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Introduction: Despite relatively fast chemical 

weathering rates under terrestrial conditions, pyroxene 
grains are detected by OMEGA in dune fields on the 
surface of Mars, often in association with sulfate min-
erals [1]. Chloride salts have also been observed in as-
sociation with Noachian-Hesperian aged weathered de-
posits [2] and in Martian meteorites [3].   

Pyroxene minerals have been shown to have simi-
lar weathering rates, regardless of changes in mineral 
composition [4]. In dilute solutions, pH and tempera-
ture influence pyroxene weathering [4, 5]. Dissolution 
rates are expected to be highest at low pH, reach a 
minimum near pH 4-5, and then increase more gradu-
ally than is observed in acidic solutions as the pH be-
comes  alkaline [4, 6].  

This study investigates pyroxene dissolution in 
near-saturated NaCl, Na2SO4, and CaCl2 brines, to de-
termine how pyroxene weathers in high salinity fluids. 
Previous research on labradorite weathering in brines 
indicates sulfate complexes Ca, which enhances weath-
ering in sulfate brines [7]. In contrast, chloride com-
plexes Fe during jarosite weathering, leading to prefer-
ential iron release from the mineral surface during dis-
solution and the subsequent precipitation of Fe-oxides 
[8]. However, the roles of decreasing water activity 
and anion complexation remain unknown for chain sil-
icates such as pyroxene.  Results from this study will 
inform models of mineral-water interactions on post-
Noachian Mars, which may ultimately affect our as-
sessment of martian surface geochemistry through time 
and Mars’ potential habitability.  

 Methods: A diopside sample ((Ca0.96, 
Na0.04)(Fe0.33, Mg0.65, Al0.01)(Si1.9,Al0.03)2O6) obtained 
from  Wards Scientific (#466474) was characterized 
using electron microprobe and BET surface area analy-
sis.  Pyroxene was crushed with a mortar and pestle, 
micronized, sonicated to clean mineral surfaces before 
reaction and dried. Batch experiments were conducted 
in triplicate with 1g pyroxene/L solution using 18 MΩ 
ultra-pure water (UPW) and near-saturated 333 g L-1 
NaCl (aw=0.75), 174 g L-1 Na2SO4 (aw=0.95) and 1000 
g L-1 CaCl2 (aw=0.35)  brines at 25oC [8, 10]. Samples 
were taken at ~7 day intervals for 60 days and acidified 
with high purity nitric acid. Cations (Ca, Mg, and Fe) 
were determined using flame atomic absorption analy-
sis. Dissolved silica in solution was determined with 
UV-Vis [11]. 

Aqueous Si data were plotted and fitted with a 
polynomial trend line. The 1st-deriviative of the trend 
line was used to determine the initial dissolution rate. 
These rates were normalized using the BET derived 

surface area. Diopside mineral lifetimes were calcu-
lated using a shrinking sphere model [8,12]: 

𝛥𝛥𝛥𝛥 =
𝑑𝑑

2 𝑉𝑉𝑉𝑉 𝑟𝑟
 

where Δt is the lifetime of the particle (sec), d is the 
diameter of the particle (m; assumed 0.001 m), Vm is the 
molar volume of the mineral (m3 mol−1), and r is the rate 
of dissolution (mol m−2 s−1). 

Dissolution in Ultrapure Water: Cation concen-
trations at the end of the experiment were measured as 
follows Fe (3.6x10-4 M), Mg (1.3x10-4 M) Ca (5.2x10-4 

M), resulting in Ca:Fe+Mg ratios of 4:1 indicating in-
congruent dissolution. Dissolved Si was measured at 
2.3x10-4 M. 

Dissolution in Brines: Dissolution in both NaCl 
and Na2SO4 brines outpaces dissolution in UPW by  
~10x, based on average total dissolved Si (1.5x10-3 M 
in NaCl and 1.1x10-3 M in Na2SO4). Fe was preferen-
tially released in NaCl brines (5.0x10-4 M , 1.4x10-4M 
in Na2SO4). Calcium release is similar in both NaCl 
(2.4x10-3 M) and Na2SO4  (2.8x10-3 M). In contrast, 
Na2SO4 brines preferentially mobilized Mg (8.7x10-5 

M in NaCl, 5.3x10-4 M in Na2SO4). These data suggest 
aqueous complexation of Fe by Cl- and Mg by SO4

2- 

may influence observed dissolution rates [13]. 
Initial pH for all experiments varied by <1 pH unit 

in UPW (6.5), NaCl (6.4) and Na2SO4 (6.5) brines, and 
therefore pH differences do not account for increased 
weathering rates in brine relative to UPW. 

Figure 1: Log surface area normalized initial pyroxene 
dissolution rates for UPW, Na2SO4, and NaCl brines, 
indicate weathering rates in high salinity brines are 
~10x faster than UPW. 

 
Pyroxene Dissolution Rates: BET normalized log 

initial dissolution rates for UPW were -9.77+0.11 on 
average, which is nearly an order of magnitude slower 
than either the NaCl (-9.16+0.07) or Na2SO4 (-9.02 
+0.10) brines (Figure 1). Higher UPW dissolution rates 
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observed in our experiments compared to dilute rates (-
11.11)  reported by the USGS [15] can be accounted 
for as the difference between batch (this study) and 
flow-through (USGS compilation ) reactors. CaCl2 dis-
solution rates were too slow to measure, as solute con-
centrations were below detection limits. 

Pyroxene Lifetimes in Mars Relevant Brines: In 
UPW, a 1 mm diameter diopside particle is expected to  
persist for 117 yr, while  NaCl and Na2SO4 brines re-
duce diopside lifetimes to 27 yr and 28 yr respectively.  

Figure 2: Pyroxene lifetimes in high salinity 
brines are significantly shorter (~100x) than UPW. 

 
Implications for Mars:  Pyroxene weathering 

proceeds rapidly in both NaCl and Na2SO4 brines, indi-
cating sustained contact between pyroxene and aque-
ous brines would result in conversion of pyroxene to 
secondary weathering products. These findings con-
trast with forsterite dissolution rates, which were ob-
served to decrease by an order of magnitude in NaCl-
CaCl2-H2O brines [15,16]. This may be explained due 
to aqueous complexation of Fe by Cl-  and Mg by 
SO4

2- respectively in pyroxene dissolution. However, 
the slow pyroxene weathering rates observed in CaCl2 
brines indicate that as salinity continues to increase 
(and activity of water decreases), slower water ex-
change at the mineral surface limits weathering 
[15,16].  

Moreover, dissolution in chloride brines results in 
mobilization of Fe and Si into solution, which may fa-
cilitate the formation of Fe-oxides and silica-rich de-
posits. These processes may account for the co-associ-
ation of Cl-enrichments, siliceous rocks, and Fe-oxides 
near “Home Plate”, Gusev Crater, Mars [2]. Ca-and 
Mg-sulfate veins associated with mudstones in Gale 
Crater, in contrast, may indicate pyroxene weathering 
in a sulfate-rich saline system [7, 17, 18]. 

However, the co-occurrence of sulfate and chlo-
ride salts with pyroxene grains on the Martian surface 
indicates that aqueous alteration was restricted 
throughout the post-Noachian, as long-term interaction 
between brines and pyroxene would cause weathering 
to progress rapidly.  

References: [1] Bibring et al. (2006) Science, 312, 
400-404. [2] Squyres et al. (2008) Science, 320, 1063-

1067. [3] Trieman and Gooding (1992) LPI Tech. Re-
port 92-02, 159-160. [4] Hausrath (2008) Geology, 36, 
67-70. [5] Brantley and Chen (1995) Reviews in Min. 
and Geochem., 31, 119-172. [6] Burns (1993) LPI 
MSATT Wkshp. on Chem. Weathering on Mars, 8-9. [7] 
Phillips-Lander et al. (2015) GSA Abstract. [7] Pritchett 
et al. (2012) EPSL 357-358, 327-336. [8] Tosca et al. 
(2008) Science, 320, 1204-1208. [9] Cohen et al. (1987) 
J. Phys. Chem. 91, 4563-4574. [10] Marion and Farren 
(1999) Geochim. et Cosmochim. Acta, 63, 1305-1318. 
[11] Steiner et al. (2015) LPSC Abstract #2350. [12] 
Rimstidt (2014) Geochemical Rate Models, Cambridge 
University Press. [13] Benjamin (2002) Water Chemis-
try, McGraw Hill Ed., Boston.[14] Palandri and 
Kharaka (2004) USGS Open File Report #1068. [15] 
Hausrath and Brantley (2010) JGR Planets, 115, 
E12001 [16] Olsen et al. (2015) JGR Planets, 120, 388-
400. [17] Grotzinger et al. (2015) Science 343, 5-14. 
[18] Nachon et al. (2014) JGR Planets, 119, 1991-2016. 

Acknowledgements: Funding for this project was 
provided by NASA grant #NNX13AG75G and the 
School of Geology and Geophysics at the University of 
Oklahoma.  
 

1313.pdf47th Lunar and Planetary Science Conference (2016)


