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Introduction: The chemical zoning and textural 

features of minerals lies at the heart of petrologic stud-
ies investigating the plumbing dynamics of magmatic 
systems. Apropos, olivine (Ol) has long been valued as 
a geochemical and petrological tracer of physico-
chemical processes. Therefore, Ol may be used to re-
construct the history of crystals and their host magma, 
which can testify to and record otherwise inaccessible 
early crystallization histories [1]. 

A successful and relatively new tool that may pro-
vide insight into the evolution of magma properties is 
phosphorous (P) zoning in Ol [2]. Within the last dec-
ade, the study of P-zoning in Ol has been extended 
from terrestrial igneous rocks to extraterrestrial sam-
ples [3,4]. It has been recorded that P-rich zones in Ol 
reflect incorporation of P during rapid Ol growth and 
that the zoning patterns primarily record crystal-
growth-rate variations [2, 5]. Phosphorus diffuses ex-
tremely slowly in Ol [6] and therefore, undergoes min-
imal modification under many geologic conditions [2]. 
Thus P-zoning can be preserved over 1–100 k.y. time 
scales, long after traces of other incompatible elements 
have been erased under magmatic conditions [7-11]. 

The construction of the martian magmatic plumb-
ing system(s) have long been speculated upon [12-20]. 
In particular, the ascent of martian magmas is poorly 
understood, but thought to be much like the magmatic  

 
plumbing-systems found on Earth. Adding to current 
debates, we also lack information regarding the depths 
and temperatures at which magmas are stored prior to 
eruption. 

Clues to unraveling magma storage conditions are 
quantified here via the compositions, textures, and 
zoning patterns of P in Ols from a variety of Martian 
rocks (Fig. 1). We also compile Ol zoning patterns 
published in the literature. All Ols reported here fall 
into two primary designations, as revealed from (i) 
composition; (ii) habits (e.g., skeletal, hopper, or euhe-
dral); and (iii) P-zoning patterns (e.g., P-rich cores, 
oscillatory and sector zoning, and dendritic). Com-
bined, they reveal previous histories of complex crys-
tal, in what otherwise appear to be relatively feature-
less crystals. These observations suggest a petrologic 
process that has been hidden from examination until 
now, thereby performing an important role in the 
magmatic evolution of this Earth-like planet. 

Methods: Olivine (plus pyroxene and plagioclase) 
was analyzed for major- and minor-element composi-
tions with a Cameca SX-100 electron microprobe at 
the University of Tennessee. Chemical mapping of Ols 
was conducted using a 15 kV acceleration voltage, 
200–300 nA beam current, 1–3 µm step size, and 200–
800 ms dwell time. 

Results: All Ols from meteorites investigated in 
this study fall into two primary designations, as re-
vealed from their size and P-zoning patterns (Fig. 1).  

Type-I: Type-I Ols, typically the megacrysts, have 
P-free cores, with strong oscillatory zoning near the 
rims that mostly parallel Ol edges (Fig. 1). The origins 
of megacrysts have been interpreted as phenocrysts 
[21-24] and hypothesized to represent the primary melt 
composition, however, megacryst cores in this study 
exhibit variable forsterite contents (Fo70–85) that partly 
overlap groundmass Ol compositions.  

Type-II: Type-II Ols are typically found as 
groundmass, with P-rich cores (< 1700 ppm), sur-
rounded by oscillatory or dendritic zoning (Fig. 1). The 
P-rich core is observed as either a nuclei that matches 
current ol edges or as an hourglass-shaped ‘spine.’ The 
groundmass Ol typically have ≤ Fo65. 

Discussion: The oscillatory zoning of P in Ol has 
been ascribed to result from either extrinsic or intrinsic 
parameters [25]. Extrinsic mechanisms such as magma 
mixing, crystal settling, eruption, T/P changes, or PH2O, 
are those processes that impose a physical or chemical 
change to the system as a whole. Intrisic mechanisms, 
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Figure 1. Primary Ol P-zonation patterns. Type-I (Meg-
acryst and Type-II (Groundmass). 
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however, link crystal growth to purely local phenome-
na, such as crystal growth rate, solute trapping, under-
cooling, coupled substitutions, or cooling. 

The crystallization sequence of martian meteorites 
could potentially reveal which mechanism is dominant 
in martian plumbing systems [12-20]. The petrography 
and chemical relationships of Ol-phyric shergottites 
suggest that megacrysts (Fo77–71) are the early-
crystallizing phase, followed by co-crystallization of 
the groundmass Ol (≤ Fo70) with Pyx (~Mg# 70). Con-
tinued crystallization of pyroxene evolves toward high-
Mg augite, and Ol becomes more Fe-rich (~Fo50). 
Crystallization continues with plagioclase as a major 
constituent, until the end of silicate crystallization.  

Nakhlites and lherzolites, however, offer new eval-
uations of the martian crystallization process. Na-
khlites are olivine-augite cumulates that formed in lava 
flows or shallow intrusions of basaltic magma [26] and 
have experienced post-igneous processes to varying 
degrees. Lherzolites, conversely, are considered to 
represent cumulate rocks crystallized at depth within 
the martian crust [27, 28]. Preserved P-zoning in these 
rocks potentially alters these interpretations (Fig. 2). 

The preservation of fine-scale zoning in pheno-
crysts suggests a brief interval between Ol crystalliza-
tion and eruption, e.g., within a few months [5]. Long-
er durations at near-liquidus temperatures would result 
in pronounced “dampening” of fine-scale zoning (Fig 
1, 2). The implication is that (1) Ol phenocrysts grew 
very shortly before eruption, or (2) Ols were not held 
at magmatic temperatures for long after growth; sup-
ported by the preservation of Cr-zoning [29]. 

Implications: The petrogenesis for shergottites fa-
vors a multi-stage model [Fig. 3: 28, 30]. Stage 1: pri-
mary melts from the martian crust-mantle boundary, 
crystallized P-poor Ol megacrysts (Type-I) via early-
stage fractionation in a staging chamber or feeder con-
duit at depth. Stage 2: a (final?) magma pulse entrains 
Ol megacrysts, which undergo further crystallization of 
P-rich Ol (Type-II) and pyroxenes, in a staging cham-
ber or discharging conduit, prior to extrusion/intrusion. 

Stage 3: the magma is erupted as a thin lava flow, so as 
to form ferroan rims of Ol and pyroxenes and minimal 
crystallization of plagioclase. 

The determination of cooling rates (a proxy for as-
cent rate) through diffusion calculations supports this 
interpretation. Phosphorus-based diffusion calculations 
[6] yield rapid cooling rates, ~ 3 °/yr. Megacrysts, as 
they represent well-equilibrated phases, are typified by 
slow cooling rates [31, 32]. This contrast in the ascent 
rate of magmas in the martian crust illustrates the 
complexities currently debated and only furthers the 
application of the zoning of minor elements in Ol as a 
true indication of the storage conditions of magma 
within Mars. 
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Figure 3. Cross-section of Mars; modified after 3 and 30. 
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Figure 2. Observed P zoning for Ol in martian nakhlites 
(Nakhla; Ref. 27) and lherzolites (NWA 7397) 
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