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A B S T R A C T   

The investigated Middle–Upper Cambrian carbonates span, from bottom to top, the uppermost Hawke Bay (40 
m), the March Point (~83 m thick), and the lowermost Petit Jardin (~47 m) formations of the Port au Port Group 
(western Newfoundland, Canada). A multi-technique evaluation of the preservation of carbonates was applied by 
using several petrographic and chemical screening tools. The variations in several proxies of bioproductivity (e. 
g., P, Ni, and Cu), input of weathering products (Mn, Fe, Al, and 

∑
REE), and paleoredox (e.g., Th/U) have been 

utilized to study the paleoenvironmental conditions during the investigated time interval. Distinct positive shifts 
in the profiles of Al, 

∑
REE, Mn, and Fe have been associated with the negative shifts recorded by the δ13C profile 

and correlated with the DICE (Middle Cambrian) and base of the SPICE (lowermost Upper Cambrian) events. 
They reflect contributions from detrital weathered material during sealevel falls. Similar correlated positive shifts 
are also documented by the P, Ni, and Cu profiles, thus suggesting an increase in the riverine inputs of nutrients 
associated with the drop of sealevel and increase of weathering activities. In addition, the changes in the bio
productivity and weathering proxies were associated with relative rising in the Th/U ratios (0.1–8.3), which 
reflects variations in the redox state towards relatively more oxidizing conditions.   

1. Introduction 

The Cambrian Period represents the critical stage of evolution of life 
in the oceans and the appearance of first shelly organisms in the Phan
erozoic seawater (e.g., Babcock et al., 2015; Buatois et al., 2016; LeRoy 
et al., 2021). Lime mudstones are abundant in the Cambrian carbonate 
successions and have been widely used for global chemostratigraphic 
correlations (e.g., Derry et al., 1992; Kaufman et al., 1993; Veizer et al., 
1999; Hill and Walter, 2000; McKirdy et al., 2001). Preservation of 
marine carbonates is the foundation for the reconstruction of paleo
environmental conditions that dominated during the Earth’s history 
(Wignall and Twitchett, 1996; Veizer et al., 1999). Micritic carbonates, 
including dolomicrites, have been found at times to retain their 
near-primary geochemical signatures (e.g., Land, 1992; Chang et al., 
2021; Liang and Jones, 2021; Liyuan et al., 2021). 

The eustatic sealevel variations during the Late Cambrian influenced 
the redox conditions and organic primary productivity as well as the 
terrestrial inputs of weathered material into the oceans, which also 
affected the contents of trace elements, including total rare-earth ele
ments (

∑
REE), in the ocean water and the deposited marine carbonates 

(e.g., Wignall and Twitchett, 1996; Arnaboldi and Meyers, 2007). Thus, 
the eustasy causes variations in the elemental compositions of the ma
rine carbonates such as those of P, Si, Al, U, Ni, Cu and 

∑
REE (e.g., 

Arnaboldi and Meyers, 2007; Wignall et al., 2007; Wang and Azmy, 
2020) and also lead to changes in the redox conditions, which is re
flected by the relative changes in the Th/U ratios (e.g., Sholkovitz and 
Shen, 1995; Wignall and Twitchett, 1996; Kimura et al., 2005). 

The March Point Formation constitutes the lowest part of the Port au 
Port Group and is formed of mixed shales, sandstones, and carbonates 
(Chow and James, 1987, 1992). These sedimentary rocks might be 
organic-rich enough to become a source that can constitute a part of a 
hydrocarbon system if some of the carbonate interbeds are porous and 
sealed by non-porous overlying sediments particularly when shales from 
neighboring basins are, to some extent, organic rich (Weaver and 
Macko, 1988). However, no evaluation, even preliminary, of the organic 
contents of the Port au Port Group shales has been documented yet. 
Therefore, understanding the paleoenvironment and redox conditions 
during the precipitation of the investigated carbonates will shed light on 
the main conditions that dominated during the deposition of the entire 
succession. 
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The main objectives of this study are:  

i. To investigate the influence of sealevel changes on trace element 
geochemistry of ocean water during the Middle to Late Cambrian to 
better understand the paleoenvironmental conditions that domi
nated during that time interval, and  

ii. To understand the associated changes of paleoredox conditions. 

2. Geological setting 

The Port au Port Group consists of mixed carbonate and siliciclastic 
sediments that crop out on the Port au Port Peninsula forming a belt 
approximately 400 km long and 75 km wide (Fig. 1; Williams, 1976, 
1979; Chow and James, 1987). These deposits are a part of the 
autochthonous Cambro–Ordovician sequence (Upper Cambrian–Lower 
Ordovician shallow water carbonates changing into basinal shales) that 
comprise the tectono-stratigraphic Humber Zone of the northern Ap
palachian Orogen (Williams, 1976, 1979; Chow and James, 1987). The 
group is believed to represent shallow marine deposits on the outer part 
of a stable low-latitude shelf that bordered the Iapetus Ocean and re
flects the gradual transition from Early Cambrian siliciclastic sediments 
to Early Ordovician carbonates (Fig. 2; Williams, 1976, 1979; Chow and 
James, 1987; Lavoie, 1994, 2008). 

Uplift, faulting, and exposure on the Port au Port Peninsula during 
the Late Devonian Acadian Orogeny resulted in the development of karst 
topography on the exposed Cambrian and Ordovician carbonates (Dix, 
1981). The Middle and Upper Cambrian shallow-marine strata of this 
part of the Humber Zone of the Appalachian Orogen (Williams, 1976, 
1979) record the growth and demise of a continental margin of Iapetus. 
The paleographic reconstructions suggest that sediments on the outer 
part of the stable shelf were located at approximately 25◦ S, within the 
sub-tropical climate zone (Scotese et al., 1979). They comprise a part of 
an eastward-thickening prism of Lower Cambrian to Middle Ordovician 
volcanics, siliciclastics, and carbonates that rest uncomformably on the 
Grenvillian crystalline basement (Rodgers, 1968; Williams and Stevens, 
1974; James and Steven, 1982). 

3. Stratigraphy 

3.1. Lithostratigraphy 

Earlier field studies indicated that the Port au Port Group carbonates 
vary generally in lithology between laminated lime mudstones to 
packstones and oolitic grainstones (Chow and James, 1987). However, 
they are almost entirely dolomitized in the subsurface of the study area 
of Belle Isle Strait (Fig. 1; Core NF-02), dominated by microbial/peloidal 

Fig. 1. Map of the study area showing the locations of the sampled core, NF-02 
(Appendix 1) at the Strait of Belle Isle (51◦30′00.0′′ N; 56◦29′56.0′′ W), which 
spans the Port au Port Group carbonates in western Newfoundland, Canada 
(modified from Zhang and Barnes, 2004). 

Fig. 2. Stratigraphic framework of the investigated dolomicrites from Belle Isle 
Strait in western Newfoundland, showing the approximate positions of inves
tigated samples. The sample id refers to depth. 
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lime mudstones, and occasionally interbedded with shales (Fig. 2). The 
investigated dolostones in the sampled core NF-02 constitute the lower 
Port au Port Group (Fig. 2) that spans the uppermost Hawke Bay, entire 
March Point, and the lowermost Petit Jardin formations. The Petit Jar
din Formation (only the lowermost ~47 m included in core NF-02) rests 
conformably on the March Point Formation (~83 m thick) since no 
unconformity surface has been documented yet between the March 
Point and the Hawke Bay formations (Fig. 2). The sampled carbonates 
consist mainly of laminated to massive gray dolomicrites with rare vugs 
that are entirely occluded with cements (Shembilu et al., 2021). 

3.2. Biostratigraphy 

There have been several studies on the Port au Port Group that were 
focused on the trilobite biostratigraphy. A preliminary age of late Middle 
to Late Cambrian was suggested in the 1930s by Schuchert and Dunbar 
(1934) and later studies (e.g., Whittington and Kindle, 1969; Boyce, 
1977, 1979; Levesque, 1977; Stouge and Boyce, 1983) provided more 
details to date the various units of the succession (Fig. 3). 

The trilobite biozonation scheme of the Petit Jardin Formation 
(Fig. 3) includes the Cedaria, Crepicephalus, Dunderbagia, Elvina and 
Taenicephalus zones, which span the Dresbachian to early Franconian 
stages of the regional (Laurentian) scheme of Upper Cambrian (Loch
man, 1938; Troelsen, 1947; Levesque, 1977). There are three other 
biozones (the Aphelaspis, Dicanthopyge, and Prehousia; Levesque, 1977) 
that are compressed into a short interval between the Crepicephalus and 
Dunderbergia zones (Fig. 3), indicating a depositional break and/or 
condensed sedimentation near the Dresbachian-Franconian boundary 

(Fig. 3), although no surface of unconformity can be physically recog
nized in the investigated core. The March Point Formation contains 
trilobites of the Bathyuriscus-Elrathina and Bolaspidella zones, which 
belong to late Middle Cambrian (Lochman, 1938; Levesque, 1977; 
Boyce, 1977). Trilobites gathered from the lower half of the underlying 
Hawke Bay Formation (Bonnia-Olenellus zone) correlate with the latest 
Early Cambrian (Boyce, 1977; Levesque, 1977). No fossils from the 
intervening Plagiura-Poliella, Albertella or Glossopluera zones (Early to 
Middle Cambrian) have yet been documented, which suggests that 
either the upper part of the Hawke Bay sandstones belongs to the 
lowermost Middle Cambrian or there is a hiatus (the Hawke Bay Event) 
at the Hawke Bay-March Point contact (Palmer and James, 1979). 

4. Methodology 

Samples were collected from Core NF-02 (Appendix 1, Fig. 1) that 
was drilled in the Strait of Belle Isle (51◦30′00.0′′ N, 56◦29′56.0′′ W), 
western Newfoundland. Sampling interval was generally between 30 cm 
and 2 m (Fig. 2) but the frequent occurrences of shale and sandstone 
interbeds (Fig. 2) made, in some cases, the sampling interval wider. The 
entire investigated interval spans the uppermost part (46 m) of the 
Hawke Bay Formation (lowermost Middle Cambrian) of the Labrador 
Group, the entire March Point Formation (83 m, Middle Cambrian) and 
the lowermost part (43 m) of the Petit Jardin Formation (uppermost 
Middle Cambrian) of the Port au Port Group (Fig. 2). 

Thin sections of micritic carbonates were cut, stained with Alizarin 
Red-S and Potassium ferricyanide solutions (Dickson, 1966; Lindholm 
and Finkelman, 1972), and examined under standard polarizing mi
croscope and cathodoluminoscope for petrographic features to identify 
the most micritic spots. A mirror-image slab of each thin section was also 
polished and cleaned with deionized water prior to microsampling for 
geochemical analyses. Cathodoluminescence (CL) was performed using 
a Technosyn cold cathodoluminoscope operated at ~12 kV accelerating 
voltage and ~0.7 mA gun current intensity. 

The polished slabs were washed with deionized water and dried 
overnight at 45 ◦C. Approximately 10 mg were microsampled from the 
most micritic material in the cleaned slabs under a binocular microscope 
using a low-speed microdrill. 

For elemental analyses (Appendix 1), the sample powder (~10 mg 
per sample) was digested in 2.5% (v/v) pure HNO3 for 70–80 min and 
analyzed for major and trace elements using ICP-MS. The relative un
certainties of the measurement are better than 5% using BHV02 and 
internal standards. The calculations of major and trace element con
centrations are based on an insoluble residue-free carbonates (100% 
soluble dolomite or calcite). 

The Hawke Bay Formation is formed of sandstones and shales (Fig. 2) 
and the investigated uppermost part had few very thin highly argilla
ceous dolomite interbeds that were impossible to microsample enough 
carbonate material from them without contamination from siliciclastics 
and therefore were not run for trace element analyses. 

5. Results 

Petrographic examinations of the investigated carbonates indicate 
that they are dominated by fabric-retentive micritic to near-micritic 
dolostones (dolomicrites) that have insignificant organic matter. These 
dolostones consist of tightly packed, non-porous and planar crystals 
(4–35 μm) that exhibit non-CL (Fig. 4a and b; Shembilu and Azmy, 
2021). 

Fig. 3. The δ13C profile of the investigated Middle–Upper Cambrian Belle Isle 
carbonates (from Shembilu and Azmy, 2021) and their trilobite biozonation 
scheme (after Lochman, 1938; Kindle and Whittington, 1965; Palmer, 1969; 
Levesque, 1977). The Blue line represents the compressed biozones (the 
Aphelaspis, Dicanthopyge, and Prehousia; Levesque, 1977). Legend as in Fig. 2. 
Detail in text. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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The concentrations of the paleoenvironmental proxies (e.g., 
Śliwiński et al., 2010; Pattan et al., 2013; Acharya et al., 2015; Liyuan 
et al., 2021), including P, Ni, Cu (bioproductivity), Al, 

∑
REE, Mn, Fe 

(weathering), and Th/U (paleoredox), are listed in Appendix 1 and their 
statistics are summarized in Table 1. Compared with the elemental 
compositions of the other slightly younger Upper Cambrian (Martin 
point; Wang and Azmy, 2020) and Cambrian-Ordovician boundary 
(GSSP, Green Point; Azmy et al., 2015) carbonates of neighboring basins 
in western Newfoundland, the Belle Isle carbonates have generally 
higher mean P, Ni, Th/U, Mn, and Fe concentrations but lower Sr 
although the mean 

∑
REE values are very comparable. 

The Sr values (90 ± 44 ppm; Table 1; Appendix 1) have consistent 
positive correlations with their P (R2 = 0.05), Ni (R2 = 0.16), Cu (R2 =

0.01), Al (R2 = 0.57), total REE (
∑

REE; R2 = 0.35), Th/U (R2 = 0.20), 
Fe (R2 = 0.60), and Mn (R2 = 0.32) counterparts although some of the 
correlations seem week to insignificant (Fig. 5a–h). 

An earlier C-isotope stratigraphic study (Shembilu and Azmy, 2021) 
indicated that the δ13C profile of the Belle Isle succession documents two 
distinct negative excursions (Fig. 3). The individual profiles of the 
investigated paleoenvironmental proxies show also distinct and consis
tent positive shifts associated with those excursions on the δ13C profile 
(Fig. 6). 

6. Discussion 

6.1. Evaluation of sample preservation 

Petrographic examinations of the investigated Bell Isle carbonates 
reveal fabric-retentive textures and micritic (4 μm) to near-micritic 
(<35 μm) grainsize (Fig. 4a and b). The degree of alteration depends 
mainly on the water/rock interaction ratio and the extent of reset of the 
retained proxy signal (Veizer, 1983; Banner and Hanson, 1990). The 
dominant micritic to near-micritic grainsize and insignificant recrys
tallization of the investigated dolomicrites as well as their retention of 

sedimentary fabrics (Fig. 4a) argue for insignificant alteration (Shem
bilu and Azmy, 2021), which is consistent with their exhibited non-CL 
image (Fig. 4b). Luminescence in carbonates is mainly activated by 
high concentrations of Mn but quenched by high concentrations of Fe 
(Marshall, 1988; Machel and Burton, 1991; Budd et al., 2000). Although 
dull and non-CL images, at times, reflect preservation of primary 
geochemical signatures (e.g., Veizer et al., 1999), diagenetic carbonates 
such as late-burial cements may still exhibit dull to non-CL images due to 
their high Fe contents (Rush and Chafetz, 1990). Therefore, the CL re
sults have to be taken with caution and confirmed by additional 
screening tests (Brand et al., 2011). 

Burial Diagenesis of carbonates leads to a significant depletion in the 
Sr contents but enrichment of other elements such as Mn, Fe (Veizer, 
1983) and 

∑
REE (Azmy et al., 2011) in the altered phase. However, The 

Sr concentrations of the Bell Isle carbonates exhibit positive correlations 
with Mn, Fe, and 

∑
REE as well as the other paleoenvironmental proxies 

(Fig. 5a–h), which are entirely opposite to the expected trends caused by 
diagenetic alteration. 

Earlier studies suggested that diagenetic alteration of carbonates, 
under low water/rock interaction conditions (insignificant recrystalli
zation/aggrading neomorphism), has insignificant influence on the 
contents of paleoenvironmental proxies such as P, Ni, Cu, Th and U (e.g., 
Veizer, 1983; Śliwiński et al., 2010; Pattan et al., 2013; Acharya et al., 
2015; Wang and Azmy, 2020). Thus, the lack of diagenetic trend shown 
by the diagenetic proxies is consistent with the petrographic preserva
tion and supports the retention of at least near-primary geochemical 
signatures of the paleoenvironmental proxies (e.g., Wang and Azmy, 
2020). 

This is also supported by the proxies’ profiles (Fig. 6) that show 
distinct and consistent positive shifts associated with the negative ex
cursions on the δ13C profile (Fig. 6) since no diagenetic process has been 
known yet to cause such consistent changes. 

Fig. 4. Photomicrographs of (a) Dolomicrite (crossed polars: Sample 36.4), (b) CL image of (a).  

Table 1 
Summary of statistics of isotopic and trace element geochemical compositions of the investigated Belle Isle Strait carbonates of the Port au Port Group in western 
Newfoundland.  

Sample 
ID 

d13C 
‰ 
VPDB 

Sr 
(ppm) 

Fe 
(ppm) 

Mn 
(ppm) 

Al 
(ppm) 

P 
(ppm) 

Ni 
(ppm) 

Cu 
(ppm) 

Th 
(ppm) 

U 
(ppm) 

V 
(ppm) 

Mo 
(ppm) 

∑
REE 

(ppm) 
Mn/ 
Sr 

Th/ 
U 

Mn/ 
Al 

Fe/ 
Al 

N 38 33 33 33 33 33 33 33 33 33 33 33 33 33 33 33 33 
Mean − 1.2 90 21,465 857 13,133 280 12 7 2.14 0.83 18.79 1.05 45.2 10.4 2.7 0.20 3.7 
Stdev 1.1 44 19,655 402 17,467 350 10 9 2.81 0.61 18.46 1.51 37.9 4.7 2.8 0.16 4.2 
Max 0.3 264 83,975 2261 75,238 1697 39 36 10.73 2.39 79.35 7.16 154.3 26.9 8.3 0.63 22.3 
Min − 3.9 30 4087 296 872 30 2 1 0.03 0.16 2.90 0.00 9.7 3.6 0.1 0.01 0.6  
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6.2. Paleoenvironmental proxies 

Variations in eustatic sealevel, particularly those related to time 
events, are commonly associated with changes in the δ13C signatures 
and trace element concentrations of the marine carbonates due to 
changes in primary productivity, redox conditions, and impact of 
terrestrial material and nutrient inputs into the ocean (e.g., Wignall and 
Twitchett, 1996; Murphy et al., 2000; Kimura et al., 2005; Wignall et al., 
2007; Piper and Calvert, 2009; Śliwiński et al., 2010; Dickson et al., 
2011). 

The C-isotope profile of the investigated Belle Isla carbonates 
(Shembilu and Azmy, 2021, Fig. 3) records a lower negative excursion 
(~4‰) that correlates with the Middle Cambrian global DICE (Drumian 
Carbon Isotope Excursion) event (Schmid, 2017) and an upper negative 
counterpart (~2‰) that correlates with the base of the lowermost Upper 
Cambrian global SPICE (Steptoean Positive Carbon Isotope Excursion) 
event (Pulsipher et al., 2021). The negative shift at the base of SPICE 

inflects into the positive SPICE excursion (Shembilu and Azmy, 2021). 
The correlations of these excursions were supported by the Mid
dle–Upper Cambrian trilobite biozonation scheme and the negative 
shifts were possibly caused by brief sealevel falls (Babcock et al., 2015), 
along the Cambrian long-term sealevel rise (Landing and Ford, 2007, 
2012a,b; Landing et al., 2010, 2011; Babcock et al., 2015), that brought 
down surface oxygenated water to oxidize buried organic matter and 
release light CO2 enriched in 12C (Shembilu and Azmy, 2021) although 
some earlier studies (e.g., Li et al., 2020) suggested that the DICE 
negative δ13C excursion has been caused by inputs of upwelling anoxic 
deep waters, loaded with organic matter, into the oxic shallow water 
column during sea transgression. 

Aluminum and REE are enriched in crustal rocks and therefore 
reflect the impact of the terrestrial inputs in oceans (e.g., Veizer, 1983; 
Śliwiński et al., 2010; Tripathy et al., 2014; Azmy et al., 2011; Wang and 
Azmy, 2020), which is confirmed by their considerable positive corre
lation (R2 = 0.57; Appendix 1). The drop in sealevel likely exposed more 

Fig. 5. Scatter diagrams showing correlations of Sr with (a) P, (b) Ni, (c) Cu, (d) Al, (e) 
∑

REE, (f) Th/U, (g) Fe, and (h) Mn of the investigated dolomicrites from the 
Port au Port Group. 
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land areas for weathering that enhanced the inputs of terrigenous ma
terial into ocean water and caused the positive shifts in the Al and 

∑
REE 

profiles, which are associated with both of the main negative δ13C ex
cursions (Fig. 6). 

Phosphorus, Ni, and Cu are among the micronutrients and known to 
be reliable proxies for bioproductivity (e.g., Tribovillard et al., 2006; 
Arnaboldi and Meyers, 2007; Morel et al., 2004; Śliwiński et al., 2010). 
Their profiles reconstructed from the investigated carbonates (Fig. 6) 
exhibit similar positive shifts associated with the negative δ13C excur
sions, thus suggesting a relative increase in nutrient inputs from land 
sources likely through riverine discharge during the drop in sealevel. 
This is consistent with the increase of terrigenous inputs during those 
periods, which is shown by the weathering (Al and 

∑
REE) proxy pro

files (Fig. 6). Eustatic sealevel drop is associated with global cooling and 
well-mixed oceans, which suggests that input of nutrients was not 
restricted to land sources (riverine inputs of weathered material) but 
had contributions from upwelling. This agrees with the general low 
concentrations of V and Mo (Table 1; Appendix 1) and their consistent 
enrichments, as well as those of Ni, associated with the negative δ13C 
excursions (Fig. 6) since these elements are known to be enriched in 
deep anoxic seawater (Crusius et al., 1996; Pagés and Schmid, 2016; 
Acharya et al., 2015). 

Sealevel changes influence the oxygenation of water column and 
consequently the oxidation state of redox-sensitive elements and their 
solubility in seawater, which control their degree of enrichment in 
marine sediments (e.g., Wignall and Twitchett, 1996; Kimura et al., 
2005; Arnaboldi and Meyers, 2007; Wignall et al., 2007). In oxidizing 

environments, uranium ions occur as [U6+] that form uranyl carbonate, 
which is soluble in water whereas in reducing conditions, they retain the 
lower oxidation state [U4+] and form the insoluble uranous fluoride 
which is trapped into marine carbonates (Wignall and Twitchett, 1996). 
In contrast, thorium is not affected by redox conditions in the water 
column and occurs permanently in the insoluble [Th4+]. Thus, sedi
ments of anoxic environments are richer in uranium and have lower 
Th/U than those of oxic environments. Therefore, the Th/U ratio has 
been used as a proxy for environmental redox conditions. The Th/U 
profile of the Belle Isle carbonates also exhibits positive shifts associated 
with the negative δ13C excursions of both of the DICE and base of SPICE 
events. This implies a relative increase in oxygenation of water column, 
which is consistent with the suggested drop of sealevel (Shembilu and 
Azmy, 2021) and with the enhancement of inputs of terrigenous mate
rial due to the increase of land areas exposed to weathering. However, 
the correlated enrichment in Th/U in the current study does not support 
a scenario of anoxic/euxinic environment (e.g., Pagés and Schmid, 
2016) or attributing the negative δ13C shift, particularly that of the DICE 
event, to upwelling deep anoxic waters (rich in organic matter) onto oxic 
shallow inner shelf environments during sea transgression (e.g., Li et al., 
2020) because U is expected to be enriched in the upwelling material 
(such as organic matter) and this would lead to general high U con
centrations (e.g., Pagés and Schmid, 2016), which is not the case ([U] =
0.83 ± 0.61 ppm; Table 1). 

The relative variations in Mn and Fe contents may reflect the changes 
in the redox conditions (Veizer et al., 1983; Landing and Bruland, 1987) 
because they are more soluble and enriched in seawaters in their lower 

Fig. 6. The profiles of Sr, P, Ni, Cu, Th/U, 
∑

REE, Fe, Mn, Al, V, and Mo across the investigated Core NF-02 from the Belle Isle Strait succession. The δ13C profile is 
from Shembilu and Azmy (2021). 
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oxidation state (Mn+2 and Fe+2, respectively) under dysoxic/anoxic 
conditions compared with oxic shallow water settings. The Mn and Fe 
contents of Belle Isle carbonates vary from 296 to 2261 ppm and 
4087–83,975 ppm, respectively (Table 1), which are significantly higher 
than those of modern warm shallow-water marine carbonates (Mn =
5.4–30 ppm and Fe = 1–20 ppm, respectively; Ichukuni, 1973; Lorens, 
1981; Brand et al., 2003). Manganese and Fe are also diagenetic proxies 
and become enriched with diagenetic alteration during progressive 
burial. However, the Mn and Fe profiles of the investigated carbonates 
exhibit unexpectedly consistent positive correlations (R2 = 0.3 and 0.6, 
respectively) with Sr (Fig. 5) and also positive shifts correlated with the 
primary negative δ13C excursions on the Belle Isle profile (Fig. 6), which 
suggest that the enrichment in those elements is very unlikely to be a 
diagenetic overprint. These elements are generally enriched in the sili
ciclastic crustal rocks (Fig. 2), such as feldspars, and the increase in 
terrigenous inputs, caused by active weathering, raised their concen
trations in the waters. This is supported by the consistently correlated 
positive shifts exhibited by the profiles of weathering (e.g., Al and 
∑

REE) and nutrient (P, Ni and Cu) proxies. 
On the other hand, Mn and Fe concentrations may still be used as 

redox proxies when normalized by Al to eliminate the influence of 
detrital fractions (Clarkson et al., 2014). The investigated Belle Isle 
carbonates have mean ratios of Mn/Al (0.20 ± 0.16; Table 1) and Fe/Al 
(3.7 ± 4.2; Table 1), which are significantly higher than those of the 
upper continental crust (0.0075 and 0.44, respectively; McLennan, 
2001). This may reflect the occurrence of the Fe–Mn oxy-hydroxides 
(Pattan et al., 2013) that cannot form in anoxic environment but oxic, 
or at least dysoxic, conditions (cf. Landing et al., 2002; Pattan et al., 
2013; Wang and Azmy, 2020). 

The variations of the profiles of proxies, associated with the negative 
δ13C excursions correlated with the top of DICE and base of the SPICE 
events, are comparable to those documented in association with a 
negative δ13C excursion of the younger uppermost Cambrian HERB 
event (Hellnmaria – Red Tops Boundary) in western Newfoundland 
(Wang and Azmy, 2020). Those variations during the HERB event are 
deemed to be correlated with a possible short-term sealevel fall during 
the Late Cambrian (Wang and Azmy, 2020). 

Although the [Sr2+] concentrations of the investigated dolomicrites 
are low (30–264 ppm) and comparable with those of the micritic car
bonates in the neighboring basins (e.g., Azmy and Lavoie, 2009; Azmy, 
2019a,b), the Sr profile still shows a consistent enrichment associated 
with the negative δ13C excursions of the DICE and base of SPICE and 
with the correlated positive shifts by the weathering (Al and 

∑
REE), 

bioproductivity (P, Ni, and Cu) and redox (Th/U, Mn, and Fe) profiles. 
This is opposite to the trends expected from diagenetic alteration 
(Veizer, 1983). Therefore, the Sr behavior may reflect the influence of 
another factor such as the source of precursor lime mudstone that might 
have had contributions from primitive Cambrian aragonitic shells or 
alternations between aragonitic and calcitic seas. A similar pattern of 
[Sr] enrichment has been also documented in association with the 
younger uppermost Cambrian HERB event in the area (Wang and Azmy, 
2020). The suggested sealevel falls (Shembilu and Azmy, 2021) could 
reflect brief global cooling events that led to conditions of relatively 
more oxygenated and well-mixed waters than those dominated during 
the Cambrian long-term rising sealevel. These conditions possibly 
favored the precipitation of some aragonitic mud, which is richer in Sr 
(Kitano and Oomori, 1971; Tucker and Wright, 2009) than calcite, 
particularly in shallow-warm tropical environment (Neilson et al., 
2016). However, it is suggested that the interpretation of the correlated 
Sr enrichment has to be taken with caution till further studies may reveal 
more about the nature of those variations. 

Aragonite loses U during alteration (Chen et al., 2018), which might 
have contributed to the Th/U ratios (redox proxy). Nevertheless, the 
geochemical evidence from the poor (positive) correlation of Sr with U 

contents (R2 = 0.15; Appendix 1) and the diagenetic proxies (Fig. 5a–h) 
and petrographic preservation (Fig. 4a and b) argue against any influ
ence of carbonate mineralogy through U contributions to the Th/U ra
tios but support at least near-primary Th/U ratios. 

Earlier few studies on the ice free Cretaceous, similar to the proposed 
greenhouse Cambrian (e.g., Berner and Kothavala, 2001; Wotte et al., 
2019), suggested that variations in global groundwater reservoir, by 
alternations between humid and arid climates, might cause eustatic 
sealevel fluctuations (Hay and Leslie, 1990; Wendler and Wendler, 
2016; Wendler et al., 2016a,b), which may explain the sealevel changes 
but yet cannot be reconciled with the oxic intervals suggested by the 
paleoredox proxies (Th/U, Mn/Al, and Fe/Al). 

An alternative scenario that may partially reconcile the consistent 
variations of the paleoenvironment proxies in the Belle Isle carbonates 
with sealevel rise during greenhouse Cambrian (e.g., Li et al., 2020) is 
that the negative δ13C excursions were caused by enhanced atmospheric 
CO2 inputs from volcanic or methanogenic sources that might have 
increased upwelling, anoxia, and nutrients (Saltzman and Thomas, 
2012) and the enrichment of Al, 

∑
REE, Mn and Fe was caused by active 

chemical weathering during humid (wet) climate intervals while that of 
P, Ni, and Cu (Fig. 6) was by upwelling, which might have placed light 
organic carbon into the shallow oxic environment to enhance the 
negative δ13C shifts (e.g., Li et al., 2020). Possible contributions from the 
weathered organic matter might have also contributed to those negative 
shifts. A comparable scenario of humid climates, which resulted in high 
inputs of weathered crustal material, has been suggested for the Late 
Permian (e.g., Li et al., 2021). However, this scenario cannot explain the 
correlated enrichments of Sr, Th/U ratios, or the high Mn/Al and Fe/Al 
ratios (0.20 ± 0.16 and 3.7 ± 4.2, respectively; Table 1), particularly 
when upwelling is generally stronger in well-mixed oceans during sea
level lowstands. Similarly, the scenario cannot be supported by the 
general low U, V and Mo contents in the Belle Isle carbonates. 

7. Conclusions  

• The petrographic and geochemical examinations of the investigated 
dolomicrites from the Belle Isle Strait reveal the preservation of at 
least near-primary trace element signatures that can be utilized as 
proxies to reconstruct the paleoenvironmental conditions (weath
ering, bioproductivity, and redox) during the Middle Cambrian DICE 
event and lowermost Upper Cambrian SPICE events.  

• The correlated positive shifts on the Sr profile with their counterparts 
of the investigated paleoenvironmental proxies argue for the pres
ervation of at least near-primary geochemical signatures.  

• The profiles of weathering (Al and 
∑

REE), bioproductivity (P, Ni, 
and Cu), and redox (Th/U, Mn/Al, and Fe/Al) proxies exhibit 
consistent positive shifts associated with the negative δ13C excur
sions, which are correlated with the DICE and base of the SPICE 
events documented by an earlier study. They reflect enhancement in 
the riverine inputs of weathered crustal rocks due to possible active 
weathering while the enrichment in the P, Ni, Cu, V, and Mo was 
likely by upwelling. These consistent positive shifts are consistent 
with possible brief sealevel falls during the Cambrian long-term 
sealevel rise.  

• The positive shifts exhibited by the Mn and Fe profiles reflect the 
influence of terrigenous inputs rather than diagenesis, which is 
supported by the associated enrichment in the Mn/Al, and Fe/Al 
values and consistent with the correlated positive Th/U shifts. 
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Appendix 1 Samples IDs, description, Formation, and isotopic and elemental geochemical compositions of Belle Isle carbonates. Sample number refers to depth. The δ13C data are from Shembilu and Azmy (2021).  

Sample 
id 

Formation d13CVPDB 
‰ 

Sr 
(ppm) 

Fe 
(ppm) 

Mn 
(ppm) 

Al 
(ppm) 

P 
(ppm) 

Ni 
(ppm) 

Cu 
(ppm) 

Th 
(ppm) 

U 
(ppm) 

V 
(ppm) 

Mo 
(ppm) 

La 
(ppm) 

Ce 
(ppm) 

Pr 
(ppm) 

Nd 
(ppm) 

Sm 
(ppm) 

Eu 
(ppm) 

Gd 
(ppm) 

Tb 
(ppm) 

Dy 
(ppm) 

Ho 
(ppm) 

Er 
(ppm) 

Tm 
(ppm) 

Yb 
(ppm) 

Lu 
(ppm) 

∑
REE 

(ppm) 

2.25 Petit 
Jardin 

− 0.6 94 4087 515 1879 44 4.6 1.9 0.15 0.40 4.04 0.24 2.36 4.87 0.51 1.89 0.31 0.08 0.30 0.04 0.21 0.04 0.11 0.02 0.10 0.01 10.85 

3.95 Petit 
Jardin 

− 0.9 120 9681 1215 9002 261 9.8 2.4 1.95 1.10 17.07 0.42 31.14 77.59 7.40 25.86 3.61 0.70 3.24 0.39 1.82 0.35 0.95 0.14 0.96 0.14 154.32 

6.15 Petit 
Jardin 

− 0.6 68 4490 476 1048 96 3.0 0.9 0.03 0.36 3.16 0.21 2.00 4.39 0.47 1.76 0.30 0.08 0.30 0.04 0.21 0.04 0.10 0.01 0.07 0.01 9.78 

6.36 Petit 
Jardin 

− 0.8 57 8592 552 872 45 5.8 1.7 0.17 0.52 3.73 0.60 2.22 5.22 0.56 2.20 0.38 0.09 0.42 0.00 0.25 0.00 0.11 0.00 0.08 0.00 11.53 

10.88 Petit 
Jardin 

− 0.5 78 8356 887 3501 142 5.1 1.5 0.30 0.68 10.14 0.15 4.53 11.17 1.23 4.75 0.92 0.24 0.89 0.14 0.73 0.14 0.35 0.05 0.32 0.04 25.48 

14.04 Petit 
Jardin 

− 0.5 78 6307 596 2598 63 4.2 3.5 0.23 0.59 4.24 0.14 2.72 6.63 0.71 2.74 0.51 0.13 0.51 0.08 0.39 0.08 0.20 0.03 0.17 0.02 14.91 

20.97 Petit 
Jardin 

− 0.3 94 12,891 1587 4547 104 6.3 0.9 0.73 0.78 13.78 0.00 5.33 13.73 1.57 6.22 1.28 0.36 1.31 0.22 1.21 0.23 0.59 0.08 0.47 0.07 32.67 

23.81 Petit 
Jardin 

− 0.5 112 9648 1119 13,124 251 12.4 4.3 1.81 0.43 12.22 0.19 10.73 28.23 2.70 10.67 1.99 0.52 2.00 0.29 1.55 0.31 0.80 0.12 0.73 0.11 60.74 

26.83 Petit 
Jardin 

− 0.7 114 15,884 881 23,058 274 11.1 6.5 6.39 0.87 19.49 0.44 13.97 30.56 3.38 12.61 2.18 0.49 2.10 0.30 1.61 0.33 0.90 0.13 0.85 0.12 69.53 

29.49 Petit 
Jardin 

− 1.7 85 10,245 736 4706 133 8.7 6.8 0.99 2.13 12.75 1.29 5.79 12.66 1.39 5.25 0.91 0.20 0.96 0.12 0.63 0.11 0.30 0.00 0.27 0.00 28.58 

33 Petit 
Jardin 

− 1.5 128 37,967 632 40,680 510 25.2 1.1 6.53 0.81 42.80 0.17 17.30 37.27 4.30 16.54 2.87 0.75 2.69 0.36 1.82 0.35 0.94 0.14 0.90 0.13 86.36 

33.8 Petit 
Jardin 

− 2.1                           

34.1 Petit 
Jardin 

− 2.0 84 11,816 679 3743 178 5.2 1.2 1.18 0.16 16.71 4.68 6.13 15.16 1.65 6.29 1.12 0.23 1.12 0.00 0.74 0.00 0.35 0.00 0.31 0.00 33.10 

36.43 Petit 
Jardin 

− 1.4 201 82,673 720 75,238 636 39.0 11.7 9.86 1.22 69.90 0.28 22.04 46.69 5.37 20.22 3.42 0.75 3.15 0.42 2.06 0.40 1.05 0.16 1.03 0.15 106.92 

40.26 Petit 
Jardin 

− 1.4 93 10,439 547 18,173 1086 7.1 25.0 2.53 2.02 32.49 1.81 8.40 22.89 2.84 12.08 2.33 0.52 2.24 0.29 1.44 0.27 0.71 0.10 0.69 0.10 54.89 

43.78 Petit 
Jardin 

− 1.5 60 6494 555 1912 72 2.0 0.5 0.18 0.29 3.57 0.41 4.83 11.57 1.21 4.67 0.83 0.20 0.87 0.12 0.61 0.12 0.30 0.04 0.27 0.04 25.69 

49.15 Petit 
Jardin 

− 2.4 53 8023 494 1293 70 4.1 1.4 0.14 0.42 11.87 0.73 3.63 8.55 0.91 3.48 0.60 0.16 0.62 0.08 0.42 0.08 0.20 0.03 0.17 0.03 18.96 

50.83 March 
Point 

− 2.2 49 12,883 573 1471 30 7.4 4.38 0.30 0.70 18.34 1.82 3.80 9.44 1.01 3.88 0.70 0.16 0.74 0.00 0.51 0.00 0.24 0.00 0.20 0.00 20.69 

53.21 March 
Point 

− 2.2 106 27,129 913 29,695 783 30.4 35.7 3.22 0.79 36.09 0.24 13.28 35.34 4.14 17.05 3.28 0.86 3.10 0.43 2.19 0.42 1.06 0.15 0.98 0.14 82.42 

55.29 March 
Point 

− 2.2 30 27,670 296 37,612 635 34.5 22.3 5.79 0.83 79.35 1.00 18.57 46.60 5.77 21.80 3.51 0.72 3.50 0.42 1.85 0.33 0.87 0.11 0.79 0.11 104.94 

59.89 March 
Point 

− 2.0 81 37,293 770 3821 1697 17.9 9.3 0.84 0.64 35.72 7.16 16.36 39.95 5.69 23.33 4.54 1.07 4.39 0.57 2.50 0.41 0.96 0.11 0.76 0.09 100.72 

62.22 March 
Point 

− 1.7 46 10,903 833 1557 31.1 7.3 2.2 0.32 0.60 4.28 3.01 6.10 12.52 1.66 6.14 0.99 0.24 0.92 0.13 0.63 0.12 0.30 0.04 0.26 0.04 30.07 

67.97 March 
Point 

− 0.8 101 52,802 855 2363 150 8.3 5.1 0.17 0.51 2.90 0.00 2.04 4.70 0.57 2.20 0.39 0.09 0.39 0.05 0.27 0.05 0.13 0.02 0.12 0.02 11.04 

80.22 March 
Point 

− 0.8 43 17,160 1160 3249 91 29.1 8.4 1.06 2.35 17.31 3.44 2.10 4.36 0.47 1.77 0.30 0.068 0.28 0.042 0.23 0.048 0.14 0.02 0.15 0.02 10.00 

92.8 March 
Point 

− 0.1 85 23,306 1480 7829 165 8.2 3.2 1.09 1.81 7.49 0.57 2.76 5.65 0.66 2.53 0.42 0.096 0.39 0.055 0.28 0.057 0.16 0.02 0.16 0.02 13.27 

96.72 March 
Point 

0.3 61 9365 443 5422 154 6.1 2.6 0.54 0.65 5.05 0.36 2.33 5.26 0.63 2.46 0.43 0.10 0.38 0.06 0.29 0.06 0.16 0.02 0.16 0.02 12.38 

97.74 March 
Point 

0.2 71 6732 397 4200 113 3.7 1.7 0.44 0.60 3.83 0.00 1.90 4.11 0.50 1.88 0.32 0.08 0.29 0.04 0.23 0.05 0.13 0.02 0.12 0.02 9.70 

(continued on next page) 
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