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1 | INTRODUCTION

Abstract

The record of life during the Proterozoic is preserved by several different litholo-
gies, but two in particular are linked both spatially and temporally: chert and car-
bonate. These lithologies capture a snapshot of dominantly peritidal environments
during the Proterozoic. Early diagenetic chert preserves some of the most exceptional
Proterozoic biosignatures in the form of microbial body fossils and mat textures. This
fossiliferous and kerogenous chert formed in shallow marine environments, where
chert nodules, layers, and lenses are often surrounded by and encased within carbon-
ate deposits that themselves often contain kerogen and evidence of former microbial
mats. Here, we review the record of biosignatures preserved in peritidal Proterozoic
chert and chert-hosting carbonate and discuss this record in the context of experimen-
tal and environmental studies that have begun to shed light on the roles that microbes
and organic compounds may have played in the formation of these deposits. Insights
gained from these studies suggest temporal trends in microbial-environmental inter-
actions and place new constraints on past environmental conditions, such as the con-
centration of silica in Proterozoic seawater, interactions among organic compounds
and cations in seawater, and the influence of microbial physiology and biochemistry

on selective preservation by silicification.
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2019; Schopf & Klein, 1992; Sergeev & Sharma, 2012 and references

Chert-hosting deposits from the Proterozoic Eon contain both phys-
ical and chemical evidence of evolving marine life on early Earth.
The morphologies of microbial fossils preserved in these deposits
have traditionally been used to relate fossil organisms to modern
ones and characterize the diversity, evolution, metabolisms, and life-

styles of fossil communities (e.g., Butterfield, 2015; Demoulin et al.,

therein). The general composition and diversity of fossil assemblages
have also been correlated with their depositional environments, with
some subtidal fossil assemblages containing more diverse biota com-
pared to supratidal fossil assemblages (e.g., Knoll et al., 1991; Knoll
et al., 2013). These and other past works have provided transforma-
tive insights related to microbial diversity, microbial evolution, and

microbial-environmental co-evolution that can now be expanded
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through the integration of experimental taphonomy and studies of
modern analog environments with studies of the fossil record.

Diagnostic cyanobacterial fossils with distinct morphologies
analogous to modern cyanobacteria are preserved alongside simpler
morphologies in Proterozoic formations that are formed under di-
verse chemical and environmental conditions (e.g., Butterfield, 2015;
Demoulinetal., 2019; Schopf & Klein, 1992; Sergeev & Sharma, 2012
and references therein). Comparisons of the depositional environ-
ments represented in fossiliferous Proterozoic units that sample su-
pratidal to shallow subtidal environments that lie below the mean
low tide level (Lasemi et al., 2012) enable the characterization of mi-
crobial communities that inhabited these environments and reveal
trends in preservation style, environments, and community makeup
[(Knoll et al., 2013; Manning-Berg & Kah, 2017; Manning-Berg
et al., 2018, 2019) Table 1]. Diagnostic cyanobacterial fossils (e.g.,
Eoentophysalis, Obruchevella, Eohyella, and Polybessurus) and some
algal fossils (e.g., Bangiomorpha) are especially useful because of their
morphological similarities to modern counterparts (Figure 1) enable
direct comparisons between modern and ancient organisms. In turn,
these comparisons inspire hypotheses about microbial physiology,
stress responses, and interactions among organic compounds and
silica, magnesium, and calcium in Protozoic marine environments.

Many of the best-preserved Proterozoic microbial fossils and
organic-rich textural biosignatures are preserved in facies that con-
tain chert (microcrystalline SiO,), carbonate (calcite or dolomite),
or both (e.g., Butterfield, 2015; Demoulin et al., 2019; Schopf &
Klein, 1992; Sergeev & Sharma, 2012 and references therein). The
two lithologies and the biosignatures that they preserve differ in
some key respects, but they share one important feature: when they
preserve kerogen and microbial fossils, the organic matter is associ-
ated with amorphous-to-finely-crystalline solid phases that formed
very early in the diagenetic history of the marine sediments. The
early formation and sometimes microcrystalline (<20 um) nature of
the primary to early diagenetic silica and carbonate minerals are cru-
cial because they enable detailed cellular preservation of microbial
fossils and organic-rich textural biosignatures (Table 1). In contrast,
late diagenetic dolomite and carbonate-replacing chert commonly
overprint or erase microfossils and microbial textures instead of pre-
serving them because of the frequently coarser crystal sizes (>20
um; Maliva et al., 2005).

Modern analogs and exceptionally preserved Proterozoic tex-
tures indicate that microbial communities may have mediated the
early precipitation of silica (Moore et al., 2020, 2021) and carbon-
ate minerals (Bischoff et al., 2020; Bontognali et al., 2010; Daye
etal., 2019; Gérard et al., 2018; Perri et al., 2018; Petrash et al., 2017).
If so, these fossil textures and their compositions may tell us not only
about microbial morphology but also how the microbes interacted
with the environment and contributed to biogeochemical processes,
element cycles, and mineral formation. Although chert rather than
carbonate preserves the best examples of microbial body fossils
(e.g., Butterfield, 2015; Demoulin et al., 2019; Schopf & Klein, 1992;
Sergeev & Sharma, 2012 and references therein), both chert and
carbonate preserve organic material and microbial mat structures in

peritidal environments, and their formation is spatially and, likely,
temporally linked (Kah & Knoll, 1996; Knoll et al., 2013; Manning-
Berg & Kah, 2017). The relationship between their formation mech-
anisms and the microbial communities that they preserve in these
environments thus merits consideration. Experimental taphonomy
and studies of modern analog environments can now address the
influence of environmental factors like UV radiation, subaerial ex-
posure, and water chemistry on the diversity, stress responses, and
preservation potential of Proterozoic marine communities (Orange
et al., 2013; Phoenix et al., 2000; Wilmeth et al., 2021). Specifically,
critical questions remain surrounding the role of Proterozoic mi-
crobes in the formation of chert and carbonate minerals and the
cycling of silica, calcium, and magnesium during the Proterozoic
Eon. These questions particularly apply to cyanobacteria because
these photosynthetic primary producers have colonized a wide
range of marine benthic environments for more than two billion
years (Butterfield, 2015; Demoulin et al., 2019; Fournier et al., 2021;
Knoll, 2008; Sanchez-Baracaldo et al., 2022).

Inthis review, we highlight some advances in experimental tapho-
nomy and studies of mechanisms that drive microbial silicification
and carbonate precipitation. We underscore the recent experimen-
tal physiological and chemical insights into the relationships be-
tween fossilization processes, seawater chemistry, microbial stress
responses, and physiology. These relationships and mechanisms can
then be used to constrain the chemical and physical environments
in which some key Proterozoic fossils were silicified in carbonate-
hosted chert and understand how microbes that inhabited these en-
vironments lived and responded to the environmental conditions. In
this review, we use examples of some canonical Proterozoic deposits
that preserve microfossils and attempt to relate large-scale trends in
depositional environments and microfossil assemblages to modern
microbial communities and environments. By interweaving studies
of fossils preserved by silicification, a major Proterozoic taphonomic
window, with insights about biological, chemical, and physical mech-
anisms that preserved microbial biosignatures in Proterozoic depos-
its, we hope to stimulate new questions about the co-evolution of

cyanobacteria, other microbes, and the environment.

2 | MODERN MARINE ENVIRONMENTS
AND MICROBIAL ADAPTATIONS

Today, diverse microbial communities thrive in tidal environments
around the world. In particular, cyanobacterial mats colonize the su-
pratidal realm, from those in hypersaline Shark Bay, Western Australia
[(Allen et al., 2009; Goh et al., 2009) Figure 2] to the sabkhas of Abu
Dhabi (DiLoreto et al., 2019; Krumbein et al., 2004). In these environ-
ments, mat-forming microbes must cope with environmental stresses
including intermittent subaerial exposure and desiccation, high salinity,
and high fluxes of UV radiation that are not attenuated by the water
column (Garcia-Pichel, 1998; Garcia-Pichel et al., 1992; Garcia-Pichel &
Castenholz, 1991; Goh et al., 2009; Skoog et al., 2022; Wong et al., 2015,
2018). In response to these physical and chemical factors, cyanobacteria



5
= wi LEY-

iology

(5

MOORE ET AL.

(sanunuo))

(8£6T) 421420

(€L6T) 1B
p10Jx01D (9/6T) AINN

(#86T) UNA
(£102) 1B 38 14S

(9£67) uuewjoH
pue diqnjoD
(9£6T) uuewyoH
(G£6T) uuewyoy
‘(rL6T) uuewyoH
(£66T) 13e4aeS
-pueJsliag pue
piewy {(5002) ‘e 32
UBWSSOIA|
(T00T) uewssol

(0102) "B 32

UOS|IM “(9£6T)

C‘_Or_m._mm pue [jouy|

‘(G86T) auloy] pue
A319 (886T) |e 33 ||ou)|

SERITEYEIEN]

SIipsAydojuaog

9]BU0Q.EeD UIY}IM Sasua| ‘s9qoJoIW

pue sajnpou 3Jayd ul paAsasaid |ep102202

S[1SSO4 "9}1WO[Op pue 1I3Yd yjoq ‘s9g0JdIW
ul uoljeuiwe| |elqosdiw yau-diuesiQ snojuawe|i4

panJasaid sawoydii}

Se [|om se syjeays ‘(jeprresdns $9qoJdIW

01 [ep13QNS) $911|01BWO0J1S |ep10220d

9]BU0QJED UIYHM SIdAE| pUE ‘s9qoJoIW
S39|NPOoU LIaYd Ul paAasald s|ISSo4 snojuawell4

sal3ojoydiow

aJel Jay3o
$9}eu0qJed 2131|0}ewol}s pue ‘sagqoJdiw
psawop pue pajeulwe| jeueld |ep102202
UIY1IM S3SUD| pue S9|npou ‘s9g0JdIW
143Yd Ul panJasaud s|1sso4 snojuaweji4
seujwe|
|eiqoJoiw Jenisnd |epiyesdns
03 $93}1|0JeW O3S |epIIgNS WO
98ueJ $21n3xa} [e1qo.dI|A sijpsAydojuaog
‘91BU0QJeD UIY}IM SISUD| pue ‘s9qoJdIW
$9|NPOoU 119Yd Ul paAsasaid |ep10220d
S[ISSO "9}IWO[Op pue LI3Yd yjoq ‘s9qoJoIW
ul uoljeuiwe| |elqoJdiw you-diuesiQ snojuaweli4
$9qo.JoIW
$9}1|03eWO0.1}S |ep102202
9]BU0QJED UIY}IM SidAe| pue ‘59g0JoIW
$9|NPOU 1I9Yd Ul paAasald §|1SSo snojuawe|i4
(s931j103BWOS 9JRUOQIED [EPIIgNS
UIYHIM 1J3Y2 JO SudAe| pue
ss|npou ‘|epiagns ul payisodap $2¢0.101W
pue |epijeidns wouly pajiodsuely |ep10220d
s3se[d dn-dL) SJUSWUOIIAUD ‘s9qoJoIW
OM] WOJJ 194D SN0JDJI|ISS04 snojuaweli4
uoljew.ioju| [euolippy s|isso4

a)1wojop pue 313yD

a3wolop pue 3i3yD

(pnw
pue 31s) 213se[2121|1
‘4ayd ‘eywojoqg

a3wolop pue 313yD

apIxo
uoui ‘93Ad ‘{(pnw
pue 31s) al3sedIdI|is
‘148yp ‘anlwojog

a)wojop pue 13yD

saisojoyi

JUSWIUOIIAUS [epijeldng

(jepneadns o1
|epi3gns) JUSWUOIIAUD
|EpI} suliew mojjeys

(jepneadns o3
|epI1gns) JUSWUOIIAUD
|Ep13 Sullew Mojjeys

(jepneadns o1
|epi3gns) JUSWUOIIAUD
|EpI} suliew mojjeys

Ayiainoe

J1Ued|OA (|eplreldns 0}

|epIIgns) JUsWUOIIAUD
|EP13 Suliew Mojjeys

JUSWUOIIAUD
|euooSe| 01 |epiagns
{JUSWIUOIIAUD [epI}
aulIBeW MO[|eys

‘wJiojield ajeuoqied)

juswuoliAug [euoiyisodaqg

ellessny  ajlwojoq ludiqieg  BN009T-00ST
eljedysny Sjwojoqg elpwy  BNO09T-00ST
uoljew.o
eulyd nA3uoyeq EINOS9T
dnoug
epeue) puejs|asyojeg BIN00OC
uoge  dnouo 3||IAduel4 BIN000Z
uojjewo
eljensny J934D39na BN 00TC-006T
Ajjesoq dnoJ9/uolijewo 28y

'S|1SS04 dY3 Jo Awouoyde) pue ‘JUaWUOoJIAUS [eUOl}ISOdap ‘AS0|0Y}l| 0} palejal S|Ie3ap SUIBIUOD pUE MBIADJ SIU3} Ul P2GIIISSpP SUOIIEWIO) SNOJD4I[ISSO) 3y} sjieap a|qe3siyl T 374Vl



MOORE ET AL.

* LwiLey B

(S£6T) Asuejaq pue

uospleuoq *(086T)

‘[e 19 SApoJoH

{(€86T1) uospeuog

pue jsApoioH

‘(086T) uospjeuog
pue pjsApoioH

(£66T) '|e 32 A93813S

(6002) 'l 32
Y21ASUEIS (E66T)
‘[e 39 A99349S

(6002) [ 32 YdiAauels

(666T) Ulysiex
(6007) ‘Ie 312 Yd1aauels

(£007) '|e 32 938135
{0002) "[e 12 A3|1ieg
(G66T) |e 12 A9981aS

(8102) ‘I8 1®

ono {(£T0Z) 1B 19 IYS

(T86T) UNA :(666T)

‘le 39 oor-3uoas

(#86T) "|e 3@ Jdoyos

(666T1) 21qnjo

pue oor-3uoas

{(0007) 21|09

pue oor-3uoag

«(866T1) 21qnjoo

pue oor-3uoas
(9102) 'l 12 NYZ

SERIEYEIEN|

91eU0qJed UlYlM sIoAe|

pue sasua| 34ayd ul paAsasald

S[ISSO "9}IWO[Op pue L13Yd yjoq
ul uoljeuiwe| |elqoJdiw yau-diuesiQ

9)eUOQJED UIYHM SIdAE|

pue sasua| 34ayd ul paAasald

S|ISSO4 *9}1WO|Op pue 143yd yloq
ul uoljeulwe| [e1qoJdiw Yol-dluesiQ

9]BUOQJIED UIYHM SIDAE|

pue sasua| 3Jayd ul paAtasald

S|ISSO4 "9}IWojop pue 14ayd yjoq
ul uoljeulwe| [ejqosdIw Yyd1-d1uesiQ

3)eUOQJED UIYHM SIdAE]|
pue s3|Npou 31ayd ul paAsasald
S|ISSO4 *9}1WO|Op pue 143yd yloq
Ul uoljeulwe| |e1qoJdiw Yo1-dluesiQ

91euoqJed ulylm siahe| pue
S9INPOU 1I3YD Ul paAIasaid s|Isso4

panJasald sawoydi}

se ||am se syjeays ‘(jepireadns

0} |EPIIGNS) $9}1|0JBWO0.}S

93euoqJed ulypm siahe| pue
S3|NPOU 1U3Yd Ul paAJasald S|ISSO4

paAJasald sawoydLy

se ||am se syjeays ‘(jepizeldns

0} [EPIIQNS) S831|0JBWOI}S

9]BU0QJED UIY}IM SIDAE| pue
$9|NPOU 1I9Yd Ul paAIasald §|1SSO4

uonew.Iou| [euoIppY

siipsAydojuaog
‘s9qoJdIW
|ep102202
‘s9qoJoiw
snojuawell4

snunssaqgAjod
‘s9qoJoIW
|ep102202
‘$9g0JoIW
snojuawe|l4

[JELEIR o)
‘siipsAydojuaog
‘s9qoJolw
|ep10220d
‘s9qoJdIw

snojuaweli4

syJejloy

$970J2IW |EPI0I0D)

siipsAydojuaog
‘59g0JdIW
|ep10220d
‘s9q0.JoIW
snojuaweli4

sIipsAydojuaog
‘saqoJoiw
|ep10220d
‘s9qoJoIW
snojuawe|i4

s|isso4

(Pnwi
pue }jis) d13sed1dl|is
‘Mayd ‘@pwojoQg

S}1WOo|op pue 13YD

AUSE
puE 3{1s) JseIIIs
‘14ayd ‘epwojoQq

(pnw
pue 3is) 213se|21211s
‘148yp ‘saylwojog

ajwolop pue 1ayD

(41s pue
pnw) osepialis
‘@jwojop ‘HaYD

:u:r:
pue 31s) JseIIIs
‘Mayd ‘epwojoQq

sa13ojoyy

JUBWUOIIAUT [eu

(|ep1yeadns oy
|epI3gns) JUSWUOIIAUD
|Ep1} suliew Mojjeys

(jepneadns o3
|epIIgNs) JUsWUOIIAUD
|ep11 suliew mojjeys

(lep1yeadns o3
|ep1IgNS) JUSWUOJIAUD
|ep13 duliew Mojjeys

JUSWIUOIIAUD
auew |epngng

(jepnieadns oy
|ep11gNS) JUSWUOUIAUD
|ep13 duliew mojjeys

(jep1yeadns o3
|epI3gns) JUSWUOIIAUD
|EP13 Suliew Mojleys

(s211p1quny Ajqissod)
958( 9ABM W.I0IS
JeauU SJUSWUOIIAUD
aupew Jadasp
‘(lepnagns o3 |epiyaa1ul)
SJUSWUOJIAUD |epIIliad

epeue)

elaqIis

elaqIs

euaqis

eaqIs

elaqls

dnouo
saye lewsiqg

uoljew.o4
e)sn3un] eAeyng

uoljew.o4
ep3uagaq

Uol3ewW.I0 SewAly

uoljew.to
ap3ulnAy]

dnoio yieA,|ig

uoljew.o4
3uenyznAoeo

dnoJ9,/uonewio

(ponunuo2)

EN00CT

EIN00CT-00TT

BN O0OYT-00€T

BN OOYT-00€T

BN OOYT-00€T

EIN00ST-00€T

ENOOYT
a8y
T 3749Vl



-WILEY

rd

logy £z

10

(5

(sanunuo))

(ET0T) "[2 32 P4oH|IIM

MOORE ET AL.

{(TT0TZ) ASSIneAIpNY
pue jdoyds
{(0102) 4doyds $9]0AJE)ND
pue A29343S {(£T02) uolnjeulwe| ‘snunssaqA|od
‘|e 38 Jdoydg |eIqoJDIW >2€| 3By 13D JO Spaq ‘s9q0Jo1w
{(6002) AasIAeAIPNY ul pue $331|0JeWO043}S 9)euoq.ed |ep102202
pue jdoyods UIY}Im SiaAe| pue ‘sasus| ‘s9qoJdiw JUSWUOUIAUD SulIew uoljew.to
{(2002) '|e 19 adway ‘$3|NPOoU 143Yy2 Ul paAJasald s|1Sso snojuswie|i4 a)lwojop pue 1_YD |epnagns daap pue |eplagqng  ueisyyeze)y ueqyaIyd eIN008-0SZ
(686T1)
auuogeN pue us)iy
(886T) UV :(6L6T)
U3}y pue uuewjoH $331|eIqOJDIW PaZIHWO|op $9q0.Io1W JUSWUOIIAUD
{(€66T) '[e 32 Jauun] ul paAJasald s|i1ssoy  paljidjed, snojuswe|i4 S)lWo[op ‘Suo)sawl sullew |epiagns mojjeys epeue) dnous je@ 33317 BIN0S8-08/
$1S€|2 113D UIyHM paasasald b||aA3y2N1q0 puejio4
(T66T) ‘|e 12 ||ou S|1SSO4 "S2jeuoqJed |epligqns ‘s9q0Jo1w JUSWUOIIAUD s|Jey| suld
{(886T) BIYO pue |jou ul paysodap sise|d dn-du Juayd snojuswe|i4 9)lWojop pue L_YD sullew mojeys pJieq|eas ‘dnouo enjoog eIN 008
(€102) 1E 32
PIOJIIIM “(6102) ‘1B 32
A28 (9£6T) 431420
{(LL6T) 421420
(TL6T) 210€]g pUE sijpsAydojuaog
Jdoyds ‘894T ‘ydoyds 91eU0qJed UIYIM SiaAe| ‘saqoJo1w
{(646T)21qn|oo pue pue ss|npou 343yd ul paAsasaud |ep10220d
Jlouy {(596T) Jdoyos S[1SSO "931WO|Op pue 14ayd Yyioq ‘saqoJoiw JUSWUOJIAUS [eplieddns usYD
pue uiooydieg Ul uoneulwe| [elqoJdiw yai-d1uesio snojuswe|i4 91IWOJop pue 1UayD  duliew Jo axe| auljestadAH eljessny s3unds Jamig eIN006
syyjopus
(£102) Yex vydiowoisurg
pue 31ag-3uluuel ‘sninssaqAjod
(6102) ‘1B 3 ‘sijpsAydojuaog
Saag-8ujuuep ‘saqoJoiw
(8102) "I’ 3 (lepiyesdns |ep10220d (lepneadns o3
81ag-3uluuel 0] |eplaqns) s1aAe| pue ‘sasus)| ‘saqoJoiw |EPIINS) JUSWUOIIAUS uoljew.oo
H(A AN RER[IY] ‘S9|NPOU 349Yy2 Ul paAiasald s|1sso4 snojusawe|iq 9)lWojop pue J_YD |ep1} auliew mojjeys epeue) Jeewduy eIN00OT
uoljeulwej |eiqodiw
o€ 1ey3 spueq 314ayd |eplqns bydiowolBung
ul paAsasaud pydiowoisuvg ‘snunssaqAjod
(0002) plaly4213ng pue sninssagAjod ‘ajeuoqJied ‘saqoJdiw
{(0667) ‘|8 32 |epijeadns Jo sasud| pue sa|npou |1ep102202 (jepneadns o3
plaiyie11ng ul paAJasald s|Issojoldiw pue ‘saqoJoiw |ep1IgNS) JUSWUOIIAUS uollew.o
(T00Z) PI2y131Ing uoljeulwe] [elqodiw ydL-dluesio snojuswie|i S}1WO|Oop pue 143y |ep13 Sullew Mojjeys epeue) sununy BN OOCT
CERIIEYETEN] uoljewioju] [euoippy S|1ssoq saiSojoy jJuswuoJiAug jeuolyisodaq Ajnjeso1  dnoug/uonewso a8y

(penunuod) T 374VL



MOORE ET AL.

8 A
SRRV cbiolooy ~ea

SPI00 93eU0dIeD UIYIM P3LIdIIS
S|1SS04 JI}[OPUT (S33|03eWONS

(9T0T “1B 32 NYZ #86T ‘T86T ‘UNA 1666T ‘UIYSHBA :0TOT “[B 32 UOS|IM ‘€TOT “[B
19 PJOJIIIIM ‘6TOT "€ 32 A9DBM 1€66T “[E 19 JaUINL 1600T “[B 12 Y2lAdUelS (£ TOT “8 19 IYS ‘0TOT Jdoyds 9 A99819S (£00T “|e 19 998135 1£66T ‘G66T | 19 A99849S 1000T ‘666T 21qn|0D 9 00(-8U0dS
‘8667 21qn|09 13 00(-8U03S ‘TTOT ‘600C ‘AoSIABAIPNY 13 1dOYdS T/ 4T “1de|g 3 JdOoyds 86T [ 39 Jdoyds 8961 4dOYdS 18/ 6T LL6T ‘9L6T I9IYR0 ‘96T UININ ‘SO0T "€ 19 UBWISSOIN ‘T00T ‘UBWSSOIN
*LTOT ‘Yey 13 81ag-8ululel ‘6T0Z ‘8TOT “[e 12 819g-SUlUUe|n ‘884T ©IYO 3 [IOUM ‘6£6T 2IGN|0D 3 [|OUN :9/6T ‘UI00ySieg 3 [[OUN ‘ETOT ‘T66T ‘886T ‘986T “[E 12 [|OUY Z8ET ‘IIOUN ‘Z00T “[e 12
adwiay ‘€861 ‘Uospleuoq 3 PSAPOIOH ‘086T ‘UOSP|euOq 9 INSAPOIOH ‘086T ‘PISAPOIOH 16/6T ‘UMY 9 UUBWIOH 19/6T ‘SL6T ‘vL6T ‘UUBWIOH :8TOT “|B 12 OND (84T ‘Buloy] R AsID ‘8861 /861 “|e
19 U93ID 19/ 4T ‘UUBWIOH 3 2IqN|OD) G/ 4T ‘AduejaQ 9 Uospleuoq ‘€£6T “|8 39 PA0JX01D ‘86T ‘llqdwed y66T ‘0661 ‘886T “[B 19 Pla1491Ing 00T ‘TO0T ‘PI21493Ing 000T “|e 19 A9jieg 15961 ‘Jdoyos
Q uJooysieg :0z0g “|e 19 UOSIDpUY /66T ‘11eJIES-pURILIDG R PIRWY (484T ‘QUUOQUIEN R UMY ‘884T ‘UIY) "suoijew.ol ayl 3ulqrossp siaded JueAs|al 01 $92US19)a4 24e 9|ge] SIY] Ul papn|dul 0S|y

9jeuoq.ed |epligns ulym SINSA
149Y2 JO SI9Ae| pue sa|npou ‘siipsAydojuaog
(¢861) II9qdwe) ‘lepiagns ui pajisodap pue ‘saqo.diw (lepryeadns o3 |epnqns)
{(886T) '|e 12 usain |epizeadns wouy pajiodsuely |ep102202 JUSWUOIIAUS |epl}
{(£86T) '|e 19 usai s3se|d dn-diJ) SJUBWUOIIAUD ‘s9qo.olw Qulew Moj|eys :uooge| dnoug
{(986T) "|e 19 |[ou) OMJ] WOJJ 119D SN0JDJI|ISSO snojuaweji 9]IWoO|0op pue 14ayD)  aullew ‘wuojie|d ajeuoqie) puejuaaln Aeg a1ouo03|3 eIN008-00/
aes|e ‘sydJejlioe
‘sninssaqAjod
(020Z) 1e 12 (s931j03BWO]S 91RUOQIED |BPIIgNS ‘Dl]2AdYINIGO
uosiapuy UIYHM 113D JO SiaAe| pue ‘siipsAydojuaog
(#002) PI3y1913ng s3|npou ‘|lepliqns ul payisodap ‘saqoldiw (lepneadns oy
{(886T) 'le 19 pue |epijesdns woJj pajiodsuesy |ep102202 91eydsoyd ‘(pnw |epIIgNs) JUSWUOUIIAUD
p|aia911Ing sise[d dn-du) SJUSWUOJIAUD ‘saqoJoiw pue 3jis) o13se|dl |ep1y aulew uoljew.o4
{(766T) | 32 p|a14421Ing OM3] WOJJ 113YD SN0JDJI|ISS0 snojuawejl4 ‘492 ‘a31wojoQg Moj||eys ‘uooSe| auLiejn  uasiaqgsuds 19||al4819quens eIN008-00/
S9SUD| PUB S3INPOU 1I9Yd
pue sjse|d dn-du ul paAsasad
S|1Ss04 d1uopjueld |erjualod
*S[1SSOJ pUE Sjew |el1qoidiw
UlBIUOD S9JEUOQJED |EPIIgNS Ul
paysodap sisepd dn-diui Juay) SINSA ‘SydJejLoe
‘(Jep1aeadns) sa31j01eWOI}S ‘snunssaqgAjod
9]BU0QJed UIY}IM SaSU| pue ‘s9q0JdIW (lepizeadns o3
$9|NPOU 119Yd Ul paAsasaid |ep10220d |epIIgNS) JUSWUOIIAUD
(286T) I1ouy S[1SSO- "9}IWO[Op pue 11aYd yioq ‘$9q0JoIW |epi1 suliew 9jesawo|3uo)
{(T66T) [B39||OUY Ul UOljeUIWE| [BIqOJDIW YdII-dIueSiO snojuaweji4 9}1Wo|op pue 343yD Mojjeys ‘uooSe| aullely  uadiagsyds uadelq eIN008-00/
CERIEYETEN| uoljew.ioju| [euonippy s|1sso4 salSojoyl]  juswuodiaug jeuonyisodag Ajjeso7  dnoug/uonjew.oH a8y

(penunuod) T 379VL



MOORE ET AL.

e WiLEY-

FIGURE 1 Side-by-side comparisons of some of the most
diagnostic Proterozoic microbial fossils and their modern analogs.
(a) Eoentophysalis (Butterfield, 2015), (b) Modern Entophysalis
(see Moore et al., 2020 for culturing conditions), (c) Obruchevella
(Butterfield, 2015), (d) Modern Spirulina (see Moore et al., 2020
for culturing conditions), (€) Bangiomorpha (Butterfield, 2000),

(f) Modern red algae (Sheath & Vis, 2015), (g) Polybessurus
(Butterfield, 2001), (h) modern stalk forming cyanobacteria
(Demoulin et al., 2019), (i) Eohyella (Butterfield, 2015), (j) modern
endolithic cyanobacteria (Demoulin et al., 2019). [Correction added
on 26 October 2022, after first online publication: the figure
caption related to part figure (f) was corrected in this version.]

produce thick envelopes of exopolymeric substances (EPS; Figure 2
inset) (Dupraz & Visscher, 2005; Moore et al., 2020), sunscreen-shielding
pigments such as scytonemin (Gao & Garcia-Pichel, 2011; Garcia-
Pichel, 1998; Garcia-Pichel et al., 1992; Garcia-Pichel & Castenholz, 1991
and references therein), osmoprotectants (Goh et al., 2009) and exhibit
other adaptations. Some cyanobacteria and marine algae additionally
produce sulfated extracellular polysaccharides, compounds that are
thought to have protective functions against UV radiation, oxidative
stress and free radicals, desiccation, and trace nutrient limitation, among
other stresses (Costa et al., 2010; Jiao et al., 2011; Moore et al., 2021;
Raguraman et al., 2019; Richert et al., 2005; Skoog et al., 2022).

Subtidal communities do not experience the same periods of
extended subaerial exposure and desiccation that supratidal com-
munities do. However, the permanently submerged microbes still
must cope with stresses like salinity and UV radiation—though to
a lesser extent than in supratidal communities—as well as physical
forces such as currents, potentially rapid rates of sedimentation,
and wave action [(Gebelein, 1969; Mariotti et al., 2014; Murshid
et al., 2021; Neumann, 2004; Wong et al., 2015) Figure 3]. Subtidal
microbes—especially cyanobacteria—also produce EPS and sheaths
in response to these stresses and as a means of binding to the solid
substrates (Wong et al., 2015). Given that sheaths and EPS are se-
lectively preserved by silicification (Butterfield, 2015; Golubic &
Seong-Joo, 1999; Sergeev & Sharma, 2012 and references therein),
the chemical and physical properties of these polymers may have
contributed to the fossilization potential of supratidal through
subtidal microbial mats. If so, supra- and subtidal microfossils and
organic-rich textural biosignatures in the rock record may contain
information about the evolutionary continuity of microbial stress
responses and their influences on the production and composition
of EPS, interactions with seawater, and fossilization processes.

3 | CHERT AND SILICIFICATION

3.1 | Insights into silicification from modern
environments and fossilization experiments

Microbes and microbial mats that inhabit modern supratidal to
subtidal environments are analogous to some iconic Proterozoic fos-

sil assemblages, but the modern and the ancient communities differ
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in several key respects. One, of course, is that the organisms, com-

munities, and their genomes have evolved over the intervening bil-
lions of years (Fournier et al., 2021). Another is seawater chemistry,
which likely influenced the fossilization potentials of modern and
ancient marine microbial mats. Silica in modern oceans exists in uM
concentrations (Tréguer et al., 1995). In contrast, some estimates of
these concentrations during the Proterozoic, before the evolution of
silicifying organisms, exceed 1 mM (Conley et al., 2017; Knoll, 2008;
Maliva et al., 2005; Siever, 1992), but still are below amorphous silica
saturation in the absence of other cations (2mM; ller, 1979). This
chemical difference likely contributed to the precipitation of chert

FIGURE 2 Pustular supratidal
microbial mats in Shark Bay, Western
Australia. A photomicrograph (inset)
shows the coccoidal cyanobacteria

that form pustular mats and produce
concentric envelopes of EPS around cells
and cell clusters (see Moore et al., 2020,
and Skoog et al., 2022, for culturing
conditions).

FIGURE 3 Subtidal to intertidal
stromatolites in Shark Bay, Western
Australia with photomicrograph of
Spirulina (inset), one of the cyanobacteria
enriched from these stromatolites

(see Moore et al., 2020 for culturing
conditions).

in Proterozoic tidal environments and the preservation of exquisite
body fossils (Manning-Berg & Kah, 2017; e.g., Figure 1), a phenome-
non that does not generally occur in modern tidal environments, with
rare exceptions (e.g., Kremer et al., 2012). The localized nature of
the marine Proterozoic chert (e.g., Anderson et al., 2020; Barghoorn
& Schopf, 1965; Butterfield, 2000, 2001; Butterfield, 2004;
Butterfield et al., 1988, 1990, 1994; Campbell, 1982; Croxford
et al., 1973; Donaldson & Delaney, 1975; Green et al., 1987, 1988;
Hofmann, 1976; Horodyski & Donaldson, 1980, 1983; Kempe
et al,, 2002; Knoll, 1982; Knoll et al., 1986, 1991; Knoll et al., 2013;
Knoll & Golubic, 1979; Manning-Berg et al., 2018, 2019; Muir, 1976;
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Oehler, 1976,1977,1978; Schopf, 1968; Schopf & Kudryavtsev, 2009,
2011; 1995, 1997; Sergeev & Schopf, 2010; Stanevich et al., 2009)
and the inability of amorphous silica, the precursor to chert, to pre-
cipitate abiotically at concentrations below 2mM silica (ller, 1979)
suggest that the fossil-preserving chert may not have precipitated
due to abiotic processes alone. This, and the lack of modern marine
analog environments that are both supratidal and contain high con-
centrations of silica, suggests that different chemical and biological
conditions in Proterozoic supratidal environments favored the pres-
ervation of marine organisms by silicification.

Studies of microbial-environmental interactions in modern en-
vironments and experimental taphonomy have taken steps toward
elucidating how silicification of microbial cells may have occurred.
Although microbial silicification is not known to occur in modern
tidal environments due to low modern marine silica concentra-
tions, it does occur in the extensively studied hydrothermal systems
around the world in Iceland (Konhauser et al., 2001; Konhauser &
Ferris, 1996; Konhauser & Urrutia, 1999; Schultze-Lam et al., 1995),
New Zealand (Campbell et al., 2002, 2015; Jones et al., 1997, 1998,
2001, 2004, 2005; Jones & Renaut, 1996), Yellowstone National
Park (Cady & Farmer, 2007; Ferris et al., 1986; Walter et al., 1972),
and Chile (Gong et al., 2020; Wilmeth et al., 2021), to name just a
few locations. In these environments, the high temperature of the
fluid that emanates at the source of a hot spring allows for elevated
concentrations of dissolved silica that exceed 2mM. Once the fluid
reaches the surface, it rapidly cools as it flows away from the source
and dissolved silica becomes supersaturated and precipitates quickly
out of solution, coating all surfaces. As a result, microbial mats living
in and around hydrothermal systems become encased in amorphous
silica and are preserved in a manner similar to the preservation of
Proterozoic fossils in chert [(Schultze-Lam et al., 1995; Konhauser
et al., 2001; Yee et al., 2003) Figure 4a]. The precipitation of silica in
hot springs occurs abiotically, but some studies have suggested that
the surfaces of the microbes may act as a template upon which the
silica binds and precipitates, facilitating the preservation of detailed
microbial cell shapes as well as the morphologies and textures of the
larger-scale textures (Francis, Barghoorn, & Margulis, 1978; Gong
et al., 2020; Handley et al., 2008; Jones et al., 2001; Konhauser
et al., 2004; Oehler & Schopf, 1971; Schultze-Lam et al., 1995).

Laboratory experiments have elucidated the mechanisms that
preserve microbial body fossils in hydrothermal and silica-saturated
solutions. Some of this work has focused on cellular degradation
and morphological alteration during the precipitation of silica from
saturated solutions at high (Francis, Barghoorn, & Margulis, 1978;
Francis, Margulis, & Barghoorn, 1978) and low (Ferris et al., 1988;
Toporski et al., 2002) temperatures. These experiments revealed
that the precipitation of amorphous silica around the organisms
preserved the shapes of cells in spite of some alteration of cell
structure and organic degradation (Ferris et al., 1988; Francis,
Barghoorn, & Margulis, 1978; Francis, Margulis, & Barghoorn, 1978;
Gong et al., 2020; Toporski et al., 2002). Numerous other studies
have sought to address the specific roles of organic surfaces in
silicification. Some have suggested that organic compounds act as

FIGURE 4 SEM images showing modern examples of microbial
silicification. (a) Filamentous cyanobacteria coated in silica that
were experimentally silicified under supersaturated conditions
(see Phoenix et al., 2000, for experimental conditions). (b)
Coccoidal cyanobacteria that were experimentally silicified in
artificial seawater with 1.5mM silica (see Moore et al., 2020, for
experimental conditions). The inset shows nanoscopic colloidal
silica coating cell surfaces.

a template after cell death (Ferris et al., 1988), while others demon-
strated that specific types of organic surfaces, such as those that
are positively charged (Konhauser et al., 2004; Lalonde et al., 2005;
Urrutia & Beveridge, 1993, 1994) or those made by specific organ-
isms (Francis, Barghoorn, & Margulis, 1978; Francis, Margulis, &
Barghoorn, 1978; Lalonde et al., 2005; Orange et al., 2009; Phoenix
et al., 2000; Urrutia & Beveridge, 1993, 1994; Westall, 1995; Yee
et al., 2003), are better or worse templates for the precipitation of
silica. The increased production of EPS was also suggested as a major
driving force behind silica precipitation (Benning et al., 2004). Many
of these experimental and environmental studies highlighted the role
of metals such as iron in the silicification process, suggesting that
iron acts as a cation bridge that enables silica accumulation and pre-
cipitation around microbial cells in freshwater environments (Ferris
et al., 1986; Konhauser & Ferris, 1996; Urrutia & Beveridge, 1994).
However, Proterozoic cyanobacterial fossils lived in oxygenated ma-
rine surface environments that, with the exception of Gunflint biota
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FIGURE 5 Experimentally silicified filamentous cyanobacteria. SEM image shows the silicified microbial mat (left). The corresponding
EDS spectra (right) show elevated magnesium, calcium, and silica in these mats (see Moore et al., 2020; Morgenstein, 2020 for experimental

conditions).

discussed in Section 3.3, are not noted to contain abundant iron.
Thus, the iron cation likely did not have a large role in silicification in
most Proterozoic carbonate-hosted chert deposits.

Although these studies demonstrated interactions between
organic surfaces and silica, many of the experiments explored
concentrations of silica that are higher than what is estimated for
Proterozoic tidal environments (e.g., Benning et al., 2004; Ferris
et al., 1988; Francis, Barghoorn, & Margulis, 1978; Francis, Margulis,
& Barghoorn, 1978; Toporski et al., 2002). Moreover, the environ-
mental studies are situated in very specific, localized, volcanic envi-
ronments that are relatively uncommon (e.g., Cady & Farmer, 2007;
Campbell et al., 2002, 2015; Ferris et al., 1986; Gong et al., 2020;
Jones et al., 1997, 1998, 2001, 2004, 2005; Jones & Renaut, 1996;
Konhauser et al., 2001; Konhauser & Ferris, 1996; Konhauser &
Urrutia, 1999; Schultze-Lam et al., 1995; Walter et al., 1972; Wilmeth
et al., 2021). Thus, none are direct analogs for Proterozoic marine
carbonate-hosted fossiliferous chert (Jones et al., 2004). The modern
large, laterally extensive chert deposits differ in scale, texture, and
formation mechanism from the nodules, lenses, and layers of fossilif-
erous chert that punctuate Proterozoic carbonate deposits from tidal
environments (e.g., Anderson et al., 2020; Barghoorn & Schopf, 1965;
Butterfield, 2000, 2001; Butterfield, 2004; Butterfield et al., 1988,
1990, 1994; Campbell, 1982; Croxford et al., 1973; Donaldson &
Delaney, 1975; Green et al., 1987, 1988; Hofmann, 1976; Horodyski
& Donaldson, 1980, 1983; Kempe et al., 2002; Knoll, 1982; Knoll
et al,, 1986, 1991; Knoll et al., 2013; Knoll & Golubic, 1979;
Manning-Berg et al., 2018, 2019; Muir, 1976; Oehler, 1976, 1977,
1978; Schopf, 1968; Schopf & Kudryavtsev, 2009, 2011; 1995, 1997;
Sergeev & Schopf, 2010; Stanevich et al., 2009). This underscores
the need to explain the more localized precipitation of silica as nod-
ules and lenses in tidal environments, where silica concentrations
were likely below 2mM as evidenced by the lack of large-scale, lat-
erally extensive chert deposits that might be expected from con-
sistently supersaturated waters like those in hydrothermal systems.

Experimental studies that use modern analog organisms provide
a means of reconstructing Proterozoic marine conditions to exam-
ine the precipitation of chert and fossilization therein. Recent work
by Moore et al. (2020) demonstrated that pustular mat-forming
cyanobacteria from Shark Bay that are analogous to the oldest
diagnostic cyanobacterial fossil, Eoentophysalis, can mediate the
precipitation of magnesium-rich silica (Figure 4b). These modern
organisms grow in environments in which they experience hypersa-
line waters, periodic desiccation, and high fluxes of UV radiation. In
response to these environmental stresses, they produce concentric
envelopes of EPS that are very similar to those of their fossil an-
alogs (Golubic & Hofmann, 1976). Experiments in seawater that is
undersaturated with respect to silica (<2mM) at room temperature
and pressure (Moore et al., 2020, 2021; Urrutia & Beveridge, 1993,
1994) as well as experiments that used elevated silica concentra-
tions (Benning et al., 2004; Francis, Barghoorn, & Margulis, 1978;
Francis, Margulis, & Barghoorn, 1978; Orange et al., 2009; Slagter
et al., 2021, 2022; Toporski et al., 2002; Westall, 1995) identified
the EPS as the loci of mineral nucleation (Figure 4b). Some studies
specifically demonstrated precipitation of amorphous silica through
magnesium-dependent cation bridging and noted that silica pre-
cipitation required growing and photosynthesizing microbial mats
(Moore et al., 2020, 2021). Collectively, these studies suggest that
microbes and microbially produced organic compounds can medi-
ate the precipitation of silica even at low silica concentrations and
highlight the importance of metabolically induced pH changes, pho-
tosynthetic activity, and cations in silicification.

Reports of magnesium-rich colloidal silica precipitates in mod-
ern biofilms from Qatar (Bontognali et al., 2010; Gérard et al., 2018;
Perri et al., 2018) and in hypersaline or alkaline lakes (Bischoff
et al., 2020; Souza-Egipsy et al., 2005) further suggest a potential
role of magnesium and other cations in the precipitation of amor-
phous silica in hypersaline environments. Some cyanobacteria—
including Spirulina and other filamentous cyanobacteria that form
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tufts in Shark Bay—produce EPS that contain calcium and promote
the precipitation of amorphous silica rich in both magnesium and
calcium in the same solutions where marine coccoidal cyanobacte-
ria bind magnesium and precipitate Mg-rich silica (Figure 5). Other
cyanobacteria can promote the precipitation of aluminum-rich silica
phases in seawater that contains 0.4-1mM silica and sedimentary
sources of aluminum (Newman et al., 2016) and in active steam vents
of Kilauea Volcano, Hawaii (Konhauser et al., 2002). In contrast, the
EPS of Chroococcidiopsis cubana, a freshwater cyanobacterium,
does not strongly promote the binding of cations or silica (Moore
et al., 2021). These experimental studies demonstrated that some
organisms produce EPS that promote the precipitation of amor-
phous silica, whereas others do not. This EPS-mediated silicification
may rely on the specific chemical makeup of the EPS, the presence
of different cations in solution, and other differences in the chemi-
cal conditions to which the organisms are exposed. The inability of
some organisms to bind cations and silica in their EPS suggests that
the chemistry of their EPS may contribute to taphonomic biases that
are introduced into the rock record (Moore et al., 2021).

The same organisms that produce thick envelopes of EPS—
filamentous and coccoidal mat-forming cyanobacteria from Shark
Bay, Spirulina, and marine algae—are the modern morphologi-
cal and ecological analogs of various filamentous cyanobacteria,
Eoentophysalis, Obruchevella, and Bangiomorpha, respectively, in the
rock record (Figure 1). It is worth noting that similar environmental
stresses in the Proterozoic supra- and subtidal environments where
these fossils are found may also have also contributed to the produc-
tion of abundant EPS by their fossil analogs. As a potentially import-
ant nucleation site for silica precipitation, these and other similar
compounds may be vital to our understanding of past microbial ad-
aptations and the role of microbial stress responses in mineral pre-
cipitation and fossil preservation. In the coming sections, we explore
the fossil record of these organisms and the potential influences of
environmental stresses and microbial physiology on the selective
preservation of cyanobacterial fossils and textures.

3.2 | Supratidal chert in Proterozoic deposits

Proterozoic examples of organic-rich remnants of microbial mats and
body fossils provide evidence for microbial colonization of supratidal
environments as early as 2 Ga (Hofmann, 1976). The formations that

(@)

FIGURE 6 Pustular microbial mats built
by coccoidal cyanobacteria in supratidal
environments. (a) Modern, Shark Bay,
Australia. (b) Proterozoic, Belcher Island
Group, Canada (Butterfield, 2015).
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host these supratidal biosignatures are incredibly complex, but are
generally dominated by dolomite and calcite (Table 1). Desiccation
cracks, teepee structures, evaporites or pseudomorphs of evapor-
itic minerals, or any combination of these features in these deposits
indicate frequent and extended subaerial exposure and high salinity
(Hofmann, 1976; Horodyski, 1980; Horodyski & Donaldson, 1983;
Oehler, 1978; Seong-Joo & Golubic, 2000). Fossil tufted and pustu-
lar mats from supratidal environments differ in size and sometimes
morphology from fossil mats and microbial textures in deeper facies,
but are similar to the morphologies of tufted and pustular micro-
bial mats found in modern supratidal environments like Shark Bay,
Australia (Hofmann, 1976; Goh et al., 2009; Jahnert & Collins, 2012;
Knoll et al., 2013; Figure 6).

In Proterozoic supratidal environments, microbial body fossils
were preserved almost exclusively in chert, with some rare fossils
preserved in carbonate. This chert occurs in the form of isolated
patches to semi-continuous layers, but is rarely, if ever, as exten-
sive as the surrounding carbonate [(Golubic & Seong-Joo, 1999;
Hofmann, 1974, 1976; Horodyski & Donaldson, 1983; Oehler, 1978;
Sergeev et al., 1995) Figure 7]. Microcrystalline silica surrounded
and filled in the cells and preserved the organic cell walls or surfaces
in fine detail (e.g., Oehler, 1976; Wacey et al., 2012). The remnants
preserved in chert are mostly interpreted as former cellular sheaths
or envelopes of the organisms [(e.g., Butterfield, 2015; Golubic &
Seong-Joo, 1999; Sergeev & Sharma, 2012 and references therein)
Figure 1]. The chains of the cells (trichomes) are only occasionally
visible within these envelopes [e.g., Amelia Dolomite (Croxford
etal.,, 1973; Muir, 1976), Gaoyuzhuang Formation (Yun, 1981; Schopf
et al., 1984; Seong-Joo & Golubic, 1998; Seong-Joo & Golubic, 1999,
2000; Shi et al., 2017), Bil'yakh Group (Sergeev et al., 1995)]. The
morphological simplicity of many of these fossils precludes a defin-
itive interpretation of their taxonomic affinity. However, some rare
exceptions have unique and distinct characteristics that are identical
to those of some modern cyanobacteria.

Among fossils of organisms that occupied Proterozoic supratidal
environments, some of the most diagnostic fossils belong to the
colonial coccoidal cells of the pustular mat-forming Eoentophysalis.
These fossils first appear in the rock record in the ~2 Ga Belcher
Island Group [(Hofmann, 1974, 1975, 1976) Figures 1 and 6] and
are reported in many younger Proterozoic deposits (Table 1).
These fossils of pustular mat-forming organisms are always pre-
served in chert nodules and lenses within supratidal carbonate

S ()
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FIGURE 7 Examples of black, fossiliferous chert nodules, lenses, and layers within carbonate strata from the Proterozoic Angmaat

Formation (Manning-Berg et al., 2018).

FIGURE 8 Photomicrographs of
coccoidal cyanobacteria from Shark Bay,
Western Australia grown at different
conditions. (a) Cyanobacteria grown under
the exposure to LED UV lights (400-
420nm wavelength) and a fluorescent
light. (b). Cyanobacteria grown in liquid
cultures under a fluorescent light. The
same cyanobacteria produce thicker EPS
envelopes in response to UV radiation
stress (see Moore et al., 2020 for culturing

10 ym
I

deposits (Hofmann, 1974, 1976; Horodyski & Donaldson, 1983;
Knoll et al., 2013; Knoll & Golubic, 1979; Manning-Berg et al., 2018,
2019; Manning-Berg & Kah, 2017; Oehler, 1978; Seong-Joo &
Golubic, 1999; Sergeev et al., 1995, 1997; Stanevich et al., 2009) or
in rip-up clasts and other grains that were transported and depos-
ited in subtidal deposits [e.g., Svanbergfjellet Formation (Butterfield

conditions).

et al., 1994; Eleonore Bay Group; Green et al., 1988)]. In contrast to
simpler coccoidal fossils, Eoentophysalis mats exhibit a distinct mac-
roscopic pustular texture that arises from the division of the cells
along multiple planes and the thick, multilayered envelopes inter-
preted as EPS that surround cells and clusters of cells (Figure 6). Both
the microscopic and macroscopic features of Eoentophysalis mats are
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strikingly similar to those of coccoidal cyanobacteria that build the
pustular microbial mats in Shark Bay, Western Australia, especially
those that experience UV radiation (Figure 1).

The physiological and morphological responses of modern an-
alogs to UV radiation and desiccation provide clues as to how
Eoentophysalis may have lived in, adapted to, and interacted with
the Proterozoic supratidal environments. In laboratory growth ex-
periments, modern pustular mat-forming cyanobacteria produce
more EPS when grown under UV stress compared to those that
grow under normal ambient light conditions (Figure 8). Moreover,
experimental taphonomy of these cyanobacteria reveals some of
these stress responses—especially the production of EPS—as criti-
cal to early silicification (see Section 3.1; Moore et al., 2020, 2021).
Given that the UV radiation, desiccation, and high salinity impacted
organisms such as Eoentophysalis that lived in peritidal environments
during the Proterozoic eon (Butterfield, 2015), the production of
abundant EPS in response to these environmental stresses likely
contributed to the early silicification of Proterozoic cyanobacteria
in these environments.

3.3 | Subtidalsilicification and a shift
in organism makeup

Differences in water depth and environmental conditions can select
for different cyanobacteria and microbial communities, with conse-
quences for lithification and the preservation of biosignatures. Thus,
Proterozoic subtidal biosignatures, preservation modes, and litholo-
gies differ in some key respects from those of supratidal deposits,
sometimes even within a given formation or sequence of formations
(Table 1). Some stromatolitic subtidal carbonates contain nodules
and lenses of fossiliferous chert similar to supratidal deposits [e.g.,
Franceville Group (Mossman, 2001; Mossman et al., 2005; Amard &
Bertrand-Sarfati, 1997)], but more laterally extensive layers of chert
within stromatolites are also present in subtidal deposits and tend
to contain different fossils compared to supratidal cherts (Table 1).
Some Proterozoic chert deposits are additionally unique: chert is as-
sociated with iron formations. The Gunflint Formation, for example,
preserves a famous and extensively studied assemblage of diverse
microfossils—the Gunflint biota (Alleon et al., 2016; Barghoorn &
Tyler, 1965; Cloud & Hagen, 1965; Knoll et al., 1978; Lanier, 1989;
Lepot et al., 2017; Moreau & Sharp, 2004; Tyler & Barghoorn, 1954;
Wacey et al., 2012, 2013; Williford et al., 2013). However, these
and other cherts associated with iron formations were deposited
in iron-rich environments, and the mechanisms that underpin their
formation likely differed from the typical subtidal carbonate-hosted
fossiliferous cherts (e.g., Shapiro & Konhauser, 2015).

Deposits like the Duck Creek Formation (Grey & Thorne, 1985;
Knoll et al., 1988; Knoll & Barghoorn, 1976; Wilson et al., 2010)
demonstrate complexity in the source, type, and extent of chert. In
this formation, partially silicified, fossiliferous carbonate grains are

thought to have been transported from shallower environments
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(possibly supratidal; Knoll et al., 1988). The Scotia Group (Knoll
etal., 1991; Knoll & Ohta, 1988), Draken Conglomerate (Knoll, 1982;
Knoll et al., 1991), Svanbergfjellet Formation (Anderson et al., 2020;
Butterfield, 2004; Butterfield et al., 1988; Butterfield et al., 1994),
and Eleonore Bay Group (Campbell, 1982; Green et al., 1987; Green
et al., 1988; Knoll et al., 1986) also contain chert nodules interpreted
as rip-up clasts or transported grains initially formed in the supra-
tidal zone and later transported to the subtidal realm (Butterfield
et al., 1994; Green et al., 1988; Knoll, 1982; Knoll et al., 1991; Knoll
& Ohta, 1988). In the Duck Creek and Svanbergfjellet formations,
transported grains are surrounded by nodules and lenses of a later
generation of primary or early diagenetic chert that subsequently
formed and preserved a “second generation” of fossils that were pre-
served in place (Butterfield et al., 1994; Knoll et al., 1988). Alongside
these clast-containing carbonate facies, the Duck Creek Formation,
Draken Conglomerate, and Eleonore Bay Group contain stromatolitic
or flat-bedded carbonates with laterally discontinuous chert layers
(Butterfield et al., 1994; Green et al., 1987, 1988; Knoll et al., 1986,
1988). Chert in other subtidal carbonates may occur as bands and
layers within otherwise dolomitic stromatolites or even as laterally
continuous, unlaminated chert beds (Table 1). The environmental
or biological reasons for this diversity in type and extent of chert
development currently lack explanation. Nonetheless, one thing is
consistent across these deposits: whether in nodules or laterally
continuous layers, primary or early diagenetic chert rather than car-
bonate generally preserves the best body fossils. This difference in
preservation potential of delicate microbial cells between chert and
carbonate may be the results of timing of mineral formation relative
to degradation (Manning-Berg et al., 2018, 2019; Manning-Berg &
Kah, 2017), crystal size of the precipitates grains, mechanism of min-
eral precipitation, or some combination of these and other factors.

The fossils preserved in subtidal chert nodules and lenses may
contain important information about the microbes that inhabited
these environments and their physiological differences from mi-
crobes in supratidal communities. Many of the simple mat-forming
fossil morphologies, such as filaments and cocci, can be found in
both supratidal cherts and chert layers within deeper water stromat-
olites (Table 1). However, some studies have noted that subtidal mi-
crobial mats are dominated by filamentous fossils, whereas coccoidal
organisms are more abundant in supratidal pustular and stratiform
microbial mats (Knoll et al., 2013; Manning-Berg et al., 2019). This
may reflect colonization of the different environments by organisms
best equipped to cope with the various stresses. For example, coc-
coidal microbes with thick EPS envelopes are found predominantly
in supratidal environments (Kah & Knoll, 1996) because they are bet-
ter equipped to cope with desiccation and salinty stresses in these
environments while filamentous microbes can create woven mats
that are better able to withstand physical stresses caused by wave
action.

Some modern environments and Proterozoic formations do not
perfectly follow these trends. For example, pustular mats formed by

coccoidal cyanobacteria colonize both the subtidal and the peritidal
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areas in Shark Bay, Western Australia (Jahnert & Collins, 2012). The
Proterozoic Sukhaya Tunguska Formation similarly contains pustular
mat-forming cyanobacteria in both supratidal and subtidal deposits.
The subtidal mats there contain less evidence for former pigmenta-
tion compared to those preserved in the supratidal chert based on
the lighter coloration of the upper portions of the mats compared
to those preserved in supratidal deposits (Sergeev et al., 1997). This
may be the result of a diminished need for biologically produced
UV radiation shielding by microbial pigments due to the protec-
tion afforded by the overlying water in the subtidal realm (Golubic
& Hofmann, 1976). The precursors to the kerogenous material that
darkens the top layers of microbial mats remain unknown, preclud-
ing a definitive interpretation for this difference in color distribu-
tion from the peritidal to the supratidal mats. This difference may
reflect a difference in the amount of UV-shielding pigment produced
by the microbes in supratidal and subtidal environments, but it is
also possible that the organisms in subtidal environments produced
less EPS or that the overall organic preservation was poorer in the
subtidal mats. Experimental studies could reveal which biological
compounds are produced and can be preserved under a range of
conditions and whether the preservation of associations of pigments
and EPS can be expected in the Proterozoic mats.

Transported grains in subtidal carbonates from the Eleonore Bay
Group contain the silicified fossil Eohyella [(Campbell, 1982; Green
et al., 1988; Knoll et al., 1986) Figure 1]. The morphology and boring
patterns of these fossils are identical to modern euendolithic cyano-
bacteria that colonize ooids in The Bahamas (Green et al., 1988; Reid
& Macintyre, 2000) and other euendolithic cyanobacteria—both
filamentous and coccoidal—that colonize other marine carbonate
substrates (Chacon et al., 2006; Couradeau et al., 2017; Garcia-
Pichel, 2006; Roush & Garcia-Pichel, 2020; Storme et al., 2015). Like
other marine cyanobacteria, many of these euendoliths produce thick
EPS envelopes and EPS-filled trails (Chacén et al., 2006; Couradeau
et al, 2017; Garcia-Pichel, 2006; Roush & Garcia-Pichel, 2020;
Storme et al., 2015), similar to the adaptations observed in supratidal
cyanobacteria which produce abundant EPS in the face of desicca-
tion and UV radiation. Some even produce UV shielding pigments
like scytonemin and gleocapsin (Storme et al., 2015). The fossils of
Proterozoic endolithic cyanobacteria are preserved by silicification
inside of ooids, peloids, and other carbonate grains into which the
cells bored, leaving behind previously empty trails that were in-
filled by silica with the individual coccoidal cells preserved at the
terminal end of the trails (Campbell, 1982; Green et al., 1988; Knoll
et al., 1986). The silicification of these trails and the preservation of
the body fossils suggest early silicification. The production of EPS in
response to the common stresses of desiccation and UV radiation,
similar to what is observed in supratidal pustular microbial mats, sug-
gests that this stress response may have similarly facilitated the pre-
cipitation of early diagenetic chert and, ultimately, the preservation
of these fossils.

Obruchevella, a filamentous cyanobacterial fossil, first appears
in the rock record in chert concretions from the subtidal facies of
the Gaoyuzhuang Formation (Shi et al., 2017). These fossils are

preserved by a variety of modes in a range of lithologies, including as
organic compressions in shales [e.g., the Svanbergfjellet Formation
(Butterfield & Rainbird, 1998)] and by pyrite in limestones [e.g.,
lkiakpuk Formation (Moore et al., 2017)]. The most exceptionally
preserved specimens are often found in Proterozoic subtidal cherts
including those from the Gaoyuzhuang Formation and the Scotia
Group [Table 1 (Knoll & Ohta, 1988; Shi et al., 2017)]. Obruchevella
is often preserved alongside other filamentous fossils, but is distin-
guished from other filaments by a helically coiled morphology anal-
ogous to modern Spirulina (Margheri et al., 2003). Although some
other modern organisms like marine algae and other bacteria can
have a generally spiraled morphology, only modern spiraled cya-
nobacteria like Arthrospira and Spirulina are directly analogous to
Obruchevella (Fournier et al., 2021; Moore et al., 2017, 2019). As a
cyanobacterium living in shallow marine environments, Obruchevella
likely experienced similar UV- and salinity-related stresses to those
faced by other cyanobacteria. Modern Spirulina are known to pro-
duce calcium spirulan (Hayashi et al., 1996; Lee et al., 1998, 2001)—a
sulfated polysaccharide—in response to environmental stresses
(Mendhulkar et al., 2020). The fossil counterpart—Obruchevella—
may have also produced EPS that enabled exceptional silicification.
It is also possible that these compounds acted as organic tem-
plates for microbial sulfate reduction that led to the preservation
of sheaths by pyrite as observed in the lkiakpuk Formation (Moore
et al., 2017).

The subtidal deposits of the Hunting Formation contain the
earliest examples of an additional ecological shift from supratidal
to subtidal cherts. Alongside the carbonate and chert stromato-
lites that characterize subtidal facies, unlaminated chert beds in this
formation preserve Bangiomorpha pubescens, the oldest diagnostic
eukaryotic alga, and Polybessurus, a stalk-forming cyanobacterium
(Butterfield, 2000; Butterfield, 2001; Butterfield et al., 1990).
These organisms, preserved in other shallow subtidal bedded
cherts in the Angmaat Formation (Knoll et al., 2013; Manning-Berg
et al.,, 2019; Manning-Berg & Kah, 2017), the Chichkan Formation
(Schopf et al., 2010; Sergeev & Schopf, 2010), the Svanbergfjellet
Formation (Butterfield et al., 1994), and the Eleonore Bay Group
(Green et al., 1987), shared similar life modes. Both Polybessurus
and Bangiomorpha were photosynthetic organisms that anchored
themselves to the carbonate substratum, grew upward to form
stalk-like structures, and contained early-silicified EPS envelopes
(Butterfield, 2000; Butterfield, 2001; Butterfield et al., 1990).

The nearly ubiquitous preservation of microbial sheaths or enve-
lopes in either supratidal or subtidal cherts indicates that EPS may
have aided in the nucleation and precipitation of silica. Following the
initial nucleation, the more extensive chert development that is ap-
parent in some subtidal deposits compared to the isolated nodules
found in supratidal deposits suggests that amorphous silica nucle-
ated more readily in the subtidal environments. Local stratification,
increased duration of exposure to silica-rich seawater in deeper
settings allowing more time for silica to polymerize and chert to
precipitate, or even different surface chemistries of the microbial
communities and their affinities for different cations are just some
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FIGURE 9 Examples of microbial-
associated dolomite. (a) An environmental
sample from the sabkhas of Abu

Dhabi (Bontognali et al., 2010). (b)
Experimentally fossilized cells encased

in dolomite that nucleated on the
surfaces of cells (see Daye et al., 2019 for
experimental conditions).

of the factors that may have facilitated the formation of the more
extensive chert.

4 | BIOSIGNATURES IN CHERT-HOSTING
CARBONATE

4.1 | Carbonate precipitation in modern microbial
systems

Carbonate surrounds many of the fossiliferous chert formations
from Proterozoic tidal environments. Although it does not preserve
cellular shapes and structures with the same detail as chert, early
diagenetic microcrystalline or micritic carbonate (calcite, aragonite,
or dolomite) and even carbonate precursors that have been re-
placed by dolomite do preserve kerogen and microbial lamination
[e.g., Balbirini Dolomite (Oehler, 1978); Table 1]. As such, the spatial
and temporal connections between chert and carbonate and the
microbial-environmental interactions that contributed to the early
diagenetic mineral precipitation deserve attention.

The precipitation of calcium carbonate in modern microbial
mats has well-documented connections to microbial activity and
organic compounds (Cutts et al., 2022; Dupraz et al., 2009 and
references therein). Experimental studies have highlighted the
contribution of metabolic activity to the alkalinity engine and car-
bonate precipitation (Cutts et al., 2022; Dupraz et al., 2009 and
references therein). Both oxygenic photosynthesis (reaction 1; Arp
et al., 2001; Dupraz & Visscher, 2005; Kranz et al., 2010; Schneider
& Campion-Alsumard, 1999; Zaitseva et al., 2006) and sulfate reduc-
tion (reaction 2; Arp et al., 2003; Dupraz & Visscher, 2005; Kempe
& Kazmierczak, 1994; Lith et al., 2003; Lyons et al., 1984; Visscher
et al., 1998, 2000; Visscher & Stolz, 2005; Walter et al., 1993;
Zavarzin, 2002) have been linked to carbonate precipitation through

their influence on local alkalinity.

2HCO;™ + Ca?* - CH,0 + CaCO, + O, 1)

2(CH,0) +S0,* + Ca®* - CaCOj4 + H,S+CO, +H,0 (2)

Other studies have additionally demonstrated that EPS may play
a key role in carbonate precipitation (e.g., Bosak & Newman, 2005;
Braissant et al., 2003; Chekroun et al., 2004; Dupraz et al., 2004;
Ercole et al., 2007; Hardikar & Matijevi¢, 2001; Rodriguez-Navarro

etal., 2007; Sprachta et al., 2001). This is in large part due to the abil-
ity of EPS to bind Ca®* from solution (Arp, Reimer, & Reitner, 1999;
Arp, Thiel, et al., 1999; Braissant et al., 2007, 2009; Douglas &
Beveridge, 1998; Dupraz et al., 2004; Perri et al., 2018) and dictate
the morphology of carbonate minerals that nucleate in EPS (Bosak

& Newman, 2005). It has also been suggested that carbonate nucle-
ates readily in the EPS in the lower portions of microbial mats where
cyanobacterial cells are mostly degraded (Arp et al., 2012; Bosak &
Newman, 2003; Dupraz et al., 2004; Dupraz & Visscher, 2005; Skoog
etal., 2022; Sprachta et al., 2001; Suarez-Gonzalez & Reitner, 2021).
Together, these studies point to a preference for calcite or aragonite
precipitation in deeper layers of the modern marine microbial mats.
The same may have been true in Proterozoic environments.

There is more uncertainty regarding the formation of early dia-
genetic dolomite that preserved biosignatures in some Proterozoic
carbonate deposits because early diagenetic dolomite does not
readily precipitate in modern marine environments. Studies of mod-
ern environments and experiments in which dolomite forms at low
temperatures have demonstrated a clear biological contribution to
this process (Bontognali et al., 2010, 2012; Daye et al., 2019; Lith
et al., 2003; Vasconcelos & McKenzie, 1997) (Figure 9). In some
modern hypersaline environments, such as Lagoa Vermelha and the
sabkhas of Abu Dhabi, dolomite forms in microbial mats below the
photosynthetic layer, primarily in the zone of extensive degradation
and sulfate reduction (Bontognali et al., 2010, 2012; Lith et al., 2003;
Vasconcelos et al., 1995; Vasconcelos & McKenzie, 1997) (Figure 9a).
In these mat layers, cells are attached to, or surrounded by, amor-
phous to microcrystalline carbonate and the nucleation of dolomite
is strongly dependent on the presence of organic surfaces as well as
sulfate reduction (Bontognali et al., 2010, 2014). Other studies in-
vestigating the role of sulfate-reducing bacteria (Krause et al., 2012),
halophilic bacteria (Sanchez-Roman et al., 2008), and methanogens
(Kenward et al., 2009) in dolomite formation also suggested a spe-
cific role of cell surfaces and EPS in dolomite nucleation (Kenward
et al., 2013; Petrash et al., 2017; Roberts et al., 2013). Recent ex-
perimental work additionally revealed that the presence and activity
of anoxygenic photosynthetic bacteria and the presence of reduced
cations such as Mn?* (Daye et al., 2019; DiLoreto et al., 2019) can
lead to the precipitation of dolomite, which in some cases can be
fine-crystalline and fabric retentive (Daye et al., 2019) (Figure 9b).
More recent analyses also noted the large Mg-binding capacity of the
EPS produced by pustule-forming cyanobacteria (Moore et al., 2020,
2021), inviting questions about the release of this cation and its
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incorporation into incipient carbonate minerals following the initial
degradation of EPS (Cutts et al., 2022; Skoog et al., 2022).

These modern experimental and environmental studies all high-
light the ability of carbonate to preserve organic matter and micro-
bial mat textures. This suggests that a common thread may relate
microbial activity to early mineral formation and biosignature pres-
ervation by both carbonate minerals and silica. Both phases nucle-
ate on organic surfaces and can preserve textural biosignatures. The
nucleation of silica may require metabolically-driven pH changes
and fresh cyanobacterial EPS (Moore et al., 2020, 2021), whereas
anoxic conditions, degradation of EPS, and anaerobic microbial com-
munities may favor the precipitation of dolomite and calcite. If so,
the distributions of early diagenetic dolomite, calcite, and chert in
time and space may reflect the compositional variations of micro-
bial communities, surfaces, and redox conditions within a mat (Cutts
et al., 2022), as well as the temporal trends in seawater Ca:Mg ratios
and silica concentrations. In the following section, we review the dis-
tributions and spatial correlations of microbially laminated dolomite
with fossiliferous chert in light of the potential microbial contribu-

tions to the precipitation of both minerals.

4.2 | Biosignatures in supratidal and
subtidal carbonate

Whether early diagenetic dolomite, high Mg-calcite, or calcite
replaced by dolomite, Proterozoic chert-hosting carbonate fre-
quently preserved evidence of microbial colonization in the form
of stratiform, pustular, and sometimes tufted microbial mats with
organic-rich laminae (Table 1). In many supratidal formations, these
carbonate-hosted laminae extend into the fossil-bearing cherts,
where body fossils are also preserved. For example, in the Belcher

Island Group and Balbirini Dolomite and some other formations

(Table 1), pustular microbial lamination contains densely packed

organic matter in the carbonate regions and occurs within millim-
eters to centimeters of the chert nodules and lenses (Figure 10)
(Hofmann, 1975; Oehler, 1978). Many other formations similarly
contain organic-rich, microbially laminated regions in the dolomite
and other carbonates (Table 1). In the Bitter Springs Formation, sev-
eral types of dense organic-rich laminations have been described.
Most are hosted within chert, but dense organic lamination that
exhibits a billowy texture is preserved within both fine crystalline
chert and dolomite (Knoll & Golubic, 1979). Fossils are generally ab-
sent from dolomite in supratidal deposits, but some formations do
contain rare and poorly preserved fossils in the dolomite alongside
the chert (Oehler, 1978).

Subtidal deposits can contain a mixture of limestone and dolo-
mite, and it has been suggested that this difference in mineralogy
was related to a difference in water depth, with limestone forming in
deeper water and dolomite in shallower water settings (Butterfield
etal., 1994; Kah, 2000). A few subtidal and platform carbonates, such
as those of the Draken Conglomerate, Bil'yakh Group, and Little Dal
Formation, among others, also contain rare body fossils preserved in
dolomite, dolomitized limestone, or calcite that was later replaced by
chert (Aitken, 1988; Aitken & Narbonne, 1989; Bartley et al., 2000;
Hofmann & Aitken, 1979; Kah & Riding, 2007; Knoll, 1982; Knoll
etal., 1991; Turner et al., 1993). These fossils demonstrate the abil-
ity of primary or early diagenetic, fine-crystalline carbonate to rep-
licate the morphology of cells and preserve organic matter, but only
in rare circumstances. In most Proterozoic chert-hosting carbonate
deposits, however, the only biosignatures preserved by the micro-
crystalline or micritic carbonate are microbial textures and kerogen.
In Proterozoic tidal sequences, stromatolitic carbonates or carbon-
ates with other microbial mat textures are typically associated with
chert nodules and layers (e.g., Svanbergfjellet Formation, Balbirini
Dolomite, Debengda Formation, Bil'yakh Group), and larger chert
beds bounded by carbonate facies (e.g., Angmaat Formation, Hunting
Formation). These subtidal carbonates can preserve the crinkly and

FIGURE 10 Kerogen-rich microbial
lamination in dolomite-hosted chert in the
Balbirini Dolomite. The chert preserves
microbial body fossils, but dolomite does
not.
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wavy microbial lamination rich in carbonaceous inclusions, though
it has been noted that the microbial lamination and organic matter
in carbonates appear compressed compared to those preserved in
cherts (e.g., the Balbirini Dolomite), indicating that carbonate pre-
cipitation was accompanied by more extensive organic degradation
relative to chert. All of these observations are consistent with the
preservation of microbial lamination rich in carbonaceous inclusions
by fabric-retentive carbonate minerals, and the preservation of cya-

nobacterial and other diagnostic body fossils by chert.

5 | MICROBIAL MEDIATION OF
DOLOMITE AND CHERT FORMATION

The close spatial association between chert- and carbonate-hosted
biosignatures in Proterozoic formations suggests that microbial ac-
tivity and/or organic compounds may have played key roles in the
formation of both lithologies. This was likely true even in deposits
that show evidence of later diagenetic alteration and remineraliza-
tion. If a biosignature is preserved, the precursor lithology must have
formed early enough to preserve the organic matter and body fossils
and may have been influenced by the microbes themselves. It is evi-
dent from experimental and environmental studies that organic sur-
faces can facilitate the nucleation of dolomite, calcite, and chert. This
key observation is consistent with the interpretations of microbial
fossils, where EPS and sheaths are interpreted as the precursor of
the carbonaceous material that was coated by silica. An abundance
of evidence points to EPS as both a modern and ancient physiological
adaptation to a multitude of environmental stresses (see Sections 2
and 3.1). Based on studies of modern microbe-mineral interactions
and microbial fossils (Figures 4 and 5), it appears likely that the pro-
duction, composition, and degradation of EPS in response to envi-
ronmental stresses may also determine the preservation potential
of microbial cells and mats through the interactions of certain types
of EPS (Francis, Barghoorn, & Margulis, 1978; Francis, Margulis,
& Barghoorn, 1978; Konhauser et al., 2004; Lalonde et al., 2005;
Moore et al., 2020, 2021; Orange et al., 2009; Phoenix et al., 2000;
Urrutia & Beveridge, 1993, 1994; Westall, 1995) with specific sea-
water cations (Moore et al., 2020, 2021), silica, and carbonate.
There are several possible explanations for the spatial and tem-
poral relationships between chert and carbonate and the biosigna-
tures that they contain, and it is likely that no one model explains
all environments. One explanation is that chert and carbonate pre-
cipitated in different layers of microbial mats. Given that chert pre-
serves abundant cyanobacterial fossils, this phase seems to have
formed preferentially within the surficial, oxygenated layers of mats
where photosynthesis occurred. This is consistent with experiments
in which Mg-rich silica precipitates around living cyanobacteria that
facilitate a pH increase and produce fresh, Mg-binding EPS (Moore
et al., 2021). At the same time, the degradation and modification
of EPS in the deeper, subtoxic to anoxic portions of microbial mats
may have preferentially promoted carbonate precipitation. This
would suggest that chert and carbonate precipitated more or less
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contemporaneous, but spatially separated by the different redox,
pH, and ecological zones of the mats (Figure 11a). Alternatively, or
in conjunction with these gradients, seasonal changes in water level
and subsequent concentration or dilution of certain ions, changes
in pH, and combinations of these factors may have driven the pe-
riodic shifts from carbonate precipitation to silica precipitation
(Figure 11b).

6 | OUTLOOK

The microbial ability to mediate mineral formation in modern en-
vironments and experimental settings suggests a continuity of
biosignature-preserving microbial-environmental interactions in
marine environments since at least the Proterozoic Eon. Previous
investigations of Proterozoic tidal carbonate deposits have focused
largely on characterizing biosignatures and environmental condi-
tions in which fossils were preserved. We demonstrate that new in-
sights can be gained by combining in-depth analyses of microfossil
assemblages, minerals that preserve them, and kerogen-associated
metal cations with experimental taphonomy and studies of modern
analog environments. In particular, combining these studies high-
lights the influence of microbial stress responses, physiology, and
biochemical properties on mineral formation, element cycles, and
biosignature preservation.

Numerous studies have identified EPS as a key component of
mineral formation. Benthic marine environments host microbes
that have many different metabolisms, respond to environmental
stresses differently, and produce a range of extracellular compounds
depending on chemical and physical conditions (see Section 3.1).
Experiments and observations from modern environments indicate
that the production of diverse surfaces, often in response to envi-
ronmental stresses in benthic systems, may have enabled microbes
to influence their environments by binding silica and cations. A com-
bination of these processes and microbially mediated changes to the
local pH and alkalinity may have driven elemental cycles, nucleation
of chert and dolomite, and preservation of biosignatures in chert and
surrounding carbonate minerals. Thus, the very stresses that led to
the production of abundant EPS may have contributed to specific
taphonomic windows, the selective preservation of cyanobacteriain
Proterozoic peritidal-to-subtidal environments (Butterfield, 2015),
and the fossil record as we know it. The combined insights from ex-
periments and the fossil record motivate continuing studies of how
diversity of microbial chemistries, lifestyles, and stress responses, as
well as interactions among specific organisms and the environment
can help account for the range of preservation modes and lithologies
that we observe in the rock record.

Insights from experimental taphonomy and environmental stud-
ies (Bischoff et al., 2020; Bontognali et al., 2010; Gérard et al., 2018;
Moore et al., 2021; Perri et al., 2018; Souza-Egipsy et al., 2005) can
be combined with analyses of fossil materials to identify specific
mechanisms of fossilization and microbial-environmental interac-

tions that characterized past environments. For example, a recent
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Microbial mats form, stratified into community layers.

Over time, carbonate and silica develope into carbonate and chert layers that we see in the rock record today. Chert preserves
microbial body fossils, organic matter, and microbial lamination while carbonate preserves organic matter and microbial lamination.
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FIGURE 11 Schematics of possible formation mechanisms for biosignature-preserving chert and dolomite. Scenario shown in the

top panel shows contemporaneous precipitation of silica and dolomite within a microbial mat. Dolomite forms in anoxic portions of the
mat, whereas silica precipitates in surface portions of the mat around actively photosynthesizing cyanobacteria. Bottom panel depicts

an alternate scenario in which dolomite precipitates in deeper portions of the mat where heterotrophic processes continuously degrade
cyanobacterial cells and surface organic matter. The evaporation during the dry season concentrates silica, magnesium, and other cations
and promotes the precipitation of silica in surface portions of the mats dominated by actively photosynthesizing cyanobacteria.

study of Proterozoic fossil assemblages tested the predictions of
EPS- and cation-mediated silicification (Moore et al., 2021) by map-
ping the distribution of cations associated with organic matter in
Proterozoic cherts (Moore et al., 2022). These analyses revealed
that kerogen preserved in the chert is consistently enriched in Ca
and Mg and embedded with cation-rich nanophases (Moore et al.,
2022). Based on the findings of taphonomy experiments, these en-
richments can be attributed to binding of cations in microbial EPS
and the cation bridging process that mediates silica precipitation
around organic matter (Bischoff et al., 2020; Bontognali et al., 2010;
Gérard et al., 2018; Moore et al., 2021; Perri et al., 2018; Souza-
Egipsy et al., 2005).

The combination of experimental fossilization and spatially re-
solved elemental and molecular analyses of ancient organic matter
provides both a mechanistic understanding of organic preserva-
tion and a means of recognizing processes that enabled organic
preservation in past environments. This approach provides a path
toward constraining chemical conditions such as salinity, dissolved
ion concentrations, and pH in Proterozoic environments from
the combined records of silica and carbonate minerals. These ap-
proaches can also be combined with comparative genomic, eco-
logical, and physiological studies that explore the evolution of
different microbial surfaces, metabolisms, and stress responses
through time and determine if and how these stress responses
contributed to mineral forming processes, geochemical cycles, and
fossilization. Through these combined approaches, we may also
better understand taphonomic biases—why some organisms tend
to be preserved in certain environments while others do not—and

address the gaps in our knowledge of past biospheres that arise

from taphonomic biases. Once we uncover the relationships be-
tween microbes and their environments, the processes that lead to
mineral formation, and the mechanisms that enable preservation,
we can begin to paint a more complete picture of life that colonized
and shaped Proterozoic shallow marine environments, how that
life influenced biogeochemical cycles of metals, silica, and carbon
in benthic ecosystems, and the coevolution of these ecosystems

and environments through time.
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