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B Oxygen minimum zones in the early Cambrian ocean

R. Guilbaud'?*, B.J. Slater?3, S.W. Poulton?, T.H.P. Harvey?>,
J.J. Brocks®, B.J). Nettersheim®7, N.J. Butterfield?

N Abstract

doi: 10.7185/geochemlet.I806

The relationship between the evolution of early animal communities and oceanic

oxygen levels remains unclear. In particular, uncertainty persists in reconstruc-
tions of redox conditions during the pivotal early Cambrian (541-510 million years
ago, Ma), where conflicting datasets from deeper marine settings suggest either
ocean anoxia or fully oxygenated conditions. By coupling geochemical palaeo-
redox proxies with a record of organic-walled fossils from exceptionally well-de-
fined successions of the early Cambrian Baltic Basin, we provide evidence for the
early establishment of modern-type oxygen minimum zones (OMZs). Both inner-
and outer-shelf environments were pervasively oxygenated, whereas mid-depth

settings were characterised by spatially oscillating anoxia. As such, conflicting
redox signatures recovered from individual sites most likely derive from sampling bias, whereby anoxic conditions represent
mid-shelf environments with higher productivity. This picture of a spatially restricted anoxic wedge contrasts with prevailing
models of globally stratified oceans, offering a more nuanced and realistic account of the Proterozoic-Phanerozoic ocean

transition.

Received 18 September 2017 | Accepted 7 February 2018 | Published 1 March 2018

¥ Introduction

The dramatically increased diversity of metazoan life through
the late Ediacaran to early Cambrian transition (~585-510
Ma) coincides with a protracted transition from global ocean
anoxia to widespread ocean oxygenation (Canfield et al., 2007;
Chen et al., 2015; Von Strandmann et al., 2015; Li et al., 2017).
Throughout the Proterozoic Eon (2500 to 541 Ma), the ocean
is thought to have been characterised by oxygenated surface
waters overlying euxinic (anoxic and sulphidic) mid-depth
waters along productive ocean margins (Poulton et al.,
2010), and ferruginous (anoxic, Fe-containing) deeper waters
(Planavsky ef al., 2011; Poulton and Canfield, 2011). Models
for later Neoproterozoic oceans (635 to 541 Ma) also envisage
redox stratification, with oscillations from strict anoxia to fully
oxic conditions (Canfield et al., 2007, 2008; Wood et al., 2015).
This dynamic ocean stratification is assumed to have persisted
until the mid-Cambrian (Gill et al., 2011; Chen et al., 2015),
by which time many key metazoan innovations had evolved.

Animals are fundamentally aerobic organisms - albeit
with hugely varying oxygen demands - and their early fossil
record is accordingly limited to oxygenated settings (Tostevin
et al., 2016). Most current models linking early animal evolu-
tion to redox chemistry assume a horizontally stratified ocean
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(Wood et al., 2015; Jin et al.,, 2016). However, modern oceans
exhibit a marked lateral redox variability, most notably where
combinations of high primary productivity and metazoan
activity (Bianchi et al., 2013) give rise to wedge-shaped oxygen
minimum zones (Sperling et al., 2015a). Determining which
of these two models, horizontal or lateral, best characterises
the structure of early Palaeozoic oceans is challenged by a
dearth of spatial and temporal resolution, compounded by the
removal of off-shelf signals due to subduction. Here, we exploit
exceptionally well-preserved successions from the Baltic Basin
to derive a high resolution redox model of early to middle
Cambrian shelf seas (full details of geological setting and
methods are provided as Supplementary Information).

Stratigraphy and Depositional
Environments

We examined marine sediments from eight drill cores
(Finngrundet-1, Barstad-2, Bernstorp-1, Hamnudden-1, Béda
Hamn-1, File Haidar-1, Grétlingbo-1 and Kostovo-13) span-
ning an area of 400 by 600 km across the Baltic Basin (Fig. 1).
Studied sediments encompass the Lontova, File Haidar and
Borgholm formations, deposited between the early Cambrian
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Core location (red circles) and stratigraphy, modified after Nielsen and Schovsbo (2011). Grey and white shadings represent

the stratigraphic sequences (e.g., LC2-5). The bars illustrate the analysed core sections (on mudstones and siltstones only); euxinic,
ferruginous and oxic depositions are in purple, black and blue, respectively.

Fortunian stage and middle Cambrian Stage 5, and the
internal stratigraphy and depositional environments of these
siliciclastic sediments has been studied extensively (Hagen-
feldt, 1994; Nielsen and Schovsbo, 2011, 2015). The studied
area records a partial, yet substantial archive of contiguous
sequences, organised into two supersequences for the lower
Cambrian, ‘LC1" and “LC2’, and one supersequence for the
lower middle Cambrian, ‘MC3’ (Fig. 1). Nielsen and Schovsbo
(2011, 2015) reconstructed the depositional environment of
stratigraphic successions, reporting a gradient from proximal
inner-shelf to mid-shelf and outer-shelf deposition below
storm wave base. Inner-shelf deposition is recognised in all
cores by abundant cross-bedding features within siltstones
and generally coarser lithologies accompanying falling stage
system tracts (FSSTs). Mid-shelf deposition is expressed as
green silts and black shales with common glauconitic hori-
zons and silty distal storm beds. Outer-shelf deposition
is recognised by the presence of laminated mudstones and
bioturbated siltstones in the absence of current features.

¥ Results

Dominant water column redox conditions were determined via
iron (Fe) speciation and trace metal systematics on mudstones

and silts. Fe speciation relies on the quantification of highly
reactive Fe (Feyg) relative to total Fe (Fer). Anoxic settings
promote the formation of authigenic Fe minerals in the water
column, resulting in Feyr enrichments in underlying sedi-
ments, with typically Fepr/Fer > 0.38 (Poulton and Canfield,
2011). By contrast, sediments deposited under oxic water
columns lack Feygr enrichments, with Feyr/Fer < 0.22. Ratios
between 0.22-0.38 are equivocal, and may represent either
anoxic or oxic conditions, due to partial transformation of Fepr
to sheet silicates during burial. We used Fer/Al enrichments
(=0.6) to evaluate this mechanism in instances of equivocal
Fepr/Fer, since the ratio remains unaffected by diagenesis
(Lyons and Severmann, 2006). For anoxic samples, ferruginous
conditions are distinguished from euxinic settings by quanti-
fying the extent of sulphidation of Feyr, whereby Fep/Fepr >
0.7 is characteristic of euxinic deposition and Fep/Feyr < 0.7
indicates ferruginous conditions (Poulton and Canfield, 2011).

Of the eight cores analysed, seven show marked strati-
graphic shifts between oxic and anoxic deposition (Fig. 2).
High concentrations of total organic carbon (TOC, up to
~20 %) are associated with anoxic conditions, reflecting
enhancedorganic carbon preservation and supply, with the
latter exerting a primary control on the development of anoxia.
LC1 records dominantly anoxic conditions at the base of

@ Geochem. Persp. Let. (2018) 6, 33-38 | doi: 10.7185/geochemlet.I806 34



Geochemical Perspectives Letters

Depth  Feyr/Fer Fep/Feur Fe./Al TOC wt. % U/Al x10* V/Al x10*
(m 9 05 05 .15 0 05 10 1 2 30 20 40 60

1T| - - Q - > = i i»— i >
o 20| { le® | z] | I :
TP N EE ¢ R
2 40 © 4 19 1& 4
= (@) o o ‘Io
2 60 ] 1 1@ 7 (:b o 1 ¢°

O 5 1 1 1 ] 0 1 5 ] @ 1 1 I‘) 6| 1 l*
o 20 e 1¢ -.‘.'-°| ] 11 " ; g
= . ° © - e ) - e > ® i
S ° i 8.0 &1 B oo 1 8 o
Il 40: o i o i e ve 21 e%s ] 1e® %
@ 60: o : ] ;Cio e ° i g‘o i Io. ®

801 = © ! !
'T| 60 . . 1 |Ib 1 1 1 d. 1 1 “) iI 1 ."
§ - i 17 o i oi 1o 1 1 9
c 80 - 1 ©° 1 o 4 0 . 41 P
2 o e o e
S) . o 1 1 % o - o g 1 R
g - d o 10
i£ | 1007 9 T® . 184 18 1 o 1 Bo

@

®
@
O
O
[

@
O
q
q
o
© (%220)
o)
O ?O
7 2124 3 1 O‘ 1° 19 1P
o ® e ) o. oi .i
§ 216 - o -‘l - &: 4 o* _k: i ‘i
£ ] 220 - 1 1 1 1 |
® ® | ° ¢ -
£ 224 - 'Y 1 o® 1e 1% 18
- [ 1 1 I: 1 1 1 : 1 1 =| 1
€ 7 1004 {® i 1@ . © | 1® 1 e
S0 10 1°« ) [ 1% 12 13 14
- 110+ 1 e 1 6 1 o° - .
3 4 ° A 4 8 1 ¢ 4 i
:0 e : .‘ ..
3 1201 T 1% 14 14
"'s._' I ® ] ® e _oi ] q:
3 o ) . ° o 1l 1 e
& E: . 1 7 1 . 1
o | 78] 1 e ] e ] 1 14
b= 482- ° {e 1 e { e 1k - :p
— L 1 ] L L 1 1 ;l L
3 ° 1°0 % |18 s 14
° i i i J
g O _.‘: .. [ ) _| i ’..
8 | OO E
G} § 1ge - -
(v‘_"a: .‘ ’ 's '!h e © 7 ,&
|o 1 II 1 1 1 T 1 1 1 1
g : ' ' - ;
S - i

Figure 2 Geochemical data. Inner-, mid-, and outer-shelf environments are indicated by open, red and black symbols, respectively.
Grey shadows delimit redox domains and dashed lines represent average shale values. Black arrows are for outpassing data points.
Maximum values for U/Al and V/Al are 54 and 434 ppm/wt. %, respectively.

Kostovo-13, whereas oxic conditions prevail in the upper part Redox variations between sequences are likely to reflect
of the core. Through LC2 and MC3, water column conditions temporal changes. Furthermore, the core availability did not
are characterised predominately by ferruginous anoxia, with permit us to track each sequence in their full lateral expres-
some euxinic horizons towards the top of Barstad-2 and Bern- sion. Therefore, in order to integrate water column redox data
storp-1. Within these latter strata, oxic conditions prevail at the into a palaeo-environmental framework, we used the recon-
base of Grétlingbo-1 and throughout all FSSTs (Figs. 1 and 2). structions of shelf environments in the Baltic Basin (Nielsen
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and Schovsbo 2011, 2015) as binning discriminants (Fig. 3a).
This statistical approach allows us to build a time-independent
model for the redox architecture of the basin. Throughout the
deposition of all successions, we observe statistically significant
differences in the redox chemistry of inner-, mid- and outer-
shelf environments (Table S-2). Oxic conditions systematically
dominate throughout FSSTs, inner- and outer-shelf settings.
Anoxic conditions, by contrast, tend to prevail in mid-shelf
environments. Such distribution strongly suggests that the
shelf was largely oxygenated at this time, with an expansion
of anoxia limited to mid-shelves (Fig. 4). Trace metal (U and
V) variations support Fer/Al and Fe speciation data, with
pronounced sedimentary enrichments under euxinic water
column conditions (Fig. 2). We note that for some instances
of apparent oxic deposition based on Fe speciation (e.g, at
the basal and uppermost parts of the Grétlingbo-1 core), U
enrichments are coeval with muted V enrichments, indicating
low-oxygen conditions (Zhang et al., 2016), comparable to that
seen in modern OMZs (see Supplementary Information for
details).

We complemented the inorganic redox proxies with
biomarker indicators selected from mid-shelf sediments
(Finngrundet-1, Barstad-2, Bernstorp-1). The ratio of pristane
to phytane (Pr/Ph) is low (0.46-0.79), supporting a dominantly
anoxic mid-depth water column (Schwark and Frimmel, 2004).
In these anoxic environments, 2,3,6-trimethyl aryl isoprenoids
(AI) likely derived from anaerobic phototrophic green sulphur
bacteria (GSB), and their detection indicates that the water
column was temporarily anoxic up to the photic zone (Brocks
et al., 2005). The ratio between shorter- (Cy3 to Cy7) and longer-
chain (Cyg to Cpp) Al (the Al ratio, AIR) is used as a measure
of oxidative degradation during deposition (Schwark and

Frimmel, 2004). Despite Al production in anoxic settings, the
range and magnitude of AIR values (1.3 to 5.8) provide inde-
pendent support for transient oxygenated conditions beneath
the anoxic zone (Fig. 3b). Together with our Fe speciation data,
this suggests that anoxic mid-depth waters overlaid oxygen-
ated waters, enhancing oxidative degradation of Al during
deposition.

Further evidence for distinct redox conditions across the
shelf comes from the record of ‘small carbonaceous fossils’
(SCFs) (Butterfield and Harvey, 2012), found in oxic inner-
and outer-shelf settings and ferruginous mid-shelf envi-
ronments (Fig. 1). All recognisable SCFs are the remains of
benthic aerobic animals, including Wiwaxia, stem-annelids,
priapulids and palaeoscolecid worms (Fig. 3c). In contrast
to sparsely fossiliferous mid-shelves, inner- and outer-shelf
facies preserved most diverse SCFs assemblages, along with
conspicuous burrows and bioturbation fabrics (Slater et al.,
2017). These palaeontological data corroborate the geochem-
ical signatures for oxygenated inner- and outer-shelf envi-
ronments (Fig. 3¢). Fossilisation is of course a combination of
both organismal ecology and taphonomic opportunity. Tran-
sient ferruginous conditions represent the dynamic interface
between the oxic conditions where most metazoans live, and
the anoxic conditions necessary to preserve non-biomineral-
ising forms. Therefore, the apparently paradoxical persistence
of SCFs in ferruginous settings may imply an iron shuttle from
the core to the edges of the OMZ, enhancing the Fepg flux
to oxygenated settings, or more likely dynamic oscillations
between oxic and ferruginous water column conditions — in
contrast to more permanently anoxic mid-shelves which were
devoid of benthic metazoans and prone to euxinia.

da Fe../Fe: C
01 02 03 04 05 06 07 08 0.9 1
OXIC ANOXIC o Inner-shelf | |(i)
e Mid-shelf

S e Outer-shelf

B

Q

c

=]

Y

>

)

‘»

o

a (i)
® o—

b Ci4
Ci13 BA-15, AIR = 5.8

€15 ci16

Cis
Ci9

C20 C21 €22

3000 | 3500 4000 | 4500

50.00

(iii)

Time

Figure 3 (a) Distribution of redox ratios (n = 183), binned as a function of their depositional environment. Inner- and outer-shelf
environments show significantly more oxic redox populations than corresponding mid-shelves (t test p << 0.05). (b) Example of m/z
= 134 partial ion chromatogram revealing the presence of 2,3,6 trimethyl aryl isoprenoids (Al) in mid-shelf facies. High ratios of
short- to long-chain Al (AIR) point to strongly varying, intermittent oxygen exposure levels. (c) SCF assemblages from (i) inner-shelf
(denticulate metazoan structures), (ii) mid-shelf (protoconodont spines alongside occasional Wiwaxia sclerites) and (iii) outer-shelf
environments (priapulid, palaeoscolecid and annelid remains). Scale bars are 100 pm.
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Figure 4 Redox architecture reconstruction, with oxic conditions above and below anoxic settings. Ferruginous conditions dominate
in the OMZ, but euxinia develops in zones of increased organic carbon delivery. Metazoan body fossils recovery is shown by the
red stars. Evidence for phototrophic GSB (green ovals) in mid-shelf settings corroborates geochemical and palaeontological redox

indicators.

¥ Implications

Our data provide evidence for a lateral expression of redox
variation, which resembles the structure of modern OMZs (Fig.
4), although oxygen depletion was likely more pronounced
and at shallower depths than in modern counterparts. Gentle
topographical slope and reduced circulation in the relatively
shallow Baltic Basin may have further exacerbated the role of
benthic oxygen uptake, analogous to shallow OMZs (Brandt
et al., 2015). The discovery of OMZ denitrification in early
Cambrian successions of China (Hammarlund et al., 2017)
suggests that our model may have been a common feature of
contemporaneous margins. The record of ancient marine sedi-
mentary rocks is certainly biased towards continental margins,
which promotes the sampling of environments prone to host
OMZs. Thus, in the absence of detailed spatial and temporal
resolution, apparent horizontal stratification may often capture
the upper boundary of OMZs, over-estimating global deep-
water anoxia. By contrast, the recognition of such structure
would explain the large discrepancies reported through the
Neoproterozoic-Cambrian transition (e.g., Sperling et al.,
2015b). Our data augments emerging views of early Cambrian
expanded marine oxygenated conditions (Chen et al., 2015; Li
et al., 2017), supporting the establishment of a modern-like
ocean architecture during the ‘explosion’ of metazoan diversity
(Butterfield, 2018).

§ Conclusion

Identification of dynamic wedge-shaped OMZs along the
margins of the early Cambrian Baltic Basin raises the question
of the antiquity of such structures. The evolutionary switch
from a prokaryote- to eukaryote-dominated biological pump
is thought to have played an essential role in the ventilation of
the deep ocean (Butterfield, 2009, 2018; Lenton et al., 2014). The
subsequent establishment of modern-type OMZs, as identified
in the early Cambrian ocean, may have developed as a conse-
quence of contemporaneous metazoan expansion, whereby
animal activity maintains high levels of oxygen depletion in
OMZs (Bianchi et al., 2013). However, OMZ structures may
track back to older, Mesoproterozoic oceans (Zhang et al.,

2016). Although fundamental differences in pre-metazoan
biological pump may have given terminal Proterozoic OMZs
a distinct expression (presumably thicker and shallower), this
overall geometry may have been a prevalent feature of late
Precambrian oceans.
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