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EFFLORESCENCE OF GYPSUM AND JAROSITE DURING EXPOSURE OF SULFIDIC LACUSTRINE
SEDIMENT, WESTERN GREENLAND. P. D. Cavanagh1, M. S. Bramble2, and L. M. Pratt1, 1Indiana University, 1001 East 10th Street, Bloomington, IN 47405 (pdcavana@indiana.edu), 2Brown University, Providence, RI.
Introduction: A recent detection of the ferric sulfate jarosite (KFe3+3(OH)6(SO4)2) along the shoreline
of an evaporative pond in southwestern Greenland [1]
motivated a field expedition to better characterize the
environment contributing to the efflorescence of sulfate minerals. The field site, informally named Triangle pond, is a closed-drainage acidic pond (pH~4) located approximately 5 km northeast of Kangerlussuaq,
Greenland within close proximity to a braided stream
complex that seasonally carries discharge from the
Russell Glacier (Figure 1). The pond has an encroaching dune along the southern shoreline and is in close
proximity to exposed Paleoproterozoic metasedimentary bedrock. The fieldsite allows year-round study of
efflorescence of sulfate minerals, dominantly gypsum
and jarosite, under Arctic conditions in a windy, semiarid environment. Under winter ice cover, it appears
that reactive sulfide species form in the water and sediment columns due to microbial sulfate reduction. Contraction of the lake as a result of regional drought has
exposed sulfide-bearing sediment and resulted in efflorescence of sulfate minerals in concentric bands around
the current low-stand pond.
Investigation of surface sulfate occurrences at Triangle pond provides insight into geochemical mechanisms relevant to reconstructing the timing of jarosite
formation on Mars. Jarosite commonly precipitates on
Earth at low pH (<4) under highly oxidizing conditions
and is relatively stable after formation. Seasonal variation in the abundance of jarosite in the efflorescent
bands at Triangle pond is an unexpected observation
with implications for recording current and ancient
conditions on Mars [2]. The identification of jarosite,
in association with Mg- and Ca-sulfates, phosphates,
and amorphous Si on Mars, has led to a hypothesis of
widespread acid-sulfate weathering on Mars. However,
the source of the sulfur and specific conditions of the

weathering remains contentious. Recent theories explaining the widespread precipitation of sulfates include: (1) oxidation of sulfides within ultramafic rock
[3]; (2) sulfuric-acid rain following volcanic outgassing and/or acid fog [4]; (3) low-temperature interaction of sulfur aerosols with ice [5]; and (4) acid-sulfate
weathering as suggested by recent interpretation of Xray diffraction (XRD) results from the MSL CheMin
instrument [6].
Methods: The Greenland project is a combination
of instrumented field measurements and sample collection at Triangle pond in October, 2016 and laboratory
analyses on shipped samples currently underway at
Indiana University.
Field methods and instrumentation. The uppermost
2-3 cm of unfrozen soil were carefully collected (~70
samples) along four transects radially extending from
the current lake margin to the wave-cut benches from
high-stand lake levels. During sample collection, subsurface layers with a distinct reddish-orange color were
discovered in slightly raised mounds at a distance of
~50 feet from the shoreline. Consequently, additional
samples were collected to allow characterization of
minerals in depth profiles down to the top of the ice
table. Samples were stored in sterile centrifuge tubes
and maintained at temperatures <0°C. A visible to
near-infrared (~400-2500 nm) spectrometer (ASD
FieldSpec3) and Raman spectrometer (Bayspec Agility) were also brought into the field to take coordinated
measurements during the sampling campaign.
Lab methods. The soil samples were hand-carried
by the field team, following USDA regulations, and
delivered in a frozen condition to Indiana University.
Current analytical work is focused on XRD and stable
sulfur isotope analysis. XRD analysis is performed on
whole-soil samples prepared by drying and then powdering in a corundum mortar and pestle.
Figure 1. Location of Triangle pond (red box).
Inset figures depict fluctuating water levels and
concentric bands formed by shoreline waves and
evaporative mineralization. (A) The shoreline
level at an intermediate stand from a satellite
image from 2010, (B) Shoreline level at low
stand following a multiple-year drought. The red
curves in B correspond to the approximate highstand (H), intermediate-stand (I), and low-stand
(L) shoreline levels.
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XRD measurements are made using a Bruker D8 X-ray
diffractometer, measuring from 2-70° 2θ (CuKα) at 2
sec./step (step size=0.02° 2θ). The XRD data are analyzed using Bruker EVA software for mineral identification and Bruker TOPAS software [12] to determine
quantitative abundances using Rietveld refinement.
Results: Quantitative mineralogy was determined
for the crystalline phases of 8 samples along a single
transect and one sample from lake-bottom sediment
under ice cover (Figure 2). The mineralogy of the transect largely consists of the following phases: quartz,
feldspars (both potassium feldspar and plagioclase),
pyroxene, amphibole, and mica (muscovite and/or biotite). Secondary phases (those occurring after sediment
deposition and/or precipitated from evaporating pond
water) include:
gypsum
jarosite
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ably reflects the presence of windblown sand masking
the top layer of exposed lake-bottom sediment.
The current lake-bottom sediment is dark colored
and has a distinct sulfidic smell. XRD of this sediment
does not reveal crystalline sulfides, suggesting the
presence of suspended colloidal sulfides or humic colloids containing organosulfur compounds. During falling lakes level and exposure of lake-bottom sediment,
sulfide substances are oxidized and sulfur is precipitated as gypsum and various acidic iron sulfates. The pH
of Triangle pond (~4) and adjacent shallow groundwater is consistent with acidic sulfate minerals precipitating at the surface [7], but specific environmental factors controlling the formation of a concentric zone of
enriched jarosite abundance are unknown.

CaSO4 2H2O
(K, Na, H3O)(Fe3+)3(SO4)2 OH6

There may be other hydrated sulfate minerals present
below detection levels. Outward from the current
shoreline, gypsum abundance increases from about 15
wt % at 20-30 ft. and reaches about 40 wt % at 40-50
ft. Gypsum is not detected in the sample at 60 ft. but
reaches about 20 wt % in the sample at 70 ft. Samples
further out from the shoreline had little to no gypsum
present. Lake-bottom sediment acquired through a hole
in the ice cover and soils sampled at 10 ft. contained
no detectable gypsum. The iron-sulfate mineral jarosite
was detected in the samples at 50 and 70 ft. with abundances of about 5 wt %. Jarosite is likely present in
other samples at or near detection limits. A single soil
sampled collected in August 2015 at a distance of
about 50 ft. from the current shoreline contains about
24 wt % gypsum and about 12 wt % jarosite.
Discussion: Preliminary mineralogical analysis of
soil and sediment from the study site at Triangle pond
reveals a fairly homogeneous mixture of siliciclastic
minerals derived from weathering of Paleoproterozoic
metasedimentary bedrock and transported by wind
from periglacial settings. There are two distinct mineral facies intersected along the radial transects: (1)
blackish-grey, sulfidic sediment from the current lowstand lake bottom and (2) sulfate-rich sediment on the
surface of exposed, intermediate-stand lake bottom.
Sulfate minerals are inferred to result from falling water levels and subsequent exposure and evaporation.
The location of the jarosite (samples from 50 and 70
ft.) corresponds to the shoreline position of an intermediate-stand lake. It appears that multiple years of
drought have allowed development of shrinkage cracks
and penetration of air and water into exposed lakebottom sediment. Efflorescent crusts and mounds of
sulfate minerals are inferred to form above the ice table
during evaporation of shallow ground water. The lack
of sulfate minerals in the sample at 60 ft. sample prob-

Figure 2. Crystalline mineralogy of Triangle pond: (A) Pond floor
sediment under winter ice cover; (B) Variation of the crystalline
mineral abundances along transect 3, radially extending from the
current lake margin high-stand lake levels. Samples of the uppermost
layer were taken at 10 ft. intervals; (C) Yellow efflorescent sediment
sampled from Triangle pond in August, 2015 [1].

Conclusions: Mineralogical analyses of soil and
sediment at Triangle pond in Greenland confirm the
presence of gypsum and jarosite in concentric bands
related to evaporation of shallow ground water containing sulfate derived from the oxidation of underlying sulfidic lake sediment. Future work will emphasize
sequential extraction of sulfur species and stable sulfur
isotope analysis to access the roles of sulfur-reducing
and sulfur-oxidizing bacteria in the Arctic sulfur cycle
at Triangle pond.
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