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ABSTRACT

Phase equilibrium experiments have been performed on a synthetic analog of the Gusev
plains basalt composition from the Spirit landing site on Mars, determined by the Alpha
Particle X-ray Spectrometer on the Spirit Rover (Gellert et al., 2006; McSween et al.,
2006). The near-liquidus phase relations were determined over the pressure range of 0.1
MPa to 1.5 GPa and at temperatures from 1105 °C to 1390 °C in a piston cylinder
apparatus and 1-atm gas mixing furnace. The composition is multiply saturated with
olivine, orthopyroxene, and spinel on the liquidus at 1310 °C and 1.0 GPa, or 85 km
depth on Mars, placing an upper limit constraint on the thickness of the Martian
lithosphere at the time of eruption. Experiments carried out at 0.1 MPa show Fo;7 olivine
as the first liquidus silicate mineral, appearing near 1250 °C. Olivine and spinel co-
crystallize until pigeonite and plagioclase (Ans3) join the crystallizing assemblage at 1125
°C. Low pressure crystallization of the Gusev composition does not produce liquids that
could be parental magmas to surface types 1 and 2 of the Martian surface, nor do they
appear to be related to olivine-phyric shergottites or other SNC meteorites. The iron-rich
Gusev basalts appear to have been crystallized from a less depleted mantle source than
the magnesian olivine-phyric shergottite Yamoto 980459.

Thesis Supervisor: Timothy L. Grove
Title: Professor of Geology
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Chapter 1

INTRODUCTION

Until recently the only information on the composition of igneous rocks on Mars and
Martian magmatic processes came from SNC meteorites (McSween, 2002). With the
exception of one ancient sample (ALHA84001, a pyroxenite cumulate), these meteorites are
young magmatic rocks thought to have been ejected through meteoritic impact from the
volcanic areas of Tharsis or Elysium. Most of these rocks contain accumulated crystals and
therefore do not represent liquid compositions, and most are derived from evolved liquids
that have experienced varying extents of fractional crystallization. Notable exceptions are
several olivine shergottites (e.g., Yamato 980459, Greshake et al., 2004). Thus, it has been
difficult to characterize Martian mantle processes and major element characteristics of
Martian mantle source regions. Lavas were analyzed by the Mars Pathfinder mission using
the Alpha Particle X-ray Spectrometer (APXS), but the analyzed compositions represent
extremely evolved and differentiated andesitic magmas as well (Minitti and Rutherford,
2000).

Basaltic rocks have recently been described from the Spirit landing site at Gusev
crater, and have been characterized as dark, fine-grained vesicular rocks, containing <25%
olivine megacrysts (McSween et al., 2004; McSween et al., 2006). Chemical analyses of
abraded surfaces of these samples by APXS are consistent with primitive basalts, with an
average of 11% MgO (McSween et al., 2006). Gusev crater is located in the northernmost
region of the highly cratered Southern Highlands and rocks with spectral characteristic

similar to Gusev basalts have also been documented elsewhere in the Southern Highlands



(e.g., in the cliffs surrounding Isidis Planitia, Hoefen et al., 2003), suggesting that this basalt
composition may represent an important component of the ancient Noachian Martian crust.
In the following discussion, we will be concerned with the basalts from the floor of
Gusev crater, analyzed during the first 155 sols of Spirit's mission before reaching the
Columbia Hills. These basalts are represented by the rocks Humphrey, Adirondack, and
Mazatzal, and have been classified by Squyres et al. (2006) as Adirondack Class. They will
be referred to in this paper as Gusev basalts. We present the results of high-pressure, high-
temperature phase equilibrium experiments on the Gusev basalts. The purpose of this study
is to understand the formation conditions of these rocks, and we show that these basalts
represent the first samples of near-primary magmas from Mars. On Earth, such primary
basalts have been extensively used as the main tool to decipher melting conditions and
thermal structure of the mantle (BVSP, 1981). Similarly, detailed study of the Gusev basalts
could give information on mantle processes and melt generation on the early Mars. Low-
pressure crystallization experiments are also utilized to determine the differentiation path of
the Gusev basalts, and elucidate their relation to remotely sensed crustal compositions and

shergottite-nakhlite-chassigny (SNC) meteorites.



Chapter 2

EXPERIMENTAL METHODS

2.1 Starting Materials

The starting composition for this study (Table 1) was a synthetic analog of the
average of the published compositions for Adirondack, Humphrey and Mazatzal (McSween
et al., 2006) based on the recalibrated APXS data (Gellert et al., 2006). An oxide mix was
prepared using high-purity oxides (SiO;, TiO,, Al;03, Cr,03, Fe;03, MnO, MgO, NiO),
synthetic CaSiO3, Na,SiO3, and K,Si4Oy, natural fluorapatite (Durango, Mexico) and Fe
sponge (Lindsley et al., 1974). The oxides were ground under ethanol for 5 hours in an
automatic agate mortar and pestle, Fe sponge was added and the mixture ground for a final

hour.

2.2 Low-Pressure Experiments

Experiments were performed on the synthetic Gusev basalt analog composition at 0.1
MPa in a Deltech DT31VT rapid quench gas-mixing furnace. Oxygen fugacity was
controlled at or near the quartz-fayalite-magnetite (QFM) buffer using mixtures of CO,-H;
gas with volumetric flow rates equal to or less than 0.1 ml/s. Oxygen fugacity was monitored
using CaO-ZrO; electrolyte cells that were calibrated at the Cu-Cu,0O and Fe-FeO buffers.
Temperature was measured using Pt-PtooRh;¢ thermocouples calibrated against the melting

points of NaCl, Au and Pd on the IPTS 1968 temperature scale (Biggar, 1972).



0.04-0.05 g of the Gusev mix was pressed into a pellet with elvanol as a binder. The
pellet was sintered to a 0.008” 7-9% FePt alloy loop designed to minimize the exchange of
iron between the silicate charge and the wire loop (Grove, 1981). Experimental durations
varied from 3 hours at near-liquidus conditions to 170 hours at the lowest temperatures

investigated.

2.3 High-Pressure Experiments

Elevated pressure experiments were carried out between 0.8 and 1.5 GPa in a 0.5 inch
end-loaded solid medium piston cylinder apparatus (Boyd and England, 1960). The piston-in
technique of Johannes et al. (1971) was used. The sample was pressurized to 1.0 GPa (0.8
GPa for 0.8 GPa runs) at room temperature before the temperature was brought up to 865 °C
at a rate of 100 °C/minute. Temperature was held constant at 865 °C for 6 minutes and the
pressure was raised to the experimental pressure. Temperature was increased to the final
experimental temperature at 50 °C/minute. Experiments were maintained at pressure and
temperature for the duration of the run (Table 2), and they were quenched by turning off the
power to the controller. For experiments above 1.0 GPa, the runs were pressure-quenched by
reducing pressure to 0.8 GPa as the power was turned off (Putirka et al., 1996).

About 10 mg of the starting mix was loaded into a graphite crucible with a graphite
lid and placed in a platinum capsule that had been triple crimped, welded shut and flattened
on one end. Graphite powder was packed in above and below the crucible (Elkins et al.,
2000) and the top of the outer Pt capsule was crimped and welded shut. The capsule was

fitted in an alumina sleeve and positioned in the hotspot of a graphite furnace using MgO



spacers. BaCO; cells wrapped with Pb foil were used as the pressure medium. The pressure
was calibrated against the reaction anorthite + gehlenite + corundum = Ca-Tschermakite
(Hays, 1966), and is accurate to + 50 MPa. Wy;Re3-W7sRe,s thermocouples were used to
monitor and control temperature, with no correction for pressure effects on thermocouple
EMF. A 20 °C correction was applied to account for the temperature difference between the
sample in the hotspot and the location of the thermocouple. This temperature difference was
measured by offset thermocouples. The thermal gradient over the length of the sample is less
than 10 °C (Wagner and Grove, 1997) and the temperature is thought to be accurate to £10
°C.

The oxygen fugacity (fo,) imposed by the graphite capsule in our piston cylinder
experimental assembly has not been measured directly. Other experimentalists
have estimated the intrinsic oxygen fugacity of similar piston cylinder
assemblies (Watson, 1987; Brooker et al., 1998) and suggest conditions near the

quartz-fayalite-magnetite (QFM) buffer or more reducing, ~QFM-1.

2.4 Analytical Methods

The experimental run products were analyzed with the 4- or 5-spectrometer JEOL
733 Superprobe electron microprobes at the Massachusetts Institute of Technology. An
accelerating voltage of 15 kV and a beam current of 10 nA were used. A 2 um diameter
beam was used to analyze crystalline phases and a 10 pm beam was used for glasses.
Quantitative analyses were obtained using the Armstrong (1995) CITZAF correction

package, which uses the Duncumb and Reed atomic number correction, the Reed
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fluorescence correction, and Heinrich's tabulation of mass-absorption coefficients. To
minimize Na loss, the element was counted for 5 seconds at the beginning of an analysis.
Other elements were counted for up to 40 seconds depending on abundance level. See

Gaetani and Grove (1998) for a discussion of analytical precision.
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Oxide (Wi%) Recalibrated Experim.eptal
data composition
SiO, 45.57 46.04
TiO, 0.55 0.50
Al O, 10.51 10.60
FeQ* 18.80 18.66
Cr,0; 0.63 0.74
MnO 0.42 0.42
MgO 10.97 11.12
CaO 8.05 7.95
Na,O 2.35 1.75
K,0 0.08 0.06
P,0; 0.59 0.56
FeS 0.83 --
Total 99.34 98.41

Table 1. Recalibrated data represents
an average of the compositions of
Humphrey, Adirondack, and Mazatzal
reported in McSween et al. (2006).
Experimental composition is the average
estimated composition of piston cylinder
runs from mass balance.

12




el

001 s (THoe mé.a;Oom\%Eae 3unmEs (5 1 - PGS 1)) S8 poBwiisd ()3 JO ULeS 10 sso] E\&mm%ﬁ
UOIE[NOED 2dUB[eq SSEW WO S[enpisal parenbs jo wng,

"ooue[eq ssew Aq paje[nores suoniodoid aseyq fourds ds ‘onuoa3id Sid ‘ousxoikdoyrro xdo ouaxoihd x{d ‘auialjo jo ‘sse]d 1§ suoneIARIqqQY

L80- | CTO 124Y 9L0 050 8C'1 1€0 (96) 18+ (1) ds+ (g) xdo| ¢ 09¢l |edD SS°1]9¢-SND

e | veo 0 780 9¢°1 (Le) 1B+ (1) ds| ¢ 08€1 (edD ST | LT-SND

[B+ds| ¢ 06€1 |BdD T'1 | 81-SND

B+ds| ¢z | sLer [edDTT [ L1-SND

18+ds| ¢zz | SSET |BdDT'T | £2-SND

ov'1- | LTO §20] 40 161 (L6) 18+ (1) ds| sze | Se€l |edDT'1 | ¥T-SND
S0T- | 1€0 0¥'0 | SLO LY0 ve'T | 0£0 (88) 18+ (1) ds+ (g) xdo| ¢'¢ | SIET [edD TT [ ST-SND

B+ds| T [ O0SET |BIDOT |91-SND
91'T | €20 €50 1570 or'l (86)13+(1)dsf ¢ [ o0cEl [BdDO'T [0Z-SND
LO0- | 0T0 wo | LLo | ¥Lo | 0S0 SET | 080 | SEO |y ds 4 (1) éoewwm_vm _M v | 01¢l [edDO'T | 12-SND
SLe- | veo 910 €50 ve'l (Le) 1B+ (D) ds| ¢v | STEI | BdD 80 | 62-SND
SO1- | €20 8€°0 sLo | oso 09'1 ve0 | (S6)IB+ (D ds+(€)10] S+ | 00€1 |edD 80 | 8T-SND
IS'1- | 2€0 LEO 50 €8°1 (Le)B+(Dds| ¥ [ 091 |edINT°0|2e-SND
98°0- | 6£0 vE0 LLO | 150 L6'1 1€0 | o) B+(Dds+(Do| §v [0vTl |edIN 10| 1€-SND
v€0- | 8€°0 0€0 Lo | vro €8'1 0£0 | (S IB+(@ds+(D 10| ST [ S6IT [BIN1°0 | 9¢-SND
LLO- | 10 TTo 890 | 0F0 vE'T z€0 | 8L IB+(7)ds+(81)10] 81T [ OSIT [BJIN1°0 | £€-SND
TIo- | 6€0 | €L0 | 9T0 89°0 | O¥0 | T80 | 881 Te0 BLE + (@) &5 + (1) 6€1 | STIT |edIW 10 | #€-SND

[d+(1>) 8id + (81) [0

6 1B+(Dds+|

9T0 1 €0 | 0L0 | 1T0 | L90 | ¥9°0 | SE0 | 6L0 | €IT | LTO | FEC [y gy ()B4 (op o] 01 | SO [PN 10| seSND
1d ds xAd 10 18 brj/id | bryyds | bryxAd | bry/jo W | o)
LAV | AT | #eD | #3N | #8IN | #SIN | 8N | N o o ! (S9eUd ouny, | dwap, | aImssalg | #uny

‘S1onpo.d pup suonIpuod [puuLdxy "7 |qu ]




Chapter 3

EXPERIMENTAL RESULTS

3.1 Approach to equilibrium

The experiments presented in this study are synthesis experiments where crystals and
liquid formed from a starting material that consisted of an oxide mixture. Phase appearance
temperatures have not been reversed, because previous experience indicates that synthesis
experiments are sufficient for determining equilibrium phase appearance temperatures when
>40% melt is still present (e.g., Grove and Bence, 1977).

An important prerequisite for the attainment of equilibrium is that the bulk
composition of the charge remains constant. This was evaluated using the least-squares
materials balance technique of Bryan et al. (1969). Phase proportions were estimated (Table
2) to identify the loss or gain of iron using the compositions of crystals and liquids produced
in the experiments (Table 3). Fe loss or gain was very low, with experimental bulk
compositions within 4 % of the composition of the starting material (and even within 2% for
all but three experiments). The sum of squared residuals (XR?, Table 2) indicates how well
the experimental products represent the starting compositions. A value of 0.0 indicates a
perfect fit, and all experiments have values below 0.4, indicating that a constant bulk
composition has been maintained.

We used the mass balance results of the piston cylinder experiments to estimate the
experimental bulk composition (Table 1), and these calculations indicated that our starting

composition contained somewhat lower NaO than the Gusev composition. This difference in
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Na was not corrected for, because we felt that the experimental composition was sufficiently
close to that of the APXS analyses, which range from 2.09 to 2.62 (McSween et al., 2006),
and certainly within analytical uncertainties for Na by APXS. There was also some
unavoidable loss of Na in the 0.1 MPa experiments, despite the low gas flow rates, and these
losses come with the need to use long experimental durations to achieve exchange
equilibrium between silicate crystals and melt. Tormey et al. (1987) and Grove and Juster
(1989) discuss the trade-off in attempting to achieve equilibrium in 0.1 MPa gas mixing
experiments.

Approach to equilibrium was evaluated following the criteria devised by Grove and
Juster (1989). They carried out reversal experiments between coexisting pyroxene and
liquid, which would be the slowest phases to equilibrate in our experimental study, and found
that the time required to approach exchange equilibrium varies with temperature and degree
of crystallinity. An approach to equilibrium is demonstrated by regular major-element
partitioning between crystalline phases and liquid. The mineral-melt Fe-Mg exchange
distribution coefficient (Kp ™&) between olivine and melt and pyroxene and melt for the
Gusev experiments are summarized in Table 2 using the analyses of experimental products
presented in Table 3. The average Kp"* ™2 for olivine (Kp ™ olivine =
[Xre” Xmg V[ X" Xre ) was 0.32 £ 0.02 (10 standard deviation), 0.30 + 0.01 for
orthopyroxene (opx). For spinel, the Kp™™é for the 0.1 MPa experiments is 2.00 + 0.20 and
for the piston cylinder experiments it is 1.40 = 0.11. The different values for the spinel Kp™
Me may relate to differences in ferric iron in the low and high pressure experiments (Table 4).
Spinels in the high pressure experiments have an average of 2.90 wt% Fe,O; based on

mineral formula renormalizations, and the spinels in the 0.1 MPa experiments have 11.35
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wt% Fe;0;. The single 0.1 MPa experiment with pigeonite large enough to analyze had a
KDFe'Mg of 0.27. Although we cannot confirm that all elements approached equilibrium, the
consistent Kp"™ values are an indication that minerals have established a Fe-Mg exchange
equilibrium with surrounding melt. The average plagioclase-melt Ca-Na exchange
distribution coefficient (Kp"*"* plagioclase = [Xca" ™ Xna /[ Xna" EX o 4]) for the two 0.1

MPa experiments with plagioclase was 0.80 +0.02.

3.2 Experimental Results

A pressure — temperature phase diagram for the Gusev basalt composition is
presented in Figure 1 and representative compositions are given in Table 3. Cr-rich spinel is
the first phase to crystallize at all pressures investigated. Calculations using the MELTS
program (Ghiorso and Sack, 1995) indicate that spinel might be stable to very high
temperatures (up to 1535 °C). We did not, however, attempt to locate the spinel liquidus,
because spinel stability is highly dependent on oxygen fugacity and Cr,O3 content of the
starting material, which are not well constrained for the Gusev basalts. The first silicate to
crystallize is olivine (Fo77) at 1250 °C. Olivine and spinel co-crystallize until 1125 °C, when
plagioclase (An;3) and pigeonite join the crystallizing assemblage. At 1125 °C, the charge
contains 18 wt% Fogg olivine, with a 22 wt% total crystallinity. The liquid contains 50.5%
Si0,, 13.1% Al>03, and 6.4% MgO. Our lowest temperature experiment at 1105 °C
contained 20% Fog, olivine, 7% pigeonite, 10% Any, plagioclase, and 1% spinel.

At 1.0 GPa and 1310 °C, the Gusev basalt composition is multiply saturated with Foy4

olivine, orthopyroxene (Mg# 0.77), and chromium-rich spinel on its liquidus (Mg# = molar
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[Mg/(Mg + Fe)]). At pressures above the 1.0 GPa multiple saturation point, orthopyroxene is
the first silicate phase to crystallize after spinel. At 1.2 GPa, opx (Mg# 0.75) appears at 1315
°C, and at 1.5 GPa, opx of Mg# 0.76 crystallizes at 1360 °C. Below 1.0 GPa, olivine is the
first silicate phase to crystallize, and at 0.8 GPa, Foss olivine appears at 1300 °C.

Monders et al. (2005) carried out an experimental investigation of the Gusev basalt
composition initially reported by the Spirit Rover team (McSween et al., 2004). It was later
discovered that the sensor heads on the two Mars Rovers had been switched and the
calibrations used in APXS data reduction were incorrect. Experimental results for this initial
composition are presented in Appendix 1 and show that the differences in composition
between the two analyses result in small, but resolvable, differences in the conditions of
multiple saturation (Figure 1A). Compared to the recalibrated composition, the multiple
saturation point for the preliminary composition was at 1.1 GPa and 1360 °C, a consequence
of the higher MgO in the preliminary composition. The saturating liquidus phases remained

the same (olivine + opx + spinel).

3.3. Liquid line of descent

A low-pressure fractional crystallization calculation for the Gusev basalts has been
carried out using the phase proportions and appearance sequence determined in the 0.1 MPa
experiments. Calculated liquid lines of descent are plotted on Figure 2, together with
experimental data, the bulk composition for Adirondack, Humphrey, and Mazatzal, and the

liquid line of descent calculated by the MELTS program (Ghiorso and Sack, 1995).
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The fractional crystallization model is based on the following crystallization
sequence: 1% Cr-rich spinel crystallization, followed by 18% crystallization of 98% olivine
and 2% spinel. When the MgO concentration in the liquid is down to 6.2 wt% (1125 °C for
the 0.1 MPa experiments), the crystallization sequence encounters a reaction relationship:
olivine + liquid - plagioclase + pigeonite + spinel. The appearance of pigeonite as a
crystallizing phase means that the residual liquid has reached the olivine-pigeonite reaction
boundary, placing olivine in a peritectic reaction with pyroxene + liquid (Grove and Juster,
1989). A small amount of olivine (4%) reacts back with the liquid while crystallizing 52%
plagioclase, 51% pigeonite, and 1% spinel. The model was continued to 5.03 wt% MgO,
close to the MgO content of our lowest temperature experiment (1105 °C). The model fits the
general trend for all oxides (Figure 2), and has a particularly good fit for FeO*, Al,O3, CaO,
and P,Os. The slight offset in TiO, (Figure 2f) may result from the simplifications in
modeling spinel crystallization. The match between the fractionation model and the
experimental data is worst for Na,O and SiO, (Figures 2a,e). This is a result of the
unavoidable sodium loss in our 0.1 MPa experiments, which results in lower Na,O and
higher Si0O; in the residual liquids. If we correct the liquid composition for this sodium loss,
the match between experiments and model in Figure 2 improves substantially.

Figure 2 also compares MELTS calculations with the experimental and model liquid
lines of descent for the Gusev composition. Calculations have been performed for
temperatures between 1600 and 1090 °C and 0.1 MPa pressure, with oxygen fugacity fixed at
the QFM buffer. MELTS generally recovers the experimental compositions well when spinel
and olivine are the only crystallizing phases, however, temperatures are offset by about 35 °C

(Table 5). Spinel is present in the highest temperature experiment (1260 °C) and MELTS
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indicates that spinel appears at 1535 °C as the liquidus phase. Fo;7 olivine begins to
crystallize near 1250 °C, but MELTS has it appear at a somewhat higher temperature and Fo
content: Fogy at 1275 °C. Once MELTS reaches 1165 °C (MgO = 6.85 wt%), it indicates that
plagioclase (Ane7) should appear, followed by the predicted crystallization of pigeonite at
1155 °C, and the general crystallizing trend no longer matches the experimental data.
Plagioclase (An73) and pigeonite in the experiments do not appear until 1125 °C (liquid MgO
= 6.40 wt%). According to MELTS, clinopyroxene (cpx) begins to crystallize at 1130 °C,
whereas no cpx had begun to crystallize by our lowest temperature experiment at 1105 °C. 59
wt% liquid remains in the low temperature experiment, although MELTS indicates that less
than 15 wt% liquid should remain and that the solidus should be reached by 1090 °C. A
comparison of the experimental results and the MELTS calculations are summarized in Table
5. The iron-rich residual liquid produced by this Martian composition are probably in a part

of the compositional space that is not well modeled by MELTS.
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Figure 1. Experimental phase diagram for the recalibrated Gusev basalt
composition. An olivine + orthopyroxene + spinel multiple saturation point
was found on the liquidus near 1310 °C and 1.0 GPa (85 km depth).
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Run # Fe,O; | FeO

0.1 MPa
GUS-35 (16.1 |26.3
GUS-34 1109 247
GUS-33 (8.9 27.2
GUS-36 (132 224
GUS-31 8.9 21.5
GUS-32 [10.1 [19.6

0.8 GPa
GUS-28 1.7 22.77
GUS-29 2.6 19.8

1.0 GPa
GUS-21 |1.6 21.9
GUS-20 (3.5 20.1

1.2 GPa
GUS-25 |35 21.6
GUS-24 |27 21.0

1.5 GPa
GUS-26 |4.6 19.7
GUS-27 |3.0 19.8

Table 4. Fe , O ; and FeO
estimates for spinels based
on charge balance
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Phase MELTS 0.1 MPa
Appearance Experiments

Spinel 1535 °C above 1260 °C
Olivine 1275 °C 1250 °C

Fog, Foy;

Liquid MgO = 10.9 |Liquid MgO = 10.9
Plagioclase 1165 °C 1125 °C

Ang; Angy

Liquid MgO = 6.85 |Liquid MgO = 6.40
Pigeonite 1155 °C 1125 °C

Liquid MgO = 6.58 |Liquid MgO = 6.40
Clinopyroxene {1130 °C below 1105 °C

Liquid MgO = 6.12
Solidus 1090 °C 59% liquid

remaining in lowest
temperature (1105
°C) experiment

Table 5. Comparison of MELTS calculations for the
recalibrated Gusev composition and the 0.1 MPa
experiments at QFM.

27




Chapter 4

DISCUSSION

4.1 High-Pressure Phase Relations

If a primary basaltic magma segregated from its mantle residue at a given pressure (P)
and temperature (T), it should be multiply saturated on its liquidus with all the residual
mantle phases (usually olivine + orthopyroxene + clinopyroxene + spinel) at P and T.
Conversely, if a basaltic magma is multiply saturated with mantle phases at one P, T point on
its liquidus, it can be argued to represent a primary mantle magma, and the pressure and
temperature of the multiple saturation point will indicate the pressure and temperature of
segregation (e.g. BVSP, 1981). The Gusev basalt composition is multiply saturated with opx
+ olivine + spinel at 1.0 GPa and 1310 °C. Opx and olivine near the multiple saturation point
(Tables 2, 3) are enriched in FeO compared to terrestrial mantle minerals (olivine Fo74 and
opx En77, compare to BVSP, 1981). However, it is generally agreed that the Martian mantle
is enriched in FeO compared to the Earth’s mantle (e.g., Dreibus and Wénke, 1985; Halliday
et al., 2001). The experimental results thus suggest that the Gusev basalt is a primary to near-
primary melt that segregated from the Martian mantle at 1.0 GPa and 1310 °C.

The composition of the Martian mantle has been estimated by Dreibus and Winke
(1984, 1985, hereafter referred to as DW), based on the composition of SNC meteorites and
cosmochemical constraints. Bertka and Holloway (1994a, b) conducted a series of anhydrous
experiments on the DW mantle composition, and determined phase relations and melt

compositions from 1.0 to 3.0 GPa (Figures 3, 4). The olivine + opx + spinel multiple
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saturation point obtained for the Gusev basalts falls very near the olivine + opx + spinel +
liquid field determined for the DW primitive Martian mantle composition (Figure 3).
Furthermore, composition of olivine and orthopyroxene at the multiple saturation point
(Table 2) are similar to the composition of residual phases from melting experiments on the
DW Martian mantle composition (Bertka and Holloway, 1994a). This provides additional
support to the idea that the melts that formed the Gusev basalts were primary or near-primary
magmas from the Martian mantle. Finally, this conclusion is also supported by comparison of
the Gusev basalts and the melt composition from the DW Martian mantle (Bertka and
Holloway, 1994b). Figure 4 shows a multiple oxides vs. MgO plot for glasses analyzed in
their 1.5 GPa experiments done over a temperature range from 1300 to 1550 °C. The bulk
compositions of Adirondack, Humphrey, and Mazatzal are consistent with experimentally
determined melting compositions. According to Bertka and Holloway’s (1994b)
experiments, the melt fraction necessary to produce the Gusev basalts would be about 15 to
20%.

It has been argued that the Dreibus and Winke (1985) estimate does not represent the
composition of the Martian mantle, and other compositions, some of them very different,
have been proposed (e.g., Sanloup et al., 1999; Agee and Draper, 2004). However, the results
presented above make a coherent picture, and key characteristics of the Gusev basalts are
incompatible with these other mantle compositions. For example, the pyroxene-rich
composition proposed by Sanloup et al. (1999) is unlikely to produce olivine-rich basalts
when melting, and the high-Mg, high CaO / A1203 source proposed by Agee and Draper

(2004) is unlikely to produce the high-Fe, low CaO / A1203 Gusev basalt. Phase relations
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and composition of the Gusev basalts thus support the Dreibus and Winke (1985) estimate of
the composition of the Martian mantle.

Two types of melting processes that might have led to the production of the Gusev
basalts are batch melting and near-fractional adiabatic decompression melting (Kinzler and
Grove, 1992). Batch melting would most likely occur during heating of lithosphere and
decompression melting would happen in a convectively ascending mantle melt column; on
Earth this process occurs at mid-ocean ridges.

The 1.0 GPa multiple saturation pressure is consistent with a batch melting process
that formed the Gusev basalts in the Martian mantle at a depth of about 85 km. This places an
upper limit constraint on the thickness of the Martian crust and mantle lithosphere in this area
at the time of eruption. Age estimates of the Gusev basalt from crater counting are Late
Noachian (3.65 Ga, Greeley et al., 2005). Therefore, the early Martian lithosphere beneath
the Gusev site was thin and mantle conditions allowed melting to occur. The current average
thickness of the Martian crust is 50 km (Zuber et al., 2000) and the estimate from
experiments is in good agreement with this present day estimate. The temperature of multiple
saturation, 1310 °C, is within the range that exists at Earth's modern mid-ocean ridges (1280
to 1475 °C (e.g. Kinzler and Grove, 1992; McKenzie and Bickle, 1988), indicating that
conditions for Martian basalt production would be characterized by high mantle potential
temperatures, similar to those on modern Earth. Greeley et al. (2005) suggest that the basalts
emplaced on the floor of Gusev crater may be temporally related to volcanic activity on the
southern side of Apollinaris Patera and may be the result of regional volcanism around 3.65-

3.76 Ga.

30



If melting occurred by near-fractional adiabatic melting, the depth of multiple
saturation represents an average depth (or pressure) of melting. In near-fractional adiabatic
decompression melting, small melt increments (~ 1 % melting for 0.1 GPa of upwelling) are
produced and continuously separated from the mantle residue. As convecting mantle
ascends, it crosses the solidus and begins to melt. At the top of the melting column the
fractional melt increments are blended and the resulting aggregate melt represents the
average of the melts produced. The multiple saturation point of this aggregate melt also
gives an average pressure of melt generation. The Gusev basalts represent about 15 to 20 %
melting of a DW mantle, so the melting interval in the Martian mantle would be 0.75 to 1
GPa or 64 to 85 km long melting columns. For a 15 % melt with an average depth of
generation of 85 km, melting would begin at 140 km depth and end at 20 km depth. For a 20
% melt, melting would begin at 170 km depth and end at the surface. Adiabatic near
fractional melting would therefore require a thin lithosphere in the vicinity of melt
production of the Gusev basalts. Compositional features preserved in the major elements of
modern ocean floor basalts (especially Na,O and FeO abundances) allow fractional vs. batch
melting to be distinguished (Kinzler and Grove, 1992). For an equivalent extent of melting,
fractional melts would be higher in Na;O and FeO than batch melts. The close
correspondence between the Na,O and FeO content of the DW melts (Figure 4) and the
Gusev basalts are consistent with a batch melting origin.

Other possible scenarios for batch melting that seem compatible with the geological
evolution of Mars include: (1) Generation above a mantle plume related to the Elysium
volcanic area, and (2) Generation very early in Mars' history, when the planet was not yet

cooled from early accretionary and impact processing heating and decay of short-lived
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radiogenic isotopes. The strong contrasts with SNC meteorites (see 4.2.2. below), however,
make this first option improbable. In the second case, Gusev basalts would be part of a
primary basaltic crust, and their strong geochemical differences from SNC meteorites would
be explained by the sampling of a different, primitive, relatively undifferentiated mantle.
Spectroscopic measurements have shown that most of the Southern Highlands are
covered by rocks of basaltic composition (e.g. Christensen et al. 2000). Olivine has been
identified by visible / near-infrared reflectance spectrometry (OMEGA investigation on
board the Mars Express spacecraft, Mustard et al., 2005) and thermal emission spectrometry
(TES on board the Mars Global Surveyor spacecraft, Hoefen et al., 2003; Hamilton and
Christensen, 2005). It is thus possible that olivine-basalts similar to the Gusev basalts are
representative of at least part of the Noachian Southern Highlands crust, an idea reinforced
by their sampling a relatively primitive mantle source. If this is the case, the parameters
derived from the Gusev basalts (lithospheric thickness, mantle temperature, melt fraction)

can be used in geophysical models of the formation of the Noachian crust.

4.2 Low-Pressure Crystallization

4.2.1 Olivine Megacrysts

There is debate whether the olivine megacrysts observed in Adirondack, Humphrey,

and Mazatzal are actual phenocrysts that crystallized in situ or represent an accumulation of

crystals by settling in the lower portion of the cooling unit. (McSween et al., 2006).

McSween et al. (2004, 2006) propose that olivine accumulation might not have occurred and
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that the basalt composition represents a liquid composition, based on the evidence that the
rocks at the Gusev site have similar compositions despite differences in texture and modal
olivine. Crystal settling in a lava flow would lead to highly variable rock compositions
throughout the flow, depending on cumulate crystal proportions, whereas the three randomly
analyzed rocks have very similar composition. In our experiments, olivine and Cr-rich spinel
co-crystallize until about 18 wt% (about 23 volume %) olivine is formed, and then
plagioclase and pigeonite join the crystallizing assemblage. Experimental results thus suggest
that low-pressure crystallization will lead to early crystallization of about 23 volume % of
olivine phenocrysts before crystallization of a pyroxene + plagioclase + olivine groundmass.
Point-counting on microscopic images of the least altered of the Gusev basalts (Humphrey)
indicates the presence of ~25 vol. % olivine megacrysts and pixels counts of grayscale
images indicate ~20 volume % olivine megacrysts in a groundmass formed of pyroxene,
plagioclase, chromite and phosphates (McSween et al., 2006). This is in agreement with
experimental results and supports the idea that olivine crystals in the Gusev basalts are not
accumulated by crystal settling or added as xenocrysts. Furthermore, the composition of the
olivine crystals at the point where pyroxene and plagioclase join the crystallizing assemblage
is Fosg, close to the Fog suggested by Mossbauer spectroscopy of Gusev basalts (Morris et

al., 2004).

4.2.2 Relation between Gusev basalts and olivine-phyric shergottites

Apart from the Gusev basalts, olivine-phyric shergottites (e.g. Goodrich, 2002;

Greshake et al., 2004) are the only known primitive basaltic rocks from Mars. When
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compared to shergottites (including olivine-phyric shergottites), the Gusev basalts are
enriched in Al,O3; and Na,O (Figure 5), and have lower CaO/Al,Os ratios (~0.7 compared to
1.1-1.9 for shergottites, Lodders, 1998). Olivine-phyric shergottites are also characterized by
higher MgO contents (up to 21 wt%, Figure 5) and higher Xy, (~0.66 for olivine-phyric
shergottites, and ~0.50 for Gusev basalts). Although the similarities of Gusev basalts and
olivine-phyric shergottites have been emphasized by some authors (e.g. McSween et al.,
2006), experimental results do not support such comparisons. Low-pressure crystallization of
the Gusev basalts slightly modifies the Al,O3 content, but the residual liquids still do not
evolve to the compositions of any of the olivine-phyric shergottites or other SNC meteorites
(Figure 5). It does not appear, either, that Gusev basalts could have been derived from
olivine-phyric shergottites through olivine and spinel crystallization. This scenario was
modeled by calculating the effect on the Gusev bulk composition of adding back equilibrium
proportions of olivine and spinel in 1% increments. This calculation was carried out to a final
MgO content equal to that of Yamoto 980459 (18.1 wt %) and is shown in Figure 5. SiO,,
FeO, and Al,O3 all have significant discrepancies between the modeled value and the actual
oxide value for Yamoto 980459. The experimental results thus indicate that shergottites
cannot be related to the Gusev basalts by simple fractional crystallization, suggesting a
different mantle source and/or different genetic processes.

The olivine-phyric shergottite Yamato 980459 (Y98, Greshake et al., 2004), which
contains the most magnesian olivines (Fogs) of the Martian meteorites, is a good candidate
for a primary mantle magma. Experimental work on Y98 shows that it is multiply saturated
with olivine and orthopyroxene, with a multiple saturation pressure slightly higher than for

the Gusev basalts (~1.2 GPa) and a higher temperature (1550 °C, Dalton et al., 2005). The
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magnesium-rich character of Y98 indicates that it may be from a more depleted mantle
source than the iron-rich Gusev basalt composition. Thus, the class of olivine-phyric
shergottites that are sampled as meteorites may represent a later remelting event that
occurred in a mantle that had been depleted by an ancient melt extraction event. This would
be in agreement with the young ages that have been proposed for shergottites (165-875 Ma,
Jones, 1986; Nyquist et al., 2001) compared to the old, Noachian, age of the Gusev basalts
(Greeley et al., 2005). The similarity between melts of a primitive Martian mantle
composition noted above and the Gusev basalts are consistent with derivation of the Gusev

magmas from a near-primitive Martian mantle composition.

4.2.3 Relation between Gusev basalts and the composition of the Martian crust

Experimental liquids obtained by low-pressure crystallization of Gusev basalts follow
a tholeiitic differentiation trend (Figure 6) similar to that observed in Iceland or the
Galapagos Spreading Center (Juster et al., 1989). The liquid line of descent is characterized
by a strong enrichment in FeO, with little variation in the SiO, content (Figure 6). Silica-rich
rocks are difficult to obtain from such differentiation trends, and require very high degree of
crystallization (e.g., Juster et al., 1989). When compared to spectroscopically determined
compositions of the Martian surface (surface types 1 and 2, McSween et al., 2003),
differentiation products of Gusev basalts have lower silica contents and higher FeO contents;
differentiation does not lead toward the compositional field of surface types 1 or 2. This
suggests that, under anhydrous conditions, Gusev basalts are not related to basaltic-andesite

and andesite types 1 and 2 surface compositions.
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The results raise the question of the relation of Gusev basalts to the primitive Martian
crust. Rocks related to Gusev basalts are probably locally present in the primitive crust of the
Southern Highlands, as strongly suggested by remotely-sensed spectroscopic data. Olivine-
rich basalts are also present in crater floors of the Northern Plains (Bibring et al., 2005).
However, the bulk of the Martian crust probably originated from different magmatic

processes.
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Figure 3. The Gusev composition (star) is multiply saturated with
olivine + opx + spinel at 1.0 GPa and 1310 °C. This corresponds well
with experiments done by Bertka and Holloway (1994a) on the Dreibus
and Wdnke (1985) primitive martian mantle composition. Diagram
modified from Bertka and Holloway (1994a).
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The Gusev basalts correspond to approximately a 15-20% melt of the
Martian mantle.
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Figure 6. Low-pressure experiments (X) on the recalibrated Gusev composition
show that the Gusev basalts follow a tholeiitic (TH) fractionation path and will
not produce liquids with a calc-alkaline (CA) surface type 1 or surface type 2
composition. Diagram modified from McSween et al. (2003).
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Chapter 5

CONCLUSIONS

Our experimental work suggests that the Gusev basalts from the Gusev crater plains
are anhydrous near-primary melts that were last in equilibrium with the Martian mantle at
1310 °C and 85 km depth. Their composition is consistent with batch melting of a primitive
Martian mantle at a melt fraction of 15 to 20%. Although Gusev basalts cannot be related to
spectroscopically-determined surface compositions (TES surface types 1 and 2) through any
low-pressure crystallization processes, similar olivine-rich basalts seem to be present
throughout the Southern Highlands. Such rocks are indicative of high mantle potential
temperatures on Mars during the Noachian era, maybe even until the very latest Noachian
(3.6 Ga).

The Gusev basalts also do not appear to be related to olivine-phyric shergottites,
which may represent melts from a depleted mantle source. Gusev basalts, on the other hand,
are partial melts of a near-primitive Martian mantle, with a composition close to that
estimated by Dreibus and Winke (1985). Indeed, the existence of Gusev basalts support that

this estimated composition is close to the actual composition of the Martian mantle.
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Chapter 6
APPENDIX 1:

Experimental data on the preliminary Gusev composition

This study was begun on a starting composition that matched the initial rock
compositions published for Adirondack, Humphrey, and Mazatzal (McSween et al., 2004).
After our study was started, it was discovered that the sensor heads had been inadvertently
switched at the launch site, requiring recalibration and recalculation of compositional data for
the rocks. The results presented in this paper were based on experiments on the recalibrated
composition. The data for the experiments performed on the preliminary composition are
presented here for comparison. Table 1A compares the average preliminary and recalibrated
composition from McSween et al. (2004) and McSween et al. (2006). MgO and FeO*
increased and Na,O decreased in the recalibrated composition, but the changes were
generally less than 1 wt% absolute.

The experimental conditions and products for the preliminary composition are
presented in Table 2A. For the initial composition, the experiments were multiply saturated
with olivine, orthopyroxene, and spinel on the liquidus at 1.1 GPa and 1360 °C (Figure 1A),
compared to 1.0 GPa and 1310 °C, but the phase relations stayed the same. Opx was still the
first crystallizing silicate phase at pressures above multiple saturation, and olivine below. Af
0.1 MPa, the appearance temperature for plagioclase and pigeonite was about 25 °C lower for
the recalibrated composition. Compositional data for the preliminary dataset experiments are

presented in Table 3A.
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Figure 14. Comparison of the experimentally determined phase relations for the
preliminary (dashed lines) and recalibrated (solid lines) Gusev basalt composition.
An olivine + orthopyroxene + spinel multiple saturation point was found on the
liquidus near 1.0 GPa and 1310 °C for the recalibrated composition and at

1.1 GPa and 1360 °C for the preliminary composition.
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Oxide (wt%)|Preliminary |Recalibrated
Si0, 45.73 45.57
TiO, 0.49 0.55
AlLO; 11.07 10.51
Fe,0; 2.60 3.03
Cr,0; 0.58 0.63
FeO 15.37 16.07
MnO 0.39 0.42
MgO 12.20 10.97
CaO 7.63 8.05
Na,O 2.89 2.35
K>,0 0.06 0.08
P,0; 0.59 0.59
FeS 0.00 0.83
S 0.30 0.00
Total 99.91 99.64

Table 1A. Preliminary and recalibrated
compositional data, representing an
average of the compositions of
Adirondack, Humphrey, and Mazatzal
reported in McSween et al. (2006) and
McSween et al. (2004)
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