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ABSTRACT 17 

 A variety of approaches have been used to estimate when and how long liquid 18 

water was present at the surface of Mars.  The olivine dissolution-lifetime application 19 

suggested by Stopar et al. (2006) and Olsen and Rimstidt (2007) is here adapted and 20 

tested at the scale of individual etch-pits using published data from an experimental 21 

system in which the volume of mineral removed and the duration of the mineral-removal 22 

episode are known.  Different assumptions about the specific geometry of etch-pits on 23 

olivine result in surface-area estimates that vary by less than a factor of two from the 24 

simple hemispherical pit used in the calculations.  Given that other sources of uncertainty 25 

in mass-time relationships of silicate-mineral dissolution during natural weathering can 26 

be up to four orders-of-magnitude, the effects of differing geometric assumptions about 27 

the shapes and surface areas of the etch-pits are negligible.   28 

Using compiled experimentally determined forsterite dissolution rates and the 29 

imaged etch-pit sizes from experiments recovers the duration of the experiment that 30 

produced the imaged etch-pits to within less than a factor of two.  This suggests that 31 

extensively etched olivine surfaces imply a dominance of the etch-pit walls over the bulk 32 

surface between the etch-pits during olivine corrosion.  The approach adopted here 33 

recovers the timescales of experimental etch-pit production on olivine at STP and 34 

extreme undersaturation of the solution with respect to olivine in experiments where pH 35 

is known.  Continued progress in understanding the fundamentals of olivine dissolution 36 

kinetics will narrow the ranges of uncertainty in mineral-lifetime estimates at Mars’ 37 

surface in support of constraining the compositions and duration of potentially habitable 38 

aqueous solutions on Mars. 39 
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 41 

INTRODUCTION 42 

Dissolution of rock-forming minerals is a major source of solutes to terrestrial 43 

natural waters (e.g., Berner and Berner 2012) and likely contributes similarly to such 44 

aqueous solutions as may have existed on Mars (e.g., Velbel 2012).  Consequently, the 45 

rates, processes, and mechanisms of mineral dissolution are of broad significance to 46 

many disciplines within the Earth sciences, and are well-studied (Brantley et al. 2008).  47 

Olivine, (Mg,Fe)2SiO4, is one of the major rock-forming minerals on Earth (Deer et al. 48 

1992) and throughout the Solar System (Hutchison 2004).  In Earth’s surface 49 

environment, olivine weathers more rapidly than any other common naturally occurring 50 

orthosilicate (Velbel 1999) or other major rock-forming silicate mineral (Goldich 1938; 51 

Wilson 2004).  Consequently, olivine does not usually persist in most soils (even soils 52 

developed on olivine-bearing parent materials), sediments, or sedimentary rocks 53 

(Delvigne et al. 1979; Morton and Hallsworth 1999; Wilson 2004).  Recent research 54 

(Velbel 2009) has brought understanding of dissolution features and their implications for 55 

reaction processes on naturally weathered olivine grains closer to the higher level of 56 

understanding of similar phenomena on other, more widespread and therefore better-57 

studied rock-forming minerals in Earth surface environments.   58 

Etch-pits, which are crystallographically distributed and oriented dissolution 59 

mineral-surface features of negative relief (e.g., Wilson 1975; Berner 1978) are widely 60 

recognized textural indicators of site-selective mineral-surface destruction during 61 

corrosive dissolution (etching).  Experimental etching of olivine by strong acids, bases, 62 
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and complexing agents has long been used to study defects, dislocations, rock and 63 

mineral deformation, and cosmic-ray exposure tracks in naturally occurring olivines and 64 

their synthetic counterparts (Young 1969; Grossman et al. 1971; Wegner and Christie 65 

1974, 1976; Kirby and Wegner 1978; Inoue et al. 1981; Tang and Dieckmann 2011, 66 

2012).  A variety of etch-pit (etch figure) morphologies have been experimentally 67 

produced on euhedral or cleaved single crystals or artificially polished surfaces of known 68 

low-index crystallographic orientation - usually (100) or (010), less commonly (001).  69 

Etch-pit shapes include rectangular pyramidal and square-based pyramidal pits on (010) 70 

and (100) that are elongate in the [001] and [010] directions, respectively (Wegner and 71 

Christie 1974, 1976; Kirby and Wegner 1978); oval- and diamond-shaped etch-pits on 72 

(001) surfaces elongate in the [010] direction and shorter in the [100] direction, and 73 

arrays of diamond-shaped pits aligned either in the [100] direction or in some other 74 

orientation in the x-y plane (Wegner and Christie 1974, 1976; Kirby and Wegner 1978; 75 

Inoue et al. 1981).  The elongation of diamond shaped etch-pits and their alignment with 76 

etch channels in naturally altered (weathered or serpentinized) olivine imaged in TEM 77 

(Eggleton 1986; Banfield et al. 1990; Boudier et al. 2010), and the orientations of conical 78 

etch-pits inferred from the SEM morphological observations of etch-pits (Fig. 1) on 79 

naturally weathered olivine (Velbel 2009), are all consistent with the observations from 80 

etching experiments.   81 

Etch-pits are evidence for olivine reactivity in a variety of natural and 82 

experimental settings relevant to environmental and materials applications such as natural 83 

weathering, carbon dioxide sequestration by olivine-rich rocks, and synthesis of porous 84 

or nanostructured materials from natural olivine (Giammar et al. 2005; Bearat et al. 2006; 85 
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Velbel 2009; Haug et al. 2010; King et al. 2010, 2011; Daval et al. 2011; Lafay et al. 86 

2012).  In both natural and artificial reactions, insight can be retrieved from relationships 87 

between the volume of mineral removed during dissolution, the rate of removal, and the 88 

duration of the dissolution episode.  For example, mineral-lifetime estimates relating 89 

olivine grain size and dissolution rate (both known) and time (unknown) are combined 90 

with the widespread persistence of olivine at the surface of Mars determined from orbital 91 

and surface missions to place limits on the maximum duration of aqueous alteration of 92 

Mars’ surface materials (Stopar et al. 2006; Olsen and Rimstidt 2007).  Similar 93 

approaches can be applied to smaller-scale olivine dissolution as well.  Wedges or 94 

wedge-shaped notches along fractures or dislocation arrays are the observed two-95 

dimensional expression of olivine etch-pits in cross-section (e.g., in polished thin-96 

sections), from which the occurrence of three-dimensional etch-pits is inferred based on 97 

the etch-pit shape model and the geometric relationships between etch-pits and the 98 

surfaces they intersect (Velbel 2009).  Such wedge-shaped notches have been imaged in 99 

reports from naturally weathered olivine (Velbel 2009), experimentally altered olivine 100 

(King et al. 2011), and olivine in Mars meteorites including meteorite finds recovered 101 

after long terrestrial exposure and the Mars meteorite Nakhla, recovered promptly after 102 

witnessed fall in 1911 (Velbel 2012; Lee et al. 2013).  In Mars meteorite falls, aqueous 103 

alteration is almost entirely of Martian origin, whereas in finds any specific aqueous 104 

alteration feature may be either pre-terrestrial or terrestrial (Velbel, 2012).  Etch-pits are 105 

too small to be imaged by the instruments deployed by Mars surface missions, but they 106 

have been imaged in Mars meteorites, allowing the extension of the whole-grain-scale 107 

approach of Stopar et al. (2006) and Olsen and Rimstidt (2007) to smaller spatial scales.   108 
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Dissolution at a mineral’s surface may occur from both bulk surfaces and specific 109 

mineral-surface sites such as strained crystal volumes around dislocations (e.g., Berner 110 

1978; Brantley et al. 1986; Lüttge et al. 1999; Lasaga and Lüttge 2001).  The relative 111 

proportions of site-specific dissolution and dissolution at bulk-surfaces varies among 112 

different minerals and with different extent of dissolution of the same mineral (Velbel et 113 

al. 2007).  This paper tests the hypothesis that dissolution of olivine in ambient 114 

temperature (Earth surface) aqueous solutions occurs predominantly at the walls of etch-115 

pits, and that additional retreat of bulk surface between etch-pits is not required to explain 116 

quantitative relationships among etch-pit size, olivine dissolution rate, and the duration of 117 

the dissolution episode.  The hypothesis is formulated as geometric assumptions from 118 

which timescales for formation of etch-pits on olivine experimentally corroded during 119 

dissolution-kinetics experiments are here estimated from the measured maximum etch-pit 120 

size and compilations of dissolution rates from the extensive body of literature on the 121 

experimental geochemical dissolution kinetics of olivine in water at ambient 122 

temperatures.  This study uses an approach (Velbel et al. 2007) that is similar to but 123 

smaller in scale than published approaches to mineral-lifetime estimates (Stopar et al. 124 

2006; Olson and Rimstidt 2007).  Using this approach, (1) the hypothesis is tested against 125 

experimental data, and (2) the dissolution-lifetime application suggested by Stopar et al. 126 

(2006) and Olsen and Rimstidt (2007) is tested for the first time in a system where 127 

mineral dissolution rate, volume of mineral removed, and the duration of the mineral-128 

removal episode are all known.   129 

 130 

131 
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METHOD 132 

The hypothesis stated above is formulated as an equation relating the volume of 133 

material removed from an etch-pit of a given dimension, the corresponding surface area, 134 

and the known published experimentally determined olivine dissolution rate to time, the 135 

duration of the experiment in which the observed etch-pit was formed.  This section 136 

presents the assumptions invoked in the equations, including the justification for a 137 

simplified description of the etch-pit geometry.   138 

Previous research monitoring mineral-surface retreat during dissolution using 139 

vertical scanning interferometry (Lüttge et al. 1999; Lasaga and Lüttge 2001) observed 140 

that bulk experimental dissolution of several plagioclase feldspars involves dissolution 141 

from both etch-pits and retreat (lowering) of the surface between them.  However, Velbel 142 

et al. (2007) have shown that the dissolution process may operate differently on different 143 

silicate minerals; further consideration of their geometric reasoning allows extension of 144 

their inferences to different occurrences of the same mineral, at different stages of surface 145 

modification by site-selective etching.   146 

Previous work on garnet (Velbel et al. 2007) and olivine (Velbel 2009) suggests 147 

that, at all but the earliest stages of silicate-mineral dissolution during natural weathering, 148 

large fractions (in some cases, the entirety) of exposed grain surface consists of walls of 149 

coalesced etch-pits, with little or no surface other than etch-pit walls.  Similarly, cross-150 

sections of grain perimeters, internal fractures, and the walls of “etch channels” can 151 

consist entirely of overlapping etch-pit walls, even if etching has affected only the near-152 

surface portion of the olivine (Velbel 2009).  Internal surface formed by corrosion 153 

consists by definition entirely of etch-pit walls.  Consequently, from local etch-pit 154 
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saturation of surface onward, the entire mineral surface consists of etch-pit walls, and 155 

there is no other surface (Fig. 1, outlined area; other examples are shown by Velbel 2009).  156 

At earlier stages of olivine dissolution, there is unetched surface between the etch-pits (as 157 

in Fig. 1, arrows).  However, the fact that such unetched surface does not survive at more 158 

advanced stages of olivine dissolution (Fig. 1, outlined area) suggests that etch-pit edges 159 

are consumed faster by lateral growth of etch-pits (dissolution of etch-pit walls and 160 

edges) than by bulk-surface lowering, unlike feldspar dissolution.  In this way, natural 161 

weathering of olivine (Velbel 2009) is similar to natural dissolution of garnet (Velbel et 162 

al. 2007).  Given the greater extent of weathering to which naturally weathered silicate-163 

mineral grains have been subjected compared with short-duration ambient-temperature 164 

experimental dissolution of silicates, it is perhaps not surprising that naturally weathered 165 

silicate minerals dissolve with different relative contributions to dissolution from 166 

different kinds of surface (e.g. dislocation-influenced versus bulk surface).  The 167 

preponderance of morphological evidence from naturally dissolved olivines (Velbel 168 

2009) suggests that enlargement of etch-pits by preferential dissolution of etch-pits walls 169 

is dominant relative to solutional lowering of surface between etch-pits.  The inferred 170 

dominance of solutional loss from etch-pit walls is embodied in the analysis that follows 171 

below.   172 

Velbel et al. (2007) calculated timescales of etch-pit formation on naturally 173 

weathered garnet grains, using experimentally determined garnet dissolution rates to 174 

estimate the time required to form etch-pits of observed dimensions.  For simplicity, as a 175 

first approximation, hemispherical etch-pit geometry is assumed (Velbel et al. 2007).  176 

This approach assumes that all dissolution occurs at the walls of etch-pits; in other words, 177 
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that all reactive surface area on naturally corroded olivines is within etch-pits, and that 178 

the olivine surface between etch-pits is not reactive.  Velbel et al. (2007) discuss some 179 

inferences about the distribution of dissolution on naturally weathered silicate minerals 180 

from their studies of garnet naturally altered by aqueous solutions at near-Earth-surface 181 

ambient conditions.  At advanced stages of such natural garnet dissolution, the entire 182 

grain surface consists of facets on imbricate wedge marks (IWMs; Salvino and Velbel 183 

1989).  These facets are the walls of coalesced euhedral etch-pits of dodecahedral 184 

geometry appropriate to garnet’s crystallography (Pabst 1943; Velbel 1984, 1993a; 185 

Cherepanova et al. 1992; Boutz and Woensdregt 1993; Iishi and Utsumi 2006; Velbel et 186 

al. 2007).  Consequently, from IWM development onward, the entire garnet surface 187 

consists of etch-pit walls, and there is no other surface (Velbel et al. 2007; similar 188 

dominance of corroded mineral surfaces by etch-pit walls beyond the initial stage of 189 

dissolution was inferred from experimental dissolution of quartz by Gautier et al., 2001).  190 

Unetched surface between etch-pits occurs at less advanced stages of garnet dissolution 191 

(Velbel 1984; Velbel et al. 2007).  However, the fact that such surface does not survive at 192 

more advanced stages of garnet dissolution suggests that etch-pit edges are consumed 193 

faster by lateral growth of etch-pits (dissolution of etch-pit walls and edges) than by bulk-194 

surface lowering (Velbel et al. 2007).   195 

Enlargement of etch-pits by preferential dissolution of etch-pits walls is dominant 196 

relative to solutional lowering of surface between etch-pits on garnet, demonstrating that 197 

this etching mode operates on at least some silicate minerals (Velbel et al. 2007).  This 198 

contrasts with the case of feldspar dissolution, during which mass is removed both from 199 

etch-pits and by retreat (lowering) of the surface between them (Lüttge et al. 1999; 200 



Velbel: Olivine etch-pits and dissolution rates, p. 10 

Lasaga and Lüttge 2001).  However, because of diversity of crystal structures, crystal 201 

chemistry, and dislocation distributions and characteristics of different silicate minerals, 202 

the relative contributions to dissolution from different kinds of surface (e.g. dislocation-203 

influenced versus bulk surface) may vary among silicate minerals (Velbel et al. 2007).  204 

Olivine resembles garnet in that entire surfaces of extensively corroded olivine consist of 205 

etch-pit walls, and there is no other surface (Fig. 1 outlined area; see Velbel 2009 for 206 

other examples).  The inferred dominance of solutional loss from etch-pit walls is 207 

embodied in the equations used here. 208 

The volume [V] of a hemispherical etch-pit of radius r is  209 

 210 

V = 2/3πr3 211 

(1) 212 

The internal surface area [A] of a hemispherical etch-pit of radius r is  213 

A = 2πr2 214 

(2) 215 

Surface-area and volume relationships for other etch-pit geometries exhibit similarly 216 

small deviations from those of a sphere.  The Appendix estimates surface area from 217 

previously published shape models of the observed conical (Fig. 1, arrows) and biconical 218 

etch-pits on naturally weathered olivine (Velbel 2009; Nowicki and Velbel 2011).  An 219 

olivine etch-pit of radius r with the observed average geometry of natural olivine etch-220 

pits has only 15% more surface area than a hemispheric etch-pit of the same radius.  221 

Etch-pits on artificially or experimentally etched olivines have a variety of different 222 

geometries and different surface-area and volume relationships, but do not deviate from 223 
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equancy much more than do observed etch-pits on naturally weathered olivine.  Other 224 

sources of uncertainty in mass-time relationships of silicate-mineral dissolution during 225 

weathering can be up to four orders-of-magnitude (see below; Pačes 1983; Velbel 1993b; 226 

White and Brantley 2003).  In this context, the effects of differing geometric assumptions 227 

about the shapes and surface areas of the etch-pits are negligible for this application.   228 

The number of moles of mineral removed when a volume V of mineral is 229 

dissolved is 230 

 231 

M = V/V° 232 

(3) 233 

where V° is the molar volume (cm3/mol) of the specific mineral being dissolved.   The 234 

time required to dissolve a mass M is 235 

 236 

td = M/JA 237 

(4) 238 

where J is the dissolution rate (mol/cm2/s).  In general, the dissolution rate J can be 239 

determined from laboratory experiments or from geochemical mass-balance in natural 240 

systems where watershed-scale solute-flux data are available.   241 

Substituting and noting that diameter d equals 2r gives 242 

 243 

td = ((2/3πr3)/ V°)/(J 2πr2) 244 

(5) 245 

td = r /(3 V° J) = (d/2)/(3 V° J) = d /(6 V° J) 246 
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(6) 247 

td  = r /(3 V° J) = d /(6 V° J) 248 

(7) 249 

The time required to form etch-pits of a defined geometry and measured characteristic 250 

dimension during a dissolution experiment can be determined if the dissolution rate of the 251 

mineral is known from experimentally determined dissolution rates.  Using the range of 252 

experimentally determined forsterite dissolution rates reviewed and compiled by Olsen 253 

and Rimstidt (2007) and Rimstidt et al. (2012) and invoking the geometric assumptions 254 

about olivine volume and surface area in the samples examined allows determination of 255 

the time required to form an hemispherical etch-pit of radius r or diameter d, using 256 

equation (7) 257 

td  = r /(3 V° J) = d /(6 V° J) 258 

where V° is the molar volume (cm3/mol) and J is dissolution rate (mol/cm2/s).    259 

Etch-pits on dissolved Fo91 olivine after an experiment at pH 2 were imaged by 260 

SEM and reported as Figure 3b of Pokrovsky and Schott (2000).  A characteristic length 261 

dimension of 1-2 μm was determined visually for the largest imaged (roughly equant) 262 

etch-pits shown there.  As with other experiments reported by Pokrovsky and Schott 263 

(2000), the pH 2 experimental run, #27, was run at room temperature (25.0 ± 0.5°C).  The 264 

temperature and pH of the longest experimental run (28 hours) were used to determine 265 

the forsterite dissolution rate using equation (5) of Rimstidt et al. (2012).  The rate 266 

determined in this way was used along with the molar volume of forsterite (V°forsterite= 267 

43.603 cm3/mol; Smyth and Bish 1988) and the length (diameter) dimension determined 268 

from the image to solve equation (7) for the time required to form an etch-pit of the 269 
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observed size under the known experimental conditions.  The etch-pit formation time 270 

estimated by solving equation (7) was then compared with the 28 hr reported duration of 271 

experimental run #27 (Pokrovsky and Schott 2000).   272 

 273 

RESULTS 274 

 Formation of olivine etch-pits of the 1-2 μm size produced during the dissolution 275 

experiments of Pokrovsky and Schott (2000) at the known pH and temperature would 276 

require ~18-35 hours according to equation (7) above.   277 

 278 

DISCUSSION 279 

 The pH 2 experimental run of Pokrovsky and Schott (2000) lasted 28 hours; the 280 

estimated formation times for etch-pits of the observed size range from 63-126% of the 281 

observed experimental duration.  Thus, within errors of estimation, the etch-pit formation 282 

time estimated from equation (7) and the selected parameters is indistinguishable from 283 

time available in the actual experiment.   284 

Equation (7) apportions dissolution to only the internal surface of the etch-pit, 285 

assuming no influence on etch-pit size by modification of etch-pit margins through 286 

concurrent retreat of the bulk surface or any other process other than radial enlargement 287 

of the etch-pit.  The olivine dissolution rate used to estimate etch-pit formation time, 6 × 288 

10-12 mol/cm2/s, was determined from the compilation and regressions of Rimstidt et al. 289 

(2012).  Use of this rate and the imaged etch-pit sizes from Pokrovsky and Schott (2000) 290 

in equation (7) recovers the duration of the experiment that produced the imaged etch-pits 291 

to within less than a factor of two.   292 
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Apportioning Mg and Si release fluxes to the entire measured surface area of their 293 

experimentally dissolved olivine, Pokrovsky and Schott (2000) determined an 294 

experimental olivine dissolution rate 2.07(±0.17) × 10-12 mol/cm2/s from experiment #27.  295 

Using this rate in equation (7) yields etch-pit formation times two to four times longer 296 

than the actual duration of experiment #27.  If the bulk surface and the etch-pit interior 297 

surface were dissolving at the same surface-area-averaged rate determined 298 

experimentally during experiment #27, etch-pits of the observed size could not form 299 

during the observed experimental time-scale.  The fact that the observed etch-pits were 300 

formed during the experiment requires that dissolution of etch-pit walls must be several 301 

times faster than the dissolution rate averaged over the entire grain surface, and many 302 

times faster (per unit surface area) than dissolution of the bulk surface between the etch-303 

pits.  This is consistent in a simple manner with the suggestion of Fischer et al. (2012) 304 

that a bulk, surface-area normalized dissolution rate includes contributions from surfaces 305 

of different reactivity that would be better treated as parts of a distribution (illustrated in 306 

this simple example as different proportions of two types of surfaces) rather than being 307 

lumped into a single uniform area-averaged value.  This also quantitatively supports the 308 

dominance of etch-pit walls inferred from dissolution kinetics experiments on quartz 309 

(Gautier et al., 2001) and observations of moderately and extensively corroded natural 310 

garnets by Velbel et al. (2007), and suggests that similar observations of moderately and 311 

extensively etched olivine (Fig. 1 arrows and outlined area, respectively) imply a similar 312 

dominance of the etch-pit walls over the bulk surface between the etch-pits during olivine 313 

corrosion.   314 

 315 
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IMPLICATIONS FOR ESTIMATES OF OLIVINE LIFETIME AT MARS’ SURFACE 316 

Wherever olivine persists at the surface of Mars (e.g., Hoefen et al. 2003; 317 

Christensen et al. 2003, 2004a,b; Morris et al. 2004, 2006; McSween et al. 2004, 2010; 318 

Mustard et al. 2008; Koeppen and Hamilton 2008; Ehlmann et al. 2011) water was 319 

present in too minor an abundance and for too short a time to consume the primary 320 

minerals and/or leach away their soluble products (Ming et al. 2008; McLennan and 321 

Grotzinger 2008).  A variety of approaches have been used to estimate more specifically 322 

when and how long liquid water was present at the surface of Mars.  In one recent effort, 323 

soil samples acquired from trenches on the periglacial landforms surrounding the Phoenix 324 

Mars Lander (2008) were imaged by the optical microscope (OM) in its Microscopy, 325 

Electrochemistry, and Microscopy Analyzer (MECA) (Hecht et al. 2008), returning 326 

hundreds of color images of grains finer than 200 μm and as fine as 4 μm in size (Smith 327 

et al. 2009; Goetz et al. 2010).  The upper limiting size was determined by the sieve 328 

through which sample was introduced by the Phoenix Robotic Arm (RA) into the MECA 329 

instrument; the lower limiting size was determined by the 4 μm / pixel limit of the optical 330 

system (Hecht et al. 2008).  The MECA atomic force microscope (AFM; Staufer et al. 331 

2000) returned three-dimensional images of particles as small as 0.1 μm, some of which 332 

exhibited angular morphologies consistent with aqueous corrosion of pyroxene, but in the 333 

absence of instruments on Phoenix that could identify minerals, other explanations not 334 

involving pyroxene weathering cannot be ruled out (Velbel and Losiak 2010).  The 335 

paucity of clay-size particles in the size distribution of particles measured from the OM 336 

and AFM images and spanning more than three orders of magnitude, from clay-size to 337 

fine sand, implies a history of physical erosion with only minor production of fines by 338 
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chemical weathering, limiting the duration of reactions of Phoenix samples with liquid 339 

water to much less than 5,000 years over the history of the soil (Pike et al. 2011). 340 

Stopar et al. (2006) estimated the maximum duration of aqueous alteration of 341 

Mars’ surface materials of a given particle size by adjusting experimentally determined 342 

olivine dissolution rates for known differences between laboratory and field rates (e.g., 343 

Pačes 1983; Velbel 1993b; White and Brantley 2003).  Most room-temperature 344 

dissolution kinetics experiments are undertaken using dilute solutions at standard 345 

temperature and pressure (STP).  This yields maximum limiting rates that result in 346 

minimum lifetimes of specified mineral volumes (whole sand- or silt-size grains in the 347 

applications of Stopar et al. 2006, and Olsen and Rimstidt 2007; etch-pits in the present 348 

case).  The present paper demonstrates that this approach recovers the timescales of 349 

experimental etch-pit production on olivine at STP and extreme undersaturation of the 350 

solution with respect to olivine in experiments where pH is known.  For application of 351 

this approach to natural weathering at conditions other than STP and extreme solution 352 

undersaturation with respect to the dissolving mineral, experimentally determined 353 

maximum rates must be adjusted.  Specific required adjustments are discussed in the next 354 

paragraphs, along with summaries of how well current understanding supports such 355 

applications.   356 

Weathering on Mars may have taken place over a wide range of possible 357 

temperatures (Carr 2006), most of which are different from than those at which mineral 358 

dissolution rates are experimentally determined in the laboratory, and reaction rates 359 

between silicate minerals and aqueous solutions vary with temperature in a manner 360 

described by the Arrhenius equation (e.g., Arrhenius 1889; Glasstone et al. 1941; Velbel 361 
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1990, 1993c).  Arrhenius activation energies for the dissolution of forsteritic olivine are 362 

not well understood (Rimstidt et al. 2012).   363 

Olivine compositions on Mars as determined from orbital spectroscopy and Mars 364 

meteorites (Hoefen et al. 2003; Christensen et al. 2004a,b; Morris et al. 2004, 2006; 365 

Treiman 2005; Koeppen and Hamilton 2008) are more fayalitic than the Fo91-100 for 366 

which abundant experimental low-temperature dissolution-rate data are available 367 

(Rimstidt et al. 2012).  Under similar experimental conditions, fayalitic olivine may 368 

dissolve from six times (Wogelius and Walther 1992) to up to two orders-of-magnitude 369 

(Westrich et al. 1993) faster than forsteritic olivine.  Similar ranges are observed among 370 

fayalite dissolution kinetics experiments when more recent studies using different sample 371 

preparation and experimental procedures are included (e.g., Daval et al., 2010).  As a 372 

broader diversity of experimental procedures and conditions among individual forsterite 373 

and fayalite dissolution experiments is considered, the influences of a variety of factors 374 

including sample pretreatment and different approaches to estimating surface area remain 375 

to be resolved (Velbel, 1999; Daval et al., 2010). Insufficient experimental data exist on 376 

dissolution kinetics of ferroan olivine of intermediate composition to establish whether 377 

the dependence of dissolution rate on Fo content is linear over the compositional range.   378 

Kinetic rate laws require mineral-solution reaction rates to slow as 379 

thermodynamic equilibrium is approached (e.g., Sposito 1994).  For experimental 380 

systems in which a single mineral supplies the entire inventory of all relevant solute, this 381 

effect will tend to make weathering in chemically evolved low-temperature aqueous 382 

solution slower, and estimated time-scales of mineral persistence and mineral-grain-383 

surface modification longer, than the rates measured at extreme undersaturation with 384 
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respect to olivine in room-temperature laboratory experiments at infinite dilution.  385 

Reactions involving other minerals can effect abundances of one or more solutes and 386 

thereby influence the degree of undersaturation of the solution with respect to the 387 

dissolving mineral.  For example, if Mg-carbonates or silica precipitate quickly and 388 

consume dissolved Mg or Si (respectively) then the solution might remain undersaturated 389 

with respect to dissolving forsteritic olivine and far-from-(olivine-solution)-equilibrium 390 

dissolution might be maintained.  On the other hand, if equilibrium precipitation of Mg-391 

carbonate or silica maintains high (solubility equilibrium) concentrations of Mg or Si 392 

then the presence of the secondary minerals may maintain closer-to-(olivine-solution)-393 

equilibrium dissolution rates.  In any case, the dissolution rate of olivine will be described 394 

by the olivine dissolution rate law.  The specific dependence of olivine dissolution rate as 395 

a function of undersaturation remains to be established.   396 

Comparisons of abundant published silicate-mineral weathering rates determined 397 

experimentally with those determined from weathering in natural systems reveals a 398 

systematic lab/field rate discrepancy; field rates are commonly up to three (and in a few 399 

instances, up to four) orders of magnitude slower than experimentally determined rates 400 

(Pačes 1983; Velbel 1993b; White and Brantley 2003).  Most of the aforementioned 401 

factors, as well as hydrodynamics, the distinction between reactive, geometric, and total 402 

surface area, and other not-yet-defined other processes responsible for the lab/field rate 403 

discrepancy, are taken into account graphically by Olsen and Rimstidt (2007) in their 404 

Figure 2, and experimentally determined olivine dissolution rates are quantitatively 405 

adjusted for many of these sources of variation by Stopar et al. (2006).   406 
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The present paper shows that experimental olivine dissolution rates upon which 407 

the aforementioned applications rest yield observed experimental dissolution times for 408 

observed volumes of olivine when selected for the appropriate pH and temperature.  If 409 

specific images with measurable etch-pit dimensions could be matched with specific 410 

experimental runs and their pH and T conditions, data from other recent experimental 411 

dissolution-kinetics experiments on olivines (Awad et al. 2000; Santelli et al. 2001; 412 

Welch and Banfield 2002) could be use as additional tests of this approach to mineral-413 

lifetime estimates over a greater range of temperatures and Mars-relevant olivine 414 

compositions.  Future applications of the approach of Stopar et al. (2006), Olsen and 415 

Rimstidt (2007) and this paper to estimating mineral-lifetimes on Mars and alteration 416 

time-scales of olivine corrosion in Mars meteorites can use existing experimental 417 

dissolution rate coefficients with confidence.  Further progress is required in 418 

understanding of Arrhenius activation energies, the undersaturation (free-energy) 419 

dependence of the dissolution rate laws for Mars-relevant rock-forming minerals, and 420 

other terms related to saturated and unsaturated fluid flow through the media within 421 

which the dissolution reactions proceed.  Continued improvements in understanding the 422 

fundamentals of olivine dissolution kinetics will narrow the ranges of uncertainty in 423 

mineral-lifetime estimates at Mars’ surface in support of constraining the compositions 424 

and duration of potentially habitable aqueous solutions on Mars.     425 

426 
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 Figures 713 
 714 

 715 
 716 

 717 

 718 

Figure 1.  Dissolution-sculpted surface consisting almost entirely of conical etch-pits and 719 

their coalesced walls on naturally weathered olivine from the Day Book (North Carolina, 720 

U.S.A.) dunite.  Small individual conical etch-pits occur along the bottom edge of the 721 
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image, and at upper left (arrows); sculpted surfaces consisting of intersecting etch-pit 722 

walls dominate the center and left-center of this image (outlined area).  See Velbel and 723 

Ranck (2008) and Velbel (2009) for further description and other images of olivine 724 

weathering in these samples.  Secondary-electron image; scale bar is 10 μm in length. 725 

726 
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APPENDIX 727 

The pre-etched basal area of a hemispherical etch-pit has one-half the surface area 728 

of the hemisphere described by equation (2).  Even if the hemispherical etch-pit were 729 

produced by ever-smaller circular cross-sections working from the initial base inward 730 

rather than from radial retreat of the etch-pit wall, the area of surface from which mass is 731 

removed would vary by only a factor of two from equation (2). 732 

Velbel (2009) showed that the characteristic etch-pit formed during natural low-733 

temperature aqueous weathering of olivine is a cone (Fig. 1, arrows).  Pairs of cones 734 

joined at the base are common; cross-sections through these bicones are diamond-shaped 735 

(Velbel, 2009).  Two-dimensional cross-sections through these etch-pits in polished 736 

sections are often triangular wedge or notch-shaped.  These cross-sections, and 737 

secondary-electron images of intact grain-surface topography suggest, that most etch-pits 738 

exposed at olivine grain surfaces are either single cones or halves of bicones (Figure 12 739 

in Velbel, 2009).  Two ideal cross-section geometries are possible.  In one, the (obtuse) 740 

apex of the wedge is the apex of a single cone; in the other, the (acute) apex of the wedge 741 

is the edge along which the two cones of a (truncated half of a) bicone are joined (Figure 742 

12 in Velbel, 2009).  In either ideal case, the surface area of the etch-pit wall is one-half 743 

the surface area of a bicone.   744 

For a circular right cone (or half of a bicone) with radius r, height h, and slant 745 

height s, the surface area of the walls is given by  746 

Acone,walls = Ahalf-bicone,walls = πrs = πr(r2 + h2)0.5 747 
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Nowicki and Velbel (2011) empirically determined that the shapes of olivine etch-pit 748 

cross-sections vary around an average of r:h = 1.78.  Substituting r/1.78 = h (from r = 749 

1.78h), 750 

Ahalf-bicone,walls = πrhalf-bicones = πrhalf-bicone (r2
half-bicone + (0.562rhalf-bicone)2)0.5  751 

Ahalf-bicone,walls = πrhalf-bicone (r2
half-bicone + 0.316r2

half-bicone))0.5  752 

Ahalf-bicone,walls = πrhalf-bicone (1.316r2
half-bicone))0.5 = πrhalf-bicone 1.15rhalf-bicone = π1.15r2

half-bicone 753 

Given that  754 

Ahemisphere = πrhemisphere
2  755 

a circular right conical or half-biconical olivine etch-pit of radius r with the observed 756 

average geometry of natural olivine etch-pits has only 15% more surface area than a 757 

hemispheric etch-pit of the same radius.  Etch-pits on artificially or experimentally etched 758 

olivines exhibit a variety of different geometries and different surface-area and volume 759 

relationships, but do not deviate from equancy much more than do observed etch-pits on 760 

naturally weathered olivine.     761 

 Different assumptions about the specific geometry of an etch-pit result in surface-762 

area estimates that vary by less than a factor of two from a simple hemispherical pit.  763 

Given that other sources of uncertainty in mass-time relationships of silicate-mineral 764 

dissolution during natural weathering can be up to four orders-of-magnitude, the effects 765 

of differing geometric assumptions about the shapes and surface areas of the etch-pits are 766 

trivial for this application.  Only if other parameters are known to within much less than a 767 

factor of two will details of etch-pit shape discernably affect etch-pit formation times 768 

estimated using the approach presented here.   769 
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