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Abstract

The Green Point Formation of the Cow Head Group in western Newfoundland (Canada)
represents the Global Stratotype Section and Point (GSSP) for the Cambrian—Ordovician
boundary on Laurentia. The formation consists of the Martin Point (lower) and the Broom Point
(upper) members, which constitute a thick (~170 m) deep subtidal to slope marine carbonate
sequence. Preservation of the micritic carbonates of the Green Point Formation was evaluated by
multiple petrographic and geochemical screening tools. The 8'°C and 8'*0 values of near-
primary micrites range from -4.7 %o to +1.7%o (VPDB) and from -8.7 %o to -5.5 %0 (VPDB),
respectively, with no significant correlation (R* = 0.002). Similarly, the 8"°C values show no
significant correlation with Mn/Sr ratios or total REE contents, which suggest that the
investigated carbonates retain their near-primary 8'°C signatures that can be utilized to construct
a high-resolution carbon-isotope profile for the GSSP. The 513 Cearb profile about the GSSP trends
generally positive into Bed 22 of the Green Point Formation. The top of the C. intermedius Zone
marks the onset of a negative 8'*Cu shift to about 6.0 %o culminating in the upper part of the
zone. Subsequently, the 8" Cearb profile trends positive with a ‘double switch-back’ about the
boundary point and then continues on to a most positive value in the uppermost part of Bed 23.
In addition, based on *’Sr/**Sr and Ce*/Ce values, the GSSP is defined by ratios of 0.709623 and
<0.9, respectively, suggesting generally dysoxic waters before, during, and immediately after the
boundary. The high-resolution chemostratigraphic results, curve, and trends covering the GSSP
should facilitate correlation of the Cambrian—Ordovician boundary sections/sequences from

other locations.
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Green Point Formation

1. Introduction

Chemostratigraphy has great potential for refining the global stratigraphic correlations of
sequences. Preserved primary/near-primary stable isotope signatures in marine carbonates, which
are associated with time events, provide high-resolution profiles for correlating sedimentary
sequences from different depositional settings and paleocontinents (e.g., Veizer et al., 1999;
Halverson et al., 2005; Immenhauser et al., 2008, Azmy et al., 2010). Global sea-level changes
along the eastern Laurentian margin about the Cambrian—Ordovician boundary influenced
seawater redox condition, which was reflected in the carbon-isotopic composition of marine
carbonates (e.g., Azmy et al., 2010). An informal C-isotope study of the Cambrian—Ordovician
GSSP at Green Point (western Newfoundland, Canada), made about 20 years ago (Nowlan,
1995) 1s the only documentation of isotope compositions. This complicates correlating the GSSP
with other sections with no useful biostratigraphic markers or ones complicated by depositional
variations.

Since ratification of the GSSP at Green Point (Newfoundland, Canada), our understanding of
C-isotope stratigraphy has greatly advanced, and modern techniques allow higher resolution and
precision in analyses of not only the Green Point section, but also other boundary sections
around the world. In this paper, we highlight the Cambrian—Ordovician GSSP at Green Point
with high-resolution carbon and strontium isotope profiles supplemented by Ce* trends that

allows for refining and enhancing the global correlation of the boundary interval.
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2. Geologic Setting

Paleozoic sediments of western Newfoundland in Canada (Fig. 1) were deposited on the
eastern Laurentian margin. The Laurentian plate developed by active rifting around 570 to 550
Ma (Cawood et al., 2001), and a pre—platform shelf formed and was eventually covered by
clastic sediments (James ef a/. 1989). A major transgression flooded the Laurentian platform
margin and resulted in the accumulation of thick carbonate deposits (Wilson et al., 1992; Lavoie
et al., 2013). These platform deposits are dominated by high-energy carbonates that formed
during the Middle and Late Cambrian, and were later buried under the low-energy carbonates of
the St. George Group during the Early to earliest Middle Ordovician (cf. Knight et al., 2007,

2008; Lavoie et al., 2013).

3. Litho- and Biostratigraphy

The lithostratigraphy of the Cambrian—Ordovician boundary section, which is part of the
Green Point Formation of the Cow Head Group (Fig. 2), has been studied and discussed in detail
by James and Stevens (1986), and it will therefore be only summarized here. It consists of the
uppermost Cambrian Martin Point and lowermost Ordovician Broom Point members, which are
generally composed of dark grey to black fissile shale alternating with thin (~ 1 cm-thick)
interbeds of ribbon limestone rhythmites. Siltstone interbeds (up to 1 cm thick) may co-occur
with shale, and the limestone interbeds vary from isolated and thin to up to 20 cm thick. The
conglomerate beds contain blocks of shallow water carbonates that were transported into deep-
water facies along the slope of the Laurentian margin (James and Stevens, 1986).

The Cambrian—Ordovician GSSP section at Green Point spans the Cordylodus intermedius
(Furongian, uppermost Cambrian) to the Cordylodus angulatus Zones (Tremadocian, Lower

Ordovician) and is defined by the FAD of the conodont lapetognathus fluctivagus (Figs. 2 and 3;
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Cooper et al., 2001). The current spike marking the Cambrian—Ordovician boundary in the GSSP
section at Green Point (Fig. 2) is placed within Bed 23 (Cooper et al., 2001). Sometimes
stratigraphic boundaries and sequences including GSSPs are difficult to correlate with others due
to a lack of fossils (Cooper et al., 2001; Terfelt et al., 2012, Fig. 3), which makes carbon isotope

chemostratigraphy a valuable and important tool for GSSPs and their global correlation.

4. Methodology

Eighty two samples (Appendix 1, Fig. 2) were collected at high resolution (sampling
intervals as small as 10 cm) from the Cambrian—Ordovician GSSP boundary section (49° 40’ 51"
N; 57° 57" 36" W) at Green Point, western Newfoundland (Fig. 1). Samples were taken from
laminated lime mudstone rhythmites to avoid allochthonous clasts. Thin sections of samples
were petrographically examined with a polarizing microscope and stained with Alizarin Red—S
and potassium ferricyanide solutions (Dickson, 1966). Cathodoluminescence (CL) observations
were performed using a Technosyn 8200 MKII cold cathode instrument operated at 8 kV
accelerating voltage and 0.7 mA current.

A mirror-image slab of each thin section was also prepared and polished for microsampling.
These polished slabs were washed with deionized water and dried overnight at 50 °C prior to
isolating the finest grained lime mudstone free of secondary cements and other contaminants.
Approximately, 10 mg of carbonate were microsampled from the cleaned slabs using a low-
speed microdrill under binocular microscope.

For C- and O-isotope analyses, about 220 ug of powder sample was reacted in an inert
atmosphere with ultrapure concentrated (100 %) orthophosphoric acid at 70 °C in a Thermo—

Finnigan GasBench II. The liberated CO, was automatically delivered to a ThermoFinnigan
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DELTA V plus isotope ratio mass spectrometer in a stream of helium, where the gas was ionized
and measured for isotope ratios. Uncertainties of better than 0.1%o (20) for the analyses were
determined by repeated measurements of NBS—19 (8'*0 = —2.20%o and 8"°C = +1.95%o vs.
VPDB) and L-SVECS (8'%0 = -26.64 %o and 8'"°C = —46.48 %o vs. VPDB). Our dataset has been
complemented by the unpublished results obtained and mentioned in the task group report of
Nowlan (1995).

A subset of representative samples was selected for Sr-isotope analysis. About 3 mg of the
powdered sample was dissolved in 2.5 N ultrapure HCI and after evaporation Sr was extracted
with quartz glass exchange columns filled with Bio Rad AG50WX8 ion exchange resin. About
100 pug Sr was loaded on Re filaments using a Ta,Os-HNOs-HF-H3;POy solution. Measurements
were performed with a Finnigan MAT 262 multicollector mass spectrometer at the Institut fiir
Geologie, Mineralogie und Geophysik, Ruhr Universitit, Bochum, Germany (cf. Azmy et al.,
1999, 2001).

Two standard reference materials were utilized for quality control of Sr isotope ratio
measurements, NIST (NBS) 987 and USGS EN-1. The latter, representing modern seawater and
treated like an ordinary sample, gave a *'Sr/**Sr value of 0.709170+0.000008 (20 calculated
from 17 measurements). About 75 pg Sr of the NIST (NBS) 987 standard reference material was
directly loaded onto the filament and these results therefore represent only the internal
reproducibility of mass-spectrometry. Its value was 0.710246+0.000008, based on 29
measurements. The average composite blank for Sr, including chemicals, ion-exchange columns
and loading blank, did not exceed 0.0085 pg. The measured *’Sr/**Sr ratio was normalized to a
value of 8.375209 for the **Sr/**Sr ratio. All ¥’Sr/**Sr measurements were normalized to the NBS

987 value of 0.710247 (McArthur, 1994).
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For elemental analyses, a subset of sample powder was digested in 5 % (v/v) acetic acid for
70—-80 min. and analysed for major, minor and rare earth elements (REE) using an Elan DRC II
ICP-MS (Perkin Elmer SCIEX) at Memorial University of Newfoundland. The relative
uncertainties of these measurements are less than 5 %, and results are normalized to a 100 %

carbonate basis (cf. Brand and Veizer, 1980).

5. Results

Petrographic investigation shows that the sampled carbonates are dominantly rhythmites,
which have retained their near-micritic texture (Fig. 4a-b). They appear dull to non-luminescent
under cathodoluminoscence. Phosphatic algae occur as embedded aggregates and/or laminae
(Fig. 4c-d) in the topmost carbonate bed of the Martin Point Member (Fig. 2, Bed 22) that
otherwise consists of peloidal - algal grainstones.

The geochemical attributes of the investigated carbonates are presented in detail in Appendix
1. The Sr and Mn values are poorly correlated (R*=0.08) and similarly the Mn/Sr ratios with
the 8'°Cap, values (R2=O.O6). The 8'°C.ap values show no correlation with their 83 0ca
counterparts (R*=0.002). Although 8"*C..r values exhibit poor correlation with their total REE
(YREE) contents, the 8'*Ocar values show in contrast a significant correlation with YREE
contents (Fig. 5a). Also, the *’Sr/**Sr values exhibit poor correlation with their 1/Sr counterparts
(Fig. 5b). The Ce*/Ce (Ce-anomaly indicator) values exhibit narrow variations between 0.8 and
1 below and immediately above the boundary (Fig. 6).

6. Discussion

Carbon-isotope chemostratigraphy is mainly based on the distinctive variations in the 8"Cear

profile of the investigated sequence. These variations may reflect environmental and/or
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diagenetic perturbations (Appendix 1, Fig. 6). It is almost impossible, particularly for ancient
sediment, to stay entirely unaffected by diagenetic fluids through geologic time. However, it is
possible that alteration was so limited that allowed carbonates to retain, at times, near-primary
signatures. Therefore, evaluation and proof of retained (primary or near-primary) isotopic and
elemental geochemical signatures is a cornerstone for the reconstruction of high-resolution

chemostratigraphic profiles important for global correlation.

6.1 Evaluation of Sample Preservation

The Green Point Formation at the GSSP spans the Cambrian—Ordovician boundary and is
dominated by lime mudstone rhythmites that show insignificant recrystallization (Fig. 4a). They
retained original sedimentary fabrics and a micritic to near-micritic grain size, thus suggesting a
high degree of textural preservation. They also exhibit non- to dull luminescence under
cathodoluminoscope (Fig. 4b). Luminescence in carbonates is mainly activated by high
concentrations of Mn and quenched by high concentrations of Fe (Machel and Burton, 1991).
Dull luminescence, in many cases, indicates relative preservation of primary geochemical
signatures although altered carbonates might still exhibit no luminescence due to high Fe
contents (Rush and Chafetz 1990) and cathodoluminescence is, therefore, a single evaluation tool
that has to be complemented additional tests (Brand et al., 2011).

Diagenesis results mainly in depletion in Sr and 8'®O values but enrichment in Mn and
> REE counterparts (Brand and Veizer, 1980; Veizer, 1983; Azmy et al., 2011). Therefore, the
Mn/Sr values of marine carbonates, when correlated with their 8'3C and 8"%0 counterparts, can
be utilized for evaluating the degree of preservation (e.g., Derry et al., 1992; Kaufman and Knoll,

1995). The Mn/Sr values of the investigated lime mudstones are insignificantly correlated with
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their 8'°C counterparts (R*=0.06), suggesting preservation of near-primary 8"°C values. YREE
contents of carbonates are sensitive, like 8'*0, to the slightest of alteration and are significantly
enriched by diagenesis, and have been proven a powerful tool in recognizing alteration in
carbonates (e.g., Azmy et al., 2011, 2012). Despite a considerable correlation between the ) REE
and 8'°0 values (Fig. 5a) due to minor alterations, the correlation of YREE with 8"°C is
insignificant (Fig. 5b), thus supporting preservation of primary/near-primary 8'°C signatures of
the Green Point carbonates. On the other hand, the previously implied involvement of light '*C
from immediate post-depositional diagenesis of organic matter (Nowlan, 1995) would not
consistently deplete the 8"°C of the carbonates only in the upper part of the section, where the
negative 8"°C excursion occurs, without causing the same effect in the lower part particularly
when organic-rich shale interbeds occur throughout the sequence. In addition, the GSSP
carbonates were deposited in deep shelf to slope settings (James and Stevens, 1986) under
oxygen-poor conditions, which makes a contribution of '*C from the oxidation of organic matter
unlikely. Therefore, our screening evaluation suggests that the 8'°C signatures of the investigated
carbonates are reliable and robust and can be utilized to reconstruct a high-resolution C-isotope
profile for the Cambrian—Ordovician GSSP.

The *’Sr/*Sr values show insignificant correlation with their 1/Sr counterparts (R* =0.2),
which supports preservation of near-primary Sr-isotope signatures (Fig. 5b).

Variations in sealevel, particularly those associated with time events, are generally associated
with changes in trace and rare earth elements concentrations in sediments due to inputs of
terrestrial material and changes in redox conditions (e.g., Wignall and Twitchett, 1996; Murphy
et al., 2000; Arnaboldi and Meyers, 2007; Wignall et al., 2007; Piper and Calvert, 2009;

Sliwinski et al., 2010). Therefore, major 8'°C shifts of time events reflect relative changes in
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organic productivity and paleoredox. However, the section at Green point consists of carbonates
deposited in a slope setting generally well below the photic zone (James and Stevens, 1986)
where biota abundance is low. The occurrence of phosphatic laminated algae or aggregates (Fig.
4¢) explains the phosphorous spike immediately below the negative 8'°C excursion (Fig. 6),
which is also consistent with the correlated high > REE value (Fig. 6).

Levels of oxygen in the water column influence the oxidation state of some elements and
selectively control their solubility in seawater and consequently their enrichment in marine
sediments (e.g., Wignall and Twitchett, 1996; Arnaboldi and Meyers, 2007, Wignall et al.,
2007). Despite diagenetic alteration, Ce/Ce* values in ancient micritic/near-micritic sediments
have been found insignificantly affected by diagenesis and may provide a proxy of the redox
condition of seawater (e.g., Loope et al., 2013). Most of the Ce/Ce* values of the GSSP
carbonates range from 0.75 to 0.97 (Fig. 6), which suggests dysoxic conditions for the deep shelf
to slope setting sediments (de Baar et al., 1988; German and Elderfield, 1990; Bau and Dulski,

1996); an interpretation reconcilable with the occurrence of the phosphatic algae.

6.2 Carbon-isotope Stratigraphy
Accepting that the Green Point carbonates retained at least their near-primary 8"°C
signatures, a reliable stratigraphic C-isotope profile can be reconstructed to investigate temporal
variations in seawater chemistry around the Cambrian—Ordovician boundary.
The 8"C profile of Green Point Formation (Fig. 6) shows no significant variations until near
the boundary between the Martin Point and Broom Point members near the top of Bed 22 when a

composite negative shift, consisting of 5 peaks and extending into the lower part of Bed 26, starts
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with a sharp swing of about 6 %o (Fig. 6). No physical stratigraphic hiatuses have been
documented at this shift (cf. James and Stevens, 1986; Cooper et al., 2001; Terfelt et al., 2012).

At the transition from the Cambrian to the Ordovician, the 8"°C curve changes from a
negative excursion (~ -5 %o) to a positive one (~ +2 %o) accentuated by a ‘double switch-back
right about the boundary (inset Fig. 6). These unique features — the negative to positive shift
interrupted by the double switch-back — should be important features in delineating and refining
the boundary position in other sequences at other locations.

Similar but small shifts, between 2.5 and <1 %o, have been documented in the C-isotope
profiles of other boundary sections from different localities and were correlated with
stratigraphic levels correlated with the intermedius or the intermedius / lindstromi boundary such
as in the Black Mountain Australia (Ripperdan et al., 1992, their Fig. 1), Xiaoyanqiao near
Diangcha (Jilin Province, China, Ripperdan et al., 1993, their Fig. 2), Lawson Cove (Utah, USA,
Nowlan, 1995; his Figs. 1 and 2), Kazakhestan (Nowlan,1995; his Fig. 2), Argentine (Buggish et
al., 2003), and China (e.g., Kalpin region of Tarim Basin, Jing et al., 2006, their Fig. 5). The
magnitude of a §'"°C excursion on an isotope profile relies mainly on the response of organic
primary productivity (OPP) that varies from environment to another and also from basin to basin
particularly when dealing with carbonate rhythmites of deep shelf to slope settings in the Green
Point section where drop in organic productivity, associated with possible relative sealevel rise
(Fig. 2), at that depth is expected to enhance the negative 8'°C excursion on the isotope profile.
However, it is beyond the scope of the current investigation to evaluate the 8"°C curves
documented in other global sections (e.g., Ripperdan et al., 1993; Jing et al., 2006).

Negative 8'°C excursions of comparable values (4 to 8 %o) to that of the GSSP profile (~

6 %o), and caused by variations in primary productivity, have been documented in carbonates of
y p ry p y
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similar environments from the Precambrian (e.g., Azmy et al., 2001, 2006; Halverson et al.,

2005) and Paleozoic (e.g., Azmy et al., 2012).

6.3 Sr-isotope variations around the boundary

The Sr-isotope profile shows a considerable inflection point correlated with the starting point
of the composite negative 8'°C shift (Fig. 6) and also with minimum values on the Y REE profile,
which confirms the preservation of near-primary *'Sr/**Sr signatures. The *’Sr/*Sr values at the
Green Point GSSP boundary section (Fig. 6) fall within the documented range of its global
counterparts and comparable inflection points have been reported from other boundary sections
on different paleocontinents (Veizer et al., 1999; Ebneth et al., 2001). Low-resolution field
sampling (wide sampling intervals) of those sections (e.g., Ebneth et al., 2001) 1s most likely the
cause of missing the strong inflection point (0.710852, Appendix 1) recorded by the Green Point

GSSP Sr-isotope profile around the boundary (inset Fig. 6).

7. Conclusions

Samples were collected at high-resolution from the lime mudstone beds (rhythmites) of the
Cambrian—Ordovician GSSP boundary section at Green Point in western Newfoundland,
Canada. Petrographic and geochemical screening suggests preservation of near-primary 8'°C
signatures.

The 8"C profile exhibits a negative excursion that starts at a stratigraphic level near the
middle of Bed 22, slightly below the boundary between the Martin Point and Broom Point

members and about 2 m below the Cambrian—Ordovician boundary. A positive shift from ~ -5 %o
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to ~ 2%o coupled with a double switch-back about the boundary are unique features at the GSSP
that should aid in the correlation of other Cambrian—Ordovician boundary sections.

The *’St/*®Sr profile spanning the lower part of the §'°C excursion shows a spike correlated
with low Y REE, which supports preservation of primary Sr-isotope signatures and the spike
corresponds with the negative 8'°C excursion at the Green Point GSSP.

The stratigraphic level of the start of negative 8'°C excursion and the associated *'Sr/*°Sr
spike suggest a chemostratigraphic anomaly that can be utilized for correlattion with other global
sections spanning the Cambrian—Ordovician boundary.

The difference in the stratigraphic level between the golden spike, which marks the current
Cb—O boundary based on conodont biostratigraphy, and the underlying geochemical anomaly is
likely attributed to the lag time between the geochemical oceanographic changes and the

response of marine biota particularly in the deep shelf and slope settings.
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Fig. 1. Location map of Green Point, western Newfoundland, Canada showing (A) the location
of the GSSP Cambrian-Ordovician boundary section in eastern Canada, (B) the distribution of
outcrops of the beds covering the boundary interval (modified from Cooper et al., 2001), and
global (C) boundary sections (based on Scotese, C. R., 2002, PALEOMAP

Project, http://www.scotese.com) from Lawson Cove (Utah, USA), Llano (Texas, USA),
Batyrbai Range (Kazakhstan), Wushi (S. China), Kalpin (S. China), Black Mountain (Australia),
and Dayangcha, Jilin (N. China).

Fig. 2. Stratigraphic framework of the investigated Cambrian—Ordovician GSSP boundary
section in western Newfoundland, Canada showing the detailed measured section with the
positions of investigated samples and conodont zonation scheme (modified from Cooper et al.,
2001).

Fig. 3. Correlation of conodont biozones for the Cambrian-Ordovician interval on the Larentian
platform with North and South China (after Terfelt et al., 2012).

Fig. 4. Photomicrographs of the investigated carbonates showing, (a) micritic lime mudstones
(Sample GP 21), (b) CL image of (a), (c¢) embedded phosphatic algae (arrows, Sample GP 28) in
peloidal to algal grainstones, and (d) CL image of (c¢) where the phosphatic algae appear non-CL
compared to the whole rock that exhibit dull CL.

Fig. 5. Scatter diagrams showing correlations of (a) YREE vs. 8"°C and 8'®0, and (b) 1/Sr vs.
%7S1/*°Sr for the micritic lime mudstones from the investigated sequence.

Fig. 6. Carbon- and Sr-isotopes, P, > REE, and Ce/Ce* profiles showing variations across the
Cambrian—Ordovician GSSP boundary in Green Point (western Newfoundland, Canada). The Ce

anomaly [(Ce/Ce*)sn = Cesn/(0.5Lasnt0.5Prsy)] was calculated with the equations of Bau and
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Dulski (1996). The grey dots trace the earlier profile reconstructed from Nowlan (1995) and the
solid grey line refers to the level of the geochemical anomaly recorded in the current study,
which is correlated with the FAD of the C. intermedius (i.e. at the top of Bed 22). The dashed
black line marks the current position of the Cambrian—Ordovician boundary based on FAD of 1.
flactivagus (Cooper et al., 2001). The empty circles (red) are the complementary data by
Ripperdan that were mentioned in the report of Nowlan (1995). The inset is a close-up of
variations in the 8"°C and *’Sr/**Sr profiles from Beds 21 to 24 spanning the stratigraphic level of
the geochemical anomaly (in Bed 22) and the current Cambrian—Ordovician biostratigraphic

boundary (Bed 23). Legend as in Fig. 2.

Appendix 1. Elemental and isotopic geochemical compositions of Green Point carbonates.
Concentrations of elements are in ppm and all values proceeded by the sign “<” are below the

detection limit.
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