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Abstract – The Miller Range (MIL) 03346 nakhlite contains ~20% mesostasis which con-21 

tains skeletal titanomagnetite.  The titanomagnetite contains trellis-type {111} lamellae of 22 

ilmenite similar to those found in terrestrial titanomagnetites that have experienced subsolidus 23 

redox reactions during cooling of their host rocks. We have characterized the MIL 03346 24 

titanomagnetite-ilmenite intergrowths by a combination of focused ion beam (FIB), energy dis-25 

persive spectroscopy (EDX), and high resolution transmission electron microscopy (TEM).  The 26 

resulting structural and chemical analyses have been combined with temperature and fO2 data 27 

from previous studies of MIL 03346, as well as previous work on two-oxide thermobarometry of 28 

nakhlites.  Our calculations show that as MIL 03346 and other nakhlites cooled below 800 ºC, 29 

they recorded increasingly reducing conditions, such that the lowest temperatures calculated cor-30 

respond to fO2 conditions as low as 4 log fO2 units below the FMQ buffer.  However, the MIL 31 

03346 lamellae must have formed by oxidation and thus record a very late stage low temperature 32 

(<350 ºC) oxidation event.  When considered together with previous studies of MIL 03346 and 33 

nakhlites in general, the overall cooling history could be explained by early oxidation followed 34 

by intermediate stage reduction caused by S2 loss by degassing, followed by late loss of Cl by 35 

degassing. 36 

 37 
 38 
  39 
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Introduction 40 

Our understanding of the geologic history of Mars has been revolutionized by studies of me-41 

teorites that originated from that planet (McSween, 2008).  From these detailed studies we have 42 

learned the precise ages, chemical compositions, mineralogy, alteration history, volatile contents 43 

and magmatic history of a diverse suite of samples, including basalts, pyroxenites, and ultramafic 44 

rocks (McSween, 2008).  In particular, the magmatic history is constrained by the shergottites 45 

which range in age from 575 to 150 Ma and nakhlites which have ages near 1.3 Ga.   Studies of 46 

these two groups have led to a detailed understanding of magma genesis that includes generation 47 

of basalt by melting of the martian mantle (e.g., Filiberto et al., 2008; Monders et al., 2007; 48 

Musselwhite et al., 2006), fractionation of primitive melts to form basalt (Symes et al., 2008), 49 

and the generation of nakhlites by crystallization and accumulation of pyroxene and olivine from 50 

a basaltic parental melt (Treiman, 2005).   51 

Oxygen fugacity (fO2) is an important magmatic variable that controls phase equilibria and al-52 

so defines mantle-crust-atmosphere interactions.  The fO2 at which shergottites and nakhlites 53 

formed has been determined by many detailed studies of individual meteorite samples; 54 

shergottites define a range from near the iron-wustite (IW) buffer to just below the fayalite-55 

magnetite-quartz (FMQ) buffer (Goodrich et al., 2003; Herd et al., 2002; McCanta et al., 2004), 56 

whereas nakhlites are typically more oxidized near FMQ (McCanta et al., 2004; 2009; Bunch 57 

and Reid, 1975; Szymanski et al., 2010; Hammer, 2009; Rutherford and Hammer, 2008, Herd 58 

and Walton, 2008; Treiman and Irving, 2008; Sautter et al. 2002).  Nakhlites are the most oxi-59 

dized samples, and it is important to understand what produces the high end of the fO2 range.  60 

There have been many approaches to studying and understanding nakhlite fO2, including pyrox-61 

ene Fe and REE contents (McCanta et al., 2004; 2009), two oxide barometry (Bunch and Reid, 62 
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1975; Szymanski et al., 2010), and experimental petrology (Hammer, 2009; Rutherford and 63 

Hammer, 2008, and Herd and Walton, 2008).  Despite the many studies there are a range of fO2 64 

values measured using the different approaches and a fundamental understanding of the variation 65 

has been elusive.  Studies of Fe-Ti oxides in nakhlites have led to additional constraints on their 66 

equilibration temperatures and fO2s (Bunch and Reid, 1975; Treiman and Irving, 2008; Szyman-67 

ski et al., 2010; Sautter et al. 2002), but even this approach has led to a range of fO2 values and 68 

temperatures from 500 to 1000 ºC. 69 

Among the nakhlites, the Miller Range (MIL) 03346 pairing group is recognized as among 70 

the most oxidized, and may represent the top-most sample in a small or shallow magmatic body.  71 

MIL 03346 is one of the most mesostasis-rich nakhlites (Treiman, 2005) and thought to have 72 

equilibrated at oxygen fugacities near the FMQ buffer (Righter et al., 2008; Dyar et al., 2005).   73 

The MIL 03346 mesostasis contains skeletal titano-magnetite, but does not contain coarse-74 

grained magnetite and ilmenite crystals as do many of the other nakhlites, and so this sample has 75 

not been part of the two oxide barometry studies.  76 

However, several scientists (e.g. Makashima et al., 2007) have noted that this titano-magnetite 77 

contains very fine exsolution lamellae (Figure 1).  Moreover, the lamellae are so small that they 78 

cannot be characterized by electron microprobe analysis (EMPA) or other standard approaches.  79 

The trellis-type lamellae typically form by oxidation (Haggerty, 1976), so studies of the oxide 80 

and the lamellae formation may offer some new constraints on the origin of the fO2 variation 81 

within nakhlites and within the martian meteorite suite in general.  Here we report the first char-82 

acterization of the mineralogy of the lamellae phase.  We select several areas for focused ion 83 

beam (FIB) extraction, prepare transmission electron microscopy (TEM) foils, and identify and 84 
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analyze the lamellae using TEM.  The resulting analyses are combined with previous work on 85 

nakhlites to interpret the thermal and oxidation history of this meteorite group. 86 

 87 

 88 

SEM petrography and FIB extraction 89 

 Several regions of MIL 03346 (,106) where well developed lamellae are present in grains 90 

thick enough with depth to support FIB sectioning (Fig. 1), were identified by scanning electron 91 

microscopy (SEM).  The lamellae are no more than 2 µm thick, and form a trellis-like pattern 92 

oriented on the {111} crystallographic planes of the host titanomagnetite. The intergrowth is typ-93 

ical of so-called “oxy-exsolved” titanomagnetites described from a range of terrestrial rocks, par-94 

ticularly basalts (Haggerty, 1976).  Regions within the host titanomagnetite containing the lamel-95 

lar intergrowths were extracted in the form of 1 x 10 x 15 µm sections (Fig. 1) using a dual fo-96 

cused ion-beam (FIB) instrument (FEI: Quanta 3D-FEG) using 30 kV Gallium ion-beam at the 97 

NASA Johnson Space Center (JSC) and then thinned further using 5 kV and 2 kV gallium ions 98 

for TEM work (Fig. 1).   99 

EDX data and TEM analysis 100 

We obtained imaging, diffraction and chemical data from the FIB section using the NASA-101 

JSC JEOL 2500 field-emission STEM equipped with a Noran thin window energy-dispersive X-102 

ray (EDX) spectrometer.  Calculation of Fe2O3 and FeO proportions was done using charge bal-103 

ance and stoichiometry and demonstrates that the exsolved magnetite is nearly pure Fe3O4 com-104 

ponent (Table 1).  The magnetite contains only a small amount of Al and Ti.  In addition, the 105 

ilmenite has a Mg/Mn ratio of 0.126, and the magnetite has a very low Mg/Mn ratio of < 0.128.  106 

These similar values suggest equilibration was approached, as defined by Bacon and Hirschmann 107 
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(1988) (Table 1).    From the EDX analyses, the ilmenite stoichiometry is ~(Fe0.97Mn0.03)TiO3. 108 

The host titano-magnetite is (Fe2.76Al0.13Ti0.11)O4.    When Fe2+ and Fe3+ in magnetite and 109 

ilmenite lamellae are calculated based on charge balance and stoichiometry (Table 1), and Fe2+, 110 

Fe3+ and Ti are plotted on a ternary diagram, it is clear that oxidation has occurred in the host 111 

magnetite (see equation 2 below), causing the exsolution that is expected in trellis-type 112 

exsolution features (Figure 2).  The tie line between ilmenite (green) and magnetite falls to the 113 

right of the original bulk composition (yellow) indicating an overall gain in Fe3+, and thus oxida-114 

tion; because the ilmenite contains essentially no Fe3+, the remaining magnetite must contain 115 

more Fe3+ than the original titano-magnetite, as indicated on Figure 2.  116 

TEM diffraction and imaging analysis confirm that the lamellae are typical trellis type oxida-117 

tion-driven exsolution of ilmenite on {111} of the host titano-magnetite (Figure 3a).   The high-118 

resolution TEM image of the magnetite-ilmenite interface shows the orientation relationship 119 

(0001) Ilm ║ (111) mag (Fig. 3b).  In addition to the trellis-type oxyexsolution, there is further 120 

true subsolidus exsolution within the host titanomagnetite into nearly pure endmember magnetite 121 

[(Fe2.87Al0.06Ti0.07)O4] and more Al and Ti-rich very thin, wormy (~10 nm thick) lamellae of 122 

composition [(Fe2.41Al0.33Ti0.26)O4] exsolved on (100) (Figure 4). The Al- and Ti-rich magnetite 123 

also occurs as a ~5-10 nm thick layer at magnetite-ilmenite interfaces (not shown).  An addition-124 

al microstructural feature identified by TEM imaging consists of 10-20 nm size grains of 125 

hercynitic spinel (FeAl2O4) occurring at the junction of some ilmenite lamellae. (bright spot of 126 

upper right corner of Fig. 3a).  The hercynite is in contact with the host titanomagnetite as well 127 

as the ilmenite lamellae.  The hercynite is ~Hrc86Mt14, but contains percent levels of Zn and trace 128 

but detectable Ti and Mn.  This pair of hercynite and magnetite compositions form at ~500-600 129 

ºC , according to the Hy-Mt solvus of Turnock and Eugster (1962).  130 
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 131 

Temperature and fO2 calculations 132 

Equilibrium between rhombohedral (rhm) and spinel structured (spn) oxides may help con-133 

strain the conditions at which the lamellae formed.  The coexistence of ilmenite and magnetite 134 

allows calculation of T and fO2 of equilibration based on the exchange (1) and redox (2) 135 

equilibria (Buddington and Lindsley, 1964): 136 

1)      Fe2O3 +  Fe2TiO4 =  FeTiO3 +   Fe3O4 137 
          rhm,         spn,          rhm,         spn, 138 
         hem.      ulvosp.        ilm.         magnt. 139 
 140 

2)       6 Fe2O3  =  4 Fe3O4   +    O2 141 
            rhm,              spn, 142 
            hem.           magnt.      gas 143 
 144 

where hem. = hematite, ilm. = ilmenite, ulvosp.=ulvospinel, and magnt.=magnetite).  Two ver-145 

sions of this geothermometer will be used here: a) the most recent version of this 146 

geothermometer, Ghiorso and Evans (2008), is best calibrated for long and short range cation 147 

order, and also includes the newest experimental data for the Fe2+Ti – (Fe3+)2 exchange 148 

equilibria, and b) the model of Ghiorso and Sack (1991) which has been widely applied to igne-149 

ous rocks.  Using compositions in Table 1, T and fO2 were calculated using these 150 

geothermometers, and resulted in extremely low temperatures (~203-228°C; Table 1).  These 151 

results suggest that the T- fO2 equilibration conditions were at low temperatures but the results 152 

are outside of the reliable calibration range of the geothermometers (~ 350 °C; Ghiorso and Sack, 153 

2008), and thus the two oxides do not, unfortunately, accurately record T- fO2 conditions of equi-154 

libration.  Additionally, the results yield relative fO2 of ΔFMQ = -9.0, which is ~ 5.5 log fO2 155 
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units below the IW buffer, where Fe metal is stable.  This is also a nonsensical results because no 156 

Fe metal has been observed here, and in fact oxidation of titano-magnetite is observed.   157 

The exsolution of hercynite (FeAl2O4) from the titanomagnetite host is consistent with tempera-158 

tures of 500- 600 °C, based on the Turnock and Eugster (1962) solvus.  Although the tempera-159 

tures derived from the two-oxide geothermometry may not be accurate because they are outside 160 

the calibration range of the T-fO2 oxybarometer/thermometers, the temperatures are nonetheless 161 

all consistent with a low temperature stage in the history of MIL 03346.  162 

Comparison of MIL 03346 two oxide T and fO2 to other nakhlites 163 

The temperatures we have determined based on the compositional relations in the MIL 03346 164 

titanomagnetite-ilmenite intergrowths are quite a bit lower than many previous calculations of 165 

temperature for nakhlites, and appear to be the lowest so far measured for all nakhlites (e.g., 166 

Bunch and Reid, 1975; Treiman and Irving, 2008; Szymanski et al., 2010; Sautter et al. 2002, 167 

Boctor et al., 1976).  Given these unusual values, we have calculated T and fO2 for all available 168 

nakhlites using chemical analyses of magnetite and ilmenite from nakhlites reported in the litera-169 

ture, using the Ghiorso and Evans (2008) Fe-Ti two-oxide geothermometer.   The calculated 170 

temperatures for these nakhlites (Nakhla, Lafayette, NWA 998, Yamato 000589) are higher than 171 

those inferred for MIL 03346, but all the data define a trend with the lowest temperature Fe-Ti 172 

pairs also being the most reduced relative to FMQ.  Because MIL 03346 records a low tempera-173 

ture, and also clear evidence for oxidation, it appears that MIL 03346 would record a change in 174 

the overall nakhlite trend to a set of lower-temperature, more oxidized conditions (Figure 5).  175 

 176 

Temperature and fO2 history of MIL 03346 and origin of reduction and oxidation trends 177 
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One possible explanation for the reduction trend is a reduction reaction such as 4Fe2O3 + S2 = 178 

8FeO + 2SO2, which occurs while SO2 is lost through cooling and degassing.  This hypothesis 179 

could be tested against careful studies of the S content of nakhlite mesostasis to see if there is a 180 

trend with the temperatures and ΔFMQ values calculated here.  Although such data have not yet 181 

been obtained for MIL 03346, they have been for other nakhlites.  For example, nakhlites that 182 

are thought to have formed at the shallowest depths – e.g. NWA 817 (Sautter et al., 2002) – have 183 

the lowest S contents (Chevrier et al., 2011), whereas those thought to have formed deeper – e.g. 184 

NWA 998 (Mikouchi et al., 2006) – have the highest S contents (Chevrier et al., 2011).  This 185 

suggests that the shallower samples lost more S and became more reduced, whereas those form-186 

ing deeper stayed oxidized and retained more S during cooling.  Such a trend of temperature and 187 

ΔFMQ is observed in terrestrial volcanic tuffs such as the Bishop Tuff and Katmai and various 188 

plutons (Ghiorso and Evans, 2008; Frost and Lindsley, 1992), suggesting that there was reduc-189 

tion upon subsolidus cooling and degassing of those igneous bodies. 190 

The late oxidation trend, on the other hand, could be due to loss of Cl during degassing.  Cl is 191 

known to remain soluble in magma to lower pressures and temperatures than S2, and thus degas 192 

at later stages of magmatic history (Webster et al., 1999).  Once Cl degasses (as FeCl2) the mag-193 

ma is depleted of FeO and thus magma may become oxidized (Bell and Simon, 2012): 194 

FeO (melt) + HCl (fluid) = FeCl2 (fluid) + H2O (melt).   195 

Martian magmas are known to contain Cl and S, and this hypothesis could help to explain the 196 

late oxidation recorded in the shallow MIL 03346 nakhlite.  Indeed, McCubbin et al. (2013) doc-197 

ument changes in apatite chemistry (MIL nakhites have higher F) that are consistent with Cl de-198 

gassing at a late stage.  The presence of F-rich apatites indicates that Cl and H2O were lost earlier 199 
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(McCubbin et al., 2013; Ustunisik et al., 2011).  The overall effect of degassing on S, Cl, and fO2 200 

is discussed in more detail in the next section.  201 

 202 

Overall T-fO2 history of MIL and other nakhlites 203 

There have been many studies of the temperature and fO2 of the MIL 03346 nakhlite, with a 204 

range of temperatures and fO2’s reported, depending on the approach taken.  Here we compare 205 

our results to those of previous studies and show that the MIL nakhlite may preserve part of a 206 

cooling history that includes early oxidation, intermediate reduction, and late oxidation.  The ex-207 

perimental textural and pyroxene compositional studies of Rutherford and Hammer (2008) indi-208 

cate that the MIL nakhlites may have equilibrated at 1140 ºC and FMQ-2, whereas the Eu parti-209 

tioning in pyroxene records FMQ-1 (McCanta et al., 2009), and the groundmass contains fayal-210 

ite-rich olivine, magnetite, and SiO2-rich glassy mesostasis that must have equilibrated near 211 

FMQ.  Rutherford and Hammer (2008) propose that this cooling and slight oxidation trend can 212 

be explained by crystallization of the MIL nakhlite system, which was accompanied by Fe3+ en-213 

richment in the liquid, thus causing slight oxidation (Figure 6).  This general idea is consistent 214 

with the results of Righter et al. (2008) who calculate FMQ+0.5 and 1100 ºC based on pyroxene 215 

and melt equilibria (Figure 6).  Additionally the studies of Herd and Walton (2008) are also con-216 

sistent with this scenario, as well as a proposed 3 to 6 ºC/hr cooling rate.    Such an oxidation 217 

trend with crystallization has been documented in terrestrial basaltic systems such as Carmichael 218 

and Ghiorso (1990) and Christie et al. (1986), and was suggested for the nakhlites by Treiman 219 

(2005).  That the redox conditions were changing during the crystallization or cooling of the 220 

nakhlite magma bodies is indicated by zoning or gradients in some mineral phases (e.g., Treiman 221 

and Irving, 2008; Domeneghetti et al., 2013), as well as documentation of the sulfide-sulfate 222 
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transition in a melt inclusion from MIL 03346 (McCubbin et al., 2009).  This general history of 223 

early oxidation may be quite typical for martian magmas, since most underwent fractionation 224 

(thus building up Fe3+ in residual liquids), as documented in LAR 06319 by Peslier et al. (2010).   225 

Following this cooling and oxidation trend from ~1200 to 1100º C, the MIL nakhlites and 226 

nakhlites in general must have undergone additional cooling accompanied by reduction, as 227 

demonstrated in the previous section (see Fig. 6).  Many may have cooled while also losing S2 228 

gas causing the late stage reduction.  In contradistinction to the nakhlites, the oxidation trend 229 

from 1200 to ~750 ºC seen in LAR 06319 (Peslier et al., 2010), may be a case where there was 230 

limited degassing until temperatures lower than 750 ºC.  Finally, the late loss of Cl from MIL 231 

03346 during further cooling and degassing may have caused late oxidation of the magnetite in 232 

the shallowest portion of the nakhlite magmatic system (Fig. 6).   233 

Implications 234 

The nakhlites may thus document the early oxidation seen in some shergottites, followed by 235 

later reduction with S2 degassing, followed by later oxidation caused by Cl degassing.  This idea 236 

is supported by the fact that the most shallow nakhlites also contain the least S and Cl (Chevrier 237 

et al., 2011; McCubbin etal., 2013), the most oxidized samples are near the top (Mikouchi et al., 238 

2006; McCubbin et al., 2013), and the most reduced are at the bottom (McCubbin et al., 2013; 239 

Treiman et al., 2007).  This protracted cooling path of oxidation followed by reduction followed 240 

by late stage oxidation must be well understood in any magmatic system or suite of rocks from 241 

Mars before individual fO2 calculations for any given sample can be accurately interpreted. Pull-242 

ing a fO2 value out of context may lead to erroneous conclusions regarding the magmatic fO2 of 243 

the samples. 244 
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Figure Captions 373 

Figure 1: (A) Backscattered electron (BSE) image of titanomagnetite (white, tmt), fayalite (light 374 

gray), and quenched assemblage (including glass and feldspathic phases) in the mesostasis of 375 

MIL 03346. The coarse-grained crystals enclosing the mesostasis are augite.   (B) High magnifi-376 

cation backscattered electron (BSE) image of titano-magnetite (light gray) showing the fine oxi-377 

dation-driven exsolution lamellae of ilmenite (dark gray) in MIL 03346 ,106.   (C) A FIB section 378 

was extracted from a region with many lamellae, with sample and stub indicated. 379 

Figure 2: Ternary diagram showing the oxidation of the original titanomagnetite into magnetite 380 

and ilmenite.  These are the measured compositions of the lamellae and host superimposed on 381 

the ternary which shows that the lamellae-host textures formed by oxidation.  The tie line be-382 

tween ilmenite (green) and magnetite falls to the right of the original bulk composition (yellow) 383 

indicating an overall gain in Fe3+, and thus oxidation; because the ilmenite contains essentially 384 

no Fe3+, the remaining magnetite must contain more Fe3+ than the original titano-magnetite. 385 

Figure 3: (A) Bright-field STEM image of the exsolution microstructure of ilmenite from the 386 

titano-magnetite host.  Hercynite spinel (hrc) is present as a bright octahedron in the upper right 387 

quadrant of the image.   (B) A high-resolution TEM image of a magnetite-ilmenite interface.  388 

The inset is a selected-area diffraction pattern showing the orientation relationship (0001) ilm ║ 389 

(111) mag. 390 

Figure 4: (A) Transmission electron microscope image of sub solidus oxidation-driven 391 

exsolution of ilmenite in magnetite.  (B, C, D)  Fe, Ti, and Al x-ray maps show another set of 392 

exsolution lamellae high in Al and Ti.  A second set of very fine exsolution lamellae of spinel 393 

within magnetite are visible in the lower left portion of B, C, and D.    394 

Figure 5: Temperature and fO2 (relative to the fayalite-magnetite-quartz, or FMQ, buffer) for the 395 

MIL 03346 nakhlite magnetite-ilmenite pairs in this study, compared to those from previous 396 

studies. All temperatures and fO2 calculated using the Ghiorso and Evans (2008) oxy-barometer.  397 

All temperatures and fO2 from the literature nakhlites were calculated using data from Reid and 398 

Bunch (1975), Treiman and Irving (2008), Szymanski et al. ( 2010), Sautter et al. (2002), and 399 

Boctor et al. (1976).  Hercynite exsolution line is estimated from the Fe3O4-FeAl2O4 system 400 

(Turner and Eugster, 1962).  Hercynite presence (~550 ºC) and magnetite-ilmenite exsolution (< 401 

350 ºC) are both lower temperature events than recorded in nakhlites from the literature.  FMQ 402 

buffer is that determined by Myers and Eugster (1983). 403 
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Figure 6: Combined T-fO2 estimates from previous studies (Rutherford and Hammer, 2008; 404 

McCanta et al., 2009; Righter et al., 2008) with our calculations for nakhlites, which highlights 405 

an early oxidation trend followed by later reduction recorded in the nakhlites, and finally an oxi-406 

dation event at low temperatures.  The latter oxidation trend is discussed in Figure 5 and in the 407 

text.  The McCanta et al. (2009) estimate of FMQ-0.3 is not shown because temperature was not 408 

calculated in that study, but the high FMQ value is consistent with this scenario as well. 409 

  410 
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 411 
Table 1: Titanomagnetite, and magnetite and ilmenite analyses 412 
and temperature and fO2 calculations  413 
   414 
 Titanomagnetite 

host a 
Magnetite 
lamellae b 

Ilmenite 
lamellae b 

SiO2 0.30 - - 
TiO2 15.39 3.87 52.6 
Al2O3 3.06 2.92 n.d. 
V2O3 0.37 - - 
FeO (tot) 75.34 87.4 45.9 
MnO 0.55 0.41 1.40 
MgO 0.09 <0.03 0.10 
CaO 0.03 - - 
Total 95.13 94.32 100 
    
FeO 46.78 36.52 45.93 
Fe2O3 31.74 56.54 0.01 
    
Recalc. 
total 

98.30 99.98 99.91 

    
Mg/Mn  <0.128 0.126 
    
T(ºC) 
(GE08) 

 228 

logfO2  -52.05 
Δ FMQ  -9.00 
   
T(ºC) 
(GS91) 

 203 

logfO2  -51.84 
Δ FMQ  -8.78 
   
a Typical titano-magnetite host microprobe analysis from Day et al. (2006) 415 

b Counting statistics errors on the EDX analyses are < 1% on major elements, a ~2 % on minor elements 416 

n.d. = not detected; GE08 = Ghiorso and Evans (2008); GS91 = Ghiorso and Sack (1991) 417 
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