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Introduction:  Wark-Lovering (WL) rims may 

record the transition from a reducing solar nebula, typ-

ical of calcium- aluminum-rich inclusion (CAI) forma-

tion, to the more oxidized nebular environment of 

chondrule formation.  Titanium in CAI pyroxenes 

records a solar to sub-solar oxygen fugacity (Ti
3+
/Ti

4+
 

~ 1.5).  Ti, Al- rich pyroxene in the WL rim of one 

CAI, Leoville 144A, is shown to have an average 

Ti
3+
/Ti

4+
 of 0.4 in many analyses; many contain no 

Ti
3+
.  This difference in Ti

3+
/Ti

4+
 suggests WL rim 

condensation in an environment of increasing O2(g) and 

Mg(g) compared to the CAI interior [1,2,3].  Here we 

describe the reaction space that would control changes 

in pyroxene composition under conditions of increas-

ing O(g), Mg(g), and SiO(g).  This allows us to compare 

WL rim and CAI interior pyroxene composition with 

the expected compositional changes in pyroxene ac-

companying oxidation.. 

Constructing a Reaction Space: We used linear 

algebraic techniques to identify the reactions govern-

ing CAI pyroxene evolution in a chondritic gas  (Fig-

ure 1).  A set of phase components was identified that 

describes how elements can be distributed among the 

solid and gas phases comprising the system of interest 

[4].  By constructing a coefficient matrix (where rows 

are defined by phase components, columns by system 

components) and reducing to echelon form, we identi-

fy the n linearly independent reactions governing com-

positional changes (where n is the the difference be-

tween the number of independent system and phase 

components).   

A reaction space can be defined by plotting the 

progress of 2 or more of these reactions in Cartesian 

coordinate space. Using these reactions, we quantify 

the path required to form WL rim pyroxene assuming 

CAI interior pyroxene as an intial composition. 

Composition space.  CaO, AlO1.5, TiO1.5, SiO2, 

MgO, and O are the system components considered.  

The phase  components used to model WL Rim forma-

tion are O(g), Mg(g), Ca(g), SiO(g), perovskite (Pv), diop-

side (Di), and the following pyroxene exchange com-

ponents: CaTs (Al2Mg-1Si-1), T3(Ti
3+
AlMg-1Si-1),  

T4(Ti
4+
Al2Mg-1Si-2),  En (MgCa-1). We include pe-

rovskite due to its presence in contact with pyroxene in 

WL rims and because experiments confirm that abun-

dant TiO2 in pyroxene can result in perovskite forma-

tion [5]. 

 
 

Figure 1:  Reaction space representing CAI interior 

pyroxene in the presence of elevated  PMg, PSiO, and 

PO2.  Electron microprobe analyses  of Ti-rich pyrox-

enes in Leoville 144A and its WL rim are plotted [1,2].  

Reacting interior pyroxene with Mg(g) and O2(g) re-

sults in WL rim pyroxene compositions.  This reaction 

space also predicts other compositional variations ob-

served.  

 

Linearly independent reactions governing WL rim 

growth.  Pyroxene compositional variation in this sys-

tem is defined by four reactions.  The first is oxidation   

of Ti
3+
, which occurs due to reaction with free oxygen 

and magnesium in the gas phase:   

 

1.5 O(g) + Mg(g) � 

¼ Di + [Ti
4+
Mg3/4Ti

3+
-1Ca-1/4Si-1/2] . (1, OX) 

 

This reaction results in pyroxene growth, leading to an 

increase in the enstatite component as Ca decreases in 

the growing pyroxene.  This reaction is the x-axis used 

to construct our reaction space, for it describes the 

first-order observation of decreased Ti
3+
 present in WL 

rim pyroxene. 

The second reaction is condensation of perovskite, 

a consequence of elevated Ti
4+ 
in the pyroxene struc-

ture (and shown experimentally by [5]).  Mg-Ca ex-

change is the third linearly independent reaction ob-

tained by row-reducing the coefficient matrix.  These 
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two reactions can be combined to give the y-axis for a 

two-dimensional reaction space: 

 

½ Di + x Ca(g)� 

xMg(g)+ Pv + [Mg1/2-xSiTi
4+
-1Ca-1/2+x]. (2,3, PV) 

 

Unlike the reaction (1, OX) describing oxidation of Ti, 

pyroxene is consumed in reaction (2,3, PV).   The pa-

rameter x defines the extent of Mg-Ca exchange.  

When x > 0.5, WL rim formation occurs in an envi-

ronment where Ca is condensing and Mg is volatile.   

The fourth linearly independent reaction describes 

the role of SiO(g): 

 

1/8 Di + ¼ Mg(g)�  

¾ SiO(g) + [Mg3/8Ca1/8Ti
4+
Ti

3+
-1Si-1/2] . (4) 

 

In this case silica reduction forms Ti
4+
, releasing 

SiO(g).  While (4) does not describe the oxidation of 

Ti
3+
 in WL rim pyroxene, a linear combination of (1) 

and (4) results in enstatite formation directly from the 

gas phase.  This may explain WL rim analyses that 

have silicon contents in excess of those predicted from 

reactions (1) and (2,3).   

Formation of WL Rims in an Oxidizing Solar 

Nebula:  Figure 1 shows the reaction space governing 

WL rim pyroxene formation under the hypothesized 

oxidizing conditions.  CAI interior and WL rim pyrox-

ene analyses from Leoville 144A are plotted in this 

space [1,2].  The origin is defined by an average inte-

rior pyroxene composition.  Bold lines denote the 

boundaries of reaction space where the identified phas-

es are entirely consumed.  Contours for Ti
3+
/Ti

4+
 con-

tents are plotted for reference.  

These reactions predict that decreased Ti
3+
 and total 

titanium result in a significant increase in the Tscher-

mak component (Al2Mg-1Si-1, CaTs) in pyroxene; WL 

rims have CaTs = 0.2 to 0.35 compared to CaTs = 0.08 

in the interior.   

Another prediction of CAI interior pyroxene oxida-

tion is a decrease in Ca pfu (Figure 2).  This is due to 

pyroxene production in reaction (1, OX) and perovsite 

formation in reaction (2,3 PV).  This explains why WL 

rim pyroxenes do not contain the 1 Ca pfu diagnostic 

of CAI interior values.  WL rims typically contain an 

enstatite component of 0.04 to 0.10 (Ca pfu = 0.89-

0.96). 

Conclusions: We have illustrated that CAI interiors 

reacting in a nebular environment of increased partial 

pressures of O(g), Mg(g), and SiO(g) produce pyroxene 

with  less Ti
3+
, less total Ti, less Ca pfu, and more 

CaTs component compared with pyroxenes from the 

interior of the CAI.  We observe all  of these tell-tale 

compositional trends in WL rim pyroxenes.  These 

results, in concert with Mg isotopic data, Ti
3+
/Ti

4+
 val-

ues, and thermodynamic modeling discussed in [1], 

provide evidence that WL rims record a dramatic 

change in nebular chemistry in an environment similar 

to that which may have formed chondritic components 

like chondrules. 

 

 
  

Figure 2:  Reaction space from Figure 1 contoured for 

Ca pfu.  WL rim analyses plot in a region of reaction 

space corresponding to 0.75- 0.80 Ca pfu.  This illu-

strates that the coefficient x for reaction (2,3, PV) is in 

the range of 0.60 - 0.75. 
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