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a b s t r a c t
Salts with high hydration states have the potential to maintain high levels of relative humidity (RH) in
the near subsurface of Mars, even at moderate temperatures. These conditions could promote deliquescence of lower hydrates of ferric sulfate, chlorides, and other salts. Previous work on deliquesced ferric sulfates has shown that when these materials undergo rapid dehydration, such as that which would
occur upon exposure to present day Martian surface conditions, an amorphous phase forms. However,
the fate of deliquesced halides or mixed ferric sulfate-bearing brines are presently unknown. Here we
present results of rapid dehydration experiments on Ca−, Na−, Mg− and Fe–chloride brines and multicomponent (Fe2 (SO4 )3 ± Ca, Na, Mg, Fe, Cl, HCO3 ) brines at ∼21 °C, and characterize the dehydration products using visible/near-infrared (VNIR) reﬂectance spectroscopy, mid-infrared attenuated total reﬂectance
spectroscopy, and X-ray diffraction (XRD) analysis. We ﬁnd that rapid dehydration of many multicomponent brines can form amorphous solids or solids with an amorphous component, and that the presence of other elements affects the persistence of the amorphous phase under RH ﬂuctuations. Of the
pure chloride brines, only Fe–chloride formed an amorphous solid. XRD patterns of the multicomponent
amorphous salts show changes in position, shape, and magnitude of the characteristic diffuse scattering
observed in all amorphous materials that could be used to help constrain the composition of the amorphous salt. Amorphous salts deliquesce at lower RH values compared to their crystalline counterparts,
opening up the possibility of their role in potential deliquescence-related geologic phenomena such as
recurring slope lineae (RSLs) or soil induration. This work suggests that a wide range of aqueous mixed
salt solutions can lead to the formation of amorphous salts and are possible for Mars; detailed studies
of the formation mechanisms, stability and transformation behaviors of amorphous salts are necessary to
further constrain their contribution to Martian surface materials.
© 2017 Elsevier Inc. All rights reserved.

1. Introduction
Orbital and landed instruments at Mars have provided signiﬁcant advances in our understanding of Martian surface materials, as well as a number of new questions and enigmatic
observations. For example, the Mars Science Laboratory CheMin
instrument (Bish et al., 2013), which contains an X-ray diffractometer, has detected X-ray amorphous (hereafter, “amorphous”)
materials in every soil and rock measurement thus far, with abundance estimates ranging from ∼15–75 wt% (e.g., Blake et al., 2012;
Blake et al., 2013; Treiman et al., 2016; Yen et al., 2017). Supporting measurements from the APXS and SAM instruments have
∗
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constrained the bulk chemistry (including S and Cl) and hydrated
nature of the amorphous fraction (Leshin et al., 2013; McAdam
et al., 2014; Dehouck et al., 2015; Morris et al., 2015a); however,
in general, the phase(s) that comprise this fraction are poorly constrained. A variety or combination of phases are plausible, including volcanic glasses, allophane (Morris et al., 2013), hisingerite
(Milliken and Bish, 2014), amorphous sulfate (Sklute et al., 2015;
Dehouck et al., 2014), chemisorbed sulfate on nanophase materials
(McAdam et al., 2014; Rampe et al., 2016), or other nanophases
(e.g., Dehouck et al., 2016). Important steps toward constraining
the composition(s) of the constituents of the amorphous fraction include determining the possible formation mechanisms of
amorphous materials, their stability under Martian conditions (e.g.,
Dehouck et al., 2016), and their spectral and X-ray diffraction characteristics.
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Amorphous salts represent a potential component of Martian
soils, but thus far have received little attention. In this work,
we ﬁrst review previous laboratory studies in which amorphous
salt was reported, and describe known pathways under which
amorphous salts form (Section 2). Next, we present methods for
brine dehydration using chloride and multicomponent solutions
(Section 3). X-ray diffraction (XRD), visible/near-infrared (VNIR) reﬂectance, and mid-infrared (MIR) attenuated total reﬂectance (ATR)
data for the brine dehydration products are shown in Section 4.
Last, we discuss potential implications related to the formation and
persistence of amorphous salts on the Martian surface and subsurface (Sections 5 and 6).
2. Background
The body of literature describing the formation and stability of
amorphous salts is relatively small, usually with amorphous phases
reported as an intermediate or ﬁnal run product of experiments
designed to explore phase transitions as a function of temperature
(T), relative humidity (RH), or precipitation rate. Generally, there
are two broad pathways through which amorphous salts have been
shown to form: (1) rapid dehydration of crystalline hydrates or
(2) direct precipitation from brines, under non-equilibrium conditions. Higher crystalline hydrates (>6H2 O per sulfate) of Mg- or
Fe(II)-sulfate exposed to vacuum will form an amorphous phase
through rapid dehydration (Vaniman et al., 2004; Wang et al.,
20 06; Chipera and Vaniman, 20 07; Wang et al., 2009, 2011, 2012,
2013; Sklute et al., 2015). However, the rate of dehydration and
amorphization from a crystalline starting material is temperature
dependent (Wang et al., 2009, 2013). For example, vacuum desiccation of epsomite leads to an amorphous phase within two hours
at 21 °C, but at −8 °C, an amorphous phase was not observed, even
after ∼200 h at that temperature (Wang et al., 2009). It is not clear
whether amorphization would occur over longer timescales at cold
temperatures.
Direct precipitation of amorphous salts from brines usually
requires rapid (non-equilibrium) precipitation, driven by liquid instability and/or supersaturation (e.g., Franks, 1993). For example,
amorphous ferric sulfate solids were produced from rapid dehydration of ferric sulfate brines, either by decreasing RH or decreasing atmospheric pressure (Xu et al., 2009; Xu and Parise,
2012; Sklute et al., 2015). Rapid precipitation has also been accomplished through cryoprecipitation, wherein liquids become quickly
supersaturated through a rapid decrease in temperature (Toner
et al., 2014; Morris et al., 2015b). In kinetic precipitation experiments of CO2 -supersaturated Ca–Mg–Fe–H2 O solutions at lowtemperatures (∼25 °C) and neutral pH, amorphous Fe-rich carbonate phases were early precipitates (Golden et al., 20 0 0). For
Na- and Mg-perchlorates, brine supersaturation achieved by cooling the liquid below the eutectic temperature (supercooling) has
also been shown to yield amorphous phases (Toner et al., 2014).
Toner et al. (2014) suggested that brine viscosity is a major factor in whether a salt glass forms via supercooling, and speculated
that viscous ferric sulfate brines would show similar behavior to
perchlorates.
These ﬁndings raise several questions, such as: Do other, pure
component brines (such as chloride brines) or multi-component
brines form amorphous solids upon rapid dehydration? How do
additional elements in ferric sulfate brines affect the stability of
the dehydration product to RH ﬂuctuations? What are the IR spectral properties and XRD characteristics of these amorphous products? To that end, we conducted a series of experiments to investigate the rapid dehydration products of chloride and multicomponent (ferric sulfate; iron-, magnesium-, and calcium-, and
sodium-chloride; and sodium bicarbonate) brines. These brine
compositions were chosen because calculations of the Martian

amorphous composition (e.g., Morris et al., 2016, 2015a; Rampe
et al., 2017; Treiman et al., 2016; Yen et al., 2017) demonstrate that
Fe2+ , Fe3+ , Mg2+ , Ca2+ , and Na+ cations may be associated with
the S and Cl volatiles. Furthermore, geochemical models of evaporation of sulfur-rich brines, derived from weathering of Martian
basalt, indicate that the ﬁnal liquid phase is concentrated in Fe3+ ,
Mg2+ , Na+ , Cl- , and SO4 2− (Chevrier and Altheide, 2008). Thus the
solution compositions explored in this study are plausible for Martian surface and subsurface materials. The addition of bicarbonate
to these initial mixtures served to investigate the potential interaction these highly acidic brines may have with native Martian carbonates, and the effect those carbonates would have on the resultant spectra.
For these initial experiments, samples were rapidly dehydrated
at 21 °C in both vacuum and in 11% RH to force non-equilibrium
precipitation conditions (Ling and Wang, 2010; Sklute et al., 2015;
Wang et al., 2012; Xu et al., 2009; Xu and Parise, 2012). Though
these low RH values are consistent with daytime RH values observed on the Martian surface (Harri et al., 2014; Savijarvi, 1995),
and Martian surface temperatures can exceed 20 °C at the equator (Spanovich et al., 2006), this combination of RH-T values represents a narrow range of current Martian conditions. However, the
goal of this study is to explore whether amorphous products can
form from mixed component brines under rapid precipitation conditions, which could occur through multiple pathways (described
above). The XRD characteristics, spectral properties, and preliminary observations of relative persistence under RH ﬂuctuations of
these newly considered mixed phases are presented.”
3. Materials and methods
3.1. Brine dehydration experiments
The salt mixtures analyzed in this study are listed in Table 1.
Each solution was made using ultrapure Fe2 (SO4 )3 that had ﬁrst
been heated at 350 °C for 2 h to transform it from the bottled
phase, which does not occur in nature, to the mineral mikasaite
(Xu et al., 2009). Because Sklute et al. (2015) showed that amorphous phases formed through the deliquescence and dehydration of different starting materials show subtle spectral variations,
the phase found in nature was considered the more appropriate starting material. Each salt was mixed with doubly de-ionized
(DDI) water to create concentrated solutions: 0.10 M Fe2 (SO4)3
(Alfa Aesar Puratronics, 99.998%), 1.00 M CaCl2 2H2 O (VWR Amresco Life Science), 2.25 M MgCl2 6H2 O (Acros Organics, 99+%),
0.348 M FeCl3 6H2 O (VWR Amresco Life Science, 99+%), 0.596 M
NaHCO3 (BDH, 99.7+%), and 3.96 M NaCl (Fischer Scientiﬁc, 99+%).
These solutions were then combined to create the molar ratio mixtures listed in Table 1. Initial 1:1 molar ratios were chosen for experimental simplicity with the exception of the MgCl2 -containing
brines, where 2:1 ratios were also explored. Preliminary work
(Rogers et al., 2016), which allowed each salt to deliquesce and
then mixed them in volume ratios, produced similar results; variations between this and the preliminary work in Rogers et al.,
(2016) can be attributed to differing molar ratios.
Each mixed solution was split into two aliquots that were simultaneously dried at 21 °C in 1) 11% RH (LiCl buffered individual
RH chambers, continually monitored by Lascar EL-USB-2-LCD Humidity Data Logger) to simulate evaporation on the Martian surface, and 2) under vacuum (Edwards E2M2 vacuum pump attached
to an Applied Vacuum Engineering VF range bell jar) to simulate boiling on the Martian surface. The solutions were dried for
5 days under these conditions. Preliminary assessments of the relative stability of the amorphous solids were determined by monitoring the sample state during transfer from vacuum/low RH buffer
to the VNIR/ATR spectrometers and XRD (Section 3.2) and later by
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Table 1
Summary of salt mixtures used in these experiments.
Brine by moles

Figure abbreviation

Productb 11% RH

XRDc

Fig.

Productb vacuum

XRDc

Fig.

CaCl2
MgCl2
NaCl
FeCl3
CaCl2 –Fe2 (SO4 )3
2MgCl2 –Fe2 (SO4 )3
MgCl2 –Fe2 (SO4 )3
NaCl–Fe2 (SO4 )3
FeCl3 –Fe2 (SO4 )3
CaCl2 –NaHCO3 –Fe2 (SO4 )3
2MgCl2 –2NaHCO3 –Fe2 (SO4 )3
MgCl2 –NaHCO3 –Fe2 (SO4 )3
NaCl–NaHCO3 –Fe2 (SO4 )3
FeCl3 –NaHCO3 –Fe2 (SO4 )3
Fe2 (SO4 )3 –NaHCO3
Fe2 (SO4 )3

CaCl2
MgCl2
NaCl
FeCl3
1CaCl:1FS
2MgCl:1FS
1MgCl:1FS
1NaCl:1FS
1FeCl:1FS
1CaCl:1BC:1FS
2MgCl:2BC:1FS
1MgCl:1BC:1FS
1NaCl:1BC:1FS
1FeCl:1BC:1FS
1FS:1BC
FS

DNS
DNS
S; P
DNS
S; P
G
S; P + G
S; P
G
S; P
G
S; Pa
S; P
G
S; P
S; P

–
–
Halite
–
Gypsum + Amorphous
–
Amorphous
Amorphous
–
Gypsum + Amorphous
–
Halite + Amorphous
Halite + Amorphous
–
Amorphous
Amorphous

–
–
1(b)
–
1(b)
–
1(a)
1(a)
–
1(b)
–
1(b)
1(b)
–
1(a)
1(a)

S;
S;
S;
S;
S;
S;
S;
S;
S;
S;
S;
S;
S;
S;
S;
S;

CaCl2 4H2 O
Bischoﬁte
Halite
Amorphous
Gypsum + Amorphous
Cl2 + Amorphous
Amorphous
Amorphous
Amorphous
Gypsum + Amorphous
Halite + amorphous
Halite/Cl2 + Amorphous
Halite + Amorphous
Amorphous
Amorphous
Amorphous

–
–
–
1(a)
1(b)
1(b)
1(a)
1(a)
1(a)
1(b)
1(b)
1(b)
1(b)
1(a)
1(a)
1(a)

P
P
P
Pa
P
P
P+G
P
P+G
P
P
P
P
P
P
P

a

Sample was rapidly hydrating and was not solid by the end of the analysis.
Physical nature of experimental product: S for solid, P for powder, G for gel, DNS for does not solidify.
Crystalline phases are the best match from the Match2 database from a search allowing for all phases containing any of the listed cations; solid Cl2 is unlikely in
the sample.
b
c

monitoring the relative rate of deliquescence in individual MgClbuffered (∼33% RH) chambers for 56 days. However, back-buffering
in these latter experiments may have substantially increased the
RH range (∼25–45%), and these results are, therefore, only used a
broad guide to relative stability trends.

sity Academic Commons (http://commons.library.stonybrook.edu/
geo-articles/; search term “amorphous salts”) for download and
manipulation.

3.2. Sample characterization

Table 1 summarizes the experimental products of the brine dehydration experiments. XRD patterns for those products are shown
in Fig. 1(a) (amorphous) and Fig. 1(b) (displaying some crystalline
phases). Optical images of the dehydrated brines are shown in
Fig. 2. The color of the resultant solids and powders changes
markedly with composition. Fig. 3 shows the MIR ATR and VNIR
reﬂectance spectra for all vacuum-dehydrated brine samples; spectra for brines dehydrated at low RH were spectrally similar, and
are included in the supplementary material.

Fresh samples of dried salts were ground under ambient RH
conditions (20% RH) and then analyzed by VNIR spectroscopy or
Fourier transform infrared (FTIR) MIR ATR spectroscopy. VNIR spectra were collected on powders loosely loaded into a matte black
sample cup using an ASD FieldSpec 3Max VNIR spectrometer with
a halogen light source (12.5 V, 4 A, 50 W, metal collimator) through
a bare ﬁber. Incidence and emergence angles were ﬁxed at 30°
and 0° respectively. Spectra were calibrated to absolute reﬂectance
through multiplying data with the reﬂectance spectrum of Spectralon acquired at Brown University RELAB. MIR ATR spectra were
collected on a Thermo Fisher Nicolet 6700 FTIR equipped with a
CsI beam splitter. Each spectrum was an average of 512 scans and
background subtracted using Nicolet OMNIC software. ATR spectra
provide IR absorbance data, which are not directly comparable to
thermal emission spectra measured at Mars. ATR was used instead
of thermal emission due to the relative speed of the measurement
and the ability to measure the samples without heating or cooling. Though not directly comparable to Mars, the ATR data provide a useful measure of the degree of spectral changes between
samples, and allow us to assess the composition of the product
through comparison of the band positions with known molecular
vibrational frequencies.
XRD patterns were obtained for each sample directly after each
VNIR and MIR analysis to assess the crystallinity of the end products. XRD were obtained on a Rigaku MiniFlex (15 MA; 40 kV;
0.02°/step; 0.40 s/step) with a Cu Kα radiation source, optimized
to reduce the ﬂuorescence of iron-bearing samples, and using a
quartz zero-background sample holder. Although the salt mixtures
are only marginally stable under ambient RH conditions, previous
work has shown that subsequent batches of the same compositions are spectroscopically consistent, allowing for fresh samples
to be prepared directly prior to each analysis; each sample experienced ambient RH for less than 20 min, and XRD was the ﬁnal analysis in each case (Sklute et al., 2015). Crystalline phases
were identiﬁed using the Match2 database. All digital data are included as part of the supplemental material and posted on Dyar
Lab website (Carey et al., 2017) as well as Stony Brook Univer-

4. Results

4.1. Brines with chlorides
Of the pure chloride solutions, only vacuum dehydrated FeCl3
was amorphous and that sample was observed to rapidly hydrate
into gel over the course of the analysis. It is included in Fig. 1(a)
to show the difference between its diffuse scattering pattern (also
known as the “amorphous hump”) and those of the sulfates and
mixed salts. The MIR ATR spectra for vacuum dehydrated CaCl2 ,
MgCl2 and FeCl3 are shown in Fig. 3(a). The most common feature in the MIR spectra for these hygroscopic salts is the ν 2 deformation mode of associated H2 O that occurs at ∼1600 cm−1
(Guillermet and Novak, 1969). In FeCl3 , this appears as an asymmetric, broad absorption centered at 1589 cm−1 , whereas MgCl2
and CaCl2 have well deﬁned doublets at 1652 cm−1 /1617 cm−1 for
MgCl2 and 1628 cm−1 /1612 cm−1 for CaCl2 .
VNIR spectra for these three salts, along with NaCl, are shown
in Fig. 3(b). In this wavelength range, all features > ∼1.3 μm are
associated with overtones and combination modes of water and
hydroxyl, along with vibrational features for carbonate and sulfate (Hunt and Salisbury, 1970). Most readily observable are the
∼1.4 μm absorption due to the 2nd overtone of the asymmetric O–H stretch and the ∼1.9 μm absorption due to the combination of the asymmetric O–H stretch with the H–O–H band. However, many other H2 O and OH combination bands can be found
>1.8 μm (Hunt and Salisbury, 1970) and are expected in hydrated
salts (Hanley et al., 2015). Because this wavelength range is very
sensitive to hydration features, the NaCl sample is vacuum dehydrated for a more rigorous comparison to the other salts. The most
prominent feature for NaCl and CaCl2 are the asymmetric H2 O/OH
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Fig. 1. (a) XRD data for the mixed salts that appear XRD-amorphous. The similar amorphous ferric sulfate (MV) from Sklute et al. (2015) is shown for reference. Although
FeCl3 VAC liqueﬁed throughout the course of the measurement, it is included for comparison, as is the zero-background sample holder. Patterns are offset for clarity. The
gray shaded region represents the range over which CheMin has detected XRD amorphous material: ∼13–38° 2θ in Cu Kα (∼15–45° 2θ for Co radiation; Bish et al., 2014;
Bish et al., 2013). The CheMin Rocknest data show diffuse scattering with a single maximum at 30 ° 2θ (Co radiation; Rampe et al., 2016), which corresponds to ∼26° 2θ
in Cu Kα on this plot; (b) XRD data for mixed salts that show clear crystalline peaks with reference patterns for comparison. Note that only some of the constituents in
the mixtures become crystalline phases and that crystalline pattern is superimposed on an amorphous diffuse scattering. Reference patterns are scaled and all patterns are
offset for clarity. Dashed lines indicate the XRD maxima in the diffuse scattering for the various products.

combination bands at 1.935 μm and 1.959 μm (1.912 μm shoulder),
respectively. MgCl2 also shows this band at 1.972 μm, but also displays a number of other hydration features, including a doublet at
1.453 μm/∼1.506 μm. FeCl3 is almost entirely spectrally ﬂat, and
minimally reﬂective through this wavelength range.
4.1.1. Fe2 (SO4 )3 –CaCl2
Fe2 (SO4 )3 –CaCl2 mixtures solidiﬁed both under low RH and
vacuum dehydration to solids that grind into ochre powders
(Fig. 2); these powders do not form the glassy ambers that are the
end product of many of the other dehydrated salt mixtures. The
XRD patterns suggest the presence of gypsum (Fig. 1(b)), but with
peaks slightly offset to larger 2θ values (smaller d-spacings) compared to gypsum samples in the Match2 database. Because both
MIR and VNIR spectra of these mixtures show evidence for gypsum (see below), we attribute the slight offset in XRD peaks to
small height errors due to the sample not fully ﬁlling the sample holder (this leads to systematic shifts in XRD reﬂections) or
to possible compositional differences in the gypsum (due to substitution of other elements) resulting in peak shifts relative to
pure gypsum. The gypsum signature is superimposed on diffuse
scattering (Figs. 1 and 4). Fig. 4 compares the diffuse scattering
in this sample to several of the amorphous products and shows
that it best matches that for FeCl3 VAC, suggesting that Ca is

preferentially combined with SO4 as the brine is dehydrated, and
that the remaining Fe and Cl form an amorphous phase. However,
where FeCl3 alone was highly hygroscopic, the dehydrated CaCl2 –
Fe2 (SO4 )3 brine formed a relatively stable powder, demonstrating
the extreme stability changes that can occur between amorphous
phases from pure brines to those from a mixed brine.
The MIR spectra (Fig. 3(a)) for the CaCl2 -bearing mixtures show
evidence for gypsum in the ν 4 sulfate absorptions (Lane, 2007)
near 669 cm−1 and 598 cm−1 in CaCl2 –Fe2 (SO4 )3 VAC. Although,
where one of gypsum’s main features is the SO4 ν 3 absorption at
∼1100 cm−1 (Lane, 2007), CaCl2 –Fe2 (SO4 )3 VAC has a broadened
feature centered at 1049 cm−1 . This shift to lower wavenumbers
makes the absorption more consistent with that for pure amorphous ferric sulfate. The VNIR spectrum (Fig. 3(b)) displays a triplet
at 1.447/1.487/1.533 μm that is reminiscent of the gypsum triplet
at 1.452/1.490/1.535 μm. Additionally, the ferric iron in the sample is evident in the visible (VIS) wavelength range absorptions
due to Fe3+ spin-forbidden crystal ﬁeld transitions (6 A1g →4 A1g , 4 Eg
∼0.4 μm and 6 A1g →4 T1g ∼0.8 μm (Hunt and Salisbury, 1971)). In
CaCl2 -bearing mixtures, these absorptions occur at 0.44 μm and
0.86 μm, respectively. Both of these absorptions are shifted to
longer wavelengths than those for pure amorphous ferric sulfate
(0.39 μm and 0.81 μm) or crystalline sulfates (e.g., 0.37 μm and
0.80 μm for rhomboclase).
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Fig. 2. Optical photographs of select solid and powdered mixed salts after 11% relative humidity (a) and vacuum (b) dehydration. Scale bar in all cases is 5 mm. The images
in the right hand column of both (a) and (b) are the unaltered sample and the images in the left hand column of both (a) and (b) are the sample after it has been ground.
Note the change in color with composition. Na-Bicarbonate appears to redden the samples.

4.1.2. Fe2 (SO4 )3 –MgCl2
Fe2 (SO4 )3 –MgCl2 mixtures partially solidiﬁed under both 11%
RH and vacuum and when ground, produced ochre powders
(Fig. 2) that are XRD amorphous for 1:1 molar ratios of
MgCl2 :Fe2 (SO4 )3 . Increasing the molar ratio to 2MgCl2 :1Fe2 (SO4 )3
decreased the stability of the mixture against deliquescence, such
that the 11% RH dehydrated sample did not fully solidify. Interestingly, the vacuum dehydrated sample did solidify and is crystalline
with an XRD pattern that most closely matches the pattern for
solid Cl2 (Fig. 1(b)). While it is implausible that solid Cl2 is present
in the sample, halite and Cl2 were the only reasonable matches

when searching for all phases containing Fe, S, O, Mg, and Cl. It is
possible, however, that the phase(s) resulting from this type of dehydration do not appear in the Match2 database. There is no indication in the XRD pattern of a sulfate-containing crystalline phase,
but there is a diffuse scattering centered at ∼30° 2θ (d-spacing
∼3.0 Å) (versus 26° 2θ (d-spacing ∼3.4 Å) for pure amorphous sulfates in this study).
In the MIR (Fig. 3(a)), Fe2 (SO4 )3 –MgCl2 mixtures display sulfate
and hydration features that most closely resemble those for the
pure amorphous ferric sulfates, including the overlapping ν 1 /ν 3
SO4 absorptions (Lane, 2007) at ∼912–1250 cm−1 , the ν 2 SO4

290

E.C. Sklute et al. / Icarus 302 (2018) 285–295

Fig. 3. FTIR ATR (a) and VNIR (b) spectra of vacuum dehydrated brines, along with several reference minerals. Bold sample names indicate XRD-amorphous materials with
no crystalline phases detected. Mixtures are molar ratios and abbreviations are FS for Fe2 (SO4 )3 , MgCl for MgCl2 , FeCl for FeCl3 , CaCl for CaCl2 , and BC for NaHCO3 . The
akaganéite and hematite are synthetic nanophase samples Ak102315 and Hem100915, respectively (Sklute et al., 2017); the rhomboclase is sample JB-JLB-74A aka MLS84;
the kornelite is sample R16185 aka R16783; and the lausenite is sample 102,923. (a) Halite, gypsum, and calcite ATR spectra are from the RRUFF database (sample IDs
R070292, R040029, and R040070, respectively (Lafuente et al., 2015; Dyar, 2015a)). All other ATR spectra were acquired at Stony Brook University. All spectra are offset for
clarity. (b) Rhomboclase, kornelite, and lausenite VNIR spectra were taken from the RELAB database (Hiroi, 20 0 0), and all other VNIR spectra were acquired at Stony Brook
University. The gypsum sample is a pure crystal ground to < 125 μm. The halite sample is from Mount Holyoke College (Halite MHC1039 (Dyar, 2015b)). The rhomboclase,
and kornelite VNIR spectra were collected by Janice Bishop with the NASA RELAB facility at Brown University, the kornelite VNIR spectrum was collected by Melissa Lane
with the NASA RELAB facility at Brown University, and the rhomboclase, kornelite, and lausenite samples are further studied in Dyar et al. (2013). Spectra are offset for
clarity. Dashed lines are included to guide the eye and correspond to the relative positions of absorption features for pure amorphous ferric sulfate (FS) and the ferric sulfate
bicarbonate produce (1FS:1BC).

Fig. 4. XRD data for the vacuum dehydrated mixture of CaCl2 and Fe2 (SO4 )3 with
that for three XRD amorphous samples displaying different types of diffuse scattering. The diffuse scattering under the gypsum peaks for this sample is most consistent with that for vacuum dehydrated FeCl3 . Patterns are offset to maximize overlap
and reference pattern is offset and scaled for clarity.

absorption (Lane, 2007) at ∼440 cm−1 , and the ν 4 SO4 absorptions (Lane, 2007) from ∼580–650 cm−1 . VNIR spectra (Fig. 3(b))
of 1:1 MgCl2 -bearing mixtures are similar to those for CaCl2 bearing mixtures; they display deep, asymmetric hydration features at ∼1.93 μm and ∼1.43 μm (with a shoulder at ∼1.48 μm).
The ∼1.93 μm absorption is signiﬁcantly offset from that of MgCl2
VAC (1.972 μm) as is the ∼1.43/1.48 μm feature (compared to
1.45/1.51 μm). Like the CaCl2 -bearing samples, these spectra also
possess absorptions in the VIS at ∼0.43 μm (6 A1g →4 A1g , 4 Eg ) and
∼0.85 μm (6 A1g →4 T1g ) consistent with Fe3+ spin forbidden crystal
ﬁeld transitions (Hunt and Salisbury, 1971), but also show a doublet ∼0.69/0.72 μm for the 6 A1g →4 T2g transition (Hunt and Salisbury, 1971). The 2:1 MgCl2 :Fe2 (SO4 )3 sample, which was not stable
enough for MIR analysis, shows much less spectral contrast in the
VNIR and the position of the Fe3+ features are shifted to ∼0.45 μm,
∼0.70/0.72 μm, and ∼0.78 μm. In addition, a new doublet is visible at ∼0.63/0.65 μm. While the 6 A1g →4 A1g , 4 Eg for these samples
is still shifted to longer wavelengths than that for pure amorphous
or crystalline sulfates, the 6 A1g →4 T1g in the 2:1 mixture is more
consistent with these reference phases.
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4.1.3. Fe2 (SO4 )3 –NaCl
Fe2 (SO4 )3 –NaCl mixtures solidiﬁed under both 11% RH and vacuum to form solids that grind into yellow-ochre powders (Fig. 2).
These powders are XRD amorphous with a bimodal diffuse scattering pattern peaking at ∼14° 2θ (d-spacing ∼6.3 Å) and ∼30° 2θ
(d-spacing ∼3.0 Å). In the MIR (Fig. 3(a)), these dehydrated brines
are spectrally similar to pure amorphous ferric sulfate in the appearance of their SO4 ν 1 /ν 3 absorption band envelopes, although
the minimum at 966 cm−1 is shifted to lower wavenumbers than
that of pure amorphous ferric sulfate (980 cm−1 ). The ν 4 SO4 is
also shifted slightly but to higher wavenumbers (586 cm−1 compared to 582 cm−1 ). In the NIR (Fig. 3(b)), depth and position of
the hydration features are closer to the other chloride-bearing mixtures, shifted to shorter wavelengths than pure amorphous ferric
sulfate. In the VIS, the position of the Fe3+ spin-forbidden crystal ﬁeld transitions are shifted to higher wavelengths (∼0.41 μm
vs. 0.39 μm for 6 A1g →4 A1g , 4 Eg ; ∼0.87 μm vs. ∼0.81 μm for
6 A →4 T ) compared to pure, amorphous ferric sulfate. There also
1g
1g
appears to be a ﬂattening to the top of the VIS maximum, which
may indicate an unresolved feature.
4.1.4. Fe2 (SO4 )3 –FeCl3
Fe2 (SO4 )3 –FeCl3 mixtures did not solidify under 11% RH. However, those dehydrated by vacuum partially solidiﬁed into amber
solids that grind into ochre powders (Fig. 2) that are XRD amorphous (Fig. 1(a)) with almost no diffuse scattering (however the
sample was slightly tacky after analysis). Previous volume ratio
experiments revealed that increasing the relative amount of sulfate with respect to chloride increased the stability of the mixture against deliquescence. In the MIR, the Fe2 (SO4 )3 –FeCl3 mixture is almost identical to pure, amorphous ferric sulfate below
∼1200 cm−1 in both band position and overall appearance of band
envelopes although the SO4 ν 4 absorption is slightly shifted as it
was in the NaCl-bearing mixture. The two spectra, however, vary
in the position of the H2 O deformation mode (Guillermet and Novak, 1969) which is 20 cm−1 lower (1610 cm−1 ) in the FeCl3 bearing sample. This similarity does not hold in the VNIR. Here
(Fig. 3(b)), the Fe2 (SO4 )3 –FeCl3 sample displays absorption positions that are much closer to those in the other chloride-bearing
mixtures in both the position and appearance of the hydration features ∼1.4 μm and 1.9 μm and the position and appearance of the
spin-forbidden crystal ﬁeld transitions at 0.44 μm and 0.85 μm for
this sample compared to 0.39 μm, 0.55 μm, and 0.81 μm for pure
amorphous ferric sulfate.
4.2. Brines with NaHCO3
The addition of bicarbonate solutions to chloride- and sulfatebearing brines caused the solution to bubble rapidly, likely due to
the rapid release of CO2 gas from the concentrated brine. During
this process, the pH of the solution increases appreciably. Upon
deliquescence, a saturated solution of Fe2 (SO4 )3 has a pH of 0.78.
When an equal volume of saturated NaHCO3 solution was added,
after all bubbling had ceased, the pH increased to 2.48. Thus, the
addition of NaHCO3 resulted in the introduction of sodium and
hydroxl to the solution, leading to a partial neutralization, but it
is unlikely that carbonate was added (see discussion of spectral
features below). Interestingly, all solutions to which NaHCO3 was
added were more stable against deliquescence than their NaHCO3 free counterparts, suggesting that Na and/or OH play a role in the
stabilization of the amorphous phase. While the exact mechanism
of stabilization is unclear at this time, it is likely that the partially neutralized, bicarbonate-bearing solutions have fewer available charged or polar groups to which atmospheric water can
bond. Because the bulk phase and surface structure are still un-
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known for most of these compounds, further speculation on the
stabilization mechanism is unwarranted at this time.
In addition to increased stability/decreased hygroscopicity, the
powders created from the NaHCO3 -bearing solutions were visibly
redder than those without NaHCO3 (Fig. 2). This can be seen spectrally in the ubiquitously altered appearance of the VIS absorptions
(Fig. 3). Because the exact phase(s) and surface structures of these
solids are still unknown, we cannot speculate as to the mechanism,
but clearly the crystal ﬁeld splitting energy of the iron in the samples is being altered by the presence of Na+ or the decreased pH
of the solution from which they precipitate.
If carbonate or bicarbonate were present in the end phase,
some spectral features near the location of the CO3 fundamental vibrations (∼840–900 cm−1 , ∼670–770 cm−1 , and ∼1385–
1493 cm−1 , Huang and Kerr, 1960) would be expected. Bicarbonate minerals have slightly shifted bands (∼1409–1316 cm−1 ,
∼1047 cm−1 , ∼1035 cm−1 , ∼837 cm−1 , and ∼694 cm−1 ,
Huang and Kerr, 1960) that can be used to distinguish them from
carbonates (Joshi et al., 2013). In the VNIR, carbonates exhibit
several CO2 bend and stretch overtone and combination bands
(Gaffey, 1987), of which the band at ∼2.3 μm is usually the most
prominent, with bands at ∼1.88 μm, ∼2.00 μm, and ∼2.16 μm being observable in very carbonate rich samples (Cloutis et al., 2010).
In bicarbonate minerals, these bands are slightly shifted. For instance, trona shows peaks at 1.5 μm, 1.74 μm, 1.94 μm, 2.03 μm,
and 2.22 μm (Kodikara et al., 2012).
4.2.1. Fe2 (SO4 )3 –NaHCO3
Fe2 (SO4 )3 –NaHCO3 dehydrated brines are XRD amorphous
(Fig. 1(a)) with a diffuse scattering centered ∼28° 2θ (d-spacing
∼3.2 Å), shifted from that of pure, amorphous ferric sulfates, which
showed this feature at ∼26° 2θ (d-spacing ∼3.4 Å). The MIR spectra (Fig. 3(a)) of bicarbonate-bearing samples are quite similar to
those for bicarbonate-free samples, but there is a slight increase
in ﬁne structure in the SO4 band envelopes. The greatest spectral difference resulting from bicarbonate addition is signiﬁcant
changes to the VIS structure that is common to all bicarbonatebearing mixtures (Fig. 3(b)). There is almost a complete loss of
the Fe3+ 6 A1g →4 T2g (∼0.55 μm) transition and the 6 A1g →4 T1g
(∼0.86 μm) absorption becomes much more deﬁned. In addition, this feature is shifted from that of the pure ferric sulfates
(∼0.81 μm), making it closer to that expected for nanophase
hematite. These changes lead to an apparent narrowing of the VIS
maximum from ∼0.49–0.66 μm in pure amorphous ferric sulfate
or ∼0.57–0.72 μm in chloride-bearing, bicarbonate-free samples
to a narrow maximum ∼0.68 μm in bicarbonate-bearing samples.
These changes also lead to an apparent narrowing of the nearinfrared (NIR) maxima that occurs at ∼1.1–1.4 μm in pure amorphous ferric sulfate but 1.2–1.4 μm in Fe2 (SO4 )3 –NaHCO3 mixtures
and only ∼1.3–1.4 μm in Fe2 (SO4 )3 –NaHCO3 –chloride bearing mixtures. Another change seen is the appearance of an absorption at
∼2.24 μm that is not present in bicarbonate-free samples. Although
this could indicate the presence of bicarbonate, which has a feature
at ∼2.2 μm, there is no evidence for carbonate/bicarbonate in the
MIR data. Rather, the ∼2.24 μm feature is likely caused by an O–H
or metal-OH stretching overtone.
4.2.2. Fe2 (SO4 )3 –NaHCO3 –CaCl2
Fe2 (SO4 )3 –NaHCO3 –CaCl2 brines dehydrated into stable redochre powders (Fig. 2) that are XRD matches for gypsum overlaid on the same diffuse scattering pattern as the bicarbonate free
samples (Fig. 1(b)). However, their primary features in MIR spectra bear little resemblance to that of gypsum (Fig. 3(a)). They instead appear much like that for amorphous ferric sulfate, although
with shifted band positions. Like the bicarbonate-free brines, NIR
spectra (Fig. 3(b)) for these samples more closely resemble that for
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gypsum with a triplet ∼1.44/1.49/1.53 μm along with other common hydration and sulfate features. Carbonate/bicarbonate features
are not apparent in either data set for these samples.
4.2.3. Fe2 (SO4 )3 –NaHCO3 –MgCl2
Fe2 (SO4 )3 –NaHCO3 –MgCl2 brines partially solidiﬁed under low
RH and fully solidiﬁed under vacuum into red-ochre solids that
grind into powders, where 2MgCl2 –2NaHCO3 –Fe2 (SO4 )3 is much
redder than MgCl2 –NaHCO3 –Fe2 (SO4 )3 (Fig. 2). None of these mixtures are XRD amorphous. Like the bicarbonate-free samples, they
show XRD reﬂections of halite and/or Cl2 , and the pattern is
overlaid on diffuse scattering (Fig. 1(b)). In the MIR (Fig. 3(a)),
these bicarbonate-bearing mixtures display sulfate and hydration
features similar to those for bicarbonate-free samples, with the
SO4 ν 1 /ν 3 band envelope differing between the 1:1 and 2:1
MgCl2 :Fe2 (SO4 )3 samples. However, in the 2:1 samples, the H2 O
ν 2 deformation mode (Guillermet and Novak, 1969) ∼1620 cm−1
is no longer signiﬁcantly deeper than that for the 1:1 samples, as
was the case for the bicarbonate-free series (Fig. 3(a)). Again, there
is no sign of carbonate or bicarbonate in the spectra for these samples.
4.2.4. Fe2 (SO4 )3 –NaHCO3 –NaCl
Fe2 (SO4 )3 –NaHCO3 –NaCl brines solidiﬁed under both 11% RH
and vacuum into solids that grind into orange-ochre powders
(Fig. 2), showing the reddening effect of the sodium bicarbonate. These samples show XRD structure that matches halite superimposed on diffuse scattering lacking the second low 2θ maximum seen in the bicarbonate-free samples (Fig. 1b). In the MIR
(Fig. 3(a)), these samples have the same basic shape as the pure,
amorphous ferric sulfates but show more ﬁne structure. In the
VNIR (Fig. 3(b)), Fe2 (SO4 )3 –NaHCO3 –NaCl are spectrally similar to
the other bicarbonate- and chloride- containing dehydrated brines.
Here again, an absorption at ∼2.25 μm is present in bicarbonatebearing samples that is not seen in bicarbonate free samples.
4.2.5. Fe2 (SO4 )3 –NaHCO3 –FeCl3
Fe2 (SO4 )3 –NaHCO3 –FeCl3 brines did not solidify under 11% RH
but do solidify under vacuum into XRD amorphous (Fig. 1(a))
solids that grind into orange-ochre powders (Fig. 2). The diffuse scattering for this sample peaks ∼28° 2θ (d-spacing ∼3.2 Å),
in between that for pure amorphous ferric sulfate (26° 2θ) and
that for the other chloride-containing samples (∼30° 2θ). Like the
bicarbonate-free sample, the MIR spectrum (Fig. 3(a)) for this dehydrated brine is similar to that of pure, amorphous ferric sulfate
with the exception of the H2 O ν 2 deformation mode, which is noticeably shifted to shorter wavenumbers. Interestingly, one of the
products of preliminary long-term stability experiments for this
mixture was jarosite.
5. Discussion
Of the samples investigated, Fe2 (SO4 )3 mixed with NaCl, FeCl3 ,
NaHCO3 , MgCl2 , and FeCl3 + NaHCO3 can all form purely XRD
amorphous products. The remaining mixtures exhibit XRD patterns that contain sharp peaks and diffuse scattering, indicating
the presence of both crystalline and amorphous phases. Furthermore, the crystalline phase(s) represented by the sharp peaks cannot account for the elemental composition of the mixtures by
themselves. Therefore, all mixtures result in some amount of XRD
amorphous components. For mixtures that allowed for the combination of Ca and SO4 , the diffuse scattering indicative of the amorphous phase in the mixture was somewhat obscured by the intense gypsum XRD reﬂections (e.g., Figs. 1(b) and 4). In contrast,
gypsum-related features were weak in the MIR, with the amorphous component being dominant.

For pure chlorides, only FeCl3 became XRD amorphous. These
Fe(III)–chloride brine dehydration products, as well as the vacuumdehydrated Ca and Na–chloride brines, exhibit weak-to-absent hydration features that could be diﬃcult to detect from orbital observations. In the mixture with 2MgCl2 :1Fe2 (SO4 )3 , hydration features
due to sulfate were greatly weakened; higher chloride to sulfate ratios could result in complete masking of these features. These observations raise the possibility that Martian chloride-bearing units
(e.g., Osterloo et al., 2008) may not necessarily be composed of
NaCl (inferred in previous studies based on weak-to-absent hydration features in the orbital NIR data (Jensen and Glotch, 2011)).
Rather, desiccated FeCl3 MgCl2 , or CaCl2 could contribute to these
deposits. Furthermore, because increasing the chloride to sulfate
ratio signiﬁcantly decreases the intensity of the sulfate-related features in the MIR, hydration features in the NIR, and Fe3+ crystal
ﬁeld splitting features in the VIS, it is possible that other components (such as sulfate) could be obscured if present in low abundance in an amorphous multicomponent salt.
Spectrally, most of the multicomponent amorphous salts appeared similar to amorphous ferric sulfate in the MIR. In the NIR,
multicomponent amorphous salts exhibit slightly broadened hydration features and would likely be diﬃcult to distinguish from
pure polyhydrated crystalline sulfates. Determining the chemistry
of the amorphous salts from spectra alone would be further complicated when mixed with other materials (e.g., silicates). Nevertheless, the important point is that amorphous salt phases can be
comprised of multiple components across many concentrations.
Deliquescence of ferric sulfates is key to the formation of
near-surface amorphous ferric sulfate-containing salts, under
present-day conditions. The RH value necessary for ferric sulfate
deliquescence (> ∼75%) has thus far only been determined for a
temperature of 25 °C (Xu et al., 2009). To date, no experimental
data exist for the deliquescence RH (DRH) of crystalline ferric sulfate below 25 °C, but because DRH studies for other highly deliquescent salts like chlorides and perchlorates show increased DRH
values at lower temperatures (Gough et al., 2011; Nuding et al.,
2014; Gough et al., 2016), the DRH for ferric sulfate is likely to
be higher than 75% RH for typical Martian surface temperatures
(e.g., <0 °C). Because RH is highest during the coldest parts of the
diurnal cycle (e.g., Savijarvi, 1995), RH-T conditions at the surface
may not be conducive to deliquescence of crystalline ferric sulfate.
However, in the shallow subsurface, crystalline sulfates with higher
hydration states could act as humidity buffers within the soils,
maintaining high RH levels in the near subsurface, even at moderate temperatures. For example, a closed container of ferricopiapite maintained a headspace RH level of ∼75% at −10 °C, and epsomite maintained RH of ∼96% (Wang et al., 2013). These RH levels and temperature conditions meet the experimental RH-T conditions needed to deliquesce the less-hydrated ferric sulfates such as
rhomboclase and ferric sulfate pentahydrate (Lu and Wang, 2013).
In other words, deliquescence of less hydrated ferric sulfates could
potentially occur in the near-subsurface if other salts with higher
hydration states were present. Alternatively, if the RH was not
high enough for ferric sulfate to deliquesce, but high enough for
more deliquescent salts such as ferric chloride to deliquesce, ferric
sulfate could potentially dissolve upon coming into contact with
that ferric chloride brine. This would produce highly concentrated
acidic brines that could dissolve neighboring phases, including carbonates and clay minerals, and re-precipitate mixed-component
amorphous salts. Areas exposed to repeated deliquescence cycles
could result in further dissolution and/or incorporation of silicate
grains into salt glasses, resulting in indurated surfaces. These transient acids could actively prevent carbonate minerals from existing
at the Martian surface or near subsurface. Further work is needed
to understand the deliquescence behavior of mixed salt grains un-
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der Martian conditions (e.g., Gough et al., 2014), as well as the effect of neighboring silicate grains on this process.
Though not an in-depth study of stability, the results of our
1:1 and 2:1 Fe2 (SO4 )3 :MgCl2 experiments and previously examined
volume ratio experiments do suggest that the stability of amorphous phases against deliquescence is dependent upon the element proportions in the original mixture. Therefore, depending on
composition, salt mixtures could be variably stable or deliquescent under Martian surface and subsurface conditions. If amorphous salts are present on Mars, they could play a role in present
day deliquescence-related phenomena such as recurring slope lineae (e.g., McEwen et al., 2011; Ojha et al., 2015; Heinz et al., 2016)
or soil induration (e.g., Bishop et al., 2002), as many of these salts
were found to be more deliquescent than their crystalline counterparts. For example, at 25 °C, amorphous ferric sulfate deliquesced
at 33% RH within a few hours (Gregerson et al., 2017), compared
to a DRH of 75% for the crystalline ferric sulfate phase at this temperature (Xu et al., 2009). Further work is needed to determine the
end products of long-term RH cycling for pure and mixed brines.
6. Conclusions
Our
experiments
showed
that
FeCl3 ,
Fe2 (SO4 )3 ,
Fe2 (SO4 )3 + NaHCO3 , NaCl + Fe2 (SO4 )3 , MgCl2 + Fe2 (SO4 )3 , and
FeCl3 + Fe2 (SO4 )3 + NaHCO3 brines all solidify either by 11% RH,
vacuum, or both into XRD amorphous solids that grind easily
into powders under low RH (< 20%). The remaining Fe2 (SO4 )3 containing samples all solidify by either 11% RH, vacuum, or both
into a mixture of crystalline and amorphous phases. Dehydration
of pure CaCl2 , MgCl2 , and NaCl brines results in only crystalline
products. The amorphous products exhibit measurable differences
in the shape and center position of the XRD diffuse scattering
that can be compared with data from Mars Science Laboratory;
the 2θ values are within the range of the amorphous component
measured for Rocknest soils by CheMin. Spectrally, multicomponent amorphous ferric sulfate-bearing salts appear broadly
similar to pure amorphous ferric sulfate in the MIR. In the NIR,
the addition of chloride results in the sharpening of the ∼1.4 μm
and ∼1.9 μm absorptions along with a shift in the position of the
∼1.9 μm absorption to shorter wavelengths. In the VIS the addition
of chloride and/or bicarbonate shifts the position and depth of
the Fe3+ spin forbidden crystal ﬁeld transition absorptions. The
differences between the MIR and VNIR evidence for additional
phases in these ferric sulfate-bearing mixtures is likely due to the
relative prominence of the absorptions of speciﬁc groups in each
of these wavelength ranges, the bonding environment for each
group, and relative sensitivity of the type of spectroscopy to the
bonding environment. In the MIR, where sulfate absorptions are
prominent, the compositional differences between these phases
results in minimal spectral changes, suggesting that either the energetic environment around the sulfate groups is similar between
compositions, or the next nearest neighbor to the S atom in these
compounds has an unresolvable effect on the sulfur-oxygen bond
energy. Broadening of the sulfate features in this wavelength range
due to the amorphous or ﬁne-grained nature of the materials may
contribute to this loss of resolution. In the NIR, the energy of
the water and hydroxyl bonds are more effected by the differing
compositional environments, but here, the presence or absence of
chloride seems to be the dominant factor, with only minor gradations between chloride species. In the VIS, however, the direct
bonding environment of the ferric iron must be more signiﬁcantly
impacted by the changes in composition, thus causing a larger
variation in the position of the Fe3+ spin-forbidden crystal ﬁeld
transition absorptions.
While more work is needed to identify and characterize
the phase(s) present in these amorphous or mixed crystalline-
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amorphous solids as well as to determine their stability under
Mars-relevant conditions, it is clear from this work that the composition and relative abundance of cations in the original brine
result in differences in the phase(s), spectra, and stability of the
products. These ﬁndings open up the possibility that XRD amorphous phases could precipitate from saturated mixed brines on the
Maritan surface. The amorphous material will depend on the composition of the original brine and may consist of a single amorphous phase within a solid solution or a mixture of compositionally distinct amorphous phases. Because amorphous sulfates deliquesce at lower RH values than crystalline sulfates, if present in
Martian soils, they might serve as agents of water vapor exchange
between regolith and atmosphere in the past or present day.
One important implication of this work is that phase transformations may occur in returned Martian samples. If collected
Martian surface material contains deliquescent amorphous phases,
those samples may become altered while cached or during their
return to Earth. This could be especially perplexing if minerals
originally present in the sample were dissolved as a result of
coming into contact with a deliquesced acidic salt. Understanding the composition and stability of these potential amorphous
phases could be crucial to preservation and interpretation of returned samples.
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