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Chlorine (Cl) is abundant, to percent levels, on Mars, in-Mars basalts, and in some Earth basalts. Yet, little is
known about the effects of Cl on basalt phase equilibria, which provide crucial constraints on melting
temperatures, melt compositions, and melt production. To explore the effects of Cl on basalt equilibria, we
located the liquidus (at high P and T) for a Martian basalt composition (the rock Humphrey, Gusev Crater,
Mars) with 0.7% Cl-added, and obtained mineral and melt compositions from the experimental charges.
Addition of Cl produces an unexpectedly large change in the liquidus—it is shifted to lower temperature by
~50 °C, and the field of pigeonite stability is enlarged so that the point of liquidus cosaturation in olivine &
pigeonite is shifted down pressure by ~4 kbar (from 12.5 kbar and 1355 °C in the Cl-free composition to
8.5 kbar and 1305 °C). This temperature shiftis comparable to that produced by addition of ~0.8% H,0; so, on
a molar basis, Cl is twice as effective as H,0 in reducing this basalt’s liquidus. Conceptually, the shift
in liquidus temperature and enlargement of the field of pigeonite+melt is consistent with formation of
complexes between Cl and network-modifying cations (e.g., Mg, Fe, Ca), which would make the latter
unavailable to modify (depolymerize) the. silicate network. However, the actual effect of Cl is larger than
predicted by this simple model, even allowing up to 8 cations complexed per Cl. For Mars, these results
suggest that Cl may play a crucial role in'its basalts’ generation and evolution. While, some aspects of Martian
basalt petrogenesis have been consistent with experimental results on water-rich systems (e.g., to ~2% H,0 in
basalt magma); the work here suggests that similar experimental results would be obtained for Cl-rich, H,0-
poor systems, and that Martian basalts would contain little water. For Earth, the work here suggests that Cl

must be considered explicitly in the petrogenesis of Cl-rich magmas, like those of subduction zones.

© 2008 Published by Elsevier B.V.

1. Introduction

High chlorine abundances have been reported in numerous
locations on the Martian surface from GRS global mapping, to in situ
rock analysis from the Mars exploration rovers, to Cl-rich magmatic
and alteration minerals in the SNC meteorites. These data have
suggested that Cl may be important during magmatic and degassing
processes as well as surface alteration processes on the Martian
surface. Therefore, we have conducted a study investigating the effects
of Cl on liquidus and crystallization behavior of a Martian magma
composition.

1.1. GRS data

GRS elemental mapping of the Martian surface has shown that Cl is
not compositionally uniform but varies from 0.2 to 1 wt.% with a mean
average of 0.5 wt.% (Boynton et al., 2007; Keller et al., 2007). The high

* Corresponding author.
E-mail address: Filiberto@Ilpi.usra.edu (J. Filiberto).

0009-2541/$ - see front matter © 2008 Published by Elsevier B.V.
doi:10.1016/j.chemgeo0.2008.08.025

concentrations in the Medusae Fossae Formation have been suggested 47
to be related to volcanic degassing while in other areas the Cl- 48

enrichment may be due to ground water transportation and 49

evaporation (Keller et al., 2007). Models to explain the chlorine 50
distribution on the Martian surface rely on HCl outgassing from 51
volcanic vents (Keller et al., 2007). 52

1.2. Spirit Rover analyses 53

High Cl contents have been confirmed by the MER rovers. The 54
Adirondack-class basalts have ~0.2 wt.% Cl (Gellert et al., 2006) while 55
the soil compositions at Gusev are enriched in Cl compared with the 56
Adirondack basalts, with up to 1 wt,% Cl (Gellert et al.,, 2006). The 5
Adirondack-class basalts are fine-grained rocks of basaltic 58
composmons with <20% megacrysts interpreted as olivine (~Fogg 5¢
+10) by Mdossbauer spectroscopy (Morris et al., 2004, Morris personal «o
communication), and with irregular vesicles and vugs (Morris et al., 61
2004; Gellert et al., 2006; McSween et al., 2006). The Adirondack-class 62
rocks are interpreted as fragments of basaltic lava flows that represent 63
basaltic magma compositions (e.g. McSween et al., 2006). The 64
minimal weathering they have experienced (e.g. Hausrath et al., 65
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2008) has been abraded away by the rock abrasion tool before the
APXS bulk chemical analysis (Squyres et al., 2004). However, the rocks
contain vesicles suggesting that they degassed during eruption and
the bulk chlorine analysis (0.2 wt,%) may in fact be a lower limit of the
magmatic chlorine content.

A pyroclastic sequence, with enriched chlorine contents compared
with the Adirondack-class basalts, has recently been discovered at
Home Plate in Gusev Crater (Squyres et al., 2007). This sequence is
characterized by a coarse granular textured basal unit which
progresses to a finer-grained upper unit. Of particular interest in the
lower unit is a ~4 cm clast with deformed layers that has been
concluded to be a bomb sag (Squyres et al., 2007). The sequence is
basaltic in composition with up to 2 wt,% Cl. The combined chemical
data and microscopic and Pancam imaging suggests that the sequence
represents a pyroclastic deposit that was erupted violently driven by
volatile exsolution (Squyres et al., 2007). This suggests that magmatic
chlorine is important for basaltic eruptions, and basalt genesis, on
Mars.

1.3. Opportunity Rover analysis

Unlike the Spirit Rover, the Opportunity Rover has not encountered
extensive basaltic rocks. Instead, Opportunity has analyzed numerous
sedimentary sequences which give evidence for Cl-rich waters (e.g.
Rieder et al., 2004; Clark et al., 2005; Grotzinger et al., 2005; McLennan
et al., 2005). For example, the Burns formation at Meridiani Planum
represents a mixture of basalt and alteration minerals (i.e. jarosite, Mg-,
Ca-sulfates, chlorides, and Fe-, Na-sulfates, Grotzinger et al., 2005;
McLerman et al., 2005) and contams 0 5-2 wt,% Cl (Rieder et al., 2004;
Clark et al., 2005). These analyses show the 1mp0rtance of chlorine-rich
waters on the Martian surface.

1.4. Martian meteorites

Based on the bulk SNC (Martian) meteorite compositions, Dreibus
and Wdnke (1986, 1987) suggested that Mars is enriched in chlorine
and other volatile elements compared to the Earth. For instances, Mars
is inferred to have bulk abundance ratios for CI/Th near 0,03 (I
compared to the Earth's mantle’s inferred ~0.01xClI (Dreibus and
Winke, 1985, 1987).

The SNC (Martian) meteorites also contain numerous Cl-bearing
alteration products of Martian origin as well as Cl-bearing magmatic
minerals. The nakhlites contain many extensively studied Cl-rich
alteration products. The alteration minerals found in the nakhlites
include siderite, anhydrite, iddingsite, gypsum, carbonate, clay,
epsomite, and halite (Treiman et al., 1993; Bridges et al., 2001; Treiman
et al, 2002; Treiman, 2005). The carbonates and iddingsite in the
nakhlites contain up to 3.0 wt.% Cl (Rao et al., 2008). The Chassigny
meteorite contains calcite and gypsum (e.g. Bridges et al., 2001) while
the shergottites contain gypsum, halite, other chlorides, phyllosili-
cates, and calcite (e.g. Bridges et al., 2001). These minerals were
deposited from saline waters near the surface of Mars (Treiman, 2005).

Many of the SNC meteorites also contain evidence of magmatic
chlorine. Magmatic inclusions within the SNC meteorites commonly
contain magmatic amphibole which can readily accept Cl (Johnson
etal, 1991; Sautter et al., 2006). The kaersutite, a Ti-rich amphibole, in
the Chassigny meteorite contains 0.1 wt,% Cl (Johnson et al., 1991), and
the nakhlite MIL03346 contains abundant Cl-rich amphibole, chloro-
_potassic-hastingsite, within its melt-inclusions (up to 7.0 wt.% CI)
(Sautter et al., 2006). Also, within the melt-inclusions of the Chassigny
meteorite there is rare Ti-biotite which contains 0.4 wt.% Cl (Johnson
et al,, 1991). Using a DPjette/melt _1 5 (jcenhower and London, 1997)
suggests that the parental liquid to the biotite in the Chassigny
meteorite had about ~0.3 wt.% Cl.

Apatite is also an uncommon but widespread Cl-bearing magmatic
mineral in the SNC meteorites. Apatite in melt-inclusions and interstially

is considered a late stage magmatic product. The formation history of this
chlorapatite is currently debated. Some have argued that the high CI
contents may be due to subsurface processes on Mars (Greenwood,
2005). On the other hand, McCubbin and Nekvasil (2008) have suggested
that there are two populations of apatite, at least in the Chassigny
meteorite: Cl-rich apatite is present in the mesostasis, and F-rich apatite
is present in melt-inclusions. McCubbin and Nekvasil suggest that these
two populations reflect closed system processes within the melt-

Jnclusions (allowing formation of flourapatite), but fluid migration

through the cumulate pile causing the formation of chlorapatite. No
matter the formation mechanism of the Cl-apatite, a chlorine-rich
magmatic fluid is an important constituent for both of these models.

1.5. Modeling chlorine on the surface of Mars

As chlorine has been shown to be abundant on the surface of Mars
and important during magmatic -processes, it may also play an
important role in alteration. There are currently many alteration
models that rely on volcanically degassed Cl for weathering and soil
production on the Martian surface, for example:

Nelson et al. (2005) suggest that Martian soils were formed in low
temperature, low water/rock ratio environments and can be a sink
for mobile elements such as the halogens (i.e. S and Cl).

Tosca et al. (2004) argued for an acid fog model as a mechanism for
soil formation. Through short intermittent reactions of synthetic
basalt with a synthetic Martian acidic atmosphere, Mg, Fe, Ca, and Al
sulfates were experimentally produced.

Banin et al. (1997) have experimentally shown that Martian soil and
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dust formed during the last few hundred years by interactions of 154

basaltic rocks with acidic volatiles which release Fe, Al, and Mg. This
model relies on volcanic degassing to produce SO4 and Cl which
interacts with surface rocks. These interactions produce salt-rich
mineral mixtures which they suggest compose the Martian soil.

The alteration models all rely on Cl from basalt degassing;
therefore, understanding the effect of halogens in Martian magmatic
regimes is essential to these models.

1.6. Known effects of Cl in magmatic systems

Although little is known about the effect of Cl in Martian magmatic
systems, much is known about the effect of Cl in evolved terrestrial
compositions. Chlorine is relatively soluble in magmas, with a maximum
solubility from ~3 wt% in basalt to ~ 1 wt,% in latite (Webster et al., 1999).
Chlorine solubility in a magma increases with increasing pressure,
decreasing H,O content, and increasing molar ((Al+Na+Ca+Mg)/Si)
(Webster and Rebbert, 1998). Since Cl solubility decreases with
increasing H,0 and SiO, content, increasing the Cl content of a melt
by fractionation can cause exsolution of a Cl-rich vapor from the magma
and potentially drive an eruption (Webster et al., 1999).

In a silicate melt, Cl complexes with Ca, Mg, Fe, Al, and P, forming
ion clusters that are distinct from the silicate network (Malinin et al.,
1989; Webster and De Vivo, 2002). These complexes affect silicate
melts by increasing their viscosity, presumably by enhancing the
polymerization of the silicate network (Dingwell and Hess, 1998;
Zimova and Webb, 2006). These changes in silicate polymerization
and cation activities must affect phase relations in the magma, which
are very sensitive to melt composition; all available experiments are
on terrestrial compositions. Thus, we are conducting high pressure
experiments on the effects of Cl on a Martian basalt composition, that
of the Humphrey rock (Adirondack-class) analyzed by the MER Spirit
Rover in Gusev crater, Mars. Humphrey was chosen because it is
appears to be the least altered of the Adirondack-class basalts
(McSween et al., 2006) and our results can be compared with those
from earlier Cl-free anhydrous and hydrous liquidus experiments
(Monders et al., 2007; Filiberto et al., 2008).
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2. Experimental strategy

Previous experiments on a synthetic anhydrous Humphrey
composition are the basis for studying the effects of CI (Filiberto
et al.,, 2008). A synthetic powdered starting material of the
Humphrey composition was made from a homogenized mixture of
element oxides. The starting composition for this study was made
Cr-free to avoid the fO, effects on chromite stability (Onuma and
Tohara, 1983; Monders et al., 2007). The same synthetic powder
from Filiberto et al. (2008) was used for this study; however, Cl was
added as AgCl which decomposes at temperature to Ag metal and Cl
in the melt (Table 1). Representative experimental charges were
probed for Ag in the melt and contain <0.1 wt.%. This shows that Ag
does not readily dissolve in the melt and will not effect the phase
relations. The powder plus AgCl was stored in a desiccator to ensure
that it remained anhydrous.

2.1. High pressure experiments

High pressure experiments were conducted in a QuickPress®
piston-cylinder apparatus in the laboratories of the ARES division,
Johnson Space Center. After loading the powder into a graphite
capsule, both were dried at 150 °C for at least 12 hours to ensure that
they remained anhydrous. The sample, capsule, and graphite furnace
were held in BaCOs sleeves and crushable MgO spacers. Temperature
was measured using a W5Re/W25Re thermocouple placed in an
indentation in the graphite sample capsule and range from above the
liquidus to just below the liquidus. Pressures in these experiments
ranged from 6 kbar to 12 kbar nominal, as measured on a Heise gauge.
Based on the location of the diopside melting curve, pressures were
corrected by - 0.3 kbar (Filiberto et al., 2008). The oxygen fugacity, fO,,
of our experiments has not been directly measured. However, the
graphite capsules constrain the fO, of the assemblage, at elevated
pressures, from ~1.5 to 3.5 log units below the FMQ oxygen buffer
(Holloway et al., 1992).

Experiments were conducted using a piston-out procedure=the
experiment was pressurized cold to 2 kbar above the experimental
pressure, brought to melting temperature, and then brought down to
the final pressure. Samples were melted for 30 min above the liquidus
temperature, rapidly cooled to the final crystallization temperature
where they remained for 1-4 h (longer times were for lower
temperatures), and finally quenched at pressure. This technique was
employed in order to mimic natural magmatic conditions where
crystals form directly from a molten liquid, rather than synthesis
techniques of going directly to the crystallization temperature where
crystals form from the powder. Capsules remained intact during the
experiments (no cracks in the ‘capsule walls) and no barium
contamination from the pressure sleeve occurred.

Table 1
Starting composition compared with published results (calculated Cr-free and
normalized to 100%)

Wt.% Gellert et al. (2006) Average Glass Composition
Sio, 46.87 46.10
TiO, 0.56 0.55
Al03 10.91 10.48
FeOr 19.19 19.54
MnO 0.42 0.45
MgO 10.63 10.92
Ca0 8.00 8.06
Na0O 2.55 2.51
K>0 0.10 0.10
P,05 0.57 0.59
Cl 0.20 0.71
Total 100.00 100.00

FeOr=total iron (Fe,05+FeO).

2.2. Analyses 234

Experimental run products were analyzed using a Cameca SX-100 235
electron microprobe at NASA JSC for major element abundances of the 236
residual liquid as well as the crystal phases. Analytical conditions were 237
standard for the instrument: 15 kV electron accelerating potential, and 238
focused electron beam of 20 nA current (in a Faraday cup) for minerals 239
and 10 nA current and a defocused beam for glasses. Analytical 240
standards were synthetic oxides and glasses, and raw data were 241
reduced in the Cameca PAP routine. Mass balance calculations were 242
conducted using the least-square computations of the IgPet software 243
(Carr, 2000) in order to determine mineral abundances and ensure 244
that no phase was missed during microprobe analysis. All experiments 245
have sum of the least-square residuals <0.5 showing that no phase 246
was missed during the microprobe analysis. No experiments reported 247
were affected by Cl degassing. 248

2.2.1. H,0 analysis 249

Since small amounts of dissolved water can have large effects on 250
liquidus temperatures and phases (e.g. Médard and Grove, 2007), 251
micro-FTIR analysis was conducted to determine water content of the 252
experimental glasses. Samples were analyzed using a Nicolet 253
Contiuum FTIR at INASA JSC. Total dissolved water contents were 254
determined from the intensity of the broad band at 3570 cm‘Al of 255
doubly polished glass wafers. For each sample 512 scans were used to 256
acquire each IR spectrum. Total water concentrations were calculated 257
using the procedures of Dixon et al. (1995) and Mandeville et al. 258
(2002). The experiments contain 0.1 wt,% water which is relatively 259
anhydrous and is the same water content as the previous work 260
enabling a direct comparison (Filiberto et al., 2008). 261

3. Experimental results 262

Experimental phase assemblages were determined from 5.7- 263
11.7 kbar. Experimental run products included: glass only; olivine+ 264
glass; pigeonite+glass; and olivine +pigeonite +glass. Compositional 265
data for all phases and glasses are given in Table 2. 266

3.1. Were the experiments at equilibrium? 267

To assess whether olivine and liquid (glass) in the experiments 268
were at chemical equilibrium, we compared their MgO and FeO 269
contents with literature data believed to represent equilibria. Jones 270
(1984) showed that equilibrium partition coefficients for Mg and Fe 271
between olivine and melt (e.g., Dpgo=[MgO in olivine]/[MgO in melt]) 272
are strongly correlated and so can be used to test for equilibrium. 273
Filiberto et al. (submitted for publication) showed that this relation- 274
ship is slightly compositionally dependent and Martian basalts, with 275
iron contents higher than terrestrial basalts, have slightly higher Dgeo/ 276
Digo ratios. Dygo and Dgeo from these experiments (Fig. 1) fall close to 277
the equilibrium regression line of Jones (1984, 1995) and Filiberto et al. 278
(submitted for publication). 279

The K‘F)eO;MngA[XFeO(OL pig)XMgo L]/[XMgo(Ol'pig)XFeoL] was also calcu- 280
lated to assess equilibrium of the crystallizing phases (Table 2). All 281
olivine and pyroxene fall within the expected range for equilibrium 282
suggesting that they are in equilibrium (Roeder and Emslie, 1970). 283
Thus, the run products from these experiments are consistent with the 284
attainment of olivine-melt equilibria. 285

3.2. Phase boundaries 286

Fig. 2 shows the results of these experiments on the Humphrey +Cl 287
composition. At pressures below 8 kbar, olivine is the liquidus phase, 288
and pigeonite pyroxene is the next solid to crystallize at lower 289
temperatures. At pressures above 9 kbar, pigeonite is the liquidus 290
phase, and olivine is the next solid to appear at lower temperature. 291
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Table 2

Average residual liquid compositions, phase assemblages, and phase compositions

Temperature (°C) 1340 1315 1315 1250 1250 1250 1200 1200 1200
Pressure (Kb) 11.7 11.7 11.7 11.7 11.7 11.7 11.7 11.7 11.7
Run number HCI-19 HCI-16 HCI-16 HCI-18 HCI-18 HCI-18 HCI-13 HCI-13 HCI-13
Phase Glass Glass Pigeonite Glass Pigeonite Olivine Glass Pigeonite Olivine
Sio, 46.09 45.92 53.03 44.52 49.01 35.51 44.52 47.67 34.98
TiO, 0.52 0.58 0.09 0.72 0.24 0.04 0.73 0.39 0.02
Al,04 10.17 11.30 299 12.93 5.19 0.11 14.24 6.83 0.08
FeOp 18.73 19.16 15.56 18.69 16.15 31.21 18.03 16.90 36.67
MnO 0.43 0.42 0.43 0.38 0.51 0.56 0.35 0.46 0.57
MgO 10.89 8.64 24.04 5.86 18.91 33.27 4.27 16.22 2791
(e=10] 7.96 8.54 313 9.00 9.22 0.40 7.86 9.35 0.31
Na,0 2.52 2.75 0.21 4.01 0.46 0.07 5.22 0.66 0.04
K,0 0.11 0.14 0.06 0.14 0.00 0.00 0.22 0.01 0.01
P»05 0.59 0.64 0.02 0.80 0.03 0.17 1.05 0.11 0.06
cl 0.74 0.89 0.02 0.80 0.00 0.00 147 0.07 0.01
Total 98.77 98.96 99.58 97.84 99.73 101.34 97.95 98.68 100.65
Water (wt.%)

KErO-Me0 0.29 0.27 0.29 0.25 0.31
Phase Abun. (wt.%) 100 89 11 70 21 9 52 40 8
Phase Comp. Eng;WogFs,4 En58Wo024Fs18 Fo66Fa34 En50Wo027Fs23 Fo57Fa43
Temperature (°C) 1325 1307 1307 1280 1280 1280 1250 1250 1250
Pressure (Kb) 9.7 9.7 9.7 9.7 9.7 9.7 9.7 9.7 9.7
Run number HCI-1 HCI-2 HCI-2 HCI-11 HCI-11 HCI-11 HCI-20 HCI-20 HCI-20
Phase Glass Glass Pigeonite Glass Pigeonite Olivine Glass Pigeonite Olivine
Sio, 45.91 43.32 51.53 44.92 52.49 36.48 44.67 50.61 35.55
TiO, 0.57 0.55 0.11 0.56 0.12 0.01 0.62 0.17 0.02
ALL0; 10.68 11.00 2.51 11.03 313 0.53 11.00 333 0.19
FeOp 19.74 19.97 15.27 19.76 14.98 25.39 19.31 16.71 29.32
MnO 0.42 0.42 0.42 0.44 0.42 0.44 0.41 0.53 0.52
MgO 10.60 10.51 25.55 10.55 26.37 3715 7.69 23.07 3514
Cao 7.85 8.25 2.50 8.05 237 0.32 9.20 497 0.34
Na0 230 2.49 0.09 2.80 0.12 0.03 3.20 0.18 0.03
K>0 0.10 0.11 0.01 0.09 0.01 0.00 0.13 0.00 0.01
P,05 0.58 0.60 0.03 0.57 0.05 0.24 0.65 0.01 043
cl 0.80 0.68 0.01 0.61 0.01 0.01 0.76 0.01 0.00
Total 99.56 97.21 98.01 99.39 100.70 100.62 97.62 99.59 101.55
Water (wt.%) 0.1 0.12

KEeO-Meg0 0.31 0.30 0.36 0.29 0.33
Phase Abun. (wt.%) 100 97 3 96 4 tr 82 15 3
Phase Comp. En74Wo;Fsq9 En74Wo7Fs19 Fo72Fa28 En68Wo13Fs19 Fo68Fa32
Temperature (°C) 1200 1200 1200 1310 1290 1290 1250 1250 1200
Pressure (Kb) 9.7 9.7 9.7 7.7 7.7 7.7 7.7 7.7 7.7
Run number HCl-4 HCl-4 HCl-4 HCI-17 HCl-21 HCI-21 HCI-6 HCI-6 HCI-12
Phase Glass Pigeonite Olivine Glass Glass Olivine Glass Olivine Glass
Sio, 46.78 47.96 35.64 4522 45.20 37.58 4733 37.96 48.39
TiO, 0.72 0.35 0.03 0.53 0.57 0.01 0.63 0.01 0.74
AlL0; 13.79 6.42 0.12 10.57 10.32 0.12 12.23 0.07 13.97
FeOp 16.95 16.31 30.26 19.28 19.21 24.20 19.08 2737 16.53
MnO 0.39 0.47 0.53 0.47 0.42 0.44 0.42 0.48 0.36
MgOo 4.82 17.51 3243 10.83 10.25 39.09 6.26 34.89 5.20
Cao 9.39 9.03 034 7.92 843 0.26 9.49 0.33 9.68
Na0 3.10 0.35 0.03 247 2.95 0.03 2.99 0.02 3.28
K0 0.15 0.00 0.00 0.09 0.09 0.01 0.11 0.01 0.13
P,05 0.72 0.15 0.22 0.55 0.61 0.22 0.67 0.21 0.76
cl 0.89 0.00 0.01 0.67 0.72 0.01 0.71 0.00 0.79
Total 97.71 98.57 99.62 98.61 98.77 101.97 99.93 101.37 99.82
Water (wt.%) 013 0.09

KrO-Me0 0.26 0.27 0.33 0.26

Phase Abun. (wt.%) 73 17 10 100 98 2 85 15 74
Phase Comp. EnssWo23Fsoo FogsFass Fo74Fa26 Fo69Fa31

Temperature (°C) 1200 1200 1300 1280 1280 1200 1200
Pressure (Kb) 77 77 5.7 5.7 5.7 5.7 5.7
Run number HCI-12 HCI-12 HCI-22 HCI-9 HCI-9 HClI-14 HCl-14
Phase Olivine Pigeonite Glass Glass Olivine Glass Olivine
Si0, 38.80 52.31 45.20 46.87 37.56 47.07 36.73
TiO, 0.03 0.19 0.57 0.58 0.02 0.70 0.07
Al,05 0.18 3.58 10.06 11.73 0.21 13.06 0.29
FeOp 31.57 17.99 19.57 18.48 26.27 16.84 28.85
MnO 0.58 0.51 0.45 0.41 0.47 0.41 0.52
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Table 2 (continued)

Temperature (°C) 1200 1200 1300 1280 1280 1200 1200
Pressure (Kb) 7.7 7.7 5.7 5.7 5.7 5.7 5.7
Run number HCI-12 HCI-12 HCl-22 HCI-9 HCI-9 HCl-14 HCl-14
Phase Olivine Pigeonite Glass Glass Olivine Glass Olivine
MgO 28.64 20.18 10.89 7.61 35.65 4.99 31.40
Cao 0.40 5.15 8.16 8.65 0.31 10.42 0.35
Na;0 0.05 0.20 2.64 2.66 0.02 3.03 0.02

K20 0.01 0.01 0.09 0.11 0.00 0.12 0.01

P05 0.02 0.07 0.60 0.63 0.28 0.70 0.27

Cl 0.01 0.02 0.59 0.63 0.00 0.57 0.04
Total 100.29 100.20 98.82 98.34 100.78 97.92 98.55
Water (wt.%) 0.11

KfeO-Me0 0.35 0.28 0.30

Phase Abun. (wt.%) 20 6 100 89 11 78 22

Phase Comp. Fo61Fa38 En58Wo13Fs29 Fo;oFasg Fo66Fa34

These results are consistent with a liquidus point multiply saturated
with pigeonite +olivine at 8.5+0.5 kbar and 1305 °C+10 °C.

The experiments have Fo,4 on the liquidus and range through Fos;.
The pyroxenes range from En;4sWo-Fs;9 to EnsgWo,7Fs,3, CaO content
increases as temperature decreases (Fig. 3). The pyroxene crystallizing
from the melt is pigeonite with CaO contents ranging from 2.5 to 9 wt.%.
The olivines crystallizing from Humphrey after 10-20% crystallization
fall in the compositional uncertainty range predicted by the Mdssbauer
results for the olivine in the natural rock (Morris et al., 2006, Morris,
personal communication), consistent with previous notions that this
rock represents a basaltic liquid composition and does not contain
cumulate olivine (Monders et al., 2007; Filiberto et al., 2008).

4. Discussion
4.1. The effect of chlorine on phase equilibrium

Fig. 4 compare the pressure-temperature phase relations for the Cl-
,added experiments and the anhydrous experiments on the Humphrey
composition (Filiberto et al., 2008). Both sets of experiments have
olivine on the liquidus at low pressure and pigeonite on the liquidus at
high pressure. Chlorine has a significant and large effect on the liquidus
position—addition of 0.7% Cl moves the olivine-pigeonite liquidus
point down 4 kbar and 50 °C (from 12.5 kbar and 1355 °C to 8.5 kbar
and 1305 °C). Addition of Cl also, enlarges the stability field of pigeonite
greatly compared to the dry experiments (thus accounting for the
decreased P of the multiple saturation points).

Addition of CI does affect the compositions. of the solid phases,
although not to a great extent. Olivine grown from Cl-bearing melt is

Filiberto et al. (Submitted) Model
Jones (1984) Model

Jones (1995) Model

[ ] This Study

DFeQ

DMgO

Fig. 1. Cation fraction crystal/melt partition coefficients for Mg (Do) and Fe (Dgeo) for
experimentally-produced olivine from this study compared with the partitioning
models (Filiberto et al., submitted for publication; Jones, 1984, 1995).

slightly more magnesian than olivine from anhydrous Cl-free melt 318
(Fo4 versus Fo;,), even though the former grows at lower tempera- 319
ture. This shift in olivine compositions appear as a change in Fe 320
partitioning between olivine and melt (Fig. 1), where addition of CI 321
decreases the equilibrium D‘Eé;me‘t. Pigeonite shows a similar shift in 322
composition, being more magnesian in the Cl-bearing charges. Also, 323
pigeonites in Cl-bearing charges are less calcic than those in the 324
anhydrous Cl-free experiments (Fig. 5). 325

The shift in-mineral compositions and liquidus temperatures 326
suggests that Cl in the silicate magma forms complexes with its 327
network-modifying cations (Mg, Fe, Ca, Na: see Stebbins and Du, 2002; 328
Webster and De Vivo, 2002). Since the nature of the Cl-cation 329
complexes is compositionally dependent (e.g. Malinin et al., 1989; 330
Stebbins and. Du, 2002; Webster and De Vivo, 2002; Bureau and 331
Metrich, 2003), and Martian basalts are high in iron and magnesium it 332
seems likely that, in our experiments, Cl complexes mostly with Fe, 333
Mg, and Ca. This Cl-complexation would decrease the FeO- and MgO-, 334
(and other cation) activity in the melt and increase the overall SiO,- 335
activity of the melt. Increasing the silica activity of the melt will cause 336
the melt to become more polymerized, which should shift the liquidus 337
temperature down and stabilize pigeonite with respect to olivine. 338

Although this model for complexation between Cl and network- 339
modifying cations seems reasonable, it cannot be verified. To test the 340
model, we performed several ‘thought experiments’ using the 341
computer code PMELTS (Ghiorso et al., 2002) to predict the location 342
of the liquidus of the silicate melt, assuming Cl and its complexed 343
cations were effectively unavailable to the surrounding silicate melt. To 344
model this in PMELTS, we thus ignored Cl, removed proportions of 345

20 : : . :
QO Liquid
@ Ol+L
® Ol+Pig+L
15H © Pig 1
€ 1o} :
o
5r ]
0 * * * .
1150 1200 1250 1300 1350 1400
T (°C)

Fig. 2. Experimental determined phase relations for synthetic Cl-added Humphrey
basalt. Open circles are experiments that contained liquid only, right half filled circles
are olivine and liquid, filled circles are olivine, pigeonite, and liquid, and left half filled
circles are pigeonite and liquid.
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Digs,

Hd

< 0.5
A\

@ Cl-added olivine
[l Cl-added pigeonite
% Natural Olivive

0.0

Fo(Em) 00 01 02 03 04

06 07 08 08 10 Fa(Fs)

Fig. 3. Compositions of experimentally-produced pigeonite (gray squares) and olivine (gray circles) plotted as QUIIF (Andersen et al., 1993) projections for all pressures produced in
this study. The olivine compositions predicted to be in the rock (Morris et al., 2004) are shown by a black star with uncertainty in the measurement (+Fo;o Morris, personal

communication).

network-modifying cations from the silicate melt, and calculated the
liquidus location for the remaining silicate composition. However, it
was not possible to reproduce the experimental results on the Cl-
,added Humphrey composition with this model and PMELTS calcula-
tions (although it is not clear that the program is properly calibrated for
these compositions). PMELTS shows that complexing Cl with Fe, up to 8
Fe per Cl, will not produce the observed 50 °C reduction in the liquidus
because the melt becomes more magnesian (as does the observed
olivine, see above). Complexing Cl with 8 Mg per Cl should reduce the
liquidus temperatures by ~40 °C, but should yield more ferroan olivine
than the Cl-absent case, rather than the more magnesian olivine that is
observed. So, this simple mechanistic model cannot be correct, and
additional study and modeling are clearly needed.

4.2. Comparing the effects of volatiles: Cl vs water

Fig. 6 compares the effect of water and Cl on the liquidus relations
of the Humphrey composition. As shown above, the anhydrous
liquidus has a multiple saturation point at 12.5 kbar and 1365 °C, while
the Cl-added liquidus (0.7 wt.% Cl) has a multiple saturation point at
8.5 kbar and 1305 °C. The hydrous (~0.8 wt.% water) liquidus has a
multiple saturation point at 10.6 kbar and 1320 °C (Monders et al.,
2007). Thus 0.7 wt% Cl depresses the liquidus temperature of the
Humphrey composition as much as does 0.8 wt.% water. So, on a molar
basis, Cl is twice as effective as water at depressing the liquidus
temperature of the Humphrey composition. As shown above, Cl also

20 T T T T
O Liquid
@ OI+L
@® Ol+Pig+L
15H © Pyg N /
i)
= 10} 1
o
5¢ J
O 1 1 1 1
1150 1200 1250 1300 1350 1400
T (°C)

Fig. 4. Experimentally determined phase relations from this study (solid lines)
compared with previously anhydrous published experimental work (dashed lines;
Filiberto et al., 2008).

has a much larger effect on the multiple saturation pressure and 370
pyroxene/olivine stability than water. 371

Water attacks bridging -oxygens in the melt structure, which 372
depolymerizes the melt and depresses its liquidus (e.g. Zeng et al., 373
1999). However, this change appears to have little (if any) effect on 374
olivine-pyroxene-melt phase equilibria and multiple saturation 375
pressure. Chlorine, by forming complexes in the melt, affects cation 376
activity, viscosity, as well as polymerization of the melt and thereby 377
causes the liquidus depression, increased pigeonite stability, and 378
multiple saturation point depression. This is seen in the phases 379
crystallizing from the melts. The pyroxenes show a difference in 380
composition. between the chlorine added and the hydrous and 3s1
anhydrous experiments. The hydrous and anhydrous experiments 382
form a linear array with the hydrous experiments being less calcic than 383
the anhydrous experiments due to the lower crystallization tempera- 384
tures: The chlorine added experiments do not plot on this linear array 385
and have more magnesium than the pyroxene in the hydrous and 386
anhydrous experiments (Fig. 7). This suggests that by forming Fe-Cl, 387
and perhaps Mg-Cl or other cation-Cl complexes in the melt, chlorine 388
decreases the activities of Fe and Mg silicates (and oxides) in the melt. 389
The olivine crystallizing from the hydrous experiments is Fo;s while 390
the chlorine added experiments have Fo;4 on the liquidus and the 391
anhydrous experiments have Fo,, this discrepancy can be accounted 392
for by the slight difference in compositions between the hydrous 393
experiments and the Cl-added and hydrous experiments (Table 3). (See 394
Filiberto et al., 2008 for a full description of the differences between the 395

hydrous and anhydrous experiments). 396
4.3. Implications for basalt genesis 397
4.3.1, Mars: water or not? 398

One of the current, critical unknowns about Mars is its water cycle— 399
sources, sinks, abundances, and history of its H,0 (e.g. Carr, 1996). And, 400
one of the more contentious aspects of its water cycle is the abundance 401
of water transferred from the Martian mantle to its surface in basalts. 402
Experimental studies of dry and volatile-bearing compositions have 403
been central to this discussion. 404

On one hand, several experimental studies have concluded that 405
Martian basaltic magmas contained significant water, from 0.5 to 2% 406
H,0 by weight. Johnson et al. (1991) inferred that the parent magma of 407
the Chassigny martian meteorite, a dunite, contained 1.5 wt,% H,0; 408
this inference is in accord with the work of Nekvasil et al. (2007), who 409
concluded that Chassigny's parent magma contained >0.5 wt.% 410
dissolved water during its crystallization at 7-11 kbar. Dann et al. 411
(2001) inferred that the parent magmas of the shergottite basalts 412
contained ~2.0 wt,% dissolved water at shallow pressures. And Dalton 413
et al. (2007) and Draper (2007) inferred that the Martian basalt 414
Yamato 980459 originally contained 0.5-2.0 wt,% H,O as a magma in 415
Mars’ mantle. Mineral chemical zoning patterns were interpreted to 416
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be consistent with such large water contents (Lentz et al., 2001;
McSween et al., 2001).

On the other hand, several experimental and petrographic studies
concluded that parent magmas of the Martian meteorite basalts
contained nearly no H,O. Foremost among these is Stolper and
McSween (1979), who found that phase relations and mineral
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Fig. 6. Experimentally determined phase relations from this study (solid lines)
compared with previously anhydrous published experimental work (black dashed
lines; Filiberto et al, 2008) and hydrous experimental work (gray dashed lines;
Monders et al., 2007).

Di 45 ’

compositions of the shergottite Martian meteorites were consistent 423
with anhydrous magma. In addition, the Martian meteorites now 424
contain nearly no H,0, and show very limited direct evidence that 425
they ever did (e.g. Carr and Wénke, 1992; Karlsson et al., 1992; Watson 426
et al., 1994; Leshin et al., 1996; Leshin, 2000; Dyar et al., 2004; Jones, 427
2004, 2007). 428

These conflicting results, water-rich versus water-poor, may be 429
reconcilable through the experimental results here, where we have 430
shown that chlorine affects mineral-basalt phase relations in the same 431
way and to similar extent as does water (at least for liquidus relations). 432
As shown in Fig. 6, similar weight proportions of H,O and Cl have 433
similar effects on the liquidus temperatures of the Humphrey basalt. If 434
these effects can be extrapolated to other Martian magma composi- 435
tions, then Cl-rich Martian magmas compositions would reasonably 436
have similar mineral-melt phase equilibria as do water-rich magmas. 437

So, did the parent magmas of Martian meteorite basalts contain 438
significant chlorine? There is strong evidence that they did. All of the 439
Martian meteorites contain apatite, which is chlorapatite or fluor- 440
chlorapatite, with limited or minimal hydroxyl component (e.g. 441
Treiman et al., 1993; Sautter et al., 2006; McCubbin and Nekvasil, 442
2008). Many of the Martian meteorites also contain kaersutitic 443
amphibole in magmatic inclusions, and those amphboles are not 444
hydroxy-kaersutites, but chlor-, chlor-fluor- or oxy-kaersutites (Trei- 445
man et al., 1993; Watson et al., 1994; Sautter et al., 2006). Because 446
apatite and amphibole accept OH from basaltic magma more readily 447
than Cl (Stormer and Carmichael, 1971; Mathez and Webster, 2005; 448
Patino Douce and Roden, 2006), it seems likely that the parent 449
magmas of the Martian meteorites were richer in Cl than OH. If so, the 450
experiments here, on a Cl-rich anhydrous composition, are relevant. 451

Hd

¢ ¢ I\ 05

*onomeOO

Dry Olivine Data
Dry Pyx Data 4
Hydrous Olivine Data
Hydrous Ol data 0.3
Cl-added Ol data

Cl-added Pyx data

0.2
Natural Rock

0.1

Fo(En) 00 01 02 03 04

> > > > > 0.0
06 07 08 0.9 1.0 Fa (Fs)
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(gray symbols) compared with the anhydrous experiments (white symbols; Filiberto et al., 2008) and hydrous experiments (black symbols; Monders et al., 2007). The olivine
compositions predicted to be in the rock (Morris et al., 2004) are shown by a black star with uncertainty in the measurement (+Fo;o Morris, personal communication).
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Table 3
Starting composition compared with starting composition of previous work
(normalized to 100%)

Wt.% Experimental Monders et al. (2007)* Filiberto et al. (2008)
Glass Composition
Si0, 46.10 46.85 45.99
TiO, 0.55 0.48 0.56
Al,05 10.48 10.69 10.89
Cr,03 0.00 0.79 0.00
FeOp 19.54 18.91 20.01
MnO 0.45 0.43 0.42
MgO 10.92 11.46 10.89
Ca0 8.06 8.02 8.12
Na,0 2.51 1.77 244
K>0 0.10 0.06 0.10
P,05 0.59 0.56 0.58
Cl 0.71 0.00 0.00
Total 100.00 100.00 100.00

FeOr=total iron (Fe,O5+FeO).
@ =Ave estimated composition.

In fact, this Cl-enrichment of Martian basalts is consistent with the
inferred composition of Mars and its mantle. Based on the Martian
meteorite compositions, Mars is enriched in cosmochemically volatile
elements compared to the Earth (e.g. Dreibus and Wanke, 1986, 1987).
For instance, Mars is inferred to have bulk abundance ratios for Na/Th
and K/Th of ~0,3 xCl, compared to the Earth’s values of ~0.2 and ~0,1 x CL
Mars' enrichment in chlorine is similar—Cl/Th near 0,03 x Cl compared to
the Earth’s mantle’s inferred ~0,01 % CI (Dreibus and Wdnke, 1985,1987).
This general Cl-enrichment is consistent with the presence of Cl-rich
apatite and amphibole in the Martian meteorites (e.g. Sautter et al.,
2006; McCubbin and Nekvasil, 2008), and with in situ analyses on Mars
surface (see Introduction). For Mars, then, chlorine may take the place of
water as the principal volatile element in igneous petrogenesis.

4.32. Earth: water- and chlorine-rich systems

Unlike the Martian meteorites, which show little evidence for
magmatic water, terrestrial basalts contain up to a few wt,% water.
However, terrestrial basalts also contain up to 0.7 wt,% chlorine as well
(Johnston, 1980; Webster and Rebbert, 2001). If the effects of chlorine
on the Humphrey basalt from this study can be extrapolated to
terrestrial basaltic compositions, then Cl-rich systems would the have
similar mineral-melt phase equilibria to water-rich magmas. This
must be considered in the petrogenesis of Cl- water-rich magmas, like
those of subduction zones and evolved intra-plate suites.

Typical terrestrial oceanic island tholeiitic basalts'and mid-ocean
ridge basalts contain little chlorine (e.g. Johnston, 1980; Jambon et al.,
1995), but magmas associated with subduction zones (and some intra-
plate alkalic magmas) can contain up to 0.7 wt.% Cl (e.g. Johnston,
1980; Webster and Rebbert, 2001). As shown above, small proportions
of Cl in magma can affect its liquidus temperature, permitting it to
evolve to lower temperatures before solidifying. Chlorine will increase
pyroxene stability to lower pressures and therefore change the
residual liquids produced by fractionation and partial melting.
Previous fractionation and partial melting experimental investigations
have inferred that water-rich systems are required to produce intra-
plate alkali-rich compositions as well as andesites associated with
subduction zones (e.g. Grove et al., 2002; Nekvasil et al., 2004;
Whitaker et al., 2008), but chlorine-rich systems might reasonably
yield the same products. Therefore, fractionational crystallization and
partial melting models of chlorine-rich magmas should explicitly
account for the effects of CL

5. Conclusion

A preliminary study of the effect of Cl on phase relations of a
Martian basalt has shown that Cl complexes in the melt depressing the

liquidus and multiple saturation pressure to a greater extent than 495
water. By complexing in the melt with Fe, and perhaps Mg, and Ca, Cl 496
causes an increase in the Si-activity, stabilizing pyroxene with respect 497
to olivine. All of this has a large effect on liquidus and multiple 498
saturation point depression. Therefore, small amounts of dissolved 499
chlorine will enable basalts on Mars and Earth to be produced at lower 500
pressures and temperatures. These results suggest that chlorine is 501
important during basalt genesis and needs to be included in models of 502
partial melting and fractionation on Mars and Earth. 503
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