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Remote sensing studies of the surface of Mars use visible- to near-infrared (VNIR) spectroscopy to identify 
hydrated and hydroxylated minerals, which can be used to constrain past environmental conditions on 
the surface of Mars. However, due to differences in optical properties, some hydrated phases can mask 
others in VNIR spectra, complicating environmental interpretations. Here, we examine the role of masking 
in VNIR spectra of natural precipitates of ferrihydrite, schwertmannite, and goethite from abandoned 
mine drainage (AMD) systems in southeastern Pennsylvania. Mixtures of ferrihydrite, schwertmannite, 
and goethite were identified in four AMD sites by using X-ray diffractometry (XRD), and their XRD 
patterns compared to their VNIR spectra. We find that both ferrihydrite and schwertmannite can mask 
goethite in VNIR spectra of natural AMD precipitates. These findings suggest that care should be taken 
in interpreting environments on Mars where ferrihydrite, schwertmannite, or goethite are found, as the 
former two may be masking the latter. Additionally, our findings suggest that outcrops on Mars with both 
goethite and ferrihydrite/schwertmannite VNIR signatures may have high relative abundances of goethite, 
or the goethite may exist in a coarsely crystalline phase.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Over the past decade, satellite and landed missions to Mars 
have used visible- to near-infrared (VNIR) spectroscopy to identify 
and map minerals across the surface. Identifying the assemblages 
of minerals present in individual outcrops has allowed for the in-
terpretation of past geochemical conditions (e.g., pH, Eh, temper-
ature, and availability of cations and anions). In this way, a wide 
variety of low-temperature aqueous environments have been iden-
tified in ancient Martian terrains (e.g., Murchie et al., 2007, 2009; 
Langevin et al., 2005).

However, one of the major limitations of using VNIR spec-
troscopy to interpret past environments is how it responds to min-
eral assemblages. In reflectance spectroscopy, minerals are iden-
tified by the positions and shapes of absorption bands. In the 
near-infrared region, these bands are controlled by overtones and 
combinations of molecular vibrations: band positions depend on 
the crystal structure, bond lengths, and mineral composition; and 
band depths depend on the optical constants of the mineral at that 
wavelength, and the abundance of the mineral (e.g., Hapke, 1993). 
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In other words: the depth of a mineral’s absorption is not a direct 
function of the mineral’s abundance.

If mixed with another mineral that has stronger optical con-
stants at the same wavelengths, a mineral phase may be com-
pletely masked in the VNIR, even if it exists in greater abundance. 
For example, laboratory investigations by Chevrier et al. (2006)
showed that a mixture of goethite, ferrihydrite, and siderite can 
mask up to 20 wt% siderite in the VNIR. Similarly, Muirhead et al.
(2009) showed that hematite–magnetite–maghemite can mask fer-
rihydrite. This spectral masking effect can complicate the interpre-
tation of environmental conditions on Mars, because key minerals 
can be obscured in the VNIR spectra.

An important set of minerals for interpreting past environ-
mental conditions are the ferric oxyhydroxides and oxyhydroxysul-
fates: ferrihydrite (Fe3+

2 O3 · 0.5H2O), goethite (α-FeOOH), schwert-
mannite [Fe8O8(OH)6SO4], and jarosite [KFe3(SO4)2(OH)6]. These 
minerals have been identified at several locations on the Mar-
tian surface, including Mawrth Vallis (ferrihydrite, goethite, and 
jarosite, Farrand et al., 2009), the Mars Pathfinder landing site 
(ferrihydrite–schwertmannite mixtures in soil, Bishop et al., 1998), 
Aram Chaos (ferrihydrite–schwertmannite, Liu et al., 2012), and 
Meridiani Planum (schwertmannite, Farrand et al., 2007; Bibring 
et al., 2006; Klingelhöfer et al., 2005).
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Fig. 1. Primary drainage basins and notable acid mine drainage (AMD) sites in the Southern Anthracite Coalfield, Pennsylvania. Shaded areas show different watersheds 
associated with each AMD site. Hachures indicate areas underlain by coal-bearing rocks.
The ferric oxyhydroxide and oxyhydroxysulfate minerals are of 
particular interest to our understanding of past and present Mar-
tian environments for several reasons. First, they are markers of 
liquid water and oxidizing conditions. Both geochemical model-
ing (e.g., Tosca et al., 2005) and laboratory experiments (e.g., King 
and McSween, 2005; Tosca et al., 2008) have shown that these hy-
drous minerals can form as aqueous alteration products of basalt 
and volcanic ash. Second, they can serve as markers of environ-
mental conditions at their time of formation. For example, most 
ferrihydrite forms at low temperatures (<25 ◦C) at pH >3; schw-
ertmannite forms in acid–sulfate environments with a pH 2.8–4.5; 
and goethite forms over a range of conditions (e.g., Bigham et al., 
1996). Also, because these three minerals can be genetically linked 
(ferrihydrite and schwertmannite can co-precipitate in some cir-
cumstances, and both can re-crystallize into goethite), the exact 
assemblages and stratigraphic relationships of these minerals can 
provide insight into changing aqueous processes and environments 
at these locations on Mars. Finally, although ferric oxyhydroxide 
and oxyhydroxysulfate minerals can be synthesized inorganically, 
microbial processes commonly are associated with the oxidation 
of ferrous iron and the precipitation of these minerals from aque-
ous solutions in Earth environments (Bigham et al., 1990, 1992; 
Nordstrom and Alpers, 1999; Nordstrom, 2000).

Nevertheless, environmental interpretations on the basis of 
VNIR spectra are only useful to the extent that we can estimate 
mineral distributions in geologic and geographic context. Because 
they form in specific, but potentially diverse environments – and 
often are produced together or transformed from one another – 
iron-bearing minerals likely occur on Mars as mixtures with fer-
rihydrite, schwertmannite, and goethite. Interpretations about past 
and present environments would be hindered if an important min-
eral phase were spectrally masked.

Here, we analyze ferrihydrite–schwertmannite–goethite mix-
tures that naturally precipitate in abandoned mine drainage (AMD) 
systems in southeastern Pennsylvania. We use X-ray diffractome-
ter (XRD) data to assess the presence of the three mineral phases, 
and a field VNIR spectrometer to record corresponding spectra of 
the mixtures. Geochemical data on the aqueous and surface en-
vironment at each sampling site are presented, and the results 
discussed in the context of ferrihydrite–schwertmannite–goethite 
mixtures on Mars.

2. Material and methods

2.1. Sampling sites

Samples were obtained from selected AMD sites in Pennsyl-
vania’s Southern Anthracite Field in November 2012 (Fig. 1). The 
coalfield is dominated by the Pennsylvanian-Age Llewellyn and 
Pottsville Formations: sandstone, siltstone, and conglomerates in-
terbedded with ∼30 coal beds, each about 1–4 m thick (e.g., 
Wood et al., 1968; Way, 2000). The Llewellyn and Pottsville coal 
beds were extensively mined during the 1800–1960s, resulting in 
a legacy of abandoned underground mines and waste rock piles. 
Pyrite and other sulfides in the exposed coal beds and host rocks 
oxidized during exposure to the atmosphere and, now, the oxi-
dation products continue to leach from the flooded, abandoned 
mines, leading to extensive stream contamination. The contami-
nated streams have elevated concentrations of dissolved Fe that 
oxidizes along the flow path and forms ochreous precipitates, in-
cluding ferrihydrite, schwertmannite, and goethite (Fig. 2). Con-
taminated local streams that drain the Southern Anthracite Field 
include Swatara Creek (Cravotta and Bilger, 2001; Cravotta et al., 
2010), which is a tributary of the Susquehanna River, Wabash 
Creek, which feeds into the Little Schuylkill River (Cravotta, 2008b), 
plus the headwaters of the Schuylkill River (Cravotta and Ward, 
2008), Mill Creek (Cravotta and Nantz, 2008), and the West Branch 
Schuylkill River (Cravotta et al., 2014), which are major tributaries 
of the upper Schuylkill River.

Several AMD systems that represented different aqueous envi-
ronments were selected for analysis:
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Fig. 2. Eh–pH diagram showing stabilities of commonly reported minerals in AMD systems and measured Eh and pH for four AMD systems in Pennsylvania. Data on Eh and 
pH for the AMD systems in Pennsylvania were measured on various dates during 1997–2012. See Fig. 1 for location of AMD systems. Thermodynamic data used to construct 
the stability boundaries from the WATEQ4F data base (Ball and Nordstrom, 1991) and Bigham et al. (1996).
1. Bell Colliery Drift, Schuylkill Township, Schuylkill County, PA:
Discharge from an abandoned drift mine and waste rock 
pile, undergoing passive remediation with downflow limestone 
beds and aerobic wetlands since 2003. Untreated water exit-
ing the collapsed drift is oxic (DO >6 mg/L) and net acidic 
with pH 3.5–4.3 and moderate levels of dissolved Al, Fe, and 
Mn (1–6 mg/L) and SO4 (81–190 mg/L) (Cravotta and Ward, 
2008). This discharge flows into the Schuylkill River, within 
meters of the river’s headwaters, which caused the environ-
mental protection agency (EPA) to name Bell Colliery as one 
of the highest priority AMD systems for remediation in the 
Schuylkill Watershed.

2. Otto Colliery Airshaft, Branchdale, Reilly Township, Schuylkill 
County, PA: Discharge from an abandoned shaft and associ-
ated spoil pile, undergoing passive remediation with aerobic 
wetlands since 2005. At the source of the discharge, the wa-
ter exiting the shaft is suboxic (DO <2 mg/L) and net alkaline 
with pH 5.7–6.1 and moderate to high levels of Fe (3–16 mg/L), 
Mn (2–3 mg/L), and SO4 (190–370 mg/L) (Cravotta, 2007). Dis-
charge from the shaft flows into the Muddy Branch, which 
joins the West Branch of the Schuylkill River, then the West 
Branch, then the Schuylkill River itself. In 2000, the EPA named 
the Otto Airshaft as one of the more severe sources of pollu-
tion to the West Branch River.

3. Oak Hill Borehole, Minersville, Schuylkill County, PA: Discharge 
from several boreholes from 25 to 30 m deep is undergo-
ing partial remediation with an open limestone channel since 
2002. Untreated water from the Oak Hill Boreholes is suboxic 
and net alkaline with pH 5.8–7.0 and high concentrations of Fe 
(12–21 mg/L), Mn (3.1–4.5 mg/L), and SO4 (360–450 mg/L) and 
is a major source of base flow and metals loading to the West 
Branch Schuylkill River (Cravotta et al., 2014).

4. Colket Mine Water Pool, Donaldson Village, Schuylkill County, 
PA: An abandoned mine shaft, unremediated. The discharge is-
sues from an underground tunnel, then flows 200 m down to 
Good Spring Creek. The untreated discharge is suboxic and net 
acidic with pH 5.8 and high concentrations of Fe (23 mg/L) and 
moderate concentrations of Mn (1.6 mg/L) and SO4 (160 mg/L) 
(Cravotta, 2010). Kirby and Cravotta (2005) explain that the pH 
of a net acidic discharge, such as that from the Colket Tunnel, 
ultimately will decrease to low values (<4.5) after complete 
oxidation of the dissolved Fe in the effluent.

At the time of sediment sampling in 2012, flow rate and water-
chemistry data were collected, including pH, specific conductance 
(SC), temperature, redox potential (Eh), and dissolved oxygen (DO). 
To characterize the environmental conditions for sediment (min-
eral precipitates) accumulation, the pH and Eh data were combined 
with other such data that had been measured at these sites on 
various dates during 1997–2012 (Williams et al., 2002; Cravotta, 
2008a, 2010; Cravotta and Ward, 2008; Cravotta et al., 2014). The 
pH and Eh were determined by use of a combination Pt and 
Ag/AgCl electrode with a pH sensor. The electrode was calibrated 
in pH 2.0, 4.0, and 7.0 buffer solutions and in ZoBell’s solution 
daily when used. Values for Eh were corrected to 25 ◦C relative 
to the standard hydrogen electrode in accordance with methods 
of Nordstrom (1977). Sediment samples (approximately 0.5–1 L 
each) were collected in polypropylene bottles. Samples included 
floc precipitates and precipitates formed on rock surfaces. VNIR 
spectra were obtained at time of sampling using a field spectrom-
eter (described below). Floc samples were then wet sieved through 
a 70-mesh stainless steel sieve and allowed to dry before analysis. 
Rock coatings were allowed to dry on rocks.

2.2. XRD analysis

To confirm composition, samples were analyzed with X-ray 
powder diffraction, using Bryn Mawr College’s Rigaku Ultima 
IV X-ray Diffractometer. The XRD has a Cu target and graphite 
monochromator, and was operated at 3.0 kW between 5 and 80◦
2-theta, with a scan rate of 1◦/min at a step interval width of 
0.02◦ and a count time of 1 s. Samples were ground to a fine pow-
der in an acetone solution by using an agate mortar and pestle, 
and allowed to dry on a silicon slide. VNIR spectra of each sam-
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ple were taken after preparation for XRD analysis and immediately 
before XRD measurements were taken to account for any phase 
changes that might have occurred due to sample preparation or 
time. No differences were found.

X-ray diffractograms were analyzed from XRD libraries by using 
Material Data Incorporated’s JADE software, and were compared to 
the published d-spacings of intensity peaks. Schwertmannite was 
identified by its eight peaks: 4.95, 3.36, 2.56, 2.25, 1.95, 1.67, 1.52, 
and 1.45 Å, of which the 2.56 and 1.52 Å peaks are most diagnos-
tic (Loan et al., 2004). “Ferrihydrite” actually comprises a group of 
minerals of varying states of disorder. At its most disordered (also 
called hydrous ferric oxide), XRD patterns of ferrihydrite show two 
broad scattering bands that correspond to d-spacings of 2.59 and 
1.49 Å. At its most crystalline, XRD patterns of six-line ferrihydrite 
show six narrower scattering bands, corresponding to d-spacings 
of 4.4, 2.5, 2.24, 1.97, 1.72, and 1.47 Å. The two-line variety is most 
common; six-line ferrihydrite is rarely reported in AMD settings. 
Goethite has peaks corresponding to 4.18, 2.68, 2.59, 2.45, 2.19, 
1.71, 1.56, and 1.51 Å, of which the three most characteristic are 
4.18, 2.59, and 2.452 (Cornell and Schwertmann, 2003).

2.3. Spectral analysis

VNIR spectra of each sample were taken by using Bryn Mawr 
College’s ASD FieldSpec Pro visible- to near-infrared spectrometer. 
The spectrometer covers a spectral range from 0.35 to 2.5 μm at 
a sampling interval of 1.277 nm for the 0.35–1.0 μm region and 
2 nm for the 1.0–2.5 μm region, and a spectral resolution of 3 nm 
at 0.7 μm and 10 nm at 1.4 and 2.1 μm. The spectrometer was 
calibrated by using a Spectralon disk. Samples were illuminated 
with a high-intensity contact probe with halogen bulb. Three spec-
tra were taken for each sample: one immediately after sampling 
(in the field), one after drying the samples in the lab, and one af-
ter preparing samples for the XRD. This was done to observe any 
phase changes due to time, drying, or removal from original envi-
ronment. No differences were observed.

Ferrihydrite, goethite, and schwertmannite are all iron-bearing, 
hydrated or hydroxylated minerals, and so share several similar 
spectral features in the VNIR (e.g., Morris et al., 1985; Sherman, 
1990; Scheinost et al., 1998). Their signatures can be distinguished 
by variations in absorptions.

Iron dominates spectra between 0.4 and 1.0 μm, described in 
detail by Cornell and Schwertmann (2003). A single electron tran-
sition [4E; 4A1 ← 6A1] produces an absorption in the ∼0.42 μm
range: at 0.410 (ferrihydrite), 0.413 (goethite), and 0.416 μm
(schwertmannite). An electron pair transition in iron (4T1 + 4T1) 
← (6A1 + 6A1) results in a strong absorption near ∼0.49 μm: 
0.492 (ferrihydrite), 0.488 (goethite), and 0.489 μm (schwert-
mannite). Another single-electron transition (4T2) ← (6A1) pro-
duces a weaker absorption near ∼0.7 μm: at 0.716 (ferrihydrite), 
0.665 (goethite), and 0.655 μm (schwertmannite). A third single-
electron transition (4T1) ← (6A1) produces a broad absorption at 
∼0.95 μm: at 0.972 (ferrihydrite), 0.953 (goethite), and 0.952 μm
(schwertmannite).

Between 1.0–2.5 μm, bound and absorbed H2O and OH groups 
produce three major spectral features, as described by Ling and 
Wang (2010). First, the 2ν overtone of the OH stretch produces an 
absorption near 1.4 μm: 1.427 (ferrihydrite), 1.417 (goethite), and 
1.4525 μm (schwertmannite). Second, a combination of the fun-
damental bending (ν2) and asymmetric stretching (ν3) modes in 
bound H2O molecules produces an absorption band near 1.9 μm: 
1.923 (ferrihydrite), 1.950 (goethite), and 1.953 μm (schwertman-
nite). Finally, the asymmetric and symmetric fundamental O–H 
stretches near 2.8 μm and the H2O bend overtone near 3.1 μm
combine to make a deep absorption centered near 3.0 μm. This 
absorption produces a characteristic negative slope in the spectra 
of ferrihydrite, goethite, and schwertmannite between ∼2.0 and 
2.5 μm.

Additionally, each mineral displays its own characteristic spec-
tral features. Ferrihydrite has a “shoulder” (slope break) at 2.28 μm, 
goethite an absorption at 2.4–2.5 μm, and schwertmannite a 
shoulder at ∼2.53 μm. These minerals can be distinguished from 
each other by the band centers of their shared absorptions and/or 
the unique absorptions each has.

AMD systems often have additional mineral phases related to 
ferrihydrite, schwertmannite, and goethite, including jarosite, gyp-
sum, amorphous aluminum oxides and hydroxysulfates, and lep-
idocrocite [γ -FeO(OH)] (e.g. Nordstrom and Alpers, 1999). These 
minerals are also detectable spectrally. Lepidocrocite and jarosite 
share the ∼0.5 and ∼1.0 μm iron transitions, and the 1.4 and 
1.9 μm hydration bands. However, jarosite also has a combination 
OH-stretch and Fe–OH bend that create a diagnostic absorption at 
2.27 μm. Lepidocrocite’s ∼1.0 μm absorption is shifted to lower 
wavelengths (0.933 μm) and its ∼0.7 μm absorption appears usu-
ally as a shoulder at 0.67 μm. Gypsum has a characteristic triplet 
at 1.4–1.54 μm, and strong absorptions at 1.75 and 1.94 μm, and 
a doublet at 2.21 and 2.23 μm. The amorphous aluminum phases 
that are often found in AMD systems vary in spectral character, but 
lack the characteristic iron transitions. Spectra of mineral mixtures 
from the sample sites were inspected for evidence of these min-
eral phases as well, by using these absorption band positions as 
indicators.

3. Results

Different mineral assemblages were identified for the four sites:

3.1. Oak Hill Borehole

At the Oak Hill Borehole, ochreous precipitates form on the dis-
charge channel and submerged rock surfaces within the borehole 
where the water emerges. XRD analyses show that the precipitates 
closest to the borehole are goethite (Fig. 3), without ferrihydrite 
or schwertmannite. VNIR spectra show typical goethite absorptions 
and no evidence of ferrihydrite or schwertmannite, consistent with 
the XRD results.

3.2. Bell Colliery

Ochre samples collected upstream and downstream of Bell Col-
liery’s limestone treatment ponds were brownish–red precipitates, 
which XRD analysis showed to be a mixture of goethite and schw-
ertmannite (Fig. 3). The XRD patterns showed peaks associated 
with goethite (including the characteristic triple peak at 34.6, 34.7, 
and 36.6◦ 2-theta) and the broader peaks associated with schwert-
mannite. The goethite peaks in these samples also were broadened, 
an effect associated with nanophase goethite (e.g., Schwertmann 
et al., 1985). Previous samples of the precipitate at the sampled 
locations also had been identified as goethite and schwertmannite 
(Williams et al., 2002).

VNIR spectra of the two samples from Bell Colliery show only 
schwertmannite (Fig. 4), including a shoulder at 0.655 μm, a broad 
absorption centered at 0.952 μm, 2ν overtone of the OH stretch at 
1.453 μm, and ν2–ν3 combination at 1.953 μm. Despite the clear 
signature of goethite in XRD analyses of these samples, goethite’s 
characteristic 0.665 μm and 2.4 μm absorptions do not appear in 
the VNIR, nor do the schwertmannite absorptions appear to be af-
fected by the presence of goethite.

3.3. Colket Mine

XRD analysis of precipitates at the Colket discharge indicate the 
precipitate is composed of ferrihydrite and goethite (Fig. 3). The 



S. Cull et al. / Earth and Planetary Science Letters 403 (2014) 217–224 221
Fig. 3. X-ray diffractograms of precipitate samples from four AMD systems in south-
eastern Pennsylvania. Peaks associated with important minerals are identified: F for 
ferrihydrite, G for goethite, S for schwertmannite, and Q for quartz.

VNIR spectra of the precipitates show only ferrihydrite (Fig. 4). 
Samples collected in 1997 from the Colket Mine discharge also 
contained goethite but with schwertmannite instead of ferrihydrite 
(Williams et al., 2002), perhaps due to seasonal variations in wa-
ter quality or increased pH during the 11 yr gap between the two 
studies.

3.4. Otto airshaft wetlands

Samples collected downstream of the Otto wetlands, several 
hundred meters below the airshaft, were caked in brownish–red 
precipitates, which XRD analysis identified as mixtures of two-line 
ferrihydrite and goethite (Fig. 3). The two-line ferrihydrite showed 
in the XRD analyses as distinctive broad peaks, centered at 34.6 
and 62.2◦-2-theta. The ferrihydrite peaks were so broad and in-
tense that they nearly masked the goethite peaks, which again 
appeared broadened, perhaps due to the presence of nanophase 
goethite. Possibly due to the same effect, samples collected in 1997 
at the Otto Mine discharge were identified only as two-line ferrihy-
drite at the airshaft and six-line ferrihydrite downstream (Williams 
et al., 2002).

VNIR spectra of the Otto wetlands precipitates show only ferri-
hydrite (Fig. 4). The spectra have absorptions at 0.972, 1.427, and 
1.923 μm – all band centers characteristic of ferrihydrite. Despite 
the presence of goethite in XRD of these mixtures, the VNIR band 
centers for the ferrihydrite appear unaffected by goethite. Ferrihy-
drite’s 0.972 μm absorption is not shifted to shorter wavelengths 
Fig. 4. VNIR spectra of precipitate samples from four southeastern Pennsylvania 
AMD systems, compared to laboratory spectra of ferrihydrite, schwertmannite, and 
goethite standards.

to reflect goethite’s 0.952 μm absorption, and the spectra are lack-
ing goethite’s distinctive 0.665 and 2.4 μm absorptions.

Across all AMD sites examined here, mixtures of ferrihydrite 
and goethite appear as only ferrihydrite in VNIR (Fig. 4), and mix-
tures of schwertmannite and goethite appear as only schwertman-
nite in the VNIR (Fig. 4). Despite potentially overlapping stability 
fields indicated by the measured Eh and pH of the aqueous sam-
ples for Colket, Otto, and Oak Hill AMD effluents (Fig. 2), ferrihy-
drite and schwertmannite were not observed together at any site. 
On the basis of thermodynamic stability, goethite would be the 
most stable phase at all the sites sampled, with schwertmannite 
and ferrihydrite formed as intermediate phases. No site showed 
XRD or VNIR evidence of other AMD-related minerals discussed 
here, such as jarosite.
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4. Discussion

Ferrihydrite, schwertmannite, and goethite have been reported 
in remote sensing data at several locations across Mars. Because 
these minerals are often used as environmental indicators, and be-
cause they likely occur in mixtures, it is important to understand 
how mixing affects the spectral signatures observed from orbit and 
from landed missions.

Our survey of AMD systems in southeastern Pennsylvania shows 
that ferrihydrite and schwertmannite can both spectrally mask 
goethite. At Bell Colliery, XRD analysis showed that both goethite 
and schwertmannite are present, but only schwertmannite appears 
in the VNIR. At both Otto and Colket, XRD analysis shows that both 
ferrihydrite and goethite are present, but VNIR spectra show only 
ferrihydrite.

This masking in natural samples could be caused by relative 
grain sizes. The XRD goethite peaks appear broadened in these 
samples, an effect often attributed to the nanocrystalline phase 
of goethite (indicating a grain size of 10–100 nm). Nanophase 
goethite is common in acid–sulfate environments on Earth (e.g., 
Waychunas et al., 2005), and is hypothesized to be present on 
Mars. Laboratory experiments simulating goethite precipitation un-
der Martian conditions show that it usually forms as a nanocrys-
talline phase (e.g., Tosca et al., 2008), perhaps due to rapid nu-
cleation during precipitation or slow growth kinetics (Cornell and 
Schwertmann, 2003). Small grain size at the AMD sites could de-
crease the absorption features of goethite such that the presence of 
other hydrated and hydroxylated minerals could mask its presence.

Multiple phases generally could be anticipated under the Eh–
pH conditions reported for these AMD sites, consistent with the 
overlapping stability fields for schwertmannite, ferrihydrite, and 
goethite (Fig. 2). Schwertmannite and ferrihydrite that precipitated 
from solution ultimately may transform to goethite (e.g. Bigham 
et al., 1996). Nevertheless, goethite was the only phase identified 
at Oak Hill, and schwertmannite was not observed with ferrihy-
drite and goethite at Otto or Colket.

4.1. Implications for Mars

Iron-bearing oxyhydroxides and oxyhydroxysulfates have been 
identified using VNIR spectroscopy at several locations on Mars, 
including ferrihydrite, goethite, and jarosite at Mawrth Vallis 
(Farrand et al., 2009), and schwertmannite at Aram Chaos (Liu 
et al., 2012).

4.1.1. Aram Chaos
Aram Chaos displays a complex stratigraphy. Lichtenberg et al.

(2010) mapped the stratigraphic column by using CRISM data, 
identifying an underlying chaos basement, draped by a layer of 
monohydrated sulfates mixed with an unnamed hydroxylated fer-
ric sulfate, topped by a layer of monohydrated sulfates mixed with 
nanophase iron oxides, and capped by a much younger unit. This 
younger unit has been the subject of several studies, and has been 
mapped as crystalline hematite (Christensen et al., 2001) mixed 
with goethite/ferrihydrite/schwertmannite (Massé et al., 2008) and 
a polyhydrated sulfate (Lichtenberg et al., 2010; Noe Dobrea et al., 
2008) that may be starkeyite (Liu et al., 2012).

Given that our naturally-precipitated ferrihydrite–goethite mix-
tures successfully masked goethite in the VNIR, the VNIR-spectral 
identification of all three in the Aram Chaos capping unit is inter-
esting. The mapping may point to very abundant goethite relative 
to ferrihydrite/schwertmannite – perhaps as ferrihydrite/schwert-
mannite have recyrstallized into goethite over time. Alternatively, 
because it appears to be the nanocrystalline form of goethite 
that is spectrally masked in our natural samples, the Aram Chaos 
goethite may exist in a more coarsely crystalline phase.
The Aram Chaos capping unit has been interpreted as a re-
sult of acid–sulfate weathering and evaporation, driven by peri-
ods of rising groundwater (e.g., Liu et al., 2012). If so, the system 
closely resembles laboratory experiments conducted by Tosca et al.
(2008), which found that goethite co-precipitating with schw-
ertmannite under such conditions formed nanocrystalline phases 
too small even to be resolved under SEM examination. Taken to-
gether with our findings, this suggests that goethite may dominate 
the Aram Chaos capping unit, with only minor amounts of ferri-
hydrite/schwertmannite. Because ferrihydrite/schwertmannite both 
age to goethite over time in the presence of water, the dominance 
of goethite in the Aram Chaos capping unit could indicate that the 
unit was exposed to prolonged liquid water after the initial precip-
itation of schwertmannite/ferrihydrite.

4.1.2. Mawrth Vallis
Mawrth Vallis is the oldest of the outflow channels that empty 

into Chryse Planitia. It carves through Noachian-age layers of 
light-toned materials that have a mineralogically-rich stratigra-
phy: a layer of Fe–Mg smectites, overlain by a hydrated layer that 
includes hydrated silica, montmorillonite, and kaolinite (Bishop 
et al., 2008). Isolated to one segment of the valley, Farrand et al.
(2009) reported a layer rich in K-jarosite, goethite, and ferrihydrite, 
stratigraphically above the Fe/Mg-smectite layer and of uncertain 
stratigraphy relative to the Al-phyllosilicate layer.

As with Aram Chaos, the presence of ferrihydrite and goethite 
in the VNIR spectra could indicate that the goethite is abundant 
relative to the ferrihydrite, or that the goethite exists in a coarsely 
crystalline phase. The latter would argue against the hypothesis 
put forward by Farrand et al. (2009) that the goethite formed 
by transformation from schwertmannite, since laboratory exper-
iments have shown that this transformation produces nanocrys-
talline goethite (e.g., Tosca et al., 2008). This would argue for abun-
dant goethite at the Mawrth Vallis jarosite outcrop, relative to the 
ferrihydrite that is present.

5. Conclusions

XRD and VNIR analyses of natural mixtures of ferrihydrite–
goethite–schwertmannite from AMD sites show that ferrihydrite 
and schwertmannite can mask goethite in VNIR spectra. The effect 
is most likely more acute for nanophase goethite. These findings 
suggest that care should be taken in interpreting environments on 
Mars where ferrihydrite, schwertmannite, or goethite are found, 
as the former two may be masking the latter. Additionally, our 
findings suggest that outcrops on Mars with both goethite and 
ferrihydrite/schwertmannite VNIR signatures may have high rela-
tive abundances of goethite, or the goethite may exist in a coarsely 
crystalline phase. Future laboratory work is needed to understand 
the relative abundances of ferrihydrite/goethite needed to spec-
trally mask goethite at various grain sizes.
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