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upwelling groundwater was neutral to alkaline and capable of
forming a stable phyllosilicate assemblage. The long aquifer
flow paths would also promote dissolution of Fe-bearing
volcanic glasses and silicates, thereby enriching the water
in Fe2+ ions. As observed in Australia, Fe2+ transported in
solution would eventually oxidize and precipitate Fe3+

phyllosilicates and/or oxides, while generating acidity in
the upward flowing waters. Near the surface, atmospheric
sulfuric acid contributions [Banin et al., 1997], as well as
photolytically produced oxidants [Hunten, 1979], may have
generated additional acidity via Fe-oxide precipitation,
shifting the stability field away from phyllosilicates and

Figure 2. THEMIS colorized nighttime IR overlaid on THEMIS daytime band 9 images for four locations on Mars where
phyllosilicates and sulfates occur together or in close proximity. Nighttime THEMIS images are controlled largely by thermal
inertia of the surface and are therefore a good indicator of the nature and structure of the surface. In (a) southern Meridiani
Planum, stratigraphic relationships interpreted by Wiseman et al. [2008], indicate that the phyllosilicates mostly predate
sulfate and hematite bearing plains. However in (b) Gale Crater [Thomson et al., 2008; Milliken et al., 2009], (c) Columbus
Crater [Wray et al., 2009], and (d) Northern Meridiani Terra [Poulet et al., 2008], sulfates and phyllosilicates occur in mixed
layers or interbedded, which suggests contemporaneous deposition.
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1:1000. Sample splits were analyzed in two separate runs, for cat-
ions and anions, respectively. The Li, Na, K, Mg, and Ca concentra-
tions were determined using Dionex CS12A separation and CG12A
guard columns coupled with a CSRS–ULTRA membrane suppressor.
The Cl, Br, F, PO4, NO2, NO3, and SO4 concentrations were deter-
mined using AS9-HC and AG9-HC guard columns, and an ASRS–UL-
TRA membrane suppressor. Calibration of the instrument was
performed during each set of analyses using sets of seven solutions
of known concentration prepared from certified standards pur-
chased from Dionex and Spex CertiPrep. To correct for shifts of
instrument sensitivity, calibration was performed twice, at the
beginning and at the end of each run, and check standards were
placed in the middle of the run. For sample and standard dilution,
as well as for preparation of eluents double distilled water de-ion-
ized to resistivity of >17.8 MX cm produced using a Barnstead
NANOpure water system was used. Standard deviation for all spe-
cies analyzed was 65% of the measured concentrations based on
two replicates, and averaged only 1–2% for most species.

X-ray fluorescence was also employed on non-diluted solutions
(XRF; Bruker S4 Explorer in the Geology Department at Central
Michigan University) for measurement of selected elements (Sup-
plementary Table 3; Figs. 9 and 10). Runs were done under He gas.
All elements in the periodic table from O to U can be detected
down to !20 mg/L with the three crystals used (PET, LiF(200),
and OVO-55). Raw counts from XRF analyses were converted to
concentration via calibrations based on multiple standards with
known concentrations for Al, Fe, and S over similar ranges as the
observed sample values. The root mean squares for these calibra-
tions are 75 mg/L for Al, 63 mg/L for Fe, and 151 mg/L for S. Other
data (e.g., Si) are modeled (i.e. semi-quantitative) but agree within
±10 weight% for liquids with known concentrations (including sea-
waters and multi-element standard solutions). Field measured
salinities have a linear correlation to the percent of solids detected
by XRF with an R2 of 0.97. In addition, several trace elements were
analyzed by Activation Laboratories (Sr, Mn, Cu, Sb, etc.) using
inductively coupled plasma–optical emission spectroscopy (ICP-
OES) (Supplementary Table 3).

Bicarbonate concentrations were measured by Brighton Analyt-
ical using an alkalinity titration method with a Mettler DL12 titra-
tor. A methods standard containing 50 mg/L bicarbonate and
independent check EPA-provided standards were used. Accuracy
of both the method standard and the independent check standards
are within 5% (Supplementary Table 4; Fig. 9).

Water samples were prepared and analyzed for d2H and d18O at
the SIRFER (Stable Isotope Ratio Facility for Environmental Re-
search) facility at the University of Utah (Supplementary Table 5;
Figs. 11 and 12). Water from the samples was purified through vac-
uum distillation and cryogenic trapping. A single small (10 lL) ali-
quot of water was injected onto a column of glassy C held at
1400 !C to produce H2 and CO gases. These were separated chro-
matographically in a He carrier gas stream and introduced sequen-
tially into the ion source of an IRMS (Delta + XL, ThermoFinnigan)
for isotope ratio determination. Samples were analyzed in dupli-
cate, with average precision of 1.5‰ for d2H and 0.2‰ for d18O
(1r) for replicate analyses. d18O and d2H and values are reported
relative to standard mean ocean water (SMOW).

Representative WA water and chemical precipitates (gypsum
and alunite) were analyzed for 34S (VG 602 isotope ratio mass spec-
trometer) by Activation Laboratories (Table 2). Seawater BaSO4 and
Fisher BaSO4 were run as internal laboratory standards at the
beginning and end of each set of samples and were used to normal-
ize the data as well as correct for any instrument drift. All results
are reported in the per mil notation relative to the international
CDT standard. Precision and reproducibility was reported as better
than 0.2‰ (n = 10 internal laboratory standards).

3.3. Analytical challenges with acid brines

Methods for evaluating hypersaline acid waters are not well
documented in the geologic literature. The combination of high
acidity, high salinity, and complex composition causes challenges
in terms of the use of some analytical instrumentation and the pro-
duction of comparable standards. For example, dissolved oxygen
meters do not yield accurate results for brines, so no dissolved oxy-
gen meters were used in the field or laboratory. However, all of the
waters were presumed to be oxidized because they were some-
what exposed to surface atmospheric condition in the field and
Fe oxides were actively forming. Some important and abundant
ions and compounds in the WA brines such as S, Fe, and Si, are
notoriously difficult to measure by traditional chemical analyses.
For example, many instruments use silica glassware, thus exclud-
ing Si as an analytical target. Many instruments, such as ICs and
mass spectrometers, produce inaccurate results or are damaged
by fluids of high ionic strengths. But dilution of the brines enough

Fig. 3. Field pH and salinity (total dissolved solids (TDS) in g/L) data for all WA lake
and groundwaters. (A) Range of all pH and salinity. Value of typical seawater
included. (B) and (C) histograms showing number of all measured lake waters and
groundwaters with various salinity and pH values, respectively.
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Lake Gilmore	
Mid-lake core & near-shore “lunette” core	
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