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Abstract Mars has many well‐exposed fluvial ridges and fluvio‐deltaic basins; in two of these locations, the
Curiosity and Perseverance rovers are currently searching for signs of habitability. The distribution of organic
carbon that might persist in ancient fluvial deposits present on Mars is not well understood. In this study, we set
out to assess the preservation potential of organic carbon in a hyperarid fluvial environment with observations
and analyses of the Amargosa River in Death Valley, California (United States). The lower reaches of the
Amargosa River in Badwater Basin are nearly devoid of plants and contain low gradient, meandering channels,
making them a valuable terrestrial analog for early martian fluvial systems. We analyzed sediment taken from
fluvial deposits exposed in cutbanks of two bends of a meandering channel. We found total organic carbon
abundances that were on average 0.15% up to a meter below the surface. X‐ray diffraction and electron
microscopy analyses revealed a suite of high redox potential mineral phases (including iron and manganese
oxides) mixed with detrital and authigenic silicates, carbonate, and sulfate salts at or close to redox equilibrium
with pore fluids in contact with the atmosphere. This finding highlighted that organic carbon can persist in
fluvial deposits at low abundance despite oxidizing conditions and saturated sediments and suggested that
ancient fluvial deposits on Mars may retain traces of organics in fine‐grained deposits if they are present during
deposition.

Plain Language Summary The Curiosity and Perseverance rovers are currently searching for signs
of past life on Mars in two ancient river deposits. Since carbon on the surface of Mars could originate from
meteorites and chemical reactions in addition to potential Martian life forms, it is valuable to identify
sedimentary environments that best preserve biospheric organic carbon. The distribution of organic carbon that
might persist in ancient river deposits on Mars is not well understood, yet this understanding is crucial to
detecting evidence of past life on Mars. In this study, we set out to determine the preservation potential of
organic carbon in an arid, fluvial environment. The Amargosa River (Death Valley, California, United States)
hosts a low gradient single threaded river, running through a catchment with little vegetation and making it a
valuable terrestrial analog for early Martian fluvial systems. We found that organic carbon can persist in fine‐
grained river sediments at low abundance despite oxidizing conditions in the subsurface. Our results suggested
that fine‐grained ancient river deposits on Mars are the most promising sampling targets for the Perseverance
rover to detect traces of potential life on Mars.

1. Introduction
Mars has extensive sedimentary deposits, which record a time when the planet was warmer and wetter (Grotzinger
et al., 2015; Williford et al., 2018). It is clear that Mars was once a habitable planet. There is now an intense effort
to understand whether or not the planet hosted life (or its precursor chemistry) (Arvidson & Catalano, 2018;
Grotzinger et al., 2015; Rampe et al., 2020). Today, the Perseverance rover builds on this progress by searching
for remnants of microbial life in the preservation of organic matter in the fine‐grained, fluvio‐deltaic and
lacustrine sediments at Jezero Crater (Williford et al., 2018). Understanding organic carbon preservation on Mars
is therefore critical to fulfilling the science goals of the Perseverance mission.

So far, missions have landed in smaller Noachian (4.1–3.7 Ga) and early Hesperian (3.7 Ga onwards) alluvial and
deltaic fan deposits in craters. However, there are many other fluvio‐deltaic features exposed at the surface of
Mars, often recognized by networks of ridges due to differential aeolian erosion that has occurred over billions of
years since the rivers were active (Dickson et al., 2021). These ridges are located in large sedimentary basins
undergoing inversion in which erosion of fluvial stratigraphy preferentially exposes channel body deposits
(Cardenas et al., 2022). They provide a valuable archive of ancient Mars surface environments and processes and
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likely also contain sedimentary organic carbon. It is unclear what fraction of organic carbon phases initially
present on Mars would be preserved in these environments and what depositional facies might be most likely to
do so.

A range of physical, chemical, and potentially biological processes could be responsible for producing organic
molecules on Mars. Meteorites deliver a range of organic carbon phases to the surface of Mars (Frantseva
et al., 2018). In addition, several abiotic processes that produce organics on Earth may have occurred on early
Mars, such as cyano‐sulfidic chemistry, serpentinization, sabatier reactions, and Miller‐Urey spark discharge
(McCollom, 2013; Sasselov et al., 2020; Steele et al., 2022). Most interestingly, life produces organics (measured
on Earth in terms of primary productivity). When rivers were active on Mars, the carbon from these potential
sources would have been subject to riverine transport, reaction, and burial/preservation. Organic molecules have
been detected in mudstone and fluvial sandstone on Mars (Eigenbrode et al., 2018; Freissinet et al., 2015; House
et al., 2022; Millan et al., 2022; Stern et al., 2022; Sutter et al., 2017; Szopa et al., 2020), but organic carbon
abundances are uncertain.

Previous studies of terrestrial systems have determined that organic carbon preservation varies according to the
sedimentary materials, depositional environment, and the lability of the carbon (Liu et al., 2022; Repasch
et al., 2022). Organic carbon is better preserved at locations with rapid sedimentation or saturated pore waters
because the molecules are exposed to oxygen for a shorter period of time (Hartnett et al., 1998). Mineral‐bound
organic carbon is able to persist for millennia compared to free organic carbon in oxygenated environments,
especially with smaller grain sizes due to greater surface area (Bianchi et al., 2007; Hemingway et al., 2019; Ke
et al., 2022; Stecko & Young, 2000). Redox availability and mineral catalysts have the opposite effect, accel-
erating microbial degradation of organic matter (Kleber et al., 2021). Lastly, refractory polymerized carbon is
much harder to degrade and is therefore preferentially preserved (Burdige, 2007).

Earth serves as a valuable analog to understand how organic carbon is cycled with river sediment from transport to
preservation (Galy et al., 2015; Gislason et al., 2006; Resplandy et al., 2018). Rivers transport significant amounts
of inorganic carbon as particles and are dissolved in the water column. Particulate organic carbon (POC) asso-
ciated with sediment in active suspended fluvial transport on Earth typically contains 1%–2% OC with some
outliers up to 90% (Ke et al., 2022). Though OC content is typically higher in finer grained sediments, many other
factors such as precipitation, tectonics, and temperature impact OC loading. OC associated with fluvial sediment
can be buried in river deposits or bank sediment. The average organic content of bank sediment is much lower
than POC content (on average ∼0.8%) (Cao et al., 2017; Skorbilowicz & Skorbilowicz, 2008; Sutherland, 1998)
and can be as low as 0.09% (Zhang et al., 2020). Bank sediment typically contains an OC rich soil/overbank layers
established at the top of the floodplain. The OC content is lower in the deposits that underlie those upper layers
(Douglas et al., 2022; Lininger et al., 2018; Repasch et al., 2021; Scheingross et al., 2022; Torres et al., 2020).

Most studies on Earth measure the impact of perennial rivers with high biospheric OC turnover on the terrestrial
carbon cycle over decades to millennia. Increasing mean annual precipitation and mean annual temperature
creates high OC turnover, such that the measured biospheric OC is relatively younger in rivers in warmer and
wetter climates (Eglinton et al., 2021). As a result, OC in rivers with geographically hot and humid climates has
higher turnover than OC in rivers flowing at low temperature and low precipitation climates. There is a lack of
measurements of TOC for arid riverine settings, but measurements from temperate and polar settings indicate that
organic carbon is more persistent in colder terrestrial environments and might persist on Mars. Climate during the
Mars river‐forming era is debated as either warm and wet or cold and dry (Scherf & Lammer, 2020; Wordsworth
et al., 2015). Regardless of the climate, there is general agreement that martian rivers did not have biotic input
from plants and that the water on Mars has dried since then (Scheller et al., 2021). Thus, any OC observed by
rovers today may have had to be preserved over millions or even billions of years in a cold and dry ancient river
deposit. To understand the potential OC preservation in these environments, it is useful to study OC preservation
on Earth in a dry, depositional fluvial environment generally devoid of vegetation.

In this study, we set out to assess the initial organic carbon preservation potential of a martian fluvial environment
by conducting measurements of a modern process analog environment: the Amargosa River in Death Valley,
California, USA. The lower reaches of the Amargosa River in Badwater Basin are nearly devoid of plants and yet
contain low gradient meandering channels, making them a valuable terrestrial analog for early martian fluvial
systems. We analyzed the mineral assemblage of the floodplain sediment taken from cutbanks of two bends of a
meandering channel and measured the TOC content of these samples.
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1.1. Geologic Setting

The Amargosa River is a single‐threaded, depositional alluvial river (Belcher et al., 2019). Our study reach of the
Amargosa is situated in Death Valley, California, between the Panamint Range and the Black Mountains
(Hooke, 1972). The study reach (36.112°, − 116.815°, elevation of − 81.5 m) is located in the Great Basin, which
has been subject to tectonic extension since Miocene time, is subsiding at ∼1 mm/year, and contains more than
3 km of valley fill (Ielpi, 2019; Ku et al., 1998; Li et al., 1996 and references therein). The Amargosa River in the
study reach has a channel slope of 3.25 × 10− 4 and bankfull depth of about 1 m (Douglas, 2023). It currently
terminates in a distributary channel network that empties into Badwater Basin, the lowest elevation point in North
America. The lower part of the Amargosa River is ephemeral and the channel bed is typically covered in salt
crusted desiccation cracks between flow events.

Amargosa drains a geologically varied catchment (Anderson, 2005; Belcher et al., 2019). The headwaters
originate in the Pahute Mesa and Black and Timber Mountains, which consist of alternating thick platform‐
carbonate and clastic sequences from the late Proterozoic and Paleozoic, Miocene aged andesitic and rhyolitic
lava flows, and peralkaline tuffs (Minor et al., 1993). As the river flows southwards, it sources sediment from the
Funeral Mountains, the Nopah Range, Kingston Range (including Amargosa Chaos basin) and the Spring
Mountains, which are dominated by Paleozoic carbonate rocks and Proterozoic and lower Cambrian siliciclastics
(Belcher et al., 2019). The siliciclastics consist of quartzite, mudstone, carbonate, chert, and interbedded shale
(Topping, 1993). The Lower Amargosa receives input from alluvial fans of the Panamint and Black mountains
before it terminates in the Badwater Basin. The bedrock of both these mountain ranges consists of the same lower
Cambrian siliciclastic rocks and Paleozoic carbonate rocks as in the upstream mountain ranges above in addition
to Cenozoic volcanic rocks, and quaternary alluvium and valley fill (Belcher et al., 2019 and references therein).
Due to the angle of faulting, the carbonates are the topographic highs of the mountains overlaid intermittently by
the volcanic rocks; both of these are the likely source of the fine sediment being washed off the fans at the edge of
the valley into the Amargosa River.

Importantly, the Amargosa river also sources sediment from playa deposits of various ages. Lake Tecopa
continuously occupied the Great Basin from 9 ± 2 million years ago to as late as 150,000 years ago. A detailed
study of Lake Tecopa mudstone mineralogy revealed that the sediment contains detrital quartz, plagioclase
feldspar, potassium feldspar, magadiite, carbonates, halite, gypsum, and small amounts of amphiboles as well as
sepiolite, montmorillonite, mica, illite, saponite, and mixed layer clays and chlorite. In addition, the authigenic
minerals are calcite and dolomite, sepiolite, magadiite, potassium feldspar, montmorillonite, zeolites, and the
saline minerals (Starkey & Blackmon, 1979). The Amargosa River (Upper Amargosa in Figure 1b) first flowed

Figure 1. Map of study reach within the Amargosa River catchment in Death Valley. (a) Location of the Amargosa River
catchment in California, USA, shown with observations of gross primary productivity as observed by NASA MODIS
(Moderate Resolution Imaging Spectrometer 0.05° latitude resolution) overlain; the standing vegetation and rates of primary
production in the catchment are among the lowest known on the Earth surface. (b) Outline of both parts of Amargosa River
catchment with flow direction shown. Sampling Site (black rectangle) is in the sinuous, single‐threaded, downstream section
of the river with the channel terminating in Badwater Basin. (c) Bend 1 sampling sites. 2023‐PB was sampled in 2023. CB,
PB, TW1, TW2 were sampled in 2019. (d) Bend 2 sampling sites. 2023‐CB‐02 and 2023‐PB‐02 were sampled in 2023.
CB = cutbank (the outer side of the channel subject to erosion due to bend curvature), PB = point bar (the inner side of the
channel subject to deposition due to bend curvature), TW = thalweg (the deepest part of the channel).
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into Tecopa Basin from the north before 765 ka. After 200 ka, Lake Tecopa and the Amargosa River (Lower
Amargosa in Figure 1b) drained into Lake Manly from the south (Reheis et al., 2020). During the Pleistocene, the
Great Basin experienced alternating wet and dry intervals during the glacial and interglacial periods, respectively.
The wet intervals are characterized by three separate lake high stands (26, 18, and 12 ka), creating episodes of
alternating evaporitic and clastic sedimentation in the lake basin (Anderson & Wells, 2003). Many of the deposits
in the study reach are therefore weathered materials that have been recemented with salts on the surface. A 185 m
core extracted from Badwater Basin consists of halite dominated mud in the uppermost 7.7 m (Ku et al., 1998; Li
et al., 1996; Lowenstein et al., 1999).

Though the Amargosa River has previously been examined as a potential analog for single‐threaded rivers on
Mars (Ielpi, 2018; Ielpi et al., 2020; Ielpi & Lapôtre, 2020), these studies primarily relied on remote sensing and
lacked geochemical measurements of the materials that make up the alluvial deposits. The Amargosa catchment
near Badwater Basin has also been investigated by orbital spectrometers as a Mars analog with ground truth
mineralogical measurements (Baldridge, 2004), which found majority quartz, anhydrite, calcite, halite, ortho-
clase, dolomite, and gypsum, and minor amounts of muscovite, anorthoclase, albite, and thenardite. Their x‐ray
diffractometer (XRD) spectra also showed trace zeolite, glauberite, proberite, iron sulfide, and illite.

The Amargosa River is an interesting analog to martian fluvial settings in that it is a single threaded, low gradient
river, with the lowest primary productivity on Earth: The NPP (net primary productivity) of the area is up to
2.5 × 10− 4 kgC m− 2 yr− 1, which is the lowest on the surface of the Earth except in some permafrost areas
(Running et al., 2015). For comparison, the delivery of carbon via dust infall to the martian surface is a maximum
of 3 × 105 kg yr− 1, asteroid impacts are is 1.21 × 105 kg yr− 1, and comets are is 1.3 × 104 kg yr− 1, adding up to a
total of 4.34 × 105 kgC yr− 1 (Frantseva et al., 2018). This translates to 3× 10− 9 kg C m− 2 yr− 1 on Mars. However,
during the late heavy bombardment (∼4 Ga), the estimated mass flux of micrometeoroids to Mars was elevated to
2.3 × 1018 kg over 200 million years (Court & Sephton, 2014), or 7.94 × 10− 3 kgC m− 2 yr− 1 for that period. Death
Valley is one of the driest places on Earth; the mean annual precipitation was measured as 52.4 mm (Belcher
et al., 2019). This climate strongly inhibits vegetation growth; of 257 surveyed channel bends of the Amargosa,

Figure 2. (a) Field site showing complete channel at Bend 1 where 2023‐PB was dug with meter scale stick and point bar pit
location; (b) 1.35 m PB pit (Bend 1, 2023‐PB); (c) wood chips and salt crust at bankfull level; (d) locations of PB, TW, and
CB pits in Bend 2 (where 2023‐PB‐02 and 2023‐CB‐02 was dug) in one cross section; (e) close up of mud cracks in panel (d).
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97.7% were unvegetated (Ielpi, 2019). Despite this climate, the Amargosa catchment experiences rare ephemeral
flows that move sediment and define the river morphology (Douglas, 2023).

2. Materials and Methods
2.1. Field Sampling

We sampled ∼20 km south of Badwater Basin in the sinuous downstream section of the Amargosa River in 2019
and 2023. We focused on two bends a kilometer apart on the active ephemeral channel (coordinates in Table S1).
Both bends are highly sinuous and clearly preserve the chronology of fluvial deposition; neither bend hosted any
plants. Between 2019 and 2023, the river experienced several episodes of severe flooding in 10 September 2022
and the winter of 2023.

At Bend 1 (Figure 1c), we dug a point bar pit (2023‐PB) and two separate thalweg pits (TW1 and TW2). We also
dug a cutbank pit (CB), a shallow thalweg pit (TW), and a point bar pit (PB), which formed a channel cross‐
section. We collected samples at different depths (Table S1, Figure 3) and recorded different grain sizes and
depositional features that were present. At Bend 2 (Figure 1d), we dug point bar (2023‐PB‐02), shallow thalweg,
and cutbank pits (2023‐CB‐02) forming a cross‐section and again collected samples at many depths. Samples
taken in 2023 are labeled with the collection year in Figures 1c and 1d. Samples taken in 2019 do not have a year
label in Figures 1c and 1d. We measured grain size using a sand card and hand lens in the field to produce
stratigraphic columns to contextualize the samples. Surface material was removed using a trowel, shovels and
trenching tools. Samples were collected by ethanol‐cleaned tools and then sealed in Whirlpak bags. In the lab,
samples were gently disaggregated with a mortar and pestle, homogenized, and then dried in an oven for 48–96 hr
at 50°C prior to analytical measurements. We did not use a procedural blank to assess contamination during this
procedure.

2.2. Elemental Analyzer (EA) and Isotope Ratio Mass Spectrometry (IRMS)

The EA‐IRMS was used to detect the bulk %TOC (total organic carbon) and δ13C (stable carbon isotope ratio) of
the 2019 samples. For 2019 samples, 0.1 g of each sample was decarbonated with 10 ml of 2 M HCl and stirred.
The samples were then left non‐agitated overnight. After neutralization, the samples were dried in an oven at 70°C
for 48 hr. The TOC and δ13C measurements were made by a Costech Elemental Analyzer connected to a Delta V
Plus Isotope Ratio Mass Spectrometer via a ConFlo IV Universal Interface, using 1 mg of sample for 2019
samples. The isotope ratios are reported in per mille, relative to Vienna Pee Dee Belemnite (VPDB), and cali-
brated using Urea (− 27.8‰). Sample preparation for the 2023 samples followed the same procedure, though 1 g
of sample was decarbonated with 30 ml of 1 M HCl. TOC content of the 2023 samples was measured using a
Costech Elemental Analyzer on 5 mg of sample and calibrated using Acetanilide. For all analyses, the peak area of
analytical blanks (tin capsules) was subtracted from the peak area of samples and standards before being con-
verted to wt% TOC using results from the standards.

2.3. Scanning Electron Microscopy

To image sediment particles, determine their sizes and characteristics, and analyze their geochemistry, we used a
scanning electron microscope (SEM) at the 1–1,000 μm scale. The samples were mounted as monodisperse
powders onto carbon tape, carbon coated, and imaged by a Zeiss 1550VP FESEM (field emission SEM) equipped
with in‐lens SE, below‐lens SE, variable pressure SE, and BSE (back scanning electron) detectors. The elemental
compositions of the samples were mapped using an Oxford X‐Max SDD X‐ray Energy Dispersive Spectrometer
(EDS) system. The EHT (accelerating voltage) was set to 15 kV and the working distance was 7.9 mm. The X‐ray
detector is capable of detecting Be to U elements. By comparison with known standard materials, the elemental
analysis has an accuracy of 5% and detection limit of ∼0.5%.

2.4. X‐Ray Diffractometer (XRD)

An XRD was used to detect the bulk crystalline minerals by measuring the diffraction angles in each sample,
which corresponded to characteristic crystal lattice spacings of key minerals via Bragg's Law. Only samples from
2019 were analyzed. Powdered samples were pressed into a brass holder to produce a randomly oriented spec-
imen. The XRD analysis was conducted on a Panalytical X'Pert Pro, which has a Cu‐Kalpha anode at 35 kV and

Journal of Geophysical Research: Planets 10.1029/2023JE008182

KALUCHA ET AL. 5 of 16

 21699100, 2024, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JE

008182 by C
alifornia Institute O

f T
echno, W

iley O
nline L

ibrary on [10/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



40 mA. The scans had a 2θ start position of 10.0° to an end position of 79.95° and a step size of 0.03°. The scan
step time was 1 s. Identification of minerals was made using Highscore software. Fine‐grained (<∼100 μm) clay
minerals do not produce clear diffraction patterns, so it is possible that the XRD underestimated the abundance of
clay minerals in our samples.

2.5. Grain Size

Because of the small particle sizes present in these sedimentary deposits, we measured grain diameter using laser
diffraction with the Malvern Mastersizer 3000. We used subsamples that were already decarbonated via the
method above in Section 2.2. Organics were removed by suspending the sediment in 25 mL of 30% hydrogen

Figure 3. (a) Photograph, stratigraphic column of cutbank (2023‐CB‐02) in cm, %TOC (total organic carbon) versus height (cm). (b) Photograph, stratigraphic column of
opposing point bar pit (2023‐PB‐02) in cm, and %TOC (total organic carbon) versus height (cm). Both from Bend 2 on the map in Figure 1d and pictured in Figure 2d.
(c) Photograph, stratigraphic column, and %TOC (total organic carbon) versus height (cm) of point bar 2023‐PB (Figure 1C, Bend 1). (d) Stratigraphic column of
cutbank CB in Figure 1c (Bend 1) with TOC values marked at sampling points. (e) Stratigraphic column of point bar PB in Figure 1c (Bend 1) with TOC values marked
at sampling points. (f) Stratigraphic column of thalweg pit TW1 (Figure 1c, Bend 1) and %TOC (total organic carbon) versus height (cm). (g) Stratigraphic column of
thalweg pit TW2 (Figure 1c, Bend 1) and %TOC (total organic carbon) versus height (cm). Yellow stars are sample locations. C = clay, S = silt, VFS = very fine sand,
FS = fine sand. In all cases, the top of the stratigraphic column corresponds to the top of the bank or the surface of the thalweg.
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peroxide at room temperature for 3 hr. The samples were then rinsed and put through the Mastersizer. To prevent
flocculation or the breaking apart of clay particles, we used the propellor at 2000 rpm instead of using the
sonicator. Measurements were repeated until the relative standard deviation was <5% for 3 consecutive
measurements.

2.6. Attenuated Reflectance (ATR)

To investigate clay minerals in our samples, the infrared spectrum of the samples was taken by a Nicolet Magna
860 FTIR (fourier transform infrared) with an Attenuated Reflectance (ATR) accessory in the sample
compartment. ATR quantifies the changes to an internally reflected infrared beam that goes through a diamond
crystal and protrudes ∼1 μm deep into a bulk powdered solid sample. The unique vibrational bond energies of the
molecules present produce a spectrum of absorptions. The spectra were divided by the background of the sample
and 10 spectra were collected per sample in the range of 400–4,000 wavenumbers (cm− 1).

2.7. Global River Sediment OC Data Set

To compare the sediment TOC values of the Amargosa to other rivers, we compiled a global dataset of river
sediment OC values. For each river where sediment OC was measured, we extracted all OC values measured on
suspended, bedload, bank, and bar sediment and the depth below the floodplain or river surface at which each
sample was collected in the study. The dataset can be found in Table S2. Coordinates and sampling time are also
noted as well as grain size where available.

3. Results
Figure 2 displays the channels of the Amargosa at Bends 1 and 2 before pits were dug. The channel had steep
cutbanks and gently sloping point bars (Figure 2d), forming asymmetrical channel cross‐sections. The surface
was covered with cracked salt crusts (Figure 2e) and so no bedforms were visible before digging. Wood debris
deposited as a strandline marked a recent bankfull flow (Figure 2c). Figure 3 shows the stratigraphic column of
each pit and TOC measurements at the corresponding sample depths. The cutbank in Figure 3a was composed of
wet and compact silt‐sized grains with a generally massive/structureless texture. Midway through the section,
there was a distinct oxidized red lens. Above that, salt lenses were interbedded in a significant section of the
deposit and formed a layer on top of the bank. The opposing point bar in Figure 3b was visually coarser (silt to vfs)
and fined in the top quarter of the section. There were similar oxidized, red lenses and a bed of ripple cross
stratification in the middle of the pit. The point bar in Figure 3c had multiple sets of climbing ripple cross‐
stratification, demonstrating aggradation of sediment due to river meandering. The cutbank in Figure 3d had
an abundance of red mud lenses and reached coarser grain sizes than the cutbank in Figure 3a. Red indicates
higher iron content in the mud and red mud layers are present in four of the seven stratigraphic columns we
measured as well as different heights in those sections, indicating that sediments from the surface down to ∼1 m
depth have all been subject to iron oxidation. The thalweg pits shown in 3F and G consisted of largely silt;
Thalweg 1 (TW1) coarsened upwards in the section.

3.1. Trends in Organic Matter Abundance, Distribution, and Source

Organic matter abundance is low but persistent across the 28 samples (Table S1) with an average of 0.15± 0.09%.
Figure 4 displays the variation of grain size and TOC content. In general, there is no trend between sediment grain
size in the silt range and TOC content (p > 0.05 for a linear regression) but sand sized samples contained
lower TOC.

3.1.1. 2019 Data Set (Table S1)

We collected samples from a pointbar‐thalweg‐cutbank cross‐section of the channel (PB, CB in Figure 1c) and
two thalweg pits (TW1, TW2 in Figure 1c) from Bend 1 in 2019. The 2019 dataset (subset of samples from Bend
1) has grain sizes on the order of∼10 μm and TOC of∼0.1%. The TOC content of the thalweg at a depth of 5 cm is
the highest among all samples (0.25%). Cutbank sample TOC is close to the median value of all samples. The
point bar was notably coarser than thalweg and cutbank and both samples from the point bar did not contain a
detectable amount of organic carbon. Thalweg 1, in terms of grain size, was largely a silt‐clay mixture and the
TOC was highest at the deepest point. In general, thalweg 2 samples are more homogeneous silt and contain lower
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TOC than thalweg 1, but the highest amount of TOC was also at the deepest
point. The δ13C isotope values for all samples ranged from − 21.96 to
− 25.59‰ and the average was − 23.80 ± 0.98‰ (n = 9, Table S1).

3.1.2. 2023 Data Set (Table S1)

We collected samples from a pointbar (2023‐PB in Figure 1c) at Bend 1 and a
pointbar‐thalweg‐cutbank cross‐section of the channel (2023‐PB‐02 and
2023‐CB‐02 in Figure 1d) at Bend 2. The 2023 dataset had grain sizes on the
order of ∼40 μm and TOC content between 0.05% and 0.37%. Major floods
transported coarse sediment between our sampling campaigns, which resulted
in all of our thalweg samples being ∼4 times coarser than the previous
samples. The point bar and cutbank grain sizes were not affected by flooding.
While coarse deposits of the Amargosa River still contained trace organic
carbon, coarser samples typically had lower TOC than fine‐grained samples
(Figure 4). The water fraction loss of the samples after 48 hr at 50 C ranged
from 4.72% to 19.82%; the river sediment was highly saturated.

3.2. Mineralogy Trends

Figure 5 shows the samples prior to decarbonation at various scales under the
SEM. The grains were subangular and in most cases, a few large grains

dominated the field of view while the silt formed the majority of the background. When scanned using the EDS,
all visible clasts were mineral mixtures. There was no visible cement, although the samples had not been
decarbonated at this stage. The SEM scans revealed that the majority of the sample was made up of detrital grains
and that larger grains may have been subject to authigenic mineral precipitation on their surfaces to become even
larger in size, the biggest example of a clast being ∼150 μm. As Figure 2c shows, there were rare wood and plant
debris in significant fractions at the strandline of some channels that likely originated from vegetation growing
upstream in the catchment.

The mineral assemblages showed a river with oxygenated pore fluids all the way to channel depth. Table 1 lists
the sampling location, depth, and minerals detected via XRD. All samples contained substantial amounts of
quartz, feldspar, and carbonate. Potassium and plagioclase feldspar were often co‐located. Samples from TW1

Figure 4. Total organic carbon (%TOC) versus Median grain diameter D50
(μm), color coded by landform type and year. PB= point bar, CB= cutbank,
TW= thalweg. Green triangles show samples with organic carbon below the
detection limit of 0.02%.

Figure 5. Scanning electron microscope images at various scales of samples. (a) Sample TW1 at depth 70 cm (b) Sample PB
at depth 8 cm (c) Sample TW at depth 0 cm (d) Sample TW1 at depth 60 cm. Or = orthoclase, An =Anorthite, Qz= Quartz,
Ab = Albite, Ha = Halite.
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contained Ca‐rich plagioclase. Samples near the surface of TW2 had higher Na‐rich plagioclase, whereas TW2 at
70 cm depth contained very Ca‐rich plagioclase. TW and PB became similarly sodium‐depleted with depth. The
main salts present are halite (NaCl) and brushite (CaHPO₄·2H₂O) and they were found interchangeably at all
depths. There was one occurrence of ardealite (Ca2(HPO4) (SO4) · 4H2O): at the surface of PB and a sodium
phosphate salt (Beryllonite, NaBePO4) at TW2‐70. Almost all carbonates occurred as calcite except for TW2‐70
and TW1‐30, where dolomite co‐occurred. Several clay minerals were present such as muscovite, nimite,
phlogopite, montmorillonite, and nontronite. The ATR data of all samples (the amorphous fraction) were best
matched with amorphous forms of bentorite and montmorillonite. The oxide minerals were classed as iron oxides,
aluminum oxide, manganese oxide, and heavy metal hydroxides. Most notably, all locations contained oxidized
minerals except TW1.

Figure 6 compares the Amargosa bank sediment TOC values to the global dataset of bank sediment TOC values
(compiled for this study, data in Table S2) and the global suspended sediment TOC compiled by Ke et al. (2022).
For suspended TOC, only 85 points were more than 20%. Global bank sediment TOC was skewed to lower %TOC
than the suspended TOC abundance. The median of global suspended sediment TOC was 1.24% and the median of
global bank sediment TOC was 1.0%. This is consistent with larger grain sizes (found in bar sediments as opposed
to suspended particles and overbank deposits) having lower amounts of OC (Bianchi et al., 2007; Ke et al., 2022;
Stecko & Young, 2000). The Amargosa River bank contained on average 0.15 ± 0.09% (n = 28) organic carbon.

4. Discussion
The organic carbon content is heterogeneously preserved amongst silt‐sized grains and is an order of magnitude
lower in the sand‐samples (Figure 4). There is no functional relationship between TOC and depth below the
floodplain surface in our sample set (Figure 3). Areas with vegetation on Earth commonly generate an organic‐
rich topsoil and TOC is highest in the top ∼1 m of river sediment (Cao et al., 2017; Ouyang et al., 2006;
Skorbilowicz & Skorbilowicz, 2008; Sutherland, 1998; Zhang et al., 2020). This is not present in Death Valley
and our measurements do not show TOC enhanced at the top of the floodplain. Although the 0.15% average OC
found in the Amargosa River is significantly lower than the median OC from measurements of ∼200 rivers on
Earth (Figure 6), it is still comparable to some measurements of rivers with high catchment NPP, such as the
Brahmaputra River (Pradhan et al., 2020) and the Pearl River (Lin et al., 2019).

As the Amargosa River drains a combination of volcanic units (no petrogenic OC), lower Cambrian and older
sedimentary units (old petrogenic OC), and alluvium (eroded, old petrogenic OC), it is difficult to ascertain the
fraction of petrogenic carbon in our samples without additional analysis. Global values of petrogenic OC in
carbonate (median: 0.13%), siliciclastic (median: 0.1%), and igneous rock (median: 0.02%) have large variation

Table 1
Minerals Identified via X‐Ray Diffraction at Each Sampling Location and Associated Height

Section
Height in stratigraphic

column (cm) Feldspar Salts Carbonate Oxides Clays

CB 20 Albite, Orthoclase Halite Calcite Heavy metal hydroxide Muscovite

TW 0 Albite Halite, Brushite Calcite Alunogen Nimite

− 5 Labradorite X Calcite, Dolomite Iron oxide, manganese oxide Phlogopite

PB 30 Labradorite, Albite Ardealite Calcite X Phlogopite

27 Anorthite, Microcline Halite Heavy metal hydroxide X

TW2 80 Labradorite X Calcite Iron oxide, manganese oxide X

50 Albite, Sanidine X Calcite Magnetite X

10 Anorthite Brushite, Beryllonite Calcite X Montmorillonite

TW1 50 Anorthite Brushite Calcite X X

10 Anorthite Halite Calcite, Dolomite X Nontronite, Hydrotalcite

0 Anorthite, Orthoclase X Calcite X X

Note. All samples are from 2019 and located in Figure 1c. Red columns are oxidized minerals. X signifies a lack of detection. All samples contained significant quartz.
CB = cut bank, PB = point bar, TW = thalweg.
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(Zondervan et al., 2023). The relative fraction of petrogenic OC fractions in sediment increases with physical
erosion rate in the catchment (Galy et al., 2015). Petrogenic OC oxidation increases in response to increased
temperature (Soulet et al., 2021) and in warm and wet climates (Galy et al., 2015; Hemingway et al., 2019). These
factors also make it difficult to ascertain the fraction of petrogenic OC loss in the downstream section of the
Amargosa river where we sampled.

Biospheric OC in our samples likely originates from upstream plants and wood and microorganisms (young,
biospheric OC) present throughout the Amargosa's catchment of the Amargosa as well as older biospheric OC
from Pleistocene lacustrine deposits. We observed wood deposited in flood strandlines on the floodplain of the
Amargosa (Figure 2c). In addition, The average δ13C value of the 2019 samples (all silt sized) is
− 23.80 ± 0.98‰ (n = 9, Table S1) and aligns with the δ13C values of Death Valley vegetation such as Desert
Trumpet (− 28 to − 23‰), Brittlebush (average of − 26.54‰, range of − 29.5 to − 24‰) (Craft et al., 1988;
Driscoll et al., 2020; Smith & Osmond, 1987). Degraded organic carbon and sediments with lower POC content
tend to be enriched in δ13C, which may be contributing to our measurements (Figure 2 from Ke et al., 2022). The
catchment hydrology is conducive to mobilizing biospheric OC, since biospheric OC tends to be concentrated in
sediment entrained by overland flows as opposed to bedrock erosion (Galy et al., 2015), which we expect to be the
case since the Amargosa is fed by brief flashy floods that sustain the Amargosa often accompany debris flows
(Douglas, 2023). Low precipitation encourages organic preservation, and physical factors such as high sedi-
mentation rates are able to protect biospheric OC even in warm climates that can promote oxidation (Galy,
Bouchez, & France‐Lanord, 2007; Galy, France‐Lanord, et al., 2007).

In addition to OC produced by a hypothetical early biosphere, Mars also likely accumulated meteoritic carbon
delivered to fluvial catchments as calculated above, which will complicate interpreting any TOC measured on
martian samples one day. Despite the differences in sources of OC between terrestrial and martian catchments,
their similar deposit style and mineralogy provide insight into OC preservation potential.

On Earth, OC loss via oxidation can occur during fluvial transport events when erosion exposes sediment to
oxygenated conditions. However, Death Valley is an ephemeral net‐depositional environment similar to Jezero
and Gale Craters, such that sediment is not frequently remobilized in the cutbank and point bar deposits

Figure 6. (a) Histogram with global suspended sediment TOC dataset from MOREPOC (Ke et al., 2022). (b) Histogram
overlaid of bank sediment TOC measurements compiled in a global dataset for this study (both are normalized as probability
distribution functions). (c) Histogram of Amargosa bank sediment TOC overlaid. (d) Box and whisker plots of all three
datasets on a log scale of % TOC. n = number of data points, r = rivers.
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(Douglas, 2023). Floodplain storage has been found to enhance oxidation in some environments, with 80% POC
oxidation within millennia (Scheingross et al., 2022), and enhance preservation in others (Douglas et al., 2022). In
terms of oxidation of organic matter, once it is deposited in sediment, Mars weathers at a rate 2–3 orders of
magnitude more slowly than Earth: meteorites would last 109 years on Mars compared to their lifetime of
106 years in Antarctica (Bland, 2000). Thus, organic carbon has a greater chance of survival into the present. The
TOC range of the 165 Mya Atacama Desert alluvial fan, another net‐depositional environment, is 0.02%–0.11%
(Azua‐Bustos et al., 2023). This similarly dry and unvegetated system has overlapping TOC with the Amargosa
River sample TOC abundance, demonstrating the ability of organic carbon to persist in Mars‐like environments.
Recent modeling estimates propose the power‐law decay of organic carbon such that TOC is only completely
degraded at infinity time, further supporting organic carbon persistence on Mars (Rothman, 2024).

The minerals detected in our samples, including neutral pH minerals (clays, carbonates), match very well to a
combination of minerals from Pleistocene Lake Tecopa (Starkey & Blackmon, 1979) and bedrock in the
catchment area (Belcher et al., 2019), though the samples are enriched in phosphate salts. Amargosa River water
is enriched in phosphate compared to other terrestrial rivers, which could explain this difference (Belcher
et al., 2019). Mineral assemblages are similar and TOC variance is too small to definitively identify one mineral
being responsible for the TOC preservation. However, amorphous and/or crystalline clays are present in every
sample and are likely the main contributors of TOC preservation (Kaiser & Guggenberger, 2000; Kleber
et al., 2021; Salmon et al., 2000; Sarkar et al., 2018). In addition, samples taken from red lenses tend to have
higher TOC than the surrounding samples. These red lenses likely contain a higher concentration of iron oxides,
which can help fix organic carbon to clay particles through covalent bonding (Lalonde et al., 2012).

Unlike the sediment sources of the Amargosa, our samples contain oxidized minerals such as iron and manganese
oxides. More importantly, these oxidized minerals are co‐located with the clays, salts, and carbonates, suggesting
oxic chemical reactions to partial completion. This type of assemblage is reminiscent of Mars (Farley et al., 2022;
Wiens et al., 2022). Curiosity's XRD instrument “Chemin” found assemblages consisting of mafic igneous
minerals, hematite, magnetite, phyllosilicates, feldspar, quartz, and Ca‐sulfate in the fluvial sediments at Gale
Crater (Rampe et al., 2020). The main difference is the ubiquitous presence of Ca‐sulfate phases at Gale, which
are not present in the Amargosa River sediments but have been previously detected in the Badwater Basin
(Baldridge, 2004). The fluvio‐deltaic sediments in Jezero Crater consist of olivine, Fe and Mg rich carbonate, Ca‐
phosphate, phyllosilicates, pyroxene, spinels, Mg and Ca sulfate, and feldspar (Hurowitz et al., 2023). Jezero
carbonate is more iron‐ and magnesium‐rich compared to the Amargosa as a result of its olivine‐ and pyroxene‐
dominated bedrock. This assemblage implies that the Amargosa sediments have been subjected to harsh oxidation
following deposition–just like fluvial basins on Mars–and do not lose all their organic carbon.

The organic carbon in the Amargosa catchment is produced at low rates, so it is perhaps preserved because the
degradation of organics via microbial respiration occurs at an even lower rate. Low rates of microbial respiration
occur in Death Valley likely due to a combination of low organic carbon stimulus, anoxic environment in a
saturated subsurface, and mineral protection. The OC abundance might be so low that it cannot support the
microbial density needed to be able to degrade it (Douglas, 2004; Schubert et al., 2009). Lower terrestrial organic
input into a river significantly lowers the flux of ecosystem respiration that occurs (Battin et al., 2023). Subsurface
microbial communities in the Death Valley are highly dependent on TOC availability to sustain themselves
(Merino et al., 2022). The OC is also likely mineral protected either inside clay nanolayers or adsorption to clay
and Fe/Al oxyhydroxide reactive sites, such that it is shielded from reaction with pore fluids (Kaiser & Gug-
genberger, 2000; Kleber et al., 2021; Salmon et al., 2000; Sarkar et al., 2018). This is similar to the South Pacific
Gyre, where low abundances of OC (<0.1%) persist for 24 million years in oxic, oligotrophic sediment by mineral
protection (Estes et al., 2019). Most importantly, the extremely low elevation of Death Valley ensures that the
Amargosa floodplain is nearly always fully saturated. Anoxia of the pore water combined with high evaporation
rates creates inhospitable brines that do not support significant rates of microbial respiration. This offers a
substantial layer of protection to the organic matter.

This study reveals that organic carbon can be preserved over decadal to millennial timescales in a harsh, oxidizing
Mars‐like environment. It is difficult to predict how preservation carries over longer timescales, especially the
billion year timescales of Mars outcrops. However, the environmental factors that protect organic carbon in the
Amargosa River also existed on Mars. There is significant evidence for long‐standing groundwater in the fluvio‐
lacustrine sediments of Gale Crater (Schwenzer et al., 2016; Siebach & Grotzinger, 2014; Thomas et al., 2019;
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Thorpe et al., 2022) and global crustal hydration (Scheller et al., 2021), such that fluvial sediments on Mars likely
experienced pore saturation from groundwater for a sustained period. A lack of evidence of any microbial activity
thus far on Mars precludes loss of organic matter through respiration, as seen on a less extreme level in the
Amargosa River. Significant mineral protection by clay minerals and iron oxides in the fluvio‐deltaic mineral
assemblages at Gale and Jezero Crater offers the same protection to organic matter on Mars as in the Amargosa
river. Furthermore, Mars has been significantly colder and dryer following ancient fluvial activity, which may
have enhanced preservation of organic carbon into the modern.

For comparison with exhumed fluvial deposits on Mars (Dickson et al., 2021), it is useful to put the depositional
facies of our study in the context of dryland alluvial river architecture (Hasson et al., 2023; Ielpi et al., 2020). The
Amargosa River channel banks contain mostly fine‐grained sediment. The channel meanders by eroding its
cutbank and depositing sandier material on the point bar (Figure 7a). As meanders grow and translate across the
floodplain, they leave in their wake a buildup of deposits on the point‐bar side in the form of channel‐scale cross‐
bedding (called lateral accretion sets) (Figure 7b; Hayden et al., 2019; Hayden & Lamb, 2020). Thus, former point
bar deposits become amalgamated to form part of the floodplain. The floodplain can also be built by overbank
flows during flooding, which bring finer silt and clay to drape the floodplain surface. Overtime, these overbank
flows can build up the muddy portion of the floodplain. Death Valley is a net‐depositional environment, such that
sediment aggradation outpaces channel migration and generates isolated sand bodies in a matrix of silt and mud
(Douglas, 2023; Jerolmack & Mohrig, 2007), matching the stratigraphic architecture shown in Figure 7. Badwater
Basin cores also consist of ∼1 m thick sandy deposits suspended in mud (Hooke, 1972), further supporting the
architecture in Figure 7.

Point bar deposits are typically made up of coarser sediment than the rest of the deposits and are therefore the most
likely to be preserved as fluvial ridges due to millennia of differential erosion with finer grained floodplain
beneath them (Figure 7c; Hayden et al., 2019). Although the Amargosa river is an active channel and not a fluvial
ridge, we investigated and sampled each of the same depositional facies that might be expected within fluvial
ridges on Mars (Hayden et al., 2019; Hayden & Lamb, 2020). The highest %TOC regions, which are

Figure 7. (a) Hillshade LIDAR data of the Amargosa River and elevation profile of cross section, PB, TW, and CB
highlighted. (b) Adapted from Hayden et al. (2019). Cross‐section of the Amargosa River channel shown with PB, TW, and
CB pits that we dug highlighted. Equivalent TOC‐rich sediment highlighted with yellow stars. Post‐erosional ridge caprock
shown with equivalent TOC‐rich sediment in yellow star.
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stratigraphically equivalent, though dug in different areas for ease of access, have been marked with yellow stars
(Figure 7). The formation left behind will have vertical stacking and crosscutting of ridge‐capping sandstone
bodies. The ridges are the remnants of carbon‐depleted point bars and have a unique identifiable structure:
channel‐scale amalgamated lateral accretion sets of sandstone or possibly pebble conglomerate caprock. The
ridge caprocks in turn are potentially overlying carbon rich, floodplain sourced, material. These could contain
decimeter scale mudstone beds (the remnants of the thalweg pits we dug into), with possibly coarser grained thin
beds during major floods. It is important to note that the underlying mudstone is only preserved when the caprock
of the sandstone is thick enough and well cemented enough to survive erosion and protect the underlying
mudstone (Hayden et al., 2019). Access to the preserved organic carbon in the sandstone protected mudstone
(yellow star locations) is what all Mars rover missions, future and present, should attempt to sample.

5. Conclusions
Prior rubrics that have shaped our search for potential ancient organics on Mars emphasized searching for fine‐
grained material in deltas and lakes. However, terrestrial river deposits are critical hosts of carbon and should
be included in the search for organic carbon on Mars. To help address the gap in understanding where martian
riverine organic carbon would be preserved in the highest abundance, we sampled a breadth of fluvial landforms in
the Amargosa River as a process analogous to martian rivers. The river sediments are made up of iron and man-
ganese oxides mixed with detrital and authigenic silicates and carbonate and sulfate salts. The oxidized mineral
assemblages of the river samples were able to retain up to 0.37% TOC in silt‐sized grains, which is low but
comparable to river sediments globally. Our results suggest that ancient fluvial deposits on Mars may retain traces
of organics present during deposition—particularly in finer‐grained regions of the floodplain—offering concrete
suggestions for future sampling targets by the Perseverance rover. Future rovers on Mars might attempt to sample
fluvial floodplain deposits elsewhere on Mars that may be preferentially preserved at the bases of fluvial ridges.

Data Availability Statement
All data collected in this study are available in the supporting information and on the Zenodo repository at https://
doi.org/10.5281/zenodo.10841213 (Kalucha et al., 2024).
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