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Abstract :

The Upper Cambrian at the Martin Point section (~110 m-thick) in western Newfoundland is a part of the
Cow Head Group and partially spans the coeval Tuckers Cove and the Martin Point members of the
Shallow Bay and Green Point formations, respectively. These units comprise alternating shale, minor
conglomerate beds, and limestone rhythmites of a toe-of-slope apron. Earlier studies of the C-isotope
profile, based on the lime mudstone interbeds, documented global negative 813Ccarb shifts (from old to
young: NL1, NL2, HERB) correlated with the lowermost Proconodontus posterocostatus, Proconodontus
muelleri and base of Eoconodontus notchpeakensis conodont zones, respectively (post-Steptoean
Positive Carbon Isotope Excursion NL1 and NL2 and Hellnmaria-Red Tops Boundary-HERB). Samples
were extracted from the most preserved spots of micritic to near-micritic grain size (<4 um-10 ym). Fabric
retention confirms petrographic preservation and insignificant correlations (R2 < 0.1) of diagenetic proxies
(e.g., Sr) with their environmental counterparts support the preservation of at least near-primary
geochemical signatures. The paleoenvironmental proxies (TOC, Zn, P, Cu, Al/Ti, Mn, Fe, V, Mo) support
dominant dysoxic conditions. The 666Zn values (0.09-0.73 %0 JMC Lyon) and (I/(Ca + Mg)) ratios (0.02—
0.48 ymol/mol) vary consistently throughout the studied events. The minor decreases in 866Zn values
seem to denote inhibition of bioproductivity in a dysoxic water column, consistent with warm and humid
climate during general transgressive settings and shoaling of organic-rich water into the shallow
environment. The low I/(Ca + Mg) ratios (<0.5 ymol/mol) reinforce this interpretation, suggesting general
dysoxic settings throughout the entire section.
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Highlights

» Upper Cambrian carbonates in western Newfoundland retaining at least near-primary
paleoenvironmental proxy signatures. » Organic-rich water shoaling into a shallow environment and
leading to dysoxic conditions. » Zn isotope and I/(Ca + Mg) ratios consistent with abundant low-oxygen
conditions.

Keywords : Upper Cambrian paleoenvironment, I/(Ca+Mg) ratios, Zn-isotopes, eastern Laurentia,
Martin Point (western Newfoundland, Canada).



33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

1. Introduction

Geochemistry of carbonates has been proven very reliable tool in understanding the
paleoenvironmental and paleoclimatic aspects of the Earth’s history. It allows the evaluation
of diagenetic influence and inferring parameters such as salinity, temperature, density, pH,
fluvial influx, weathering rate, paleoredox, and bioproductivity (e.g., Algeo and Maynard;
2004; Kasemann et al., 2009; Veizer et al., 1999; Sliwinski et al., 2010; Nakada et al., 2013;

Rostovtseva and Kuleshov, 2016; D’ Arcy et al., 2017; Scholz et al., 2017; Niu et al., 2018).

Zinc (%*zn, %zn, %7Zn, %8Zn, and "°Zn with average natural abundances of 48.6, 27.9,
4.1, 18.8, and 0.6%, respectively) is a bio-limiting micronutrient that follows a nutrient-type
profile in the ocean, where surface water is relatively depleted compared with deep water due
to biological pumping and re-precipitation and recycling of organic matter in deeper water
and dissolution of sinking particles (Bruland, 1980; Morel et al., 1994). Estimates of the Zn
residence time in modern oceans range between 1,000 and 11,000 years (Hayes et al., 2018).
Zinc occurs in seawater in the form of hydroxide and carbonate complexes (Millero, 1996)
and is incorporated in carbonate minerals in trace amounts, both as tetrahedral complexes on
the calcite surface and substituting Ca?* in the crystal lattice (Reeder et al., 1999). It appears

to be an ideal substitution for Ca?* since it is strongly enriched in the solid during co-
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precipitation with calcite (Reeder et al., 1999), thus carbonates may potentially be good
candidates for tracking past seawater Zn-isotope composition.

While deep ocean 8%Zn value is relatively homogeneous worldwide (~0.5 %o; e.g.,
Bermin et al., 2006; Boyle et al., 2012; Conway and John, 2014; Conway and John, 2015;
Conway et al., 2013; Horner et al., 2021; John and Conway, 2014; Liao et al., 2020; Takano
etal., 2017; Vance et al., 2019; Vance et al. 2017), surface water 5%Zn values are variable
from —1.1 %o to +1.2 %0 (Conway et al., 2013; Conway and John 2014; Zhao et al 2014;
Samanta et al., 2017; John et al., 2018; Wang et al., 2018; Vance et al., 2019; Liao et al.,
2020; Sieber et al., 2020; Horner et al., 2021). This variability is largely due to the
preferential uptake of isotopically light 84Zn by microorganisms (Andersen et al., 2011;
Conway and John, 2014; John and Conway, 2014; Samanta et al., 2017; Kébberich and
Vance, 2019), although this pattern is not systematically observed (e.g., in the Southern
Ocean, Zhao et al., 2014). The Zn-isotope ratios in surface waters are probably strongly
influenced by scavenging and adsorption of Zn onto organic matter (John and Conway, 2014;
John et al., 2018; Weber et al., 2018). However, aerosol and anthropogenic sources might
also contribute to the Zn biogeochemical cycling (Conway and John, 2014; Lemaitre et al.,
2020; Liao et al., 2020) in addition to intracellular regeneration of isotopically light ®4Zn
(e.g., in the North Pacific Ocean, Vance et al., 2019).

Since Zn isotopes are fractionated during biological activity with preferential uptake
of isotopically light 4Zn by organisms in seawater (Andersen et al., 2011; Conway and John,
2014; John and Conway, 2014; Samanta et al., 2017; Kobberich and Vance, 2019), the Zn-
isotope composition of carbonate has been used as a proxy for investigating fluctuations in
primary productivity through time (Pichat et al., 2003; Kunzmann et al., 2013; John et al.,
2017; Liuetal., 2018; Lv et al., 2018; Wang et al., 2018; Yan et al. 2019; Chen et al., 2021).

However, the use of bulk carbonate §%6Zn composition as a proxy for seawater composition is
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not straightforward. Miising et al. (2022) suggest that §°¢Zn values in bulk carbonates are
more likely to record variations in the mechanisms of incorporating Zn. Besides, large 5§°Zn
variations were shown in shallow water carbonates from the Bahamas where the 6%Zn values
of carbonate muds were ~0.3%o higher than ambient seawater (Zhao et al., 2021). However,
the §%Zn values of carbonate ooids, peloids, skeletal and microbial aragonites, green algae,
stromatolites, and precipitates associated with cyanobacterial filaments were similar to
ambient seawater 5%6Zn values (Zhao et al., 2021). Deep-sea corals are also promising for
faithfully recording deep seawater 5°°Zn values (Little et al., 2021) while shallow-water
corals may be good tracers of surface seawater composition (Zhang et al., 2022). In addition,
it is necessary to assess the effect of diagenesis to confirm that the signatures are primary or

at least near-primary (Hohl et al., 2015).

lodine is present in seawater as the thermodynamically stable dissolved forms of
iodate (1037) and iodide (I") (Wong and Brewer, 1977). As iodine is highly redox-sensitive,
its speciation change iodide/iodate has been proposed to be a redox proxy (Liss et al., 1973).
It occurs mainly as iodate under well-oxygenated conditions (Truesdale and Bailey, 2000) but
as the water column oxygen concentrations decrease, the iodate is reduced to iodide
(Bowman et al., 2021), which dominates in anoxic basins and porewaters (Wong and Brewer,
1977). lodate is the sole anion incorporated into the carbonate structure (Lu et al., 2010; Feng
and Redfern, 2018), as it partially substitutes CaCO3?, while iodide cannot enter the
structure, likely due to the large ionic radius of iodide relative to iodate (Zhou et al., 2015).
lodate accumulates in planktonic and benthic marine calcifiers and, ultimately, trace amounts
compose carbonate rocks (Fuge and Johnson, 1986). The lodine to calcium ratio (I/Ca) is
independent of I~ in parent waters, but affected by the 103~ concentration in water in a linear

relationship (Lu et al., 2010). Therefore, the ratio, expressed as 1/(Ca+Mg), is a useful tracer
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in carbonates for redox conditions in the geological past (e.g., Lu et al., 2010; Zhou et al.,

2015).

The Cambrian was a period with an overall warm temperature and progressive sea-
level rise but marked by brief episodes of abrupt changes (e.g., Babcock et al., 2015). These
events seem to be recorded in the §*3C values of carbonates and, during the Furongian,
distinctive global shifts have been documented including the post-SPICE (post-Steptoean
Positive Carbon Isotope Excursion; Li et al., 2006; Azmy, 2019b) and the HERB
(Hellnmaria-Red Tops Boundary; Miller et al., 2011, Li et al., 2017; Azmy, 2019b) events.
The investigated section at Martin Point (western Newfoundland, Canada) spans the post-

SPICE and HERB events.

The main objectives of the current study are:

e To evaluate the preservation of the Zn isotope and 1/(Ca+Mg) signatures retained in
the Martin Point section carbonates.

e To investigate the variations of Zn isotopes and 1/(Ca+Mg) ratios in the late Cambrian
ocean water to reconstruct the paleoenvironmental conditions during that time
interval.

e To shed light on the variations in the paleoredox conditions reconstructed from other

elemental proxies.

2. Geological Setting

Western Newfoundland is the northeast extension of the Appalachian mountain range
in Canada (Fig. 1) that forms a part of the Humber Zone tectonostratigraphic terrane
(Williams, 1978) and has the best-preserved successions of the early Paleozoic margin of
Laurentia (North America). The successions overlie unconformably the Grenvillian basement
and record parautochthonous sedimentary units from the Cambrian to Silurian and

allochthonous units containing sedimentary, igneous, and metamorphic rocks (James and



124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

Gonzales-Robacio et al 6

Stevens, 1986; Quinn et al., 1999; Cooper et al., 2001). The transported rocks were
structurally emplaced onto the Laurentian margin during the Taconian and Acadian orogenies
(~ 440 Ma and ~ 416 Ma, respectively) and constitute the Humber Arm Allochthon in the
south of western Newfoundland, of which the sedimentary rocks are called the Humber Arm

Supergroup (Stevens, 1970).

During the Neoproterozoic rifting of Rodinia, seafloor spreading between Laurentia
and west Gondwana resulted in the opening of the lapetus Ocean (Cawood et al., 2001) and
the establishment of the Laurentian margin (Waldron et al., 1998), which developed during
the latest Precambrian to early Cambrian. A succession of variable thickness of terrestrial
arkosic sandstones, conglomerates, graywackes, quartzites, and local thick volcanic units and
mafic dykes deposited during rifting and continental breakup (Williams and Hiscott, 1987).
On the other hand, the overlying assemblage shows a more homogeneous thickness and
lateral continuity and represents a marine succession deposited during the thermal subsidence

of the margin and development of a carbonate platform.

In western Newfoundland, the Bateau, Lighthouse Cove, and Bradore formations
(Labrador Group) embody the synrift rocks, the transition from rift to passive margin lying
within the Bradore Formation (Allen et al., 2010) or at its base (Cawood et al., 2001). The
Forteau Formation from the same group represents the thermal subsidence of the margin and,
thus, an extensive marine transgression (Williams and Hiscott, 1987) on a mainly siliciclastic
shelf. During the Middle to Late Cambrian, the high-energy carbonate platform of the Port au
Port Group developed, followed by the St. George Group’s low-energy carbonate platform
(Early Ordovician) and a carbonate bank belonging to the Table Head Group (Middle
Ordovician), which determines the final phase of the passive-margin sequence (Stenzel et al.,

1990).
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The allochthonous sedimentary rocks of the Humber Arm Supergroup span the Early
Cambrian to Middle Ordovician and are divided into two deep-water units: the Curling and
the Cow Head Group (Fig. 1). They register the passive continental margin and foredeep
environments, and a record of rifting, continental margin subsidence and continent-arc
collision (Waldron and Palmer, 2000). The Cow Head Group was deposited along the
continental southeast-dipping slope as debris shed from the platform into deeper water
(Williams and Hiscott, 1987; Lacombe et al., 2019), forming an extensive sedimentary apron
with a proximal-distal polarity from northwest to southeast, which translates into the Shallow

Bay and the Green Point formations, respectively (James and Stevens, 1986).

The Humber Arm Allochthon rocks disposed of as a series of thrust slices (White and
Waldron, 2018) accreted onto the Laurentian margin, as the Taconian orogenesis began in the
Early Ordovician with westward thrust signaling the first effect of the closure of the lapetus
Ocean in western Newfoundland (Waldron et al., 1998). The Cow Head Group is
stratigraphically overlain by flysch due to the development of a foreland basin (Quinn, 1992).
Deformation generated by the Acadian orogenesis during the Devonian was imprinted, in a
later stage, on the Taconian thrusts and melange belts (Cousineau and Tremblay, 1993; White

and Waldron, 2018).

3. Stratigraphy
3.1. Lithostratigraphy
The Cow Head Group lithostratigraphy (Fig. 2) was extensively described and

discussed by James and Stevens (1986). The unit is dominated by rhythmites that were
deposited at the foot of a continental slope, as a mixture of fine-grained hemipelagites and

sediment gravity flows, which consist of alternations of shales, siltstones, and limestones.

The shales are laminated and vary from black to dark grey and green due to

deposition under anoxic to dysoxic conditions, or appear red and bioturbated. The dolomitic
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siltstones and silty dolomites are buff weathering and combine both detrital and diagenetic
deposits. Interlaminations of shales and siltstone occur in association with turbidite deposits

(Coniglio, 1985; Bouma, 1962; Stow and Shanmugam; 1980).

Carbonates occur as ribbons (alternations of interbeds of carbonates and argillaceous
layers with similar thickness) or parted limestones (argillaceous layers significantly thinner)
(James and Stevens, 1986). These rhythmites appear like planar, lumpy beds or nodules in
shale and their textures include lime mudstones (Dunham, 1962), graded calcisiltite, and

rippled calcarenite.

Quartzose calcarenites show coarse to very coarse grains with rounded and spherical
shapes (typical eolian quartz), and ooids whereas algal bioclasts constitute mainly the
allochems. These rocks can be massive because of grain flows, graded as in turbidite deposits
or disposed as caps on top of conglomerates. Coniglio (1985) proposed that the turbidite

deposits are a result of high-density turbidity currents.

The Cow Head Group (Figs. 1 and 2) comprises two coeval formations: the Shallow
Bay Formation, of which the Tuckers Cove Member constitutes the lower part of the
currently investigated section at Martin Point, and the overlying Green Point Formation, of
which the Martin Point Member constitutes the upper part of that section. These two
members formed when the deposition of the sediment apron changed to mainly quartz-rich
calcarenites with shales and minor conglomerates (Tuckers Cove Member), grading distally

into the Martin Point Member lithology, as the sand wedge was considerably widespread.

The proximal Shallow Bay Formation (100-300 m) is composed of a sequence of
limestone conglomerate and calcarenite with interbedded limestone and shale in the upper
part. The Tuckers Cove Member is the uppermost member of the Shallow Bay Formation and

consists of interbedded quartzose calcarenite, graded stratified conglomerate to occasional
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boulder conglomerate, minor parted to ribbon limestone separated by green calcareous shale,
sandstone, buff-weathering, well-laminated or rippled dolomitic siltstones and thin black

shale (James and Stevens, 1986).

The occurrence of the quartzose calcarenites decreases in the upper half of the
Tuckers Cove Member, while the parted and ribbon limestone and conglomerates become
more frequent in the investigated Martin point section, and conglomerates only represent a
minor portion of the succession (James and Stevens, 1986). Kindle and Whittington (1958)
suggested that the conglomerates are the result of slumping processes whereas Hubert et al.

(1977) proposed that debris flow is the responsible mechanism.

On the other hand, the distal Green Point Formation (400—-500 m) occurs as fine-
grained facies and the strata are mostly green, red, and minor black shale with occasional
conglomerate and ribbon-to-parted limestone. The Martin Point Member (100—150 m) is the
basal unit and is composed of green and black shale with partings of thin buff-weathering
siltstone and calcareous sandstone, layers of ribbon and parted limestone, and scarce thin
conglomerate beds.

3.2. Biostratigraphy

The investigated interval comprises the uppermost Franconian to the Trempealeauan
(Furongian, uppermost Cambrian). The conodont biozonation scheme (Fig. 2) of the Cow
Head Group along the Cambrian-Ordovician boundary was widely described by Bagnoli et
al. (1986), Barnes (1988), and James et al. (1989). Zhang and Barnes (2004) included in their
study the Broom Point North section (lower proximal slope facies of the Tuckers Cove
Member) and the Green Point section (distal slope facies of the Martin Point Member). The
Tuckers Cove Member contains the Eoconodontus notchpeakensis zone in Broom Point
North, while Martin Point Member has also the Cordylodus proavus and the Cordylodus

Caboti zones, and part of the Cordylodus Intermedius zone in Green Point. This same
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interval, where FAD of C. Intermedius occurs at the Green Point GSSP, is correlated with the
top (James and Stevens, 1986) of the Martin Point Member at the Martin Point section

(Stouge et al., 2017).

Thus, the investigated Martin Point section (Fig. 2) spans, from bottom to top, the
upper part of the Proconodontus posterocostatus, the Proconodontus muelleri, the
Eoconodontus notchpeakensis (e.g., Lawson Cove and Sneakover Pass sections in Utah,
USA), the C. proavus, and the C. Caboti conodont zones on the global and North American
conodont biozonation scheme (James and Stevens, 1986; Barnes, 1988; Miller et al., 2011; Ll
et al., 2017). The base of the Eoconodontus notchpeakensis Zone is marked by the global
Uppermost Cambrian HERB §*3C excursion (Li et al., 2017) that has been also documented
in the Green Point (Cambrian-Ordovician GSSP; Miller et al., 2011) and Martin Point (Azmy
2019a) sections. However, the Proconodontus posterocostatus and Proconodontus muelleri
zones have not been documented yet in the Martin Point section. The Cambrian Stage 10
spans almost from the P. postercostatus to C. caboti (at the Cambrian-Ordovician boundary)
conodont zones (Fig. 2) and its base is marked by a negative §'C excursion (N1) on the C-
isotope profile of the Wa’ergang section in China (Li et al., 2017). A correlated §*3C
excursion (NL1) has been also documented by the Martin Point C-isotope profile (Figs. 1b

and 2; Azmy, 2019b).

The investigated carbonates span the Upper Cambrian and their C-isotope stratigraphy
(Fig. 2) records two post-SPICE (Steptoean Positive Isotope Excursion) negative excursions
(NL1 and NL2; Azmy, 2019b) and the overlying HERB negative excursion (Azmy, 2019a;
Wang and Azmy, 2020). The paleoenvironmental proxies of the HERB event (recorded by
the upper Martin Point section) have been studied by Wang and Azmy (2020) and the current

study investigates the variations in the §%¢Zn and 1/Ca+Mg) across both of the post-SPICE
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and HERB events including the paleoenvironmental proxies of the post-SPICE carbonates

(recorded by the lower Martin Point section).

The sequence of conodont zones can be correlated with trilobite zones Saukia (from
bottom to top, subzones Rasettia magna, Saukiella junia, Saukiella serotina, Corbina
apopsis) and Missisquoia (subzones Missisquoia depressa) from the Upper Cambrian and

lowest Ordovician found in the Wichita Mountains area (Barnes, 1988; Stitt, 1977; Fig. 2).

4. Methodology
4.1. Sampling and elemental analysis

A hundred and thirteen lime mudstone samples (Azmy 2019a,b; Appendix 1; Fig. 2)
were collected from the most micritic lime mudstone interbeds at the Martin Point section
(49° 40’ 51" N, 57° 57’ 36" W; Fig. 1; James and Stevens, 1986; Cooper at al., 2001), western
Newfoundland, at high resolution with intervals as narrow as 30 cm (Fig. 2). Representative
sample selection was guided by results from an earlier C-isotope stratigraphic study on the
same succession (Azmy, 2019a,b). Thin sections of the micritic carbonates were stained with
Alizarin Red-S and potassium ferricyanide solutions (Dickson, 1966) before petrographic
examination using a polarizing microscope to locate the most micritic spots.
Cathodoluminescence (CL) examination was performed with a Technosyn 8200 MKI|I cold
cathode instrument operated at 8 kV accelerating voltage and 0.7 mA current. Minor organic
matter (sporadically along stylolites and solution seams) and rare microfractures (filled with

carbonate cement) were avoided during microsampling.

The mirror-image slab of each thin section was polished, cleaned with deionized
water in an ultrasonic bath, and dried overnight at 40°C before sampling. Samples (~200 mg

each) were extracted from the most micritic material of the cleaned slab.



269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

Gonzales-Robacio et al 12

For trace elements analyses, 47 powder samples (each ~100—200 mg) were weighted,
digested in HCI-HNO:s (to digest carbonate only), centrifuged to remove any trace insoluble
material, and evaporated to dryness. Residues were then dissolved in 5 mL 6N HCI and
centrifuged to remove undissolved organic matter and kept as archive solutions. An aliquot of
the archive solution was collected and diluted in 2.5% HNO3 for analysis on an HR-ICP-MS
(Element XR, Thermofisher Scientific) at P6le de Spectrométrie Océan (PSO, IUEM, Brest,
France). Indium was used as the internal standard for signal drift correction and
concentrations were calibrated using external calibration standards. The relative uncertainties

of the measurements are better than 5% using the BHVO2 standard.

The elemental paleoenvironmental proxies were normalized to Ca following the
equation (e.g., Hardisty et al., 2017):

Xcan = (X/Xatomic weight)sample / (Casampte/40.078) where X is the proxy element. Due to
the low values of ratios, they were expressed in micromole/mole (umol/mol) and
millimole/mole (mmol/mol).

4.2. Zn-isotope Analysis

Zinc isotopes were separated from the matrix with ion-exchange chromatography
columns following a procedure adapted from Maréchal et al. (1999). Briefly, 2 mL of
macroporous AG MP-1 resin (100-200 mesh Biorad) was loaded on polypropylene columns.
The resin was cleaned with 10 mL deionized water, 8 mL HNOs, and again with 10 mL
deionized water. Before sample loading, the resin was conditioned with 4 mL 6N HCI. An
aliquot of the sample archive solution prepared for trace elements analyses was loaded on the
column in 6N HCI. The matrix was eluted in 2.5 mL 6N HCI, 10 mL 2N HCI, and 4 mL
0.24N HCI, and Zn was collected in 18 mL 0.012N HCI. The solution was evaporated to
dryness on a hot plate at 90°C and the residue was dissolved in 2.5% HNO3 for isotopic

analyses.
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Zinc isotopes were measured by MC-ICP-MS (Neptune Thermofisher Scientific) at
Pdle de Spectrometrie Océan (PSO, Ifremer, Brest, France) in low-resolution mode using the
Cu-doping method (Cu NIST SRM 3114) to correct for instrumental mass bias (Maréchal et
al., 1999). A standard-sample-bracketing method was applied by measuring the isotopic
standard Zn NIST SRM 683 doped with Cu NIST SRM 3114 before and after each sample.

Zinc isotopes are reported in the conventional delta notation:
8%8Zn (%0) = [(*6ZNn/**Zn)sampie/ (?®ZN/%*ZN)srmesz — 1] x 1000

However, for consistency with values reported in the literature, the Zn isotope
composition is reported relative to the JIMC-Lyon isotopic standard (Archer et al., 2017). The
precision of analyses is reported as 2c calculated based on replicate measurements of the
standard Zn NIST SRM 683. The precision was better than 0.06 %o and was determined using
the USGS and BHVO-2 standards for which three aliquots were processed on three different
columns following the same procedure applied to samples. The total Zn in blank was <5 ng.

4.3. 1/(Ca+Mg) Analysis

The 1/(Ca+Mg) measurements (Appendix 1) were run following the protocol
suggested by Hardisty et al. (2017). Thirty powdered samples (~ 3-5 mg each) were
sonicated in 1 mL of deionized water, centrifuged, and decanted. Samples were digested in
3% HNOs, sonicated for ~10 minutes, and centrifuged. The supernatant was diluted with
nitric acid and 0.25 % tetramethyleammonium hydroxide (TMAH) before running on an
Agilent 8900 triple quad inductively coupled plasma mass spectrometer (ICPMS). Blanks,
international (VWR AVS titrino IC 1000 mg/L), and internal standards were also prepared
and treated similarly. Analytical uncertainties (monitored by Alfa Aesar’s 0.1 N potassium

iodate) were better than 5%.
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5. Results

Petrographic examination, including cathodoluminescence (CL), shows that the
investigated carbonates are mainly non-ferroan lime mudstones, dominated by micritic (<4
pm) to near-micritic (~10 um) grain size and they appear non-luminescent under the CL (Fig.

3).

The chemical attributes are tabulated in Appendix 1 and Table 1 summarizes their
statistics. The mean values of the investigated paleoenvironmental proxies of the post-SPICE
and HERB events are generally comparable. The mean §%¢Zn values in both intervals are
almost identical (~ 0.3 £ 0.1 %o JMC-Lyon; Table 1) and similar to average continental crust
(6%Zn = 0.31 + 0.11%o; Little et al., 2014). Similarly, those of I/(Ca+Mg) are very
comparable (0.1 and 0.2 umol/mol, respectively; Table 1) and less than the lower boundary
value established for oxic conditions (2.5 umol/mol, Lu et al., 2016). The carbonates of the
upper (spanning the post-SPICE NL1 and NL2 events) and lower (spanning the HERB event)
Martin Point section have comparable elemental compositions with ranges that generally

overlap except for some higher Al values in the lower section (Fig. 4; Table 1)

The Sr values in the post-SPICE and HERB carbonates (290 + 184 ppm and 356 +
226 ppm, respectively; Table 1; Fig. 4) are also comparable. They exhibit mainly
insignificant correlations (R? <0.02—0.13) with their Zn, P, Ni, Cu, Fe, Th/U, YREE, Al, Mn,
Fe, 5%°Zn, and 1/(Ca+Mg) counterparts (Fig. 4) or an opposite trend to that expected from
diagenetic alterations (Fig. 4b). The profiles, reconstructed from the Ca-normalized molar
ratios, exhibit minor variations correlated with NL1 but more pronounced shifts with NL2 of
the post-SPICE interval (Fig. 5). On the other hand, most of these profiles show noticeable

variations correlated with the HERB event (Fig. 5).
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6. Discussion

6.1 Evaluation of the diagenetic impact
6.1.1 Petrographic Preservation

The petrographic preservation of the Martin Point carbonates is summarized here
since it has been already discussed in detail by Azmy (2019a,b) and Wang and Azmy (2020).
Petrographic examination of the studied carbonates indicates that they are mainly fabric-
retentive lime mudstones with minimum recrystallization. They are dominated by micritic
(<4 pm) to near-micritic (10 um) grain size (Fig. 3a,c) and exhibit dull to non-CL (Fig. 3b,d),
which suggest low water/rock interaction ratios and a high degree of petrographic
preservation. Cathodoluminescence (CL) in carbonates is controlled by trace element
contents (Machel and Burton, 1991; Machel, 2000), of which Mn?* and Fe?* are the most
important cations substituting Ca?* in the crystal lattice (Leverenz, 1950) and acting as

activator and quencher, respectively.

However, the CL technique is only complementary, for it has been demonstrated that
cation exchange can occur without significant visible change in the crystal size, and fracture-
filling cement of deep-burial settings may have high Fe and exhibit also dull CL (Rush and
Chafetz, 1990). Therefore, petrographic examination alone cannot confirm sample
preservation but has to be combined with other tools. Yet, if redistribution of mass takes
place within length scales over which the system is fundamentally closed and this length

scale is smaller than sampling, a fairly faithful signal can be recovered (Fantle et al., 2020).
6.1.2 Geochemical preservation

Progressive burial of carbonates is associated with an increase in temperature and
the reaction of sediments with the diagenetic fluids results in the depletion of some elements
such as Sr but enrichment of others such as Mn, Fe, Al, and > REE (Veizer, 1983; Azmy et

al., 2011; Wang and Azmy, 2020). However, diagenesis might not significantly influence
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other geochemical proxies (e.g., Ni, P, Zn, Th, U, 8%Zn, and I/(Ca+Mg)) leaving their
signatures with at least a near-primary nature, which therefore makes them reliable
environmental proxies (Veizer, 1983; Sliwinski et al., 2010; Pattan et al., 2013; Acharya et

al., 2015; Yan et al., 2019; Worndle et al., 2019).

The Sr values, a reliable independent proxy of carbonate diagenesis (Veizer, 1983),
show insignificant (R? <0.1) correlations (Fig. 4) with their 8*3C, TOC, P, Ni, Zn, §%2zn, Al,
>REE, Mn, Fe, V, U, Th/U, and I/(Ca+Mg) values, which is also evident from the Sr profile
(Fig. 5). This is consistent with the petrographic preservation (Fig. 3; Azmy 2019a,b; Wang
and Azmy, 2020) and also supports the preservation of at least near-primary geochemical
signatures. The deposition of the investigated Martin Point lime mudstones in dysoxic
settings, as suggested from the sedimentological evidence (James and Stevens, 1986;
Landing, 2012; Azmy, 2019a and b; Wang and Azmy, 2020), likely contributed to the
relatively higher Mn and Fe contents (Fig. 4; Table 1) than their modern counterparts

(Morrison and Brand, 1986).

The Mg/Ca ratios have insignificant correlations with their §%®Zn and I/(Ca+Mg)
counterparts (R? = 0.0009 and 0.02, respectively; Appendix 1). lodine is incorporated into the
calcite crystal as [10s] and not [I] ~ (Lu et al., 2010) and minor alteration or dolomitization of
carbonates, particularly when early and lacks a significant increase in crystal size (aggrading
neomorphism) or loss of sedimentary fabric, is therefore unlikely to influence their iodine
contents. A recent study by Lu et al. (2021) documented no difference in the 1/(Ca+Mg)
ratios of non-crystallized and recrystallized samples. Although a study by Hashim et al.
(2022) suggested that dolomitization might influence the 1/(Ca+Mg) ratios, their results were
based on experimental high-temperature dolomitization, which makes the issue invalid for the

currently investigated carbonates since they are dominantly lime mudstones and their
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preserved micritic to near-micritic grain size and also sedimentary fabrics argue for early-

stage diagenesis at near-surface temperature.

In addition, the insignificant correlation of the 1/(Ca+Mg) ratios with the TOC values
(R?= 0.06) argues against contributions from iodine associated with organic matter (Togo et
al., 2016; He et al., 2020). Similarly, the insignificant correlation of the 1/(Ca+Mg) with their
[Al] values (R?= 0.19; Appendix 1) and §%Zn ratios with [Al] and ¥ REE (R?=0.006 and
0.001, respectively; Appendix 1) eliminates iodine or Zn contaminants from clay minerals

(siliciclastic inclusions).

In summary, the petrographic and geochemical criteria of the investigated lime
mudstones support the retention of at least near-primary geochemical signatures that reflect
variations in the paleoenvironment during deposition.

6.2. Paleoenvironmental conditions

Unlike siliciclastics, carbonates precipitate directly from seawater, thus recording the
geochemical signatures in equilibrium with the ambient seawater. The relative fluctuations of
sea level led to variations in seawater chemistry and that of marine carbonates, whose
geochemical signatures are sensitive recorders of changes in environmental conditions (e.g.,
Meyer et al., 2012). In the current study, trace element contents and Zn isotope compositions,
as well as 1/(Ca+Mg) ratios, are correlated with the §3Ccarb (Azmy, 2019a,b), §Corg, and
TOC variations associated with the Late Cambrian NL1, NL2, and HERB events in western
Newfoundland to reconstruct the paleoenvironmental conditions that dominated in eastern
Laurentia during that time interval.

6.2.1 Trace element proxies

6.2.1.1. Primary productivity proxies

The TOC profile, which has been utilized as the most direct proxy for primary

productivity (Schoepfer et al., 2015), does not suggest high organic activity throughout the
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entirely investigated section (Fig. 5). The mean TOC values are overall low for the post-
SPICE and HERB samples (0.70 £ 0.66 % and 1.02 + 0.62 %, respectively; Table 1). In
comparison, TOC data from carbonate rocks deposited during the late Devonian Frasnian-
Famennian biotic crisis (Wang et al., 2018; Chen et al., 2005) show a mean value of 0.13 %.
Carbonates from Late Quaternary minor productivity settings recorded TOC values < 0.4 %
(Rihlemann et al. (1996) but high productivity TOC values from Ediacaran dolostones range
from 0.01 to 4.84 % (Gao et al., 2020). Therefore, the relatively low TOC of the Martin Point
carbonates might reflect restricted bioproductivity.

For the HERB event, Miller et al. (2011) identified the Eoconodontus notchpeakensis
zone as part of a lowstand system tract (LST) during sea transgression. Shoaling of anoxic
organic-rich water during sea-level rise probably led to the emplacement of organic matter,
enriched with elements such as P, Ni, and Cu, into shallow-water settings and oxidation of
organic matter lowered oxygen levels to create dysoxic conditions (Canfield, 1993, 1994;
Bodning et al., 2009; Gill et al., 2011; Landing, 2012, 2013; Gao et al., 2016; Landing and

Webster, 2018; Li et al., 2020).

Miller et al. (2003, 2011) identified full LST to highstand system tract (HST) cycles
within each of the Proconodontus posterocostatus and the Proconodontus muelleri zones that
span the recognized NL1 and NL2 events, respectively, which their geochemical signatures
are comparable to those of the HERB event (Fig. 5). Therefore, a similar transgression with
minor fluctuations likely took place during each of the NL1 and NL2 events as well.

6.2.1.2. Paleoredox proxies

The profiles of Mn and Fe may reflect variations in redox conditions (Fig. 5), since
they represent the fraction of the elements that are not derived from terrigenous influxes
(Acharya et al., 2015), thus allowing the evaluation of their enrichment relative to average

crustal abundance (Tribovillard et al., 2012). Relatively abundant concentrations of Mn and
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Fe in the water column would indicate more reducing conditions, as they become more
soluble with less oxygenation (Middelburg et al., 1988). The lack of significant metal
enrichment has been interpreted as sediments deposited within substantial oxygenated bottom

water (Acharya et al., 2015).

The normalization of Mn and Fe to Al is often used to evaluate the enrichment of Mn
and Fe in carbonates in comparison to the detrital background, i.e., this is the authigenic
carbonate content in Mn and Fe (Clarkson et al., 2014). The Mn/Al and Fe/Al ratios of
Martin Point carbonates (0.04-0.93 and 0.8—11.3, respectively; Appendix 1) are enriched
relative to the upper continental crust values (0.0075 and 0.44, respectively; McLennan,

2001), which supports the suggested dysoxic conditions.

Enrichment of V is bound to organic matter (Breit and Wanty, 1991; Hetzel et al.,
2009) and has been associated with deep-water sediments under anoxic environments
(Brumsack and Gieskes, 1983; Emerson and Huested, 1991; Acharya et al., 2015).
Molybdenum commonly shows strong co-variation with V and is generally enriched in
anoxic sediments as well (e.g., Anbar et al., 2007). It is removed from the solution to the
sediments by adsorption to organic matter or by Fe-Mn oxy-hydroxides (Algeo and Maynard,
2004). Vanadium concentrations in Martin Point carbonates range from 1.7 ppm to 39.4 ppm
(Table 1). Dolenec et al. (2001) reported V concentrations (2—48 ppm) lower than 60 ppm for
LST carbonates spanning the Permian-Triassic boundary. The Mo contents in the Martin
Point carbonates spanning the post-SPICE and HERB intervals (0.04—11.7 ppm; Table 1) are
also comparable to those of the lower-end member values of the Permo-Triassic boundary
(Dolenec et al., 2001)). Additionally, the positive shifts during the NL2 and at the base and
top of the HERB event in the Martin Point section (Fig. 5) show high enrichment in Mo in
comparison with typical concentrations for marine carbonates (<1 ppm in Carboniferous

carbonates; Voegelin et al., 2009), and continental crust values (1.5 ppm; McLennan, 2001).
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Manganese, Fe, V, and Mo increased above average concentrations for carbonates likely due
to the shoaling of deep anoxic waters associated with the transgressions during the NL1,
NL2, and HERB events.

Thorium (Th*") is mainly produced from the weathering of clays and is unaffected by
redox changes in the water column. In contrast, U occurs in oxic water as [U®*] (soluble
uranyl carbonate) but in anoxic water as [U*'] (insoluble uranous fluoride), which is trapped
in marine carbonates (Wignall and Twitchett, 1996). Wignall and Twitchett (1996)
established a threshold by which Th/U < 2 indicates anoxic environments of deposition and
>2 for oxic conditions. The high Th/U values at the NL1, NL2, and HERB events (Fig. 5)
seem to be contrary to the dominant dysoxic conditions expected during transgression and the
suggested shoaling scenario. Therefore, the increase in the Th/U values can be attributed to
either high Th concentrations or low U concentrations. On the other hand, some previous
studies on carbonates from different time intervals during the Earth's history documented
inconsistent variations exhibited by the Th/U redox proxy profiles (e.g., Cheng et al., 2017,
Jin et al., 2018; Algeo and Li, 2020; Liao et al., 2020; Zhao et al., 2022, Zhang et al., 2023),
and the ratio has to be therefore taken with caution.

Low U contents have been found to be associated with slow bottom water renewal
due to partial restriction of local basins (Algeo and Tribovillard, 2009; Li et al., 2022), which
is compatible with the presence of micro-continents separated from the Laurentian margin by
the Taconic Seaway during the Furongian (Li et al., 2022; White and Waldron, 2022).

Particularly during the HERB event, there was a possibility of enhanced Th addition
by terrigenous inputs, as the positive shift in the Th/U behaves fairly parallel to its Al/Ti
counterpart (Fig. 5). During a generally warm and humid climate that favored transgression,
active chemical weathering and runoff (increase in Al/Ti) might have provided clays to the

ocean. Continental crust-derived sediments have an average concentration of 10.7 ppm for Th
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and 2.9 ppm for U (Taylor and McLennan, 1980; Taylor and McLennan, 1985), meaning that
their expected Th/U ratio would be ~ 4. As the higher positive peaks in the investigated
section approach these values (Fig. 5), enhanced chemical weathering of crustal rocks might
have contributed to the high Th/U, which is still coherent with the suggested transgression
scenario.

It has been shown that, in reducing systems with considerable depths, Th tends to be
absorbed by some algae (e.g., red algae of deep settings), whereas U is less likely to bind
with carbonate ions, resulting in higher Th/U values (Shao et al., 2017, Bengston et al.,
2017). Since the investigated carbonates were transported down to the lower slope
environment, this scenario might have also contributed to the Th/U positive shifts.

6.2.2. Zn isotope composition

The §%2Zn values of the Martin Point carbonates range from 0.09 to 0.73%o (Table 1;
Fig. 5). Although the high end-member §°°Zn value (0.73%o) of sample B32 is associated
with the lowest Sr and highest Mg contents (Fig. 2; Appendix 1; Table 1), its other
geochemical proxy signatures fall within the same range of the rest of lime mudstone (calcite)
samples and no correlation has been found between the §%°Zn and Ca/Mg values (R? =
0.0009; Appendix 1). This is consistent with earlier studies, which suggested that dolomites
may still retain at least their near-primary §%Zn signatures (e.g., Kunzmann et al., 2013; Yan
et al 2019). The §%Zn profile shows a general long-term slight increase until the end of the
HERB event, which is followed by a decrease. It exhibits also localized minor increments
(~0.1 to 0.3%o) at the base of NL1, NL2, and HERB events (Fig. 5). In addition, the profile
shows negative shifts, with variable values, during the NL1 and NL2 events but a small
positive shift (~ 0.2%o) during the HERB event (Fig. 5). Most of these variations (e.g.,

898 ZNMartin oint carbonates = 0.33 % 0.12%o) are slightly higher than the standard deviation value

associated with the mean §°®Zn value of the modern seawater of ~ 0.45 + 0.10%o (e.g., Horner
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et al., 2021), and therefore reflect no dramatic paleoenvironmental changes (e.g., §%®Znmartin
Point carbonates = 0.33 % 0.12%o) although the minor decrease in the §%Zn values correlated with
NL1 and NL2 is still consistent with a decrease in primary productivity during the suggested
dysoxic conditions (Fig. 5). On the other hand, the slight increase in the §%Zn values during
the HERB event could be due to (i) an increase in primary productivity favoring the uptake of
light %4Zn by microorganisms, (ii) sequestration of light ®*Zn by organic-rich sediments, or
(iii) increase in continental weathering particularly phosphates (Pons et al., 2013). The HERB
event is correlated with a negative shift of ~ 2 % on the TOC profile and a positive shift on
the Zn profile, which argues against an increase in primary productivity. However, the same
event is correlated with a slight increase in P (Fig. 5; ~100 ppm, Appendix 1) that followed a
decrease at the base of the event, this is in addition to the general dysoxic conditions that
might have enhanced the effect. This is consistent with the trace elements data that suggest
prevailing dysoxic conditions during the HERB, NL1, and NL2 events due to sea-level rise
and poor oxygenation of Laurentian continental margins.
6.2.3. 1/(Ca+Mg) ratio

In modern oceans, the iodine concentration is fairly uniform (0.45 pmol/l; Elderfield
and Truesdale, 1980) and principally controlled by the burial of organic carbon in marine
sediments (Muramatsu and Wedepohl, 1998). The iodine cycle through seawater and
sediments seems to be biologically and photochemically mediated (Spokes and Liss, 1996;
Wong et al., 2018). Its budget in the ocean is not dramatically affected by riverine inputs,

carbonate precipitation/dissolution, or hydrothermal fluxes (Lu et al., 2010).

On the other hand, iodine primary signatures are influenced by local redox conditions
more than large-scale changes (Zhou et al., 2015) where iodine occurs in solution as
dissolved iodide (1) in more reducing settings, or as iodate (1037) in oxygenated conditions

since these are its most thermodynamically stable forms (Wong and Brewer, 1977). Although
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both anions are monovalent, they have shown different behaviors in sorption processes (e.g.,
Hu et al., 2005). Carbonate minerals only incorporate the oxidized species during
precipitation, since 103 appears to be an appropriate substitution for COs? in the crystal
lattice (Podder et al., 2017). Therefore, their 1/(Ca+Mg) contents seem to be proportional to
the iodate concentrations of the solution (Lu et al., 2010), and thus carbonates in the vicinity
of waters depleted in oxygen record lower ratios (e.g., Hardisty et al., 2014; Hardisty et al.,
2017; Lu et al., 2017). This, in addition to the iodine residence time in seawater (~300,000
years; Broecker and Peng, 1982), which is much longer than that of mixing ocean water,
allows the I/(Ca+Mg) ratio to behave as an indicator of redox variations in the ambient water
from which the carbonates precipitated (e.g., Wei et al., 2019). Lu et al. (2016) proposed a

threshold of 2.5 umol/mol as the upper boundary of oxygen-depleted water.

The Martin Point carbonate I/(Ca+Mg) ratios record a range from 0.02 to 0.48
pmol/mol (Table 1, Fig. 5) and are lower than those recorded by the expanded Proterozoic
marine anoxia (~0.5-1.0 umol/mol). Similar low I/(Ca+Mg) ratios have been also
documented in Palaeozoic carbonate successions recording expansion of anoxia such as those
from the Lower Ordovician and also Silurian on Laurentia that yielded ratios within the range
of 0 and 0.5 pmol/mol (Edwards et al., 2018; Young et al., 2019; Li and Azmy, 2023).
Modern 1/(Ca+Mg) concentrations in sea surface waters above oxygen minimum zones (Rue
et al., 1997), which represent current low oxygen settings, vary between 0 and 2.5 pmol/mol
in contrast to values around 5 umol/mol for well-oxygenated conditions (Lu et al., 2016). The
V and Mo concentrations are also consistent with the relatively reducing conditions reflected
by the Martin Point 1/(Ca+Mg) ratios.

The Great Oxygenation Event of the Precambrian had values near 2 umol/mol
(Hardisty et al., 2014), reasonably far above those of the Martin Point carbonates and it is

noteworthy that the Proterozoic was an eon with relatively low oxygen. The magnitudes of
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the peaks in the Martin Point profile (Fig. 5) are similar to those of previous studies, which
indicated local redox variations within dominant conditions of low I/(Ca+Mg) ratios (e.qg.,
Bowman et al., 2021). Therefore, the values are consistent with the dysoxic slope-
environment conditions that were suggested by earlier sedimentological studies (e.g., James
and Steven, 1986; Landing, 2012, 2013; Terfelt et al., 2014; Landing and Webster, 2018) and
support not only a relatively reducing water column caused by transgression but also the
consequent inhibition of primary productivity (lack of bioturbation). Thus, the eastern
Laurentian continental margin was likely under poorly oxygenated seawaters and an
expanded oxygen minimum zone due to inhibited ocean circulation that was driven by

dominant Late Cambrian greenhouse climates (e.g., Erlick et al., 2011; Landing 2012).

7. Conclusions

Petrographic and geochemical screening support the preservation of at least near-
primary signatures of the Zn-isotopes, 1/(Ca+Mg) ratios, and trace elements retained in the
Upper Cambrian lime mudstones of the toe-of-slope rhythmites at Martin Point, western
Newfoundland. The signatures are therefore reliable proxies to reconstruct and study the

paleoenvironmental conditions during the Late Cambrian.

The profiles of trace elements and 1/(Ca+Mg) ratios exhibit consistent variations in
association with the previously studied global negative §*3Cecarb shifts of NL1, NL2, and
HERB events. The §%Zn values along the profile show little variations and the average 6%Zn
value of carbonates is 0.33 + 0.12%o, which is within the range of modern seawater value.
However, minor decreases in §°Zn values are consistent with a decrease in primary

productivity during dysoxic conditions.

The positive shifts in the TOC, and Ca-normalized P, Ni, Cu, Mn, Fe, V, and Mo
profiles at the stratigraphic levels correlated with the base of the events could reflect

inhibition of bioproductivity caused by shoaling organic-rich anoxic waters during
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transgression. The Al/Ti ratios consistently point to correlated humid and warm climate

periods.

The low 1/(Ca+Mg) ratios support dominant dysoxic conditions along the entire
section and are consistent with sea transgression and a warm humid climate context. The

Mn/Al, Fe/Al, V, and Mo proxies reinforce the dysoxic conditions scenario.
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Fig. 1. Location map of the study area illustrating (a) the general location of Newfoundland
in eastern Canada, (b) the study area of the Martin Point section in western Newfoundland
and surface geology, (c) a closeup of (b) with the location of the Martin Point section (49°
40’ 51” N, 57° 57’ 36” W) (adapted from James and Stevens, 1986; Cooper et al., 2001), and
(d) a simplified paleogeographic reconstruction with the approximate locations of the Martin
Point (western Newfoundland) and Wa’ergang (South China) sections during Late Cambrian

(modified from Blakey, 2008; Gill et al., 2021).

Fig. 2. Stratigraphic framework of the investigated carbonates in western Newfoundland,
showing the §'3C profiles, positions of the samples and conodont zonation scheme (Barnes,
1988; Li et al., 2017; Stitt, 1977) for (a) post-SPICE (from Azmy, 2019b) and HERB
intervals (from Azmy, 2019a; Wang and Azmy, 2020) and (b) global C-isotope profile of the

Upper Cambrian (after Gradstein et al., 2020; Zhao et al., 2022), on which the correlated
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post-SPICE (N1 and N2) and HERB negative 5'3C shifts of the Wa’ergang section (Li et al.,
2017) are marked. The circles mark the correlated negative excursions. Numerical ages are

from Schmid (2017).

Fig. 3. Photomicrographs of the preserved micritic fabric of the studied lime mudstones
displaying (a) plane polarized (PL) image of Sample B31-1 from the lower Martin Point
section (post-SPICE, Appendix 1), (b) CL image (non-CL) of (a), (c) plane polarized (PL)
image of Sample MH5 from from the upper Martin Point section (HERB, Appendix 1), and

(d) CL image (dull CL) of (c).

Fig. 4. Scatter diagrams showing the correlations of Sr with (a) §*3C, (b) I/(Ca+Mg), (c) P,
(d) Ni, (e) Zn, (f) §%Zn, (g) Al, (h) YREE, (i) Mn, (j) Fe, (k) V, (1) U, (m) Th/U, and (n)
1/(Ca+Mg) with TOC for the carbonates spanning the post-SPICE (red dots) and HERB
(black dots) events in the Martin Point section.

Fig. 5. Profiles of TOC, §%®Zn, I/(Ca+Mg), Zn, Sr, P, Ni, Cu, Al/Ti, Mn, Fe, V, Mo, and
Th/U, for post-SPICE and HERB, the elemental proxies are normalized to Ca. The §*3C
profile is reproduced from Azmy (2019a,b). The TOC data of HERB are derived from Wang

and Azmy (2020) and post-SPICE from Okafor and Azmy (2024).

Table 1. Statistics of isotopic and elemental geochemistry of the investigated carbonates
from the lower (post-SPICE) and upper (HERB) Martin Point section. The highlighted values
are from Wang and Azmy (2020) and the TOC data of the lower Martin Point section,

spanning the post-SPICE event, from Okafor and Azmy (2024).

Appendix 1. Elemental and isotopic geochemical compositions of the investigated
carbonates from the Martin Point section in western Newfoundland. The highlighted values

are from Wang and Azmy (2020). The §**C and 880 profiles are reproduced from Azmy
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(20194, b) and the TOC data of the lower Martin Point section, spanning the post-SPICE

event, from Okafor and Azmy (2024).
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Post-SPICE (NL 1 and NL 2)

B1-3
B2-1
B2-2
B4-1
B6
B10
B12
B14-1
B14-2
B14-3
B16-1
B16-3
B18-1
B18-2
B19
B20-2
B22-1
B22-3
B22-5
B23-2
B23-3
B23-6
B23-9
B27-1
B29-3
B29-5
B29-7
B31-2
B31-3
B31-4
B31-7
B31-9
B31-11
B32
B33-2
B35-1
B35-3
B36a-2
B36a-3
B36a-4
B36a-5
B36a-6
B36¢c-1
B36¢c-2
B36¢c-3
B36¢c-4
B36d-1
B36d-2

-1.68
-3.85
-2.28
-2.40
-1.30
-0.58
-1.38
-0.96
-0.02
-0.67
-0.41
-0.32
-0.74

-0.76
-0.48
-0.42
-1.06
-1.51
-0.94
-1.31
-1.32
-0.39
-0.59
+0.30
-0.07
-0.79
-0.11
+0.27
+0.70

+0.68
-0.38
-0.69
+0.96
-0.88
-1.40
-4.79
-0.80
-1.29
-3.92
-2.66
-0.12
+0.56
+0.32
-1.96
-0.72
-1.04

0.43

0.24
0.20
0.10
0.28

0.34
0.30

0.18

0.17

0.20

0.18

1.46

1.25

1.76

0.56

1.09

0.94

0.50
1.52

2.98
0.52
0.51
0.53
0.78

0.44

0.80

+0.37
+0.24
+0.34
+0.14
+0.21
+0.33
+0.28

+0.37
+0.31

+0.19

+0.26

+0.38

+0.41

+0.34

+0.25

+0.36
+0.23
+0.34
+0.73
+0.58
+0.34
+0.26
+0.19
+0.37

+0.44
+0.12

+0.35
+0.33

+0.46

0.04
0.40
0.14
0.18
0.04

0.08

0.15

0.38
0.17

0.388

0.25

0.04

0.32
0.31
0.10

0.31

0.28

0.56

0.26

309259
343808
332864
381857
246336
304114
307080
338646
296687
265878

330487

351568

309473

338553

389269

308687

341107
391818
387574
221926
431121
335460
363958
270053
327222

350454
393491

415615
417751

466606

9029
9844
15595
2695
11351
4197
7481
3734
6945
7243

2230

2964

11763

8883

2188

6788

10279
6066
5049

127353
4698
5112
6461
5092
7489

5014
8794

6989
9697

6170

6.5
16.5
5.8
4.0
6.6
2.8
7.5
2.5
7.1
7.4

2.2

2.1
2.9
3.0
1.9

6.6

3.9
7.8
4.0
3.6
0.8
1.2
12.1
20.7
9.3

4.0
41.5

4.8
4.5

2.11

186
187
203
200
172
158
123
285
308
161

182

268

150

190

973

408

182
236
284
121
241
358
204
228
275

198
453

705
587

470

238
512
132
103
232
147
241
138
125
265

220

40

123

108

56

152

72
130
114
249
124
150
166
332
365

160
231

151
327

139

7.0
8.4
7.0
1.0
4.4
2.4
8.9
2.2
7.6
8.3

2.0

3.0
2.3
2.7
1.5

10.8

2.4
3.4
0.9
3.2
0.8
12.2
3.7
24.8
11.6

5.6
3.8

4.3
3.5

3.0

6.2
5.7
2.6
0.6
4.4
1.6
4.1
1.4
4.2
5.0

1.4

1.8
2.0
2.1
1.4

6.7

15
3.2
0.8
4.7
0.5
7.0
2.0
13.7
8.3

3.2
2.1

1.7
3.2

5.8

536
462
584
169
225
222
210
182
196
395

317

180

273

189

132

99

157
189
160
489
163
201
906
672
848

1051
302

267
199

303

9363
12750
10495

1169

6748

3532

5631

2147

7534

7687

2035

2228

6422

6206

2106

10904

6120
4769
2002
22474
1533
14175
5277
38862
27412

6882
7627

6316
6032

4648

4704
4275
5114
1159
3202
2037
4581
1499
5365
7746

1567

1038

2374

1366

447

2366

1372
2258

459
2669

721
1253
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5716
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4.2
8.7
5.2
15.7
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5.6

1.9
8.0
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4.5
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8.5
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6.0

6.4
8.9
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0.34
1.05
0.29
0.04
0.15
0.13
0.48
0.11
0.11
0.20

0.12

0.05

0.37

0.44

0.12

0.91

0.36
0.39
0.40
0.36
0.10
3.41
0.07
3.32
0.86

0.17
0.42

0.27
0.61
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97
87
106
36
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31
88
41
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137

36

20

26

38

19

84

39
50
16
26
13
30
30
91
42

39
29

55
54

48

1.41
1.32
1.12
0.27
1.55
1.26
2.19
0.80
1.90
2.11

0.79

0.41

0.98

0.90

0.28

1.83

1.14
1.16
0.41
1.42
0.47
0.85
1.25
1.65
1.80

1.69
1.12

1.29
1.13

0.73

2.45
0.64
0.98
0.11
0.35
0.94
1.80
0.46
0.36
2.21
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0.18

1.29

0.69

1.25

0.76

0.58
1.25
0.32
0.68
1.27
1.013
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1.62
1.65
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0.49
0.56
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3.4
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4.8

1.1
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3.6
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3.9
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18.3
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2.9

10.0
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7.5
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9.8
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20.6

13.4
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10.2
15.9

7.8

2.1
2.7
2.4
0.4
1.9
1.3
1.2
1.7
1.4
2.8

2.5

0.6

1.6

2.1

0.4

1.7

1.7
1.4
2.1
15
1.2
2.3
1.5
3.7
3.7

2.2
2.4

1.7
2.7

1.3

0.51
0.66
0.62
0.08
0.39
0.31
0.27
0.39
0.32
0.65

0.60

0.13

0.37

0.47

0.10

0.38

0.39
0.34
0.51
0.36
0.29
0.53
0.37
0.89
0.92

0.52
0.57

0.42
0.64

0.32

2.2
2.9
2.5
0.4
1.9
1.5
1.2
1.7
1.4
2.8

2.8

0.7

1.9

2.4

0.5

1.7

1.9
1.7
2.4
1.7
1.4
2.2
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3.7
4.2

2.5
2.7

1.8
2.9

1.5

0.29
0.39
0.38
0.05
0.24
0.20
0.15
0.22
0.18
0.38

0.38

0.08

0.24

0.30

0.06

0.24

0.25
0.23
0.32
0.24
0.19
0.33
0.24
0.55
0.59

0.34
0.36

0.25
0.40

0.21

1.5
2.0
2.1
0.2
1.1
1.0
0.7
1.0
0.9
2.0

2.1

0.4

1.2

1.4

0.3

1.3

1.2
1.1
1.5
1.1
0.9
1.7
1.2
2.9
3.0

1.7
1.7

1.2
1.8

1.1

0.30
0.38
0.43
0.05
0.20
0.20
0.14
0.19
0.17
0.39

0.44

0.08

0.24

0.28

0.06

0.25

0.23
0.23
0.29
0.23
0.18
0.33
0.24
0.57
0.59

0.33
0.31

0.23
0.34

0.23

0.79
0.95
1.16
0.12
0.52
0.55
0.37
0.49
0.43
1.03

1.25

0.20

0.65

0.73

0.17

0.65

0.61
0.60
0.74
0.59
0.47
0.84
0.62
1.46
1.49

0.87
0.77

0.59
0.83

0.65

0.11
0.12
0.16
0.02
0.07
0.08
0.05
0.07
0.06
0.15

0.19

0.03

0.09

0.11

0.02

0.09

0.09
0.09
0.10
0.08
0.06
0.12
0.09
0.20
0.20

0.12
0.10

0.08
0.11

0.10

0.71
0.74
1.00
0.11
0.46
0.53
0.35
0.44
0.39
0.95

1.27

0.19

0.63

0.70

0.14

0.59

0.56
0.54
0.65
0.52
0.40
0.77
0.55
1.25
1.27

0.76
0.64

0.51
0.69

0.63

0.10
0.10
0.14
0.02
0.07
0.08
0.05
0.06
0.06
0.14

0.19

0.03

0.09

0.10

0.02
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0.08
0.08
0.09
0.07
0.06
0.11
0.08
0.18
0.18

0.11
0.09

0.07
0.10

0.10




§°Ceay,  TOC 8%°zn l/(Ca+Mg) Zn Sr P Ni Cu Mn Fe Al SREE Vv Mo  Th/U Mn/Al  FelAl  AI/Ti
(%o VPDB) (%) (%o JMC Lyon) pmol/mol  (ppm)  (Epm) (Epm) (ppm) (Epm) (Epm) (pm) (@Epm) (@Epm) (Ppm) (ppm)

HERB
n 48 36 18 11 11 17 17 17 17 17 17 17 17 17 17 17 17 17 17
Mean -0.6 1.02 0.33 0.13 6.2 356 142 4.1 7.6 380 2542 1436 49 4.9 2.5 1.4 0.35 1.7 38.4
STDV 0.8 0.62 0.11 0.09 7.6 226 45 1.9 3.1 142 1876 791 22 1.5 2.6 1.5 0.25 0.8 13.8
MAX 1.0 3.10 0.48 0.31 21.7 980 252 8.5 17 572 6900 3202 95 7.8 11.7 5.1 0.93 45 79.6
MIN 2.1 0.30 0.09 0.02 0.6 165 85 1.9 4.7 150 785 611 25 2.2 0.8 0.1 0.11 1.1 19.3
post-SPICE (NL1 & NL2)
n 46 26 29 19 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30.0
Mean -0.94 0.70 0.33 0.18 6.9 290 185 5.4 3.6 343 8370 3137 65 9.3 0.53 1.8 0.13 3.1 61.3
STDV 1.18 0.66 0.13 0.13 7.9 188 102 4.9 2.8 247 8196 1907 26 6.3 0.81 1.2 0.08 2.5 33.2
MAX 0.96 2.98 0.73 0.48 41.5 973 512 24.8 13.7 1051 38862 7746 109 27.1 3.41 5.3 0.35 11.3  146.2
IMIN -4.79 0.10 0.12 0.02 0.8 121 40 0.8 0.5 99 1169 447 17 1.7 0.04 0.2 0.04 0.8 23.2
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Highlights

e Upper Cambrian carbonates in western Newfoundland retaining at least near-primary
paleoenvironmental proxy signatures.

e Organic-rich water shoaling into a shallow environment and leading to dysoxic conditions.

e Zn isotope and I/(Ca+Mg) ratios consistent with abundant low-oxygen conditions.
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