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Introduction:  On Earth, microorganisms com-

monly enhance mineral precipitation and mediate 

mineralogical and chemical compositions of result-

ing deposits [e.g., 1, 2]. Most previous research on 

biosignatures has focused on comparing modern 

processes with very ancient (>1 Ga) putative micro-

bially induced sedimentary structures [MISS; e.g., 1, 

3, 4] creating inherent uncertainty in their interpreta-

tion because diagenetic alteration may be signifi-

cant [4,5]. Hot springs such as those at Yellowstone 

have received significant attention as analogs for 

origin of life and extraterrestrial life studies [4, 6]. 

However, cold spring systems are important be-

cause they also may represent a formation mecha-

nism of some carbonates in the solar system, partic-

ularly analogous to those in lacustrine settings 

such as the carbonates at Gale crater, Mars [7]. 

Purpose of Study:  A unique field site with actively 

precipitating carbonate and Fe (oxyhydr)oxide mi-

crobial mats and a succession of older carbonate 

deposits from the same spring system (up to 400 ka) 

are present in Ten Mile Graben, Utah, USA. A pre-

viously undescribed Jurassic laminated carbonate 

unit within the Morrison Formation is also exposed 

in Ten Mile Graben.  This research characterizes 

these modern saline, slightly alkaline, SO4
2-- and Fe-

undersaturated, cold (16-20°C) springs as well as 

providing the first description of the Jurassic 

Brushy Basin Member of the Morrison Formation 

carbonate deposit. Chemical, mineralogical, and 

morphological biosignatures in calcium carbonates 

and iron (oxyhydr)oxides precipitated in the modern 

springs are compared with the Jurassic examples to 

show how these biosignatures are modified over 

geologic time. These successively older carbonate 

microbialites provide a novel opportunity to inves-

tigate how biosignatures are progressively pre-

served and/or altered during diagenesis on geologic 

time scales. Understanding the alteration and 

preservation of biosignatures is essential for recog-

nizing these signatures in the rock record of both 

early Earth as well as Mars.  

Geologic Setting:  The 148 Ma Brushy Basin 

Member of the Morrison Formation is primarily a 

volcaniclastic shale interpreted to have been depos-

ited in a fluvio-lacustrine setting that extends from 

New Mexico to Montana in the western US [5, 8]. 

The upper part of the unit in the Four Corners re-

gions of the US is interpreted to have been deposit-

ed in an ephemeral, groundwater-fed, alkaline saline 

lake system named Lake T’oo’dichi’ [8]. Thick car-

bonate deposits are undocumented in this member; 

however, a laterally restricted (~10km2) 3-10 m thick 

laminated carbonate is present in the Ten Mile Gra-

ben area northwest of interpreted Lake T’oo’dichi’.  

Ten Mile Graben hosts  a series of CO2-driven 

geysers and springs, active and fossil microbial car-

bonate mats, and carbonate veins. U-Th dating of 

carbonates and embedded veins reveal that CO2 has 

constantly leaked to the surface for >400 ka [9]. 

Mineral precipitation in both the Quaternary spring 

system and the Jurassic carbonate unit has likely 

also been influenced to a large extent by microbial 

participation.  

Methods: Field research was performed using 

traditional field characterization methods. Lithofa-

cies were documented and relations to laterally ver-

tically adjacent lithofacies were observed. Repre-

sentative samples were collected for scanning elec-

tron microscopy to identify modern morphological 

microbial features and associated mineral composi-

tions and habits. Older samples were analyzed for 

microbial fossils and trace fossils as well as mineral-

ogy. Energy dispersive X-ray technology associat-

ed with the SEM was used to identify chemical 

composition and infer mineralogy.  

Observations: In the modern Big Bubbling 

Spring sample, a cluster of ~2µm diameter smooth 

hollow sheaths is observed (Fig. 1A).  EDS analysis 

shows the sheaths contain 65 wt.% iron (although 

results are semi-quantitative). A similar ~2 µm diam-

eter sheath is preserved in the 200ka samples (Fig. 

1B) and it is also composed of iron (66.52 wt.%). 

The 200ka sheath is encased in an Fe-rich honey-

comb structure. This honeycomb structure is also 

observed in the 250ka (not shown), the 400ka, and 

the Jurassic samples (Fig. 1D, E, F). Possible pre-

served sheaths (2 µm diameter and 60.36 wt.% iron) 
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are observed in the 400ka sample as well (Fig. 1C). 

Other microbial fossils are present in the 400ka sam-

ple: a spherule with a hollow center, and a segment-

ed stalk (Fig. 1D). The spherule and the segmented 

stalk are present within the honeycomb structure. 

The hollow spherule is ~2 µm diameter with a 

smooth-walled hollow center that is ~0.5 µm in di-

ameter. The spherule is iron-rich (66.25 wt.%); arse-

nic (0.43 wt.%) and manganese (0.13 wt.%) are also 

present. The segmented stalk is a mold of a linear 

series of ~2 µm diameter spherical impressions with-

in the honeycomb structure. It is also iron-rich 

(71.95 wt.%) and contains arsenic (0.49 wt.%), man-

ganese (0.20 wt.%). Sheaths and associated honey-

comb structures are present in the Jurassic sample 

surrounded by anhedral calcite (Fig. 1E, F). 

Interpretation: The Big Bubbling Spring sample 

contains Fe-(oxyhydr)oxide-rich sheaths that are 

likely the iron-oxiding bacteria (FeOB), Leptothrix 

ochracea. These organisms are morphologically 

conspicuous due to the smooth sheaths and they 

are common in saline, neutral to slightly alkaline 

water such as at Ten Mile Graben spring system. 

The sheaths are commonly encased in Fe-

(oxyhydr)oxides. This early mineralization helps to 

preserve the sheath through geologic time and alt-

hough some deterioration is observed in particularly 

the 400ka example, the microbial fossils is still rec-

ognizable. Ostwald ripening produces large crystals 

that encase and preserve fossilized sheaths and 

honeycomb structures  in the Jurassic example.  

Other microbial fossils and trace fossils are pre-

served in the samples. The segmented stalk impres-

sion preserved within the honeycomb structure in 

the 400ka mat suggests the honeycomb features are 

likely molds of clusters of cyanobacteria. However, 

these trace fossils are also associated with the pre-

served putative Leptothrix fossils which suggests a 

these consortia can be  preserved together.  

Conclusions: This study shows that microbial 

fossils and associated trace fossils can be pre-

served throughout geologic time with little degrada-

tion due to 1. Early permineralization by Fe-

(oxyhydr)oxides, and 2. Diagenetic entombment by 

Ostwald ripening of carbonates. However, if de-

struction of body fossils does occur, trace fossils 

(e.g., honeycomb structures) can still be preserved 

and function as biogenic fingerprints (such as in the 

400ka example).  

 
Figure 1. SEM images of sheath microbial fossils 

and associated microbial trace fossils . A) Modern 

mat sample. B) 200ka tufa terrace showing perminer-

alized L.ochracea fossil (black arrow) encased in a 

honeycomb structure (white arrow). C) Possible L. 

ochracea fossils in 400ka tufa. D) Honeycomb struc-

ture in 400ka tufa with segmented stalk (white ar-

row) and preserved spherical body fossil with hol-

low center (black arrow). E) Sheath fossils in the 

Jurassic tufa (black arrow) encased in a honeycomb 

structure (white arrow). F) Jurassic sample with 

sheath fossil (black arrow) and honeycomb struc-

ture (white arrow) preserved by massive carbonate 

entombment.  
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