatible with 
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respect to other elements in Tissint than in N-MORB; 
(2) the highly incompatible elements are less incom-
patible relative to La in Tissint than in N-MORB; 
while (3) the HREEs are more compatible in Tissint 
than in N-MORB.  

 
Fig. 2: Bulk silicate Mars (BSM) [8] normalized con-
centration of Tissint [11] and BSE [10] normalized 
concentration of average N-MORB [7].  
 

Discussion: Previous modeling [e.g., 12, 13] and 
experimental [14] studies have shown that the partition 
coefficients of REEs between olivine, pyroxenes and 
shergottite magmas are similar to those for terrestrial 
basalts [14]. Thus, trace element partitioning will be 
determined by mantle mineralogy that could be con-
strained empirically by the variations of the relative 
compatibilities of trace elements (Fig. 2).  

There are numerous determinations of the partition 
coefficients of incompatible trace elements between 
basaltic melt and mantle minerals, but there are few 
studies that have analyzed a broad range of elements 
within a single experiment. Variations from experi-
ment to experiment are large, controlled by tempera-
ture, pressure, mineral and melt composition. To esti-
mate the bulk partition coefficients of lithophile trace 
elements in the martian mantle, we used experimental-
ly determined partition coefficients from [15] because 
these experiments were run at temperatures similar to 
that of shergottite partial melting (1500-1600 °C), and 
were multiply-saturated with pyroxenes and garnet. 
Noticeably, the differences of partition coefficients of 
trace elements between clinopyroxene (cpx) and or-
thopyroxene (opx) are small [15], as Ca contents con-
verge between cpx and opx at these temperatures [16]. 
Thus, cpx and opx were combined as a single pyroxene 
phase in our calculation of bulk partition coefficients 
of martian mantle (Fig. 3). The partitioning of incom-
patible elements in olivine is negligible [17]. For the 
terrestrial mantle, the mineralogy of KLB-1 (ol: pyx: 
grt= 61: 30: 9) at 3 GPa [18] was used and for the mar-
tian mantle the mineralogy (ol: pyx: grt= 45: 45: 10) 

from [8] was used as a reference model. The modal 
proportions of olivine, pyroxene and garnet were then 
varied to ascertain the influences of each mineral on 
the partitioning. Fig. 3 shows the bulk D of a set of 
putative martian mineralogies normalized to KLB-1. 
The lower abundance of olivine in [8] makes the in-
compatible trace elements more compatible in the mar-
tian mantle relative to the terrestrial mantle. Models 
with higher ratios of garnet (15-20 %) to pyroxene 
capture the higher compatibility of the REE and ex-
plain the relatively more compatible nature of Th, Nb 
and U (Fig. 2). Improved partition coefficients for mar-
tian mantle compositions could better constrain mantle 
source mineralogy for shergottites. The effect of sili-
cate mineralogy on partitioning of chalcophile (As, Pb, 
Tl) elements will need to be assessed. 

 
Fig. 3: Bulk partition coefficients (D) for modeled 
martian mantle mineralogies normalized to that of 
KLB-1 (terrestrial). Orange line with squares repre-
sents the mineralogy of BSM [8].  
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