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ABSTRACT

Mudrocks and mud-sized sediments (i.e., silt to clay) dominate the surface of Earth and Mars. These
fine-grained sediments preserve a rich history of sedimentary processes from source to sink and shed light
on ancient climates. However, both the physical and chemical nature of these materials make them diffi-
cult to fully characterize with traditional laboratory techniques. Here, we explore a cross-disciplinary
and high-resolution approach using synchrotron radiation for X-ray diffraction, pair distribution func-
tion analysis, and submicrometer-scale X-ray fluorescence, combined with transmission electron
microscopy, to better understand the nanostructure and composition of mud-sized sediments from a
glacio-fluvial watershed in southwest Iceland. Our results demonstrate that sediments in the cold
and wet climate of Iceland are more altered than previously thought, as evidenced by the identification
of kaolinite and mixed-layer kaolinite-smectite. Additionally, sediments are enriched in amorphous
materials and nanocrystalline phases, as determined from grain morphologies and compositions con-
sistent with allophane, hisingerite, ferrihydrite, and halloysite. These alteration products are present as
intimate mixtures that vary across depositional sites, demonstrating the dynamic nature of the second-
ary assemblage from source to sink. This work has implications for Mars, where, for example, basalt-
sourced sedimentary rocks from Gale crater are abundant in clay minerals and amorphous materials.
Finally, this work underpins the importance of using high-resolution techniques, a coordinated meth-
odology, and developing innovative approaches for future planetary sample return missions (e.g., Mars

sample return).

Keywords: Clays and amorphous materials, combine high-resolution analysis, sedimentary
processes from source to sink, preparation for Mars sample return, Earth Analogs for Martian

Geological Materials and Processes

INTRODUCTION

Mud and mudrock are blanket terms that refer to all siliciclas-
tic sediments or sedimentary rocks with grain sizes predominantly
of silt- (<63 pm) to clay-sized (<4 pm) particles (Hawkins and
Pinches 1992; Prothero and Schwab 2004). On Earth, mudrocks
represent the overwhelming majority of the sedimentary mass
(Pettijohn 1975). Interestingly, Mars also has a rich repository
of mudrocks, as illustrated by the stratigraphy of Gale crater.
The Mars Science Laboratory (MSL) Curiosity rover has tra-
versed over extensive (>800 vertical m) exposures of sedimentary
rocks, including many outcrops inferred to be mudstones
(e.g., Grotzinger et al. 2014, 2015). At the global scale, orbital
imagery from the surface of Mars documents the remnants of
depositional environments commonly associated with clay-sized
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detritus (e.g., deltaic and lacustrine) (Cabrol and Grin 2010). Fur-
thermore, remote sensing data have identified the widespread
occurrence of minerals inherent to the clay-size fraction (i.e., clay
minerals) throughout the ancient terrains of Mars (e.g., Ehlmann
and Edwards 2014). All these observations combined help further
drive the significance of mudrocks in the martian sedimentary
rock record. Additionally, Mars is covered in dust, with grain sizes
ranging between 1 and 4 pm (Lemmon et al. 2019). Thus, the
motivation to understand the composition of mud-sized sediment
extends to surface fines and atmospheric dust on Mars.
Detailed characterization of the clay-size fraction may reveal
the most information about both ancient environmental conditions
and sedimentary processes, compared to its coarse-grained coun-
terparts. For example, Nesbitt et al. (1996) demonstrated that ter-
restrial muds contain fewer primary minerals and are more
chemically differentiated than coarser detritus. Similarly, Thorpe
et al. (2021) compiled the mineralogy and geochemistry of the
clay-size fraction from terrestrial fluvial sediments and weather-
ing profiles around the globe to demonstrate a correlation between
mean annual temperature and the extent of chemical weathering.
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Another study from Rampe et al. (2022) explored the <2 um
fraction of proglacial sediments from the Collier Glacier in
Oregon, U.S.A., and demonstrated that mineral composition
was dominated by X-ray amorphous material(s), consistent with
both primary glass and secondary alteration products. Together,
these examples illustrate the unique information preserved in
the mud fraction of sedimentary deposits.

While mud-sized sediment may be important for unraveling
the sedimentary history of a planet and placing constraints on
paleoclimates, these fine particulates are also the most difficult
to analyze with traditional laboratory techniques. These difficul-
ties stem from the small grain size and a complex mixture of clay
minerals, poorly ordered phases, X-ray amorphous materials,
nano-crystalline particles, and minute primary minerals. Some
of these materials are sensitive to environmental changes as well
as analytical exposure (e.g., Tosca et al. 2022). Thus, analyses of
clay-sized sediments require careful sample preparation, high-
resolution instrumentation, and sometimes increased analytical
time to enhance the signal-to-noise ratio, but at other times, lim-
ited analytical dwell times are necessary because these materials
are sensitive to the incident beam intensity.

In this study, we explore the clay-size fraction of glacio-
fluvial sediments from southwest Iceland with high-resolution
analytical techniques. These same samples have been previously
characterized with traditional laboratory analytical techniques
(Thorpe et al. 2019). Previous results identified the prevalence
of smectite and X-ray amorphous materials, with abundances on
par with those observed by the CheMin XRD instrument on
MSL (Thorpe et al. 2021). Expanding on these previous studies,
the current investigation has two goals: (1) evaluation of a
suite of high-resolution analytical techniques for characterizing
the complex clay-size fraction and amorphous materials, and
(2) development of a more comprehensive model for the origin
and alteration history of fluvial sediments in Mars-analog mafic
terrain under a cold climate.

BACKGROUND
Iceland background and previous work

Iceland has been studied as a martian analog because basalt is
the chiefrock type in the region (e.g., Mangold et al. 2011; Ehlmann
etal. 2012), and the contemporary climate of Iceland may be anal-
ogous to the martian paleoclimate (e.g., Gale crater; Thorpe et al.
2021). Exploring sedimentary processes in these basaltic terrains
has shed light on how mafic detritus is transformed from source
to sink (e.g., Thorpe et. al. 2019); however, the clay size fraction
of these sediments remains only partly characterized.

The sediments from this study originated in the central high-
lands of Iceland with the Lake Hvitarvatn, a proglacial lake fed
from two outlet channels of meltwater from the Langjokull gla-
cier (Fig. 1). This lake feeds the Hvita river, and further down-
stream, other tributaries funnel into this fluvial system, turning it
into the Hvita S branch. In total, sediments in this system can
travel ~130 km from source to sink and descend 428 m before
discharging into the North Atlantic Ocean. Sediments previ-
ously analyzed by Thorpe et al. (2019) will be the focus of this
work, which builds upon previous bulk analyses. The sediment
samples consisted of fluvial deposits in the upper reaches of the
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watershed, detritus downriver along the transportation pathway,
and sediments approaching the delta, referred to throughout the
text as source terrains, downstream, and delta, respectively.
These sites were selected largely to track compositional transfor-
mations in the sediment as it progressed downstream. Online
Materials' Table S1 includes the coordinates and the previous
analysis conducted on these sediments. Additionally, an Icelan-
dic basalt, sampled in the mountainous terrains near the glacier,
was also characterized and classified as the “source rock.” How-
ever, we recognize that the source is likely more diverse than this
individual sample, and this particular source rock is meant to
serve as a comparison of an igneous lithology with primary
minerals and basaltic glass to secondary alteration products in
the sediment deposits.

The geochemistry and mineralogy of various grain size frac-
tions and the source rocks from the Hvita watershed document a
complex history involving chemical weathering, sediment sorting,
and provenance mixing (Thorpe et al. 2019). The mass fraction of
the clay-size fraction and alteration phase abundances increase
downstream, suggesting continued alteration within the fluvial
system. The geochemical measurements on these sediments
demonstrated a fractionation of elements from source to sink,
e.g., sediments approaching the river delta were most enriched
in iron. Here, we address outstanding questions from the earlier
study: (1) what discrete phases make up the abundant amorphous
fraction of these mafic-derived sediments; (2) can the elemental
cycling in the sedimentary system be linked to alteration along
the sediment transportation pathway; and (3) what can we learn
about the sedimentary processes from source to sink in the cold cli-
mate of Iceland through detailed analysis of the clay size fraction?

Amorphous vs. crystalline terminology

We follow the definitions of crystalline and amorphous mate-
rials in Caraballo et al. (2015) and Smith and Horgan (2021).
Broadly, crystalline phases have atomic arrangements that
repeat periodically in three dimensions (i.e., unit cell), and this
atomic order extends over tens of nanometers (Caraballo et al.
2015; Smith and Horgan 2021). Amorphous materials lack
long-range atomic order but can often have predictable distances
between atoms and the nearest neighboring atom, thus exhibit-
ing a short-range order at scales < ~10 nm (Caraballo et al.
2015; Smith and Horgan 2021). With these end-member defini-
tions in mind, there is also a transition between crystalline and
amorphous that includes nanocrystalline materials, which can
also be described as nanoscale and poorly crystalline, paracrys-
talline, or polyphasic. These nanocrystalline materials contain
crystalline domains on the scale of nanometers (Caraballo et al.
2015; Smith et al. 2021). Discretely identifying nanocrystalline
and amorphous materials can be challenging with traditional lab-
oratory techniques and underpins the importance of investigat-
ing these materials with high-resolution analytical approaches.

Characterizing clay minerals, amorphous phases, and
nanocrystalline materials

Determining the physiochemical properties of clay minerals
and amorphous and nanocrystalline materials is a critical chal-
lenge for scientists today; however, different characterization
techniques can provide a partial picture of the true nature of these
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Ficure 1. Geological map of Iceland modified from Thorpe et al. (2019) (a) with an insert displaying the Hvita watershed and samples interro-
gated in this study (b). Also highlighted on the insert map are high- and low-temperature (7) hydrothermal vents to investigate alteration product input
to the system. The location of these vents was obtained from Bodvarsson (1961).

alteration products (Modena et al. 2019). For example, transmis-
sion electron microscopy (TEM) is a powerful technique that has
been employed in clay mineralogy for decades and enables the
microstructural and morphologic characterization of clay minerals
and amorphous materials (e.g., Brown and Rich 1968; Dixon and
McKee 1974; Malla and Komameni 1990; Liu et al. 2019;
Modena et al. 2019). X-ray diffraction (XRD) is a powerful and
nondestructive tool that characterizes crystal structure and pro-
vides abundances of amorphous materials (e.g., Petkov 2008;
Bunaciu et al. 2015; Modena et al. 2019). Pair distribution func-
tion (PDF) analysis is a specialized approach that enables the
determination of structural information, including nearest neigh-
bor atomic distances and coordination numbers, for clay minerals
and poorly to non-crystalline materials (e.g., Klug and Alexander
1974; Petkov 2008). Another approach, submicrometer-scale
X-ray fluorescence (SRX), is used to characterize the elemental
composition of nanoparticles. This method has the unique ability

to capture microheterogeneities of nanoparticle chemical compo-
sitions (e.g., De Andrade et al. 2011; Chen-Wigegart et al. 2016;
Allwood et al. 2018).

METHODS

The approach used in this research combines TEM, synchrotron powder XRD,
synchrotron X-ray PDF, and synchrotron SRX to characterize the nanoscale struc-
ture, morphology, and elemental composition of the clay size fraction, similar to
the approach employed in Modena et al. (2019). The sediments subjected to all
these techniques were first separated from the bulk sediment by dry sieving to
<45 pm. The <1 pm was then separated using a settling column and Stoke’s Law.

TEM imaging

For TEM, sediments were embedded in epoxy and sectioned using ultramicrot-
omy to produce thin sections ~50 nm thick. TEM was carried out using a JEOL
JEM-2500SE field-emission scanning transmission electron microscope (FE-STEM)
at NASA Johnson Space Center. Bright-field TEM images, high-resolution
TEM (HRTEM) images, and fast Fourier transform (FFT) were acquired from
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ultra-microtomed sections. Chemical compositions were characterized using a JEOL
SD60GV 60 mm? ultra-thin window silicon drift detector (SDD).

Synchrotron XRD and PDF analyses

For synchrotron XRD and PDF, powders were loaded into Kapton capillaries
(1 mm ID Polyimide Tubing), trimmed to ~50 mm in length, and sealed with a
standard clay plug. Samples were analyzed on the 28-ID-1 beamline at the National
Synchrotron Light Source II (NSLS II), Brookhaven National Laboratory (BNL).
The incident X-ray beam energy was ~63.6 keV, with a corresponding X-ray
wavelength 0f 0.19316 A. In addition to analyzing the samples, clay mineral stan-
dards from the Clay Mineral Society were analyzed under the same conditions
to aid in clay mineral classifications. The <2 pm separate of a montmorillonite
(SAz-1), nontronite (NAu-1), and saponite (SapCa-1) were characterized via
XRD and PDF. Finally, empty capillaries with the standard clay plug were ana-
lyzed to account for any peaks not associated with phases within our sample.

Rietveld analyses of the XRD patterns using the MDI Jade software pro-
duced relatively good fits (Online Materials! Fig. S1), but these results are semi-
quantitative. Quantifying clay mineral abundance using XRD patterns of
standards as an overlay in the refinement requires the calculation of reference
intensity ratios, which was not performed as part of this work. Furthermore,
we did not add a standard in known quantity (e.g., corundum) to our samples,
making it impossible to quantify the abundance of non-crystalline materials. To
further interpret the XRD patterns, we also modeled the clay mineral phases
present using the NEWMOD software, a program developed for calculating
one-dimensional diffraction patterns for mixed-layer clay minerals (Moore
and Reynolds 1989). PDF patterns were processed at NSLS II, where two-
dimensional patterns were converted to one-dimensional patterns using FIT2D
to determine geometric parameters and radial integrations (Hammersley et al.
1994). The techniques for analyzing well-crystalline phases have been well
established using the reduced atomic PDF, G(r), which normalizes the PDF
by a spherical area (Petkov 2012; Terban and Billinge 2021). These G(r) calcu-
lations were completed at NSLS II using the PDFGETX2 program (Qiu et al.
2004), where standard corrections and an area-to-detector geometry were
applied (Chupas et al. 2003). We note that fitting standard phases using linear
models of PDF patterns was difficult due to the natural complexity of these
Icelandic samples. Thus, for this work, we also qualitatively compared standards
run at the synchrotron at the same time as the sample analysis.

SRX and XANES characterization of elemental
composition

For SRX, the loose sediments were mounted on high-purity silica glass slides
with an ultrapure epoxy. Although these loose grains were <1 pm, the particles
tend to flocculate, resulting in larger conglomerations of smaller grains. This sam-
ple preparation technique was beneficial for locating scanning areas for XRF and
provided a way to reference our target areas. The SRX beamline at NSLS II is an
undulator beamline located at sector 5-ID, offering an incident X-ray beam energy
range of 4.5 to 20 keV. The 5-ID SRX beamline provides the unique capability of
performing high-resolution XRF mapping as well as X-ray absorption near-edge
structure (XANES) spectroscopy. Both these capabilities were employed in this
study. Due to the small spot size of the SRX beam, we were unable to scan the
entire thin section; instead, we focused on arbitrarily selected locations with a sig-
nificant particle density, ultimately providing useful randomness in sampling to
investigate heterogeneity. After selecting a dense area of particles on the thin sec-
tion, an SRX map scan was performed on a selected target area. These SRX maps
were then analyzed in real-time for elemental relationships, and either an addi-
tional, tangential map was created, which would later be stitched together, or select
regions of interest (ROI) were further interrogated with SRX beamline capabilities.
For these ROIs, we zoomed in and performed quick “XANES-like” mapping that
targeted the energy windows of the various Fe-oxidation states (i.e., Fe’t and Fe?*
at 7.133 and 7.1215 eV, respectively). By targeting these energy windows, any-
thing above the adsorption edge was excluded; thus, we could focus on a discrete
oxidation state and perform a rapid analysis. This was a new approach for sedimen-
tary deposits, referred to throughout the text as SRX XANES maps, which reduced
the beam damage from extended dwell times on sensitive phases (e.g., clay miner-
als, nanocrystalline phases, and amorphous materials). SRX XANES maps were
compared to traditional XANES scans. To compare these approaches, first, a rapid
SRX XANES map was completed, and then traditional XANES scans were
acquired at points within a grain that were identified from the SRX XANES maps
as having variable oxidation states.
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REsuLTs
Microstructural characterization by TEM

Crystalline phases. Nanoprobe investigation using TEM
identified discrete microstructures, variations in textures and
morphology, and an overall contrast between particles in each
of the sediment deposits. Moreover, each deposit along the
transportation pathway displayed a unique composition in the
bright-field diffraction contrast and high-resolution lattice fringe
imaging (Fig. 2). From TEM images, we identified a 12.5 A
phase in all sediment deposits and both a 12.5 and 15 A phase
in the downstream and delta sediments, consistent with smectite
clay minerals with different levels of interlayer hydration. More-
over, from a fast Fourier transform (FFT) of the downstream
sediments, we identified the interstratification of a 7.1 and
12.5 A phase (Fig. 3), suggesting the presence of mixed-layer
kaolinite/smectite (K/S).

Amorphous and nanocrystalline materials. We identified
four main categories or phases of amorphous materials and
nanocrystalline phases through qualitative assessment of TEM
images of some regions that lack lattice fringes. We then
grouped these regions based on morphology and their relative
abundance based on their volumetric distribution in the TEM
images. Particles with a needle-like or tubular structure likely
represent a halloysite-like phase, a 1:1 layer structure clay min-
eral (e.g., Kogure 2016). This halloysite-like phase was identi-
fied in both the source terrains and delta sediments. We also
observed groups of particles that have a cloud-like structure sim-
ilar to allophane (Filimonova et al. 2016; Du et al. 2022), which
were identified in the source terrains and downstream sediments.
Some particles in the Icelandic sediments have a curved or cir-
cular morphology, similar to hisingerite (Eggleton and Tilley
1998), and these particles were only identified in the source ter-
rains. Finally, we identified cloud-like particles intimately
mixed with a darker particle, likely representing ferrihydrite.
This morphology of ferrihydrite has been observed in other stud-
ies with high-resolution TEM images, where agglomeration of
ferrihydrite nano-domains was observed as an incipient weath-
ering product of basaltic glass (e.g., Schindler et al. 2019). Fer-
rihydrite is observed in all sediment deposits; however, the
ferrihydrite clouds become more rounded going downstream.

XRD results

Crystalline phases and amorphous abundances.. Syn-
chrotron XRD patterns displayed sharp peaks consistent with
well-crystalline primary phases from a basaltic source, i.e., pla-
gioclase, olivine, and pyroxene (Fig. 4). The peaks associated
with these primary phases are less abundant in the downstream
and delta sediments, consistent with previous work on the bulk
sediments (Thorpe et al. 2019) (Online Materials' Fig. S2). We
identified two clay minerals with peaks at 7.1 and ~12.4 A in
synchrotron XRD patterns, neither of which was previously
identified in the Icelandic clay sediments using laboratory
XRD [i.e., Thorpe et al. (2019), random powder mounts]. The
position of these peaks is consistent with the presence of smec-
tite and kaolinite, confirming the identification from TEM.
Additionally, we observe a subtle peak at ~19.5 A, which could
be from regularly stratified mixed-layer K/S. However, this peak
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Downstream Source Terrains

Delta

Ficure 2. Bright-field diffraction contrast and high-resolution lattice fringe imaging from our TEM analysis. K/S represents the mixed-layer

kaolinite-smectite phase.

is close to the beamstop, and depending on how the beamstop
shadow is masked, this peak may be an instrument artifact. Thus,
future investigations should target an approach that can use syn-
chrotron XRD to aid in unraveling mixed-layer clay minerals with
a superstructure peak. Examples of such approaches may include
slightly lower energy ranges to constrain the beamstop shadow
and/or a variable distance between the beamstop and detector.
To help identify the discrete smectite phase observed in the
XRD patterns, we compared 001 and 060 peak positions of stan-
dard clay minerals to our samples (Fig. 4; Online Materials'
Fig. S3). Based on TEM imaging of smectite present with variable
hydration states, we used the NEWMOD software to create a clay
mineral mixture to best model the 001 reflection. In this model, we
were able to recreate the smectite 001 reflection and determine

a relative ratio of 12:1 for smectites with two water layers to
smectites with one water layer (Online Materials’ Fig. S4). Anal-
yses of the 060 reflection (Fig. 4c), which provides details on the
octahedral coordination, show this peak is typically broad in the
Icelandic sediments, suggesting a mixture of clay minerals. The
7.1 A peak is consistent with kaolinite or a serpentine phase, how-
ever, both the 001 and 060 reflections for the Icelandic sediments
are a better match with kaolinite (Fig. 4). Based on a qualitative
assessment of peak intensity, which is directly correlated with
phase abundance, the downstream and delta sediments contain
the highest abundances of smectite and kaolinite. XRD results
suggest that X-ray amorphous abundances also increase as a func-
tion of distance from the source based on the relative scatter above
the baseline, centered around 5 A.
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Ficure 3. Bright-field diffraction contrast and high-resolution lattice
fringe imaging from our TEM analysis, focusing on a location in the
downstream sediments in which two different smectites are intimately
mixed with the mixed layer clay mineral, kaolinite-smectite (K/S).

PDF clay and amorphous characterization

Strong PDF peaks in our source rock sample indicate that it
contains more crystalline phases than the sediment deposits
(Fig. 5). This supports the XRD analyses from both the previous
study (Thorpe et al. 2019) using the bulk sample and this work
focusing on the <1 pm fraction, both suggesting that X-ray
amorphous materials become more abundant as a function of
distance from the source (Fig. 4).

PDF patterns are consistent with multiple phases within each
sediment sample, consistent with the identification of multiple
non-crystalline materials in TEM (Fig. 2). For this work, we
compared the sediment and source rock PDF patterns to that
of a set of standards run under the same conditions, thus allowing
us to identify major phases contributing to the PDF pattern
(Fig. 5). Characterizing the chemical variations in these complex
samples will require additional modeling beyond the scope of
this paper and could be resolved with future least-squares opti-
mization to deconvolve the individual components for amor-
phous and nanocrystalline material mixtures (Jibrin et al. 2024).

The PDF pattern of the source rock is consistent with opal or
silica glass, possibly representing a primary volcanic glass. An
opal peak is observed in the source terrain sediment but not
observed in the downstream or delta PDF patterns. We observe
peaks that are correlated with ferrihydrite and nontronite in the
downstream and delta sediments. Nontronite is consistent with
the strong ~12.5 A XRD peak in the downstream XRD pattern
(Fig. 4). XRD and PDF data demonstrate that nontronite has a
more intense peak in the downstream sediment compared to
the delta deposit. Like nontronite, PDF patterns suggest that fer-
rihydrite increases in abundance with distance traveled. PDF
patterns are consistent with kaolinite in the fluvial sediments
as either a discrete peak or a shoulder to a nearby peak.

SRX elemental composition

High-resolution elemental maps using SRX demonstrate Fe
and Ca are abundant in all sediments (Fig. 6). This is not
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surprising, as Fe and Ca may be hosted in many primary mafic
minerals (e.g., olivine, plagioclase, and pyroxene). However,
the distribution of Fe and Ca may provide clues to the sedimentary
story. For example, Fe and Ca are often co-located, but in the
source terrains and downstream sediments, Fe is abundant
throughout the sample, whereas Ca is restricted to grains with dis-
tinct boundaries. We hypothesize that these discrete grains are
well-crystalline detrital phases (e.g., plagioclase). Further support
for detrital mafic minerals in the <1 pm sediments can also be seen
in selected hot spots of Ni, Cu, and Co, which are elements that are
easily substituted into olivine and a phase that is most abundant in
the headwaters. In contrast, in downstream sediments, the co-
location of Fe and Ca is more dispersed, which may represent
the incorporation of both Fe and Ca into alteration products, such
as smectites. Downstream, we also see a strong correlation
between Fe and Mn, which may both exist in olivine or alteration
products (e.g., clay minerals). [fthat latter scenario were true, then
this observation could potentially record redox-sensitive pro-
cesses within the source-to-sink system. Finally, the delta sedi-
ments display an overall rounding of particles and a relative
homogenization of elemental distribution. A change in particle
roundedness with distance from the source was also observed
in TEM images (Fig. 2), where the microstructure of the ferrihy-
drite grains changes as a function of distance from the source.
In addition to these high-resolution maps, we also experimented
with creating Fe-oxidation state maps using the rapid SRX XANES
maps approach. The results of the Fe-oxidation maps outline par-
ticles in the downstream and delta sediments that display an exterior
enriched in Fe>* and an interior concentrated in Fe?* (Fig. 7). This
observation of Fe-oxidation states may suggest that a weathering
rind is forming on these particle grains within the sedimentary sys-
tem. To test this SRX XANES map approach vs. the traditional
XANES technique, we explored additional grains that displayed
similar features of zonation. Results from the traditional XANES
scans displayed no change in oxidation state. In fact, after the tra-
ditional XANES scans were completed, a subsequent rapid SRX
XANES map was reacquired, and the grain was homogenized, with
no oxidation state zonation, suggesting that beam damage had
occurred to the analytically sensitive phases within these sediments.

DiscussioN

A combined high-resolution analysis of the clay size fraction
of Icelandic sediments complements our previous study (Thorpe
et al. 2019) by providing more information on the sedimentary
history. For example, TEM enabled the identification of three
new clay mineral phases and an assortment of both amorphous
materials. Similarly, the identification of new peaks in the syn-
chrotron XRD patterns indicates a deficiency in bulk laboratory
analyses and provides a new clue for interpreting geological his-
tory, as discussed below. As we extend our knowledge base to
Mars, we can better constrain the potential clay and amorphous
compositions and prepare to analyze samples collected by return
missions with similar high-resolution approaches.

The clay mineral story

The clay mineral story in Iceland is complex and involves smec-
tite from various soils throughout the island (Wada et al. 1992),
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smectite in glacio-fluvial sediments (e.g., Thorpe et al. 2019),
kaolinite in subglacial hydrothermal systems (Warner and
Farmer 2010), and a kaolinite/smectite phase from hydrothermal
sediments (Dekov et al. 2005; Markusson and Stefansson
2011). To add to this story, we report multiple smectites
(i.e., crystal structures with 12.5 and 15 A interlayer spacings),
kaolinite, and an interstratified clay phase in glacio-fluvial sedi-
ments. These findings may suggest that the surficial weathering
history from source to sink is more dynamic than previously
thought. For example, the difference in basal spacing for the
smectites observed in TEM images and XRD patterns suggests
different amounts of water in the interlayer site. This observation
could be a product of sample preparation and relative humidity
or a result of various cations in the interlayer site (e.g., Li™, Na*,

K*, Ca**, and Mg?*). The relationship between the number of
adsorbed water molecules is related to the nature of the interlayer
cation (Suquet et al. 1975). Thus, in the Icelandic sediments, the
12.5 A smectite would have an interlayer cation with lower
hydration energy (e.g., Na™), and the 15 A smectite would have
an interlayer cation with higher hydration energy (e.g., Mg>").
The occurrence of two smectitic phases could suggest a transfor-
mation via cation exchange during transport (Meunier 2005).
In addition to the smectite diversity, the identification of kao-
linite may suggest that the degree of weathering in the sediments
is more advanced than previously documented. We propose
this scenario because in nature, weathering reactions commonly
alter smectite into kaolinite (Srodoni 1999). However, we recog-
nize that the Hvitd watershed is vast, ultimately sampling a
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significant surface area from source to sink, including hydrother-
mal systems (Fig. 1). Thorpe et al. (2019) documented at least
one additional evolved igneous source contributing to the
system based on rare earth element (REE) patterns and trace ele-
ment trends. Moreover, recent work in Iceland has demonstrated
that detailed exploration of the provenance in smaller catch-
ments that feed into the Hvitd watershed is even more complex
than previously reported (Putnam et al. 2024). Thus, while this
catchment is dominated by a progenitor with a basaltic compo-
sition, as inferred from historical geological maps (Fig. 1), the
incorporation of other igneous parent rocks (e.g., andesites) or
altered sources (e.g., hydrothermal inputs) cannot fully be ruled
out and may be a source of kaolinite (Dekov et al. 2005;
Markusson and Stefansson 2011). We believe that kaolinite
formed in situ in the Hvita from subaerial weathering because
there is limited evidence for other hydrothermal inputs. For
example, at hydrothermal vents in Iceland, kaolinite occurs in
the high activity zones, i.e., where pH is lowest and temperature
is highest (Markusson and Stefansson 2011; Sanchez-Garcia
et al. 2020). In these zones, kaolinite is commonly associated
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with pyrite and anatase, two phases absent from our previous
study in the bulk sediments as well as the high-resolution results
presented here. Additionally, the increase in kaolinite abundance
with distance from the source suggests that a sedimentary pro-
cess influences its abundance. Finally, the identification of K/S
in TEM images of downstream sediments may be a transitional
phase between smectite and kaolinite. Together, this clay min-
eral story may suggest that weathering is progressing throughout
the transportation processes from source to sink, instead of
solely in the source terrains or within the sedimentary basin.
Thus, while we cannot rule out hydrothermal input(s) to the
system, we favor chemical weathering as the process leading
to both kaolinite and the K/S phase.

The amorphous conundrum

Amorphous materials have historically been a challenge to
characterize, both on Earth (e.g., Ashley 1909; Colman 1982;
Wada 1987; Dixon and Weed 1989; Arnalds 2004; Smith and
Horgan 2021; Rampe et al. 2022) and on Mars (e.g., Dehouck
et al. 2014; Achilles et al. 2020; Smith et al. 2021, 2022). This
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hardship has even led authors like McLennan et al. (2019) to
deem it as the “amorphous conundrum” for Mars. Part of the rea-
son why amorphous materials are difficult to characterize on
Mars is that they are likely a mixture of multiple amorphous
materials and nanocrystalline phases, and the individual compo-
nents are difficult or impossible to separate using orbital and

in situ mineralogical measurements (e.g., XRD, infrared
spectroscopy).

In this study, we observe that glacio-fluvial sediments from
Iceland are an intimate mixture of at least four nanocrystalline
phases and amorphous materials. These phases include allo-
phane with a cloud-like morphology, ferrihydrite with Fe
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clusters, hisingerite with a curved morphology, and a halloysite-
like needles. Importantly, we see that these phases vary as a
function of distance from the source in the sedimentary system.
In the TEM images, it appears that allophane is more abundant
upstream and ferrihydrite increases downstream. This qualifica-
tion is also consistent with the PDF analysis documenting the
increase in ferrihydrite and amorphous materials in the down-
stream sediments.

The pathway for nanocrystalline and amorphous formation
appears to be complex, as there may be incipient alteration pro-
ducts that are considered nanocrystalline or amorphous as well
as later-stage phases from either continued alteration of primary
phases, alteration of newly formed secondary phases, and/or the
evolution of nanocrystalline or amorphous phases from one to
another. Even with the high-resolution techniques employed
in this study, it is difficult to rule out any of these possible sce-
narios, and they all likely play a role in shaping the sediment
composition. However, we can conceptualize a hypothetical sce-
nario based on our results in which all nanocrystalline and amor-
phous phases are initial chemical weathering products first
observed in the source terrains, and some may even be
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precursors to the clay minerals, i.e., kaolinite and smectite,
observed in the system (Fig. 8). The primary phase being altered
likely controls the nanocrystalline or amorphous phase compo-
sition in this first step of the conceptual model. For example,
hisingerite is more Fe-rich and is likely an incipient alteration
product that formed from the weathering of olivine compared
to allophane, which is more Al- and Si-rich and likely represents
the initial stage of weathering a more felsic phase (e.g., plagio-
clase) or volcanic glass. This first step in the evolution of
secondary products in the source-to-sink system is also consis-
tent with lower smectite abundances in the source terrains
compared to downstream; thus, the source terrains may only
be capturing incipient alteration products. As the sediments con-
tinue downstream (Fig. 8), this chemical weathering process
continues, and additional transformations occur. This secondary
stage may be captured with the maturation of some nanocrystal-
line or amorphous products giving way to phyllosilicates. For
example, halloysite has been shown to evolve to kaolinite as
weathering intensity increases (Papoulis et al. 2004). Similarly,
allophane has been proposed as a precursor for kaolinite during
kaolinitization (e.g., Dill 2016), an intermediate weathering
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product to 2:1 clay minerals, e.g., smectite (e.g., Colman 1982),
and even a predecessor to halloysite through a resilication
process (e.g., Koji 1989).

At this stage, alteration likely continued at temporary storage
sites downstream (e.g., point bars or flood plains), during which
mobile ions (e.g., Mg2+) continued to be leached leaving behind
immobile elements such as Fe. This elemental behavior is also
consistent with the geochemistry reported by Thorpe et al.
(2019), where the authors first observed an initial trend toward
Al enrichment during incipient alteration and then as sediments
traveled downstream, they become enriched with Fe. In the con-
ceptual model, this elemental behavior would also favor the
enrichment of ferrihydrite in the downstream sediments, as
observed in the TEM and PDF patterns. During this secondary
stage, we also observe the mixed-layer K/S, signifying either a
hydrothermal input (either has fluvial or aeolian detritus) or our
preferred interpretation of continued alteration of the secondary
products along the transportation pathway. Finally, as the sedi-
ments approach the delta, the same alteration trends observed in
the second stage have progressed even further, making K/S more
abundant than smectite and ferrihydrite the dominant amorphous
product.

Continued exploration of high-resolution techniques

SRX maps provided context to the overall elemental cycling in
these Icelandic sediments. By performing coarser scans to create
elemental maps, we found that Fe and Ca are widely dispersed and
Co and Ni are highlighted in discrete grains in the source terrains.
This elemental behavior is likely linked to the primary mineral-
ogy, as these sediments were most enriched in mafic minerals.
We suggest that Fe, Co, and Ni track individual grains of olivine
and/or pyroxene while Ca is more likely associated with plagio-
clase. In comparison, Fe is abundant downstream but also co-
varies with Ca in smaller particles, a behavior we suggest signifies
smectite formation based on the identification of smectite in
downstream sediments via XRD, PDF, and TEM. Additionally,
we observe a correlation between Mn and Fe in the downstream
sediments, suggesting a redox influence as these sediments are
altered downstream. Farther along in the transportation pathway,
the sediments approaching the delta become more homogenous in
their elemental distributions and appear to be more rounded.
These observations suggest that sediments become: (1) finer
grained farther downstream and (2) the downstream sediment
deposits are more physically and chemically altered compared
to upstream. The chemical homogenization of sediments agrees
with previous work by Thorpe et al. (2019) that demonstrated
the entire sediment deposits near the delta, including the coarser
grained fraction (e.g., sand to pebbles), becomes more altered with
less mineralogical variability among the various grain sizes.
Together, this suggests that weathering and physical breakdown
homogenize the sediments during transport, which increases with
distance traveled in the routing system from source to sink.

In addition to elemental cycling, we also observe a unique
trend in the oxidation state of Fe in both the downstream and delta
sediments. During the coarse scans, we were able to identify a
region that displayed a ring-like distribution of Fe. Rapid SRX
XANES maps suggest a weathering front in the Icelandic sedi-
ments, with the exterior of the grains enriched in ferric iron
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and the cores enriched in ferrous iron. This may represent an alter-
ation of grains within as they are transported, stored at temporary
storage sites (e.g., point bar), and then re-entrained within the sed-
iment conveyor belt. This process of continued alteration is easy
to envision but is a step in the source-to-sink system that has been
historically overlooked. Characterization of sediment alteration
along the pathway is an ongoing area of research. Our SRX
approach informs ways to advance this technique. First, we sug-
gest using coarser scans to identify an area of interest and then
focus on areas to perform more detailed scans at a higher resolu-
tion. Additionally, during the analysis, we discovered that rapid
SRX XANES maps were less destructive to beam-sensitive sam-
ples than a traditional XANES scan. Finally, exploring the fate of
other redox-sensitive elements in these environments will help
develop a more complete sedimentary history.

IMPLICATIONS FOR EARTH, CURRENT ROVER EXPLORATION
OF MARS, AND THE FUTURE OF SAMPLE RETURN MISSIONS

The results of this work highlight how complex the mud size
fraction of sedimentary deposits can be on Earth and warrants cau-
tion in interpreting the sedimentary rock record of Mars using
bulk instrument techniques. However, when rooted in a terrestrial
reference framed with high-resolution approaches, we can attempt
to scale these interpretations up to rover-style measurements. For
example, at Gale crater, the geochemistry and mineralogy from
the Curiosity rover previously suggested a modest weathering
history (e.g., McLennan et al. 2014; Hurowitz et al. 2017; Rampe
et al. 2017; Bristow et al. 2018; Thorpe et al. 2022). Results
from this work demonstrate that in a Mars-analog cold and wet
climate on Earth, the true extent of alteration may have been
underestimated from coarser-resolution techniques in previous
studies (e.g., Thorpe et al. 2019). If these results from Iceland
are placed into a terrestrial reference frame for extending our inter-
pretations to Mars, then this work may suggest that the elusive
amorphous component of Gale crater sedimentary rocks is
also composed of a natural intimate and multi-phase mixture.
Moreover, if the martian X-ray amorphous component has any
resemblance to the Icelandic catchment we explored, the compo-
sition of the amorphous component likely also evolves from
sample to sample in the source-to-sink system and would likely
be dependent on several sedimentary processes shaping the over-
all composition. Finally, extending the context of these results to
Jezero crater, where the Perseverance rover has already discov-
ered evidence for smectite, serpentine, and potentially vermiculite
(e.g., Dehouck et al. 2023), the clay mineral story may be even
more dynamic and can only be fully unraveled with these samples
back on Earth and using high-resolution techniques.

The approach and techniques used in this study dealt with
handling a small amount of sample mass and extracting the most
geochemical and mineralogical information from it. This study
emphasizes the importance of coordinated analysis using
high-resolution techniques for piecing together the sedimentary
history of glacio-fluvial systems in Iceland. Specifically, our
results revealed that glacio-fluvial sediments from a watershed
in southwest Iceland are more altered than previously reported
and that the secondary nanocrystalline and amorphous assem-
blage is dynamic within the source-to-sink system. On Earth,
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underestimating the extent of alteration in modern sediments has
implications for interpreting the paleoclimate preserved in the
sedimentary rock record as well as for fully understanding the
geological carbon cycle, as weathering mafic sediments can
be a sink for CO,. Finally, this work not only underpins the
importance of using high-resolution techniques for sample
return missions but also draws a connection to current planetary
missions and how we can use our high-resolution terrestrial ref-
erence frame to better interpret the sedimentary history of Mars.
As we are in the golden age of sample return (e.g., asteroid sam-
ples were recently returned from Hayabusa2 and OSIRIS-REX,
while Artemis III and Mars Sample Return are on the horizon), a
similar methodology should be considered to characterize the
composition and structure of the finest grain size fraction of
future planetary materials.
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