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On a planet as cold and dry as present-day Mars, evidence of multiple aqueous episodes offers 
an intriguing view into very different past environments. Fluvial, lacustrine, and eolian depositional 
environments are being investigated by the Mars Science Laboratory Curiosity in Gale crater, Mars. 
Geochemical and mineralogical observations of these sedimentary rocks suggest diagenetic processes 
affected the sediments. Here, we analyze diagenesis of the Stimson formation eolian parent material, 
which caused loss of olivine and formation of magnetite. Additional, later alteration in fracture zones 
resulted in preferential dissolution of pyroxene and precipitation of secondary amorphous silica and Ca 
sulfate. The ability to compare the unaltered parent material with the reacted material allows constraints 
to be placed on the characteristics of the altering solutions. In this work we use a combination of a 
mass balance approach calculating the fraction of a mobile element lost or gained, τ , with fundamental 
geochemical kinetics and thermodynamics in the reactive transport code CrunchFlow to examine the 
characteristics of multiple stages of aqueous alteration at Gale crater, Mars. Our model results indicate 
that early diagenesis of the Stimson sedimentary formation is consistent with leaching of an eolian 
deposit by a near-neutral solution, and that formation of the altered fracture zones is consistent with 
a very acidic, high sulfate solution containing Ca, P and Si. These results indicate a range of past aqueous 
conditions occurring at Gale crater, Mars, with important implications for past martian climate and 
environments.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Gale crater, Mars preserves evidence of a variety of both an-
cient and modern environments. Geochemical, mineralogical, and 
morphological evidence suggest diagenetic processes occurred af-
ter Gale crater formation around 3.7 Ga ago (late Noachian/Early 
Hesperian) (Grotzinger et al., 2014; Stack et al., 2014; Nachon et 
al., 2017; Rampe et al., 2017). Ar–K geochronology results from 
the Sample Analysis at Mars (SAM) instrument indicate that diage-
nesis could have occurred in Gale crater even after the Hesperian 
epoch on Mars (<3 Ga; Martin et al., 2017).

These diagenetically altered sediments provide an important 
window into more recent past aqueous alteration on Mars. How-
ever, many questions remain regarding the diagenetic environ-
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ments and the fluids that generated them. Measurements taken 
by the Mars Science Laboratory Curiosity rover of the sedimentary 
formations present at Gale crater and the alteration within them 
can help constrain the composition of these past fluids.

Eolian deposits in Gale crater include modern eolian deposits 
(active dunes at the Bagnold Dune Field and an inactive eolian 
bedform characterized at the Gobabeb and Rocknest targets, re-
spectively), as well as the lithified mafic eolian Stimson sand-
stone formation deposited unconformably on top of and much 
later than the Murray mudstone (Watkins et al., 2016). The bulk 
mineralogy of the Stimson formation could be explained by alter-
ation of basaltic eolian deposit-like parent material (i.e., Rocknest 
and Gobabeb) (Frydenvang et al., 2017; Yen et al., 2017). For in-
stance, the Stimson formation sampled at the Big Sky target most 
likely formed from a Rocknest eolian deposit-like parent material 
through reaction with early cementing fluids (Fig. 2A, B; Yen et 
al., 2017). A further comparison of the diagenetically altered Stim-
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Fig. 1. (A) Image of Big Sky (red arrow) and Greenhorn (black arrow) drill sites, which are outside and inside the altered fracture zone, respectively. For scale, the drillholes are 
1.6 cm across. This mosaic was generated from images acquired on Sol 1142. Image credit: NASA/JPL/MSSS. (B) Light-toned altered fracture zone near the Lubango drill site 
(outlined in red). This image was acquired by the Left Navigation Camera on Sol 1317. Image credit: NASA/JPL-Caltech. (C) Map showing the locations of the Okoruso/Lubango 
(red arrow) and Big Sky/Greenhorn (orange arrow) drill sites in the Stimson formation sandstone after Yen et al. (2017). The white line indicates the Curiosity Rover traverse, 
with the sols marked in yellow. The map provides an indication of the extent of diagenetic alteration modeled in this paper. Image credit: High Resolution Imaging Science 
Experiment Camera (HiRISE) in NASA’s Mars Reconnaissance Orbiter. NASA/JPL-Caltech/Univ. of Arizona (D) image of the rover on the Bagnold Dunes, sol 1228. Image credit: 
NASA/JPL-Caltech/MSSS. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

Fig. 2. Conceptual diagram illustrating the scenarios modeled here. Time progresses from left to right – in frame A eolian dunes similar to the modern day Bagnold or 
Rocknest dunes that will eventually become the modern Stimson formation are deposited on top of the Murray mudstone. In frame B, these dunes are infiltrated with 
groundwater, which dissolves the olivine and cements the sandstone with iron oxides. The final frame C indicates current conditions; subsequent to the cementation in 
frame B, fractures in the sandstone are infiltrated with a different solution, resulting in the leached fracture zones observed today.
son formation with the modern dunes (i.e. Gobabeb) can help shed 
light on early cementing fluids.

In addition, altered fracture zones occur within the lithified 
Stimson sandstone indicating later alteration fluids that postdate 
the early cementing fluids moved through the lithified sediments. 
Curiosity investigated two altered fracture zones ∼50 cm wide 
in the Stimson formation (Fig. 1). A pair of samples was drilled 
from each of the altered fracture zones: Big Sky and Greenhorn, 
where Big Sky was taken outside of the light-toned fracture and 
Greenhorn was taken from inside the fracture; and Okoruso and 
Lubango, where Okoruso was taken from outside of the fracture 
and Lubango was taken from inside the fracture. Mineralogical and 
chemical data are available for both of these paired targets, and 
previous work has examined changes between the bulk Stimson 
formation and the altered fracture zone sampled as part of the 
Greenhorn target (Frydenvang et al., 2017; Yen et al., 2017). This 
work suggests a model of multiple stages of alteration with vari-
able pH and elemental gains and losses (Fig. 2C). Here we test the 
proposed model of the relationship between the altered fracture 
zones, the bulk Stimson sedimentary formation, and a putative eo-
lian parent material by quantifying proposed aqueous changes us-
ing both mass balance and reactive transport modeling approaches.

We performed geochemical mass balance calculation of τ , the 
fraction of an element or mineral lost or gained relative to parent 
material. The calculation of τ allows the identification of geochem-
ical processes that might otherwise be obscured by mobility of 
multiple elements or changes in volume. Brimhall and Dietrich
(1987) and Brimhall et al. (1988) presented the use of τ to ex-
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amine the behavior of Ni in laterites and Al in bauxites. Anderson 
et al. (2002) presented a reformulation of τ applied to weather-
ing in a small steep catchment in the Oregon Coast Range. Mass 
balance calculations have been used in too many terrestrial stud-
ies to cite or review here, as well as in other studies of mar-
tian alteration (e.g. Hausrath et al., 2008; McLennan et al., 2014;
Adcock and Hausrath, 2015).

Previous reactive transport modeling of terrestrial environments 
using CrunchFlow has shown that where input mineralogies and 
aqueous conditions such as pH, transport, duration of aqueous al-
teration, and solution composition can be constrained, and disso-
lution rate laws and solubilities are used, reactive transport model 
outputs correspond well to observed altered material (Maher et 
al., 2006, 2009; Hausrath et al., 2008; Navarre-Sitchler et al., 
2009, 2011; Maher, 2010). The reactive transport code CrunchFlow 
has been used to successfully interpret weathering on Costa Rica 
basalts (Hausrath et al., 2008; Navarre-Sitchler et al., 2009, 2011), 
California soil chronosequences (Maher et al., 2009), ocean floor 
sediments (Maher et al., 2006), comparing a range of terrestrial 
settings (Maher, 2010) and Svalbard basalts (Hausrath et al., 2008). 
Maher et al. (2009) demonstrated that in the well-studied Santa 
Cruz Soil Chronosequence in California, the presence of clay miner-
als within the soil could be quantitatively predicted using Crunch-
Flow and laboratory geochemical input parameters. The history, 
current state, and potential new research directions of reactive 
transport models have been recently reviewed (Li et al., 2017) and 
reactive transport and kinetic–thermodynamic modeling have also 
been successfully used to interpret weathering on Mars (Zolotov 
and Mironenko, 2007; Hausrath et al., 2008; McAdam et al., 2008;
Hausrath and Olsen, 2013; Adcock and Hausrath, 2015; Gainey et 
al., in revision). Since the mineralogy and chemical composition of 
the input parent material and final altered material are known for 
the Stimson sedimentary formation and altered fracture zones, and 
mineral dissolution rate laws and solubilities are available in the 
literature, we can therefore use τ calculations and reactive trans-
port modeling to place constraints on past aqueous conditions at 
Gale crater.

2. Methods

2.1. Mass balance model

Because mobility of multiple elements can make it difficult to 
interpret weathered materials, elemental concentrations measured 
in soils or weathered rocks can be normalized to an assumed im-
mobile element and parent composition to account for this mobil-
ity (Brimhall and Dietrich, 1987; Anderson et al., 2002) using the 
equation below (Eq. (1)):

τi, j = C j,w

C j,p

Ci,p

Ci,w
− 1 (1)

Here, τi, j is the fraction of mobile element or mineral j lost or 
gained assuming that element or mineral i is immobile. C is the 
concentration of the immobile and mobile elements in the parent 
(p) and weathered (w) materials. Where τi, j > 0, the element is 
enriched relative to parent material, where τi, j < 0, the element is 
depleted relative to parent material (τi, j = −1 indicates that the 
element is completely depleted relative to parent material) and 
where τi, j = 0 the element is immobile.

2.1.1. Choice of parent material and immobile element in calculations 
of τ

The Stimson formation likely formed initially as an eolian de-
posit (Gupta et al., 2016) which was later altered by diagenetic 
fluids (Fig. 2). In order to understand diagenesis that occurred in 
the Stimson formation at Gale crater, Mars, two separate instances 
of aqueous alteration were studied using mass balance modeling: 
alteration of an eolian deposit-like parent material such as a mod-
ern eolian deposit (Rocknest and Gobabeb) to create the Stimson 
formation by an early cementing fluid; and formation of the al-
tered fracture zones measured at the Greenhorn and Lubango tar-
gets from the Stimson parent material measured in the Big Sky 
and Okoruso targets, respectively by a later alteration fluid (Fig. 2). 
These two diagenetic fluids were likely different in their charac-
teristics, and were explored separately in both types of modeling. 
The use of modern eolian deposits (Rocknest and Gobabeb) as par-
ent material for the Stimson formation follows the approach used 
on Earth where parent material can be assumed to be similar to 
recent unweathered sediments if the depositional environment is 
similar (Chadwick et al., 1990).

The selection of an immobile element for calculations of τ can 
also be difficult (e.g. Hausrath et al., 2011). We therefore used Al-
pha Particle X-Ray Spectrometer (APXS) measurements of chemical 
composition (SOM Table S1) to calculate τ using Si, Al and Ti each 
as immobile elements (SOM Tables S2 and S3). Titanium is com-
monly used as an immobile element on Earth, because it often 
reprecipitates as titanium oxides after it is released from primary 
silicate minerals. The choice of Al was based on the persistence of 
plagioclase relative to other mineral phases in measurements from 
the CheMin X-ray diffractometer on Curiosity (see SOM Table S4), 
and Si was chosen based on the previous suggestions that silica 
may be passively enriched due to leaching of other elements (Yen 
et al., 2017). Although all τ values were calculated and examined 
(SOM Tables 2 and 3), we focus here on Ti as the proposed immo-
bile element due to both observed and modeled dissolution of Si-
and Al-containing minerals.

2.2. Reactive transport model

To interpret diagenesis that occurred in the Stimson forma-
tion at Gale crater, we performed numerical modeling using the 
reactive transport code, CrunchFlow (Steefel et al., 2015). Crunch-
Flow uses a Global Implicit Reactive Transport approach (GIMRT) 
that simultaneously solves transport and multicomponent reac-
tions (Steefel and Lasaga, 1994; Steefel and MacQuarrie, 1996). 
Within the model, mineral volumes, surface areas, and porosity 
are updated after convergence is achieved for each time step. To-
tal surface area is calculated after the shrinking sphere model e.g. 
Lasaga (1998). Similar to calculations of τ , the two separate in-
stances of aqueous alteration, first the early cementing fluid and 
then the later alteration fluid (Fig. 2), were explored separately 
in the reactive transport modeling. We therefore first describe 
episode-specific model input parameters, followed by the overall 
model inputs including mineral volumes (Table 1), surface areas, 
solubilities and rate constants (Table 2), and mineral compositions 
(Table 3).

2.2.1. Early diagenesis of an eolian deposit-like parent material to 
create the Stimson formation

To test the hypothesized formation of the Stimson formation 
from Rocknest and Gobabeb-type eolian deposits, and to determine 
the characteristics of the early cementing fluid, we conceptualized 
the alteration as flow occurring through an unconsolidated sed-
iment with porosities of 40% based on eolian terrestrial analogs 
(Pye and Tsoar, 2008). The model was discretized as 50 cells of 
1.6 cm, based on the size of the drill holes and therefore the res-
olution of those data, with a Dirichlet boundary for aqueous and 
gaseous species at the surface of the unit, and a flux boundary at 
the base of the column of cells. The flow rate was set to 1 mm/yr, 
based conservatively on terrestrial flow rates generated by fluids 
from compaction (Wilson et al., 2000), and flow occurred form the 
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Table 1
Mineral volumes (as fractions of the whole rock including porosity) and solution chemistries of initial reacting solutions used in reactive transport modeling.

Rocknest to Big Sky/Okoruso Big Sky to Greenhorn Gobabeb to Big Sky/Okoruso Okoruso to Lubango

Mineral volume
Plagioclase 0.17 0.24 0.15 0.17
Pyroxene 0.12 0.16 0.13 0.14
Glass 0.22 0.13 0.22 0.22
Olivine 0.09 0 0.1 0
Magnetite 0 0.07 0 0.07
Ferrihydrite 1.0 × 10−7 1.0 × 10−7 1.0 × 10−7 1.0 × 10−7

Porosity 0.4 0.4 0.4 0.4

Solution chemistrya (M)
SO2−

4 1.5 1.5

PO3−
4 5 × 10−3 5 × 10−3

Ca 4 × 10−3 4 × 10−3

Si 1 × 10−3 1 × 10−3

a Where solution chemistries are not reported, a value of 0.5 μM was used for each element present in a mineral in the system. Small amounts of ferrihydrite were added 
to permit sorption in the model.
top of the column to the base. Models were run until the olivine 
had dissolved based on observations of no olivine in the Stimson 
formation targets used in this work (Table 4).

2.2.2. Formation of altered fracture zones from a Stimson-like parent 
material

In contrast to the diagenesis that generated the Stimson forma-
tion as measured at the Big Sky and Okoruso targets, alteration ob-
served near the fractures measured at the Greenhorn and Lubango 
targets does not appear to be due to uniform fluid flow through 
the formation, but rather emanating out from the fracture. This al-
teration was therefore conceptualized in the model as diffusion of 
the later alteration fluid from the edge of the fracture. The model 
was discretized as 50 cells of 1.6 cm, based on the size of the drill 
holes and therefore the resolution of those data, with a Dirichlet 
boundary for aqueous and gaseous species at the fracture surface, 
and a flux boundary at the end of the column of cells. Tortuosity, 
which controls the diffusive flux, was set to 0.5 based on values 
for an Fe-oxide cemented terrestrial sandstone formed in an arid 
environment (Laudone et al., 2015).

2.2.3. Mineral surface areas
In order to estimate mineral surface areas for our modeling 

work, we calculated surface roughnesses for relevant minerals from 
the Rocknest eolian deposit and the Gobabeb target in the Bagnold 
dune field, including plagioclase, pyroxene, olivine, magnetite and 
glass as described in the SOM Supplementary Methods. Surface ar-
eas for the secondary minerals gypsum, amorphous silica, jarosite, 
amorphous Fe phosphate and iron oxides including ferrihydrite and 
magnetite were based on literature values as described in the SOM 
Supplementary Methods. To model surface sorption, surface sites 
were assumed to be 1.78 × 10−5 mol sites m−2 Fe(OH)3 (Arora 
et al., 2015), and complexation constants are reported in the SOM 
Methods.

Mineral volumes (as fractions) were input for phases measured 
by CheMin in the Rocknest and Gobabeb targets (plagioclase, py-
roxene, glass and olivine) for modeling alteration by an early ce-
menting fluid and Okoruso and Big Sky targets (plagioclase, py-
roxene, glass, and magnetite) (Table 1) for modeling alteration by 
later alteration fluids. Only phases measured at greater than 5% by 
CheMin were included to simplify modeling, with the mineral vol-
ume then decreased to account for the porosity described above. 
These mineral fractions are used in the initial reaction of the min-
erals with solution, and then are allowed to evolve within the 
model. The secondary minerals gypsum, amorphous silica, jarosite, 
amorphous Fe phosphate and iron oxides including ferrihydrite and 
magnetite were also allowed to precipitate and dissolve in the 
model even if not initially present (hematite was not included be-
cause, as it is more crystalline, it would be more likely to form 
from a less crystalline precursor such as ferrihydrite).

The dominant Ca sulfate mineral measured in Greenhorn by 
CheMin is anhydrite with small amounts of bassanite and no gyp-
sum, and Okoruso contains a mixture of anhydrite and bassanite 
(Table 4). Anhydrite is generally considered to form at higher tem-
peratures than gypsum (Freyer and Voigt, 2003), although previous 
work has shown that anhydrite can also precipitate at low temper-
atures from very high salinity brines (Dixon et al., 2015). Gypsum 
has also been shown to dehydrate to bassanite and anhydrite un-
der Mars atmospheric conditions (Vaniman et al., 2017). We there-
fore include gypsum in the model, although whether it is gypsum 
or anhydrite that originally formed on Mars is underconstrained.

Mineral compositions, solubilities and rate constants were used 
from the literature as shown in Tables 2 and 3. In each model, 
atmospheric CO2 and O2 concentrations were set to current mar-
tian atmospheric concentrations, and temperature was set to 1 ◦C 
to represent low temperature conditions consistent with current 
Mars, as well as the mineralogical observations of Gale crater. Evi-
dence for dissolution of olivine rather than serpentinization (Yen et 
al., 2017) suggests temperatures below ∼85 ◦C (Barnes and O’Neil, 
1978), and opal-A (Yen et al., 2017) would suggest temperatures 
below ∼35–50 ◦C (Mackenzie, 2005). These estimates are reason-
ably consistent with modeling by Borlina et al. (2015), which indi-
cated temperature maxima of 30–80 ◦C (Scenario 2) and 75–125 ◦C 
(Scenario 1), and which also reported that the presence of smec-
tite in Yellowknife is consistent with little diagenesis possibly due 
to lower temperatures. Future work should include a test of the 
effect of temperature.

2.2.4. Aqueous conditions tested
The aqueous conditions represent fundamentally the question 

we are addressing in this work – what are the characteristics of 
the early cementing and later alteration fluids that once flowed 
through Gale crater? We therefore varied pH from 2–9 in the re-
acting solutions based on acidic conditions inferred from the pres-
ence of jarosite in some samples from the Murray formation in 
Gale crater (Rampe et al., 2017), and pH measurements of mar-
tian soils made at the Phoenix landing site (Kounaves et al., 2010). 
The balancing cation was set to Na+ and the balancing anion to 
Cl− , and a range of both dilute solutions and solutions enriched 
in S, Ca, Si and P were tested as the initial solution composi-
tions within the model (solution compositions evolve with reaction 
within the model), with solution compositions for reported results 
shown in Table 1. Oxidation state was not varied in model inputs, 
but evolved within the model with reaction similarly to other geo-
chemical parameters.
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3. Results and discussion

3.1. Early diagenesis of an eolian deposit-like parent material to create 
the Stimson formation

CheMin measurements of the powdered <150 μm fraction from 
the drill hole at Big Sky from the bulk Stimson formation and sam-
ples from the Rocknest eolian deposit have been previously shown 
to be strikingly similar (Yen et al., 2017 and see SOM Table S4). 
The main difference between the Big Sky and Rocknest measure-
ments is the presence of olivine in the Rocknest eolian deposit, 
which is absent in the Big Sky target, and the presence of far more 
abundant Fe oxides, particularly magnetite, in the Big Sky target. 
Similarly, the Bagnold Dunes mineralogy measured from the Gob-
abeb sample is comparable to that measured at Rocknest, and, like 
Big Sky, the Okoruso sample of the bulk Stimson formation differs 
from Rocknest and Gobabeb measurements largely by the absence 
of olivine and larger quantities of magnetite (SOM Table S4). Here 
the dissolution of olivine and precipitation of Fe oxides provides 
constraints on the early cementing fluid generating the Stimson 
formation from a putative mafic eolian parent material.

Models run with both the Gobabeb and Rocknest eolian 
deposit-like parent material in solutions with pH values of 6–8 
show significant precipitation of magnetite, whereas under more 
acidic and alkaline conditions minimal magnetite precipitates 
(Fig. 3; Table 4; SOM). These results are consistent with the much 
greater mobility of ferric Fe under strongly acidic and alkaline con-
ditions. Under pH values of 6–8, olivine also dissolves and the 
other primary minerals persist, consistent with observations by 
CheMin (Fig. 3).

We also examine our mass balance modelling comparing the 
Stimson formation to putative eolian parent material by calculat-
ing the fraction of a mobile element lost or gained, τ . We focus 
our discussion here on Gobabeb as the parent material for Big 
Sky and Okoruso due to the variability in Ti between soil tar-
get Portage, scuffed and unscuffed samples in the Rocknest eolian 
deposit (Table S1), and we focus on Ti as the proposed immo-
bile element due to dissolution of Si- and Al-containing minerals. 
The τ values calculated for alteration of Gobabeb to Big Sky in-
dicate that Na, Mg, Al, Si, P, K, Ca, Mn, Fe, and Ni are slightly 
to moderately depleted; S, Cl Zn, and Br are enriched; and lit-
tle change is observed in Cr. Similarly, τ values calculated for 
alteration of Gobabeb to Okoruso indicate that Mg, Al, Si, P, S, 
K, Ca, Cr, Mn, Fe, and Ni are depleted, and Na, Cl, Zn, and Br 
are enriched. These results are consistent with diagenesis con-
sisting primarily of leaching (no major rock-forming elements are 
enriched) by solutions that may also be enriched in the anions 
common on Mars (sulfate and chloride; enrichment in sulfate is 
observed for Big Sky but not Okoruso). Previous work has also 
argued that enrichments in Ni, Br, Zn, and Cl may occur in Fe-
rich cements in other rocks at Gale crater (Schmidt et al., 2013;
McLennan et al., 2014). The fraction of an element lost or gained 
during weathering in our reactive transport modeling was also 
compared to calculated τ values, and pH = 6 is quite compara-
ble (Table 5). These modeling results therefore indicate that early 
diagenesis of the Stimson formation is consistent with aqueous al-
teration under near-neutral pH conditions.

3.2. Formation of the altered fracture zones from the bulk Stimson 
formation

The presence of the fracture zones represented by the Green-
horn and Lubango targets and the unaltered material near them 
measured as part of the Big Sky and Okoruso targets, respectively, 
allows a quantification of the chemistry of the late alteration fluid 
(Yen et al., 2017). Chemical and mineralogical changes indicate 
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Table 3
Mineral stoichiometry used in modeling.

Mineral Mineral formula

Plagioclase Na0.55Ca0.45Al1.45Si2.55O8 + 5.8H+ = 0.55Na+ + 0.45Ca2+ + 1.45Al3+ + 2.55SiO2(aq) + 2.9H2O
Pyroxene Mg0.38Fe0.62SiO3 + 2H+ = 0.38Mg2+ + 0.62Fe2+ + SiO2(aq) + H2O
Glass SiAl0.29O2(OH)0.86 + 0.86H+ + 1.14H2O = H4SiO4 + 0.29Al3+
Olivine Mg1.04Fe0.96SiO4 + 4H+ = 1.04Mg2+ + 0.96Fe2+ + SiO2(aq) + 2H2O
Amorphous silica SiO2(am) = SiO2(aq)

Gypsum CaSO4.2H2O = Ca2+ + SO2−
4 + 2H2O

Ferrihydrite Fe(OH)3 + 3H+ = Fe3+(aq) + 3H2O
Magnetite Fe3O4 + 8H+ = Fe2+ + 2Fe3+ + 4H2O

Jarosite KFe3(SO4)2(OH)6 + 6H+ = K+ + 3Fe3+ + 2SO2−
4

Am Fe–PO4 FePO4.xH2O + H+ = Fe(OH)+2 + H2PO−
4 + (x − 1)H2O

Plagioclase compositions were chosen based on plagioclase compositions for Big Sky and Okoruso reported by Yen et al. (2017). Since descrip-
tions of pyroxene included pigeonite and orthopyroxene (Yen et al., 2017), the pyroxene composition was simplified to a Mg–Fe-containing 
pyroxene, and the dissolution rate law for augite used. The glass was based on a terrestrial dacitic glass (Wolff-Boenisch et al., 2004) based 
on descriptions by Yen et al. (2017), and the olivine composition was based on the description of forsterite in CheMin data. The number of 
waters included in the amorphous iron phosphate was chosen to be two to be similar to strengite. Solutions generated in the modeled alter-
ation were also tested against the sulfate phases epsomite and kieserite, and were below saturation, but because mineral dissolution rates for 
these phases were insufficiently constrained, we do not include them here.

Table 4
A comparison of measured mineral volumes versus model outputs (model mineral inputs are given in Table 1). Modeled mineral volumes are adjusted to 0% pore space to 
be more comparable to the CheMin measured mineral volumes.

Mineral Big Sky measured Okoruso measured Gobabeb modeled
%

Greenhorn measured Modeled
%

Lubango measured Modeled
%% Error % Error % Error % Error

Plagioclase 36.5 1.8 27.2 1.7 26.2/26.3 14.7 0.8 14.4/24.5 11.7 0.6 9.7/16.9
K_feldspar 1.1 0.6 1.9 0.7
Olivine
Augite
Pigeonite 17 1.4 13.5 1.3 1.6 0.5 1.6 0.4
Orthopyroxene 8.4 1.8 7.2 1.4 23.0 2.7 0.7 0.3/11.8 2.8 0.5 0.1/8.63
Magnetite 10.3 0.6 11.2 0.7 6.0/6.2 6.1 0.3 0.8/15.8 3 0.2 0/16.21
Hematite 3 0.5 0.7 0.4 2.1 0.3 0.6 0.2
Ilmenite
Gypsum 5.3/10.4 0.6 0.2 4.06/8.75
Bassanite 0.8 0.4 1.4 0.3 2.4 0.3
Anhydrite 1.2 0.3 0.5 0.4 5.6 0.3 3.3 0.2
Quartz 1.4 0.3 0.9 0.3 0.8 0.2 0.9 0.2
Fluorapatite 1.1 0.5 1 0.4
Amorphous 20 10 35 15 44.6/44.8 65 20 42.7/74.2 73 20 54.2/81.4

Depth values are given for 6.4–8.0 cm and pH = 6 for Bagnold, and for 1.6–3.2 cm and pH = 3 for Big Sky and Lubango.

Table 5
The fraction of a mobile element lost or gained, τ calculated using assumed immobile element Ti and using the chemical composition of Big Sky and Okoruso as parent 
material for Greenhorn and Lubango, respectively, and Gobabeb as parent material for Big Sky and Okoruso.

Oxide Parent = Gobabeb Parent = Big Sky Parent = Okoruso

τTi, j Big Sky τTi, j Okoruso Modeled* τTi, j Greenhorn Modeled* τTi, j Lubango Modeled*

Na2O −0.02 0.08 −0.17 −0.15 −0.35/−0.56 −0.52 −0.37/−0.59
MgO −0.25 −0.14 −0.66 −0.82 −0.53/−0.99 −0.91 −0.61/−0.99
Al2O3 −0.14 −0.12 −0.11 −0.68 −0.28/−0.49 −0.8 −0.23/−0.49
SiO2 −0.22 −0.20 −0.22 0.42 0.004/0.39 0.26 0.003/0.39
P2O5 −0.04 −0.13 NIM 0.89 NIM 0.7 NIM
SO3 0.69 −0.81 NIM 1.33 NIM 19.58 NIM
Cl 1.01 0.09 NIM −0.52 NIM −0.56 NIM
K2O −0.16 −0.35 NIM −0.29 NIM −0.22 NIM
CaO −0.25 −0.22 −0.17 0.18 0.07/0.39 0.16 0.09/0.53
TiO2 0.00 0.00 NIM 0 NIM 0 NIM
Cr2O3 0.00 −0.09 NIM −0.3 NIM −0.21 NIM
MnO −0.29 −0.11 NIM −0.94 NIM −0.87 NIM
FeO −0.20 −0.03 −0.12/−0.14 −0.41 0.05/−0.95 −0.83 0.07/−1.00
Ni −0.37 −0.33 NIM −0.56 NIM −0.92 NIM
Zn 0.37 0.54 NIM −0.67 NIM −0.79 NIM
Br 3.89 1.94 NIM 0.96 NIM −0.48 NIM

NIM = Not included in Input Minerals in modeling.
Elemental compositions for Gobabeb, Rocknest, Big Sky, and Okoruso were used from the Planetary Data Systems (PDS: https://pds .nasa .gov/) and are given in the SOM 
(Table S1). The chemical composition used as parent for Rocknest and Gobabeb are the average of the values in the PDS.

* Because Ti minerals were not explicitly included in the model inputs, the fraction lost from the model results is calculated as C j,w
C j,p

− 1. Depth values are given for 
6.4–8.0 cm and pH = 6 for Bagnold, and for 1.6–3.2 cm and pH = 3 for Big Sky and Lubango.

https://pds.nasa.gov/
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Fig. 3. Model outputs of a Gobabeb eolian deposit-like parent material (15% plagioclase, 13% pyroxene, 22% dacitic glass, and 10% olivine – see also Table 1) altered at 
A) pH = 2, B) pH = 4, C) pH = 6 and D) pH = 8 with flow occurring from left to right. Results at higher pH result in the absence of olivine, the preservation of other 
primary minerals, and the formation of magnetite, consistent with CheMin measurements of the Big Sky target (see also Table 4 and SOM). These results suggest that early 
diagenesis in the Stimson formation is consistent with this type of near-neutral aqueous alteration. Mineral phases present at less than 0.1% (ferrihydrite, amorphous silica 
and Fe(PO4) am) are not shown.
the loss of plagioclase, magnetite and pyroxene, and the increase 
primarily of amorphous silica (opal A) and calcium sulfate (SOM 
Table S4). To determine which model conditions were most consis-
tent with observations, we compared model outputs of plagioclase 
and pyroxene, the fraction of elements lost or gained, the sec-
ondary minerals formed, and the width of the zone of alteration.

Dissolution of plagioclase and pyroxene within the models is 
most consistent with CheMin observations when the late alteration 
fluid was very acidic, with the best correlation occurring at pH =
3 (Table 4; Fig. 4 and SOM). Magnetite also dissolves within the 
models under acidic conditions, which is consistent with the obser-
vation of decreased magnetite in Greenhorn and Lubango relative 
to Big Sky and Okoruso. Amorphous silica precipitated in the mod-
els with or without additional silica in solution – small amounts 
of silica in solution (1 mM, similar to concentrations generated in 
Mars analog experiments by interaction of acidic solutions with 
mafic minerals; Hausrath and Brantley, 2010) contributed to larger 
enrichments in silica more comparable to τ values calculated for 
formation of Greenhorn and Lubango (Table 5). When abundant 
sulfate, consistent perhaps with solutions interacting with sulfide 
bodies proposed by Yen et al. (2017), and Ca were present in the 
reacting solution, gypsum also precipitated.

We also examine the results of our mass balance modeling 
comparing the changes in elemental chemistry of Greenhorn rel-
ative to Big Sky and Lubango relative to Okoruso using τ . When 
examining τ values calculated for elemental changes from Oko-
ruso to Lubango and Big Sky to Greenhorn with the assumed 
immobile element Ti, all elements are depleted in both cases ex-
cept for Si, P, S, and Ca, which are enriched for both cases, and 
Br is enriched in the formation of Greenhorn from Big Sky. Our 
reactive transport modeling also requires the addition of S, Si, 
P and Ca to the reacting solutions for model outputs to match 
observations from Mars. Although only trace amounts of amor-
phous Fe-phosphate precipitated in our models (SOM), phosphate 
sorbed to the Fe oxy-hydroxide surfaces in comparable amounts in 
moles/g sediment to measurements by APXS (SOM). As expected, 
modeled phosphate sorption increased with decreasing pH (SOM), 
and trends in the fraction of an element lost or gained in the 
model under acidic conditions corresponded reasonably well with 
τ values calculated for APXS observations (Table 5). We therefore 
conclude that the model conditions that are most consistent with 
observations of altered fracture zones at Gale crater are low pH, 
with abundant sulfate, and Ca, Si and phosphate present in solu-
tion.

Gypsum precipitated in the models only when very high con-
centrations of sulfate and enrichments of Ca were present. Al-
though mineral precipitation kinetics remain an area of active 
research, and the relationship between mineral precipitation and 
saturation state is more complicated than the traditional mod-
els by which it is usually represented (Bracco et al., 2014), these 
results do indicate that solutions precipitating gypsum on Mars 
are likely very high in sulfate and enriched in Ca. The very high 
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Fig. 4. Model outputs of a Big Sky target parent material (24% plagioclase, 16% pyroxene, 13% glass, and 7% magnetite) altered under A) pH = 3, B) pH = 5, C) pH = 7 and 
D) pH = 9 conditions with diffusion occurring from the fracture. Results under very acidic conditions (pH = 3) result in dissolution and precipitation comparable to CheMin 
measurements of the Greenhorn target. See also Tables 4 and 5 and SOM for further comparisons of the different pH conditions. Mineral phases present at less than 0.1% 
(ferrihydrite, jarosite and Fe(PO4) am) are not shown.
sulfate content is consistent with fluids predicted by Yen et al.
(2017) from solution interaction with sulfide bodies, and aqueous 
Ca might result from leaching Ca-rich phases such as plagioclase 
and Ca-sulfates. Similar leaching and transport of the dissolution 
products of quickly dissolving calcium phosphate phases (Adcock 
et al., 2013) might also explain the observed enrichments in phos-
phate (Table 5). Our modeling generates mineral dissolution and 
silica enrichments without the presence of the alkaline solutions 
proposed by Yen et al. (2017). However, our models did not in-
clude as a constraint the less than 1% carbonate detected by SAM 
(Sutter et al., 2017). Carbonate dissolves very rapidly under acidic 
conditions, and the presence of carbonate and alkaline soil con-
ditions have been previously documented at the Phoenix landing 
site (Kounaves et al., 2010). Our modeling results do not preclude 
such additional later alkaline solutions, which may indeed be likely 
based on observations from the Phoenix landing site, and are in 
agreement with mass balance work by Yen et al. (2017) that al-
teration fluids likely contained at least small amounts of silica in 
solution.

3.3. Modeling results in the context of the aqueous history of Gale crater

Previous work has examined diagenetic fluids in both the Stim-
son sedimentary formation (Yen et al., 2017), as well as the Murray 
mudstones (Hurowitz et al., 2017; Rampe et al., 2017). Here we 
compare our modeling results to different proposed aqueous sce-
narios in Gale crater, to help shed light on the overall diagenetic 
history of the region.
Rampe et al. (2017) postulate diagenesis of the Murray forma-
tion by pore fluids that were at least locally mildly to moderately 
acidic based on the presence of jarosite. These environments were 
not extremely acidic or long-lived, thus preserving minerals sus-
ceptible to dissolution such as fluorapatite (Rampe et al., 2017). 
Alternatively, sediment deposition within the Murray formation 
could occur in near-neutral redox stratified lake waters, with lo-
calized acidic fluids of pH 2–4 due to oxidation of Fe(II) sulfide 
grains resulting in jarosite formation (Hurowitz et al., 2017). This 
scenario also explains secondary minerals formed within the Mur-
ray formation and consistent with CheMin observations (Rampe 
et al., 2017). The proposed scenarios predict that diagenesis by 
both neutral and acidic solutions of variable redox state were re-
quired to form the observed mineralogy of the Murray formation 
(Hurowitz et al., 2017; Rampe et al., 2017). Although the Stimson 
formation unconformably overlies and postdates the Murray mud-
stone (Watkins et al., 2016; Frydenvang et al., 2017), similar fluids 
might have moved through both of them. Gale crater is the low-
est point for a thousand kilometers in any direction (Grotzinger et 
al., 2015) leading to groundwater flow into the crater (Hurowitz 
et al., 2017). As a result, diagenesis occurring in both formations 
was likely similar and controlled by the groundwater pH and re-
dox state. Observations of alteration zones in the Murray formation 
further support the hypothesis of similar diagenesis in both forma-
tions. Yen et al. (2017) noted that alteration zones measured in the 
Murray mudstone (Cody target) compared to the nearby unaltered 
Murray mudstone (Ferdig target) showed similar trends to those 
modeled here in the Stimson formation.



E.M. Hausrath et al. / Earth and Planetary Science Letters 491 (2018) 1–10 9
Our modeling results showed that the observed changes due 
to diagenesis in the Stimson formation could be explained by so-
lution pH. In contrast to the lake model proposed by Hurowitz 
et al. (2017), redox changes were not required to obtain the ob-
served mineralogy. However, future large scale modeling should 
also examine variation in oxidation state as a diagenetic factor. Re-
active transport modelling showed that diagenesis in near-neutral 
early cementing solutions followed by highly acidic, saline late 
alteration solutions (Fig. 2) resulted in secondary minerals and 
alteration zones that are presently observed in the Stimson for-
mation. Early cementing solutions are likely to have been more 
alkaline due to the expected interaction with mafic minerals. Later 
alteration solutions may have been more acidic due to oxidation 
of Fe(II) sulfides, dissolution of Fe(III) sulfates, or interactions be-
tween magmatic volatiles and groundwater (Hurowitz et al., 2017;
Rampe et al., 2017). Decreases in water:rock ratio would likely 
have enhanced such acidifying mechanisms. Most importantly, our 
results help shed light on the water that persisted long after the 
lakes were present in Gale crater (Grotzinger et al., 2014), examin-
ing the extended presence of aqueous environments in this region 
of Mars.

4. Conclusions

A combination of geochemical mass balance modeling with 
reactive transport modeling allows quantitative constraints to be 
placed on diagenetic scenarios and past aqueous environments in 
Gale crater, Mars. Our results show that at least two separate di-
agenetic events are required for development of the present day 
Stimson formation. Interaction of an eolian parent material, such 
as the Gobabeb- or Rocknest-like eolian deposits, with near-neutral 
cementing fluids led to dissolution of olivine and precipitation of 
Fe oxides. Such diagenetic processes resulted in the mineralogy 
and geochemistry observed in the bulk Stimson formation mea-
sured in Big Sky and Okoruso. In the second event, interaction of 
the bulk Stimson formation with a later very acidic fluid, contain-
ing Ca, P and Si and highly enriched in S, led to formation of the 
altered fracture zones measured in the Greenhorn and Lubango tar-
gets. These results, which test specific scenarios using quantitative 
modeling, are largely in agreement with the proposed diagenetic 
scenarios based on direct observations e.g. Hurowitz et al. (2017), 
Rampe et al. (2017), Yen et al. (2017).

The main result of this work is quantitative constraints on the 
aqueous environments that extended long after the lakes existed in 
Gale crater (Grotzinger et al., 2014; Hurowitz et al., 2017). The de-
position and diagenesis of the Murray formation likely took place 
in the Hesperian epoch between 3.8 and 3.1 Ga (Grotzinger et al., 
2015; Hurowitz et al., 2017). Although the exact time of deposition 
of the Stimson formation is unknown, its formation and diagenesis 
happened much later than the Murray mudstone, possibly extend-
ing into the Amazonian epoch (<3 Ga) (Frydenvang et al., 2017). 
These results therefore help constrain recent and diverse aquatic 
environments in Gale crater.
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