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Introduction: The Perseverance rover has 
explored and sampled igneous and sedimentary rocks 
in Jezero crater to characterize early Martian 
geological processes and habitability and search for 
biosignatures. Upon entering Neretva Vallis, 
Perseverance investigated a set of distinct mudstone 
and conglomerate outcrops. We report on 
measurements from these rocks and describe the 
discovery of a potential biosignature [1]. 

Geologic Context: Neretva Vallis incises the 
Jezero crater rim and its Margin Unit; it was the feeder 
channel for the Western Fan sedimentary deposit [2]. 
Perseverance explored a set of outcrops exposed along 
its northern contact with the Margin Unit. In HiRISE 
images of this deposit, albedo variations appeared to 
indicate layering at the meter scale. Subsequently, 
Perseverance explored strata along the southern 
margin of Neretva Vallis, where rocks with similar 
characteristics in orbital images crop out. Collectively, 
these outcrops are called the Bright Angel formation. 

The Bright Angel formation consists of ~meter-
scale blocks formed by fracturing and physical 
weathering of the exposed outcrop. Rock textures 
include laminated, layered, and structureless intervals 

with limited indications of deposition or reworking by 
currents, such as cross bedding or plane bed 
laminations [3]. In the outcrops along the southern 
margin of Neretva Vallus, poorly sorted matrix-
supported conglomerates are also observed [3]. 

Petrographic Relationships: Rocks investigated 
in the Bright Angel formation are dominated by a fine-
grained facies that comprises much of the rock volume. 
It is composed of grains ≤ ~30-110 µm diameter. We 
classify this facies as mudstone. Bright Angel 
conglomerates contain a matrix made of the same 
mudstone, as well as mm- to cm-scale clasts, often 
composed of mudstone and representing intraclasts. 

The mud facies exhibits visible light reflectance 
properties in spectra collected by the Mastcam-Z and 
SuperCam instruments that indicate variable 
abundances of ferric iron, resulting in color properties 
that range from red, to tan, to whitish-gray. PIXL 
micro-XRF elemental analyses indicate that Bright 
Angel formation mudstones are uniformly SiO2, Al2O3, 
and FeO rich, and MgO and MnO poor, implying 
abundant silica, aluminosilicate clays, and Fe-oxides. 
In Bright Angel formation targets on the northern side 
of Neretva Vallis, organic matter was detected by the 
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SHERLOC instrument based on the presence of a 1600 
cm-1 G-band in Raman spectra [4]. No G-band was 
detected in targets from southern Neretva Vallis. 

Dispersed throughout the fine-grained mudstone 
facies of all targets analyzed on the northern side of 
Neretva Vallis, we observe ~100-200 µm circular to 
irregularly shaped masses that are black to dark blue to 
dark green colored. These features are informally 
called ‘Poppy Seeds’. A striking feature observed in 
the Cheyava Falls target is distinct spots that have 
circular to crenulated dark-toned rims and lighter toned 
cores. These spots range in size from ~200 µm to 1 
mm in diameter and their cores are less red than the 
mudstone that surrounds their rims. Like the poppy 
seeds they co-occur with (Fig. 1A), the spots do not 
appear to be concentrated in layers or laminae, 
indicating that they were not deposited as grains. 
Instead, they appear to represent in-situ reaction fronts. 
These features are informally named ‘Leopard Spots’. 
PIXL analysis reveals that poppy seeds and leopard 
spot rims are enriched in ferrous iron and phosphorous, 
while leopard spot cores are enriched in iron and sulfur 
(Fig. 1B). These enrichments are interpreted to reflect 
the presence of vivianite and greigite, respectively. 

Synthesis: Available outcrop and petrographic-
scale observations lead us to conclude that the Bright 
Angel formation was formed by deposition from mud-
dominated suspension and mass flow. Facies 
associations are consistent with a valley-confined 
lacustrine setting [3]. The sediment that makes up the 
Bright Angel formation was generated by chemical 
weathering under oxidizing conditions in the sediment 
source region. After deposition, early diagenetic redox 
reactions generated the poppy seeds and leopard spots. 

Poppy seeds and leopard spots co-occur with 
organic carbon in ferric-iron poor mudstones but are 
absent in ferric iron-rich mudstones and conglomerates 
that lack organic matter (Fig. 1C). These relationships 
indicate the vivianite and greigite in these features 
formed by reaction between organic matter, oxidized 
iron, and sulfate; geological context and petrography 
indicate these reactions occurred at low temperatures. 
On Earth, such organic matter mediated mineral 
forming reactions are often driven by, or are closely 
associated with, microbial respiration of organic matter 
[e.g., 5], and models of the reaction chemistry that 
formed these features are consistent with microbially 
mediated process [6]. These properties mark poppy 
seeds and leopard spots as potential biosignatures. 
Analysis of the core sample collected from this unit 
using high-sensitivity instrumentation on Earth will 
enable tests to assess the biogenicity of the minerals, 
organics, and textures it contains. 
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Fig. 1: (A) Colorized ACI image of the target Cheyava Falls, 
poppy seeds and leopard spots. PIXL (black dashed 
rectangle) and SHERLOC scan areas (blue and orange 
squares) overlain. (B) Element mobility index for the 
indicated elements showing enrichment and depletion 
patterns for poppy seeds and leopard spot rims (green) and 
leopard spot cores (purple) relative their host mudstone. (C) 
Maximum % total iron in each Bright Angel target that could 
be present as vivianite, greigite, and their sum, and their 
relationship to ferric iron and organic matter detections. 
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