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Abstract

Carbonates of western Newfoundland span the Cambro-Ordovician interval and
preserve a record of slope-basinal deposition in the Cow Head Group near Cow Head.
This unit consists of conglomerates and ribbon and laminated limestone interbedded with
shale that is well exposed in sea cliffs at Cow Head Peninsula. These conglomerates,
although prevalent throughout the section, vary in thickness and abundance
stratigraphically and record both local disruption and large-scale episodic sedimentation
events. Microfacies drilled for carbon isotope (5"*Ccan) analysis of conglomerates reveal
isotopic heterogeneity within individual samples, in some cases more than 1%o.. While
this might be an expected outcome of drilling multiple areas of a heterogeneous
conglomerate hand sample, permil-level variability was observed both between
individual clasts in a sample, between different parts of the same matrix, and between a
clast and its surrounding matrix. No associated variation in 580, OF trace element
distributions exists to suggest that this §*Cear, variability is the result of later-stage
meteoric diagenesis. The §"*Ceap, variability suggests multiple sources of dissolved
inorganic carbon (DIC) associated with carbonate precipitation for phases within these
individual samples. These data indicate that processes such as local organic matter
remineralization and early authigenic carbonate precipitation during lithification at the
sediment-water interface (SW1) are either contributing to or controlling 8*3Ceary Values in

Cambrian carbonates, perhaps more so than at other intervals in Earth history.

Keywords: Cow Head Group; Cambrian; conglomerate; turbidite; Laurentia



41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

1. Introduction

Carbon isotope values have long been used to reconstruct paleoenvironmental
conditions ranging from organic carbon burial (e.g., Arthur et al., 1988; Sackett, 1991,
Hayes et al., 1999) to partial pressure of CO, (Popp et al., 1989; Freeman and Hayes,
1992) to, more recently, an approximation of the sink of carbonate carbon precipitated on
the seafloor through remineralization processes (Schrag et al., 2013). Despite the wide
use of carbon isotopes as proxies for ancient environments and their utility in providing
chemostratigraphic linkages between ancient strata (e.g., Knoll et al., 1986; Hayes et al.,
1999), substantial debate still surrounds the meaning of these values and the timing of
their origins (e.g., Grotzinger et al., 2011). A §*3C signal in the marine dissolved
inorganic carbon (DIC) reservoir is often interpreted as reflecting the balance between the
flux and isotopic composition of the major sources to and from the ocean (Kump &
Arthur, 1999), but ascertaining the timing of the incorporation of 5**C signals in
carbonate sediments and sedimentary rocks — and the local processes that may affect their
composition (e.g., Oehlert and Swart, 2014) — is critical before any paleoenvironmental
interpretation can be made.

In western Newfoundland, carbonate and siliciclastic strata straddle the
Cambrian and Ordovician periods (e.g., Chow and James, 1987; Cowan and James, 1993)
and record the biotic and environmental change that preceded and spanned the largest
biotic diversification in the history of life, the Ordovician radiation (e.g., Droser and

Finnegan, 2003). Previous work has shown 8**Ccar oscillations through middle and later
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Cambrian shallow-water sections of Newfoundland, including a large (~4%o.) positive
excursion known as the SPICE event (Steptoean positive isotopic excursion; Saltzman et
al., 2000; Saltzman et al., 2004; Hurtgen et al., 2009). However, little isotope data exist
on deep-water sections, like the Cow Head Group exposed near Cow Head,
Newfoundland (Fig. 1). The composition of the Cow Head — turbidites and fine-grained
carbonates — suggests background sedimentation punctuated by local reworking and
episodic mass flow from shallower environments. Some large-scale debris flows
delivered both unconsolidated carbonates and variably lithified clasts to the deeper waters.
Thus, the resulting deep-water strata contain carbonate sourced both locally and from
shallower locations, recording a complex diagenetic history during lithification (Suchecki
and Hubert, 1984; Coniglio and James, 1990). Carbon isotope analysis of clasts and fine-
grained matrix of the Cow Head Group can reveal the origins of these carbonate
components, as well as the timing of lithification and other early diagenetic processes.
Here, we aim to understand the processes that impart the carbon isotope signals on Cow
Head carbonate strata and to evaluate the potential for (variably transported) deep-water
strata to record global marine SCearb signals. In addition, Cearb variability between
these carbonate phases can shed light on the contribution of authigenic carbonate
precipitation to the enhanced apparent lateral and stratigraphic variability in 8**Cea

signals at this time.

2. Geological setting

2.1. Overview



86 The Cambro-Ordovician Cow Head Group at the Cow Head Peninsula (Fig. 1) is
87  comprised of the Shallow Bay Formation, which includes the Downes Point Member, the
88  Tuckers Cover Member, the Stearing Island Member, and the Factory Cove Member (e.g.,
89  James and Stevens, 1986; Zhang and Barnes, 2004). Estimates suggest that the unit
90 represents approximately 70 million years of deposition in a deep-water slope setting
91  (James and Stevens, 1986). It is more than 350-m-thick at the Cow Head Peninsula and
92  consists of carbonate-rich conglomerate, shale and limestone that span the Middle
93  Cambrian through the Middle Ordovician (e.g., James and Stevens, 1986; Zhang and
94  Barnes, 2004, Azmy et al., 2014; Tripathy et al., 2014). Shale and limestone are
95 interbedded, and conglomerate beds range from massive (clasts greater than 5 meters in
96  diameter) to smaller lenticular units consisting of cm- to dm-sized intraclasts. James and
97  Stevens (1986) divide the Cow Head Peninsula into a system of 15 beds based on
98 lithofacies, but only Beds 5 through 13 were investigated in this study.
99
100  2.2. Biostratigraphic constraints on the Cow Head Group
101
102 The Cow Head Group has been widely studied with regard to its
103  biostratigraphically useful fossils, in part because it correlates to strata that preserve the
104  GSSP for the Cambro-Ordovician boundary at nearby Green Head. In particular,
105  conodonts, graptolites and trilobites have been examined in some detail in previous work
106  on this section (Fig. 2; Zhang and Barnes, 2004; Tarim, 2008; Westrop and Eoff, 2012).
107  Because much of the Cow Head Group consists of allochthonous carbonate deposits,
108 biostratigraphically useful fossils have been extracted both from clasts of conglomerate

109  that were likely transported and interbedded shales that record deep water deposition.
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Bed 5 has few diagnostic fossils, but it does preserve an important trilobite assemblage
(Westropp and Eoff, 2012). Here, from boulders preserved in Bed 5, the I. inexpectans
Fauna of Newfoundland is thought to record an early occurrence of Dunderbergia in the
Aphelaspis Zone. This trilobite zone occurs at the time of the SPICE event in
Newfoundland shelfal equivalent sections (Saltzman et al., 2004; Hurtgen et al., 2009),
suggesting that the strata of Bed 5 should preserve the SPICE event or were deposited
just after, perhaps during reworking of shelfal clasts into deeper-water sections.

The rest of the Cow Head Group at Cow Head is fairly well constrained from
conodont and graptolite biostratigraphy. Conodont zones of Bed 6 and Bed 7 suggest an
Furongian (upper Cambrian) age (e.g., Eoconodontus notchpeakensis; Zhang and Barnes,
2004), although the boundary between the Cambrian and Ordovician remains problematic
at this site (e.g., Karim, 2008). A trilobite fauna recovered from Bed 8 in concert with
diagnostic conodonts suggest an Early Ordovician age for this part of the section (Karim,
2008; Zhang and Barnes, 2004). Beds 9 through 13 also record deposition during the
Early Ordovician, though the boundary between the Tremadocian and Floian (Arenigian)

is not well constrained (e.g., Zhang and Barnes, 2004).

2.3. Field observations

At the base of our measured section, upper Bed 5 is part of the Downes Point
Member and constrained biostratigraphically to Furongian Cambrian (Steptoean) strata
(Zhang and Barnes, 2004; James and Stevens, 1986; Fig. 2). A seventeen-meter-thick
portion of upper Bed 5 was measured and sampled at Cow Head. Facies consist

predominantly of conglomerate with micrite-rich matrix (Fig. 3A). The contact between



134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

Bed 5 and Bed 6 is marked by the appearance of quartz-rich sand matrix (James and
Stevens, 1986), but we observed a gradual transition from micrite-rich to quartz-
dominated with minor micrite matrices in samples ~10 meters below the contact between
Bed 5 and Bed 6. Bed 6 is part of the Tuckers Cover Member and is constrained
biostratigraphically to Furongian Cambrian (Sunwaptan) strata. We measured
approximately 55 meters of Bed 6 at Cow Head; facies were predominantly thinly bedded
limestone and conglomerates with micritic and quartz-rich matrices (Fig. 3B). Zhang and
Barnes (2004) place the Cambro-Ordovician boundary at the contact between Beds 6 and
7 in correlative, continuous sections at Green Point (Green Point Global Boundary
Stratotype Section and Point; Barnes, 1988; Johnston and Barnes, 1999; Cooper et al.,
2001), although a major erosive surface exists at the base of Bed 7 at Cow Head (Fig. 3B;
James and Stevens, 1986).

Beds 7 and 8 are both part of the Stearing Island Member. Bed 7 overlies Bed 6
and is constrained biostratigraphically to the Tremadocian (Lowermost Ordovician)
(Zhang and Barnes, 2004). We measured approximately 20 meters of Bed 7 at Cow Head,
and facies consisted of large, distinct conglomeratic beds with massive boulder-sized
clasts (Fig. 3B). Bed 8 is Lower Ordovician Tremadocian to Floian (Arenigian) in age
(Zhang and Barnes, 2004), and approximately 40 meters of Bed 8 is exposed at Cow
Head. It is heavily faulted and consists of three major facies packages: a lower unit of
thinly bedded limestone and conglomerate, a middle unit of massive conglomerate with
boulder-sized clasts, and an upper unit of thinly bedded limestone and conglomerate.

Beds 9 through 13 are part of the Factory Cove Member. About 52 m of Bed 9 is
exposed at Cow Head, and it is Floian (Arenigian) in age (Zhang and Barnes, 2004). Bed

9 consists of thinly bedded limestone and rare conglomerate with a shale-rich base (Fig.
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3C and D). About 20 m from the base of Bed 9, ~10 meters of this unit is covered by
beach and was not sampled. Bed 10 is approximately 1.7 meters and consists of a single,
massive conglomerate (Fig. 3D). Bed 11 consists of alternating beds of silicified and
fissile shale, with dolomitic beds increasing in the upper half of the unit. We measured
approximately 18 meters of Bed 11. Bed 12 consists of a massive conglomerate
approximately 10 meters in thickness. Bed 13 (Early Ordovician; Zhang and Barnes,
2004) is heavily faulted and consists of approximately 20 meters of thinly bedded

limestone. Conglomerates were sampled from all beds except Bed 11.

3. Methods

Two hundred and sixty-seven carbonate samples were collected and drilled from
Bed 5 through Bed 13 at meter-scale. Carbonate lithologies included fine-grained
carbonate facies, grainstone, dolostone, and conglomerate. When constructing the
isotopic profile for the Cow Head, conglomerates were generally avoided except in the
cases of Beds 5,7 and 8 where the entire bed was composed of conglomerate. In those
cases, matrix was typically drilled from conglomerate samples. However, in a few areas
only clasts could be sampled and drilled (34 samples of clast out of 267 drilled; Fig. 4).

In addition to the bulk carbon measured for the isotopic profile, a subset of 51
conglomerates that span the Cow Head Group from Beds 5 to 13 were cut and drilled in
multiple places to ascertain isotopic heterogeneity of individual microfacies. Note that
since conglomerate samples were generally avoided in the construction of the isotopic
profile for the entire section, in only a few of these was the matrix drilled for the isotopic

profile. In the conglomerate samples, at least 2 clasts were drilled, as was the matrix, in at
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least two places for each sample. Several thin sections were made of conglomerates to
complement the hand samples and to help us examine microfacies. Powder was collected
and analyzed for 5"*Cearp and 8*®Ocarp Values using a Finnigan Delta XL+ isotope ratio
mass spectrometer with an automated carbonate prep system (Kiel I11) at Stephen Burns’
stable isotope laboratory at the University of Massachusetts, Amherst. Results are
reported as the per mil difference between sample and the VPDB standard in delta
notation where 820 or 8 **C = (Rsampte/Rstandard -1)*1000, and R is the ratio of the minor
to the major isotope. Reproducibility of standard materials is 0.1%o for 8 %0 and 0.05 %o
for 8 °C.

Finally, to investigate the role of diagenetic alteration in these samples, a subset
of 236 samples were analyzed for trace element concentrations. A few samples were
excluded from this analysis either because too little material was available from them or
they were deemed inappropriate. Samples were prepared for inductively coupled plasma
optical emission spectrometry (ICP-OES) on an Optima 7300DV ICP-OES (PerkinElmer
Inc., Waltham, Massachusetts, USA) at Washington University. Approximately 1.0 mg of
carbonate powder was dissolved in 10% (Optima grade) acetic acid in 15 mL Falcon
centrifuge tubes. Samples were placed on a shaker table and left to dissolve overnight

(~12 hours). Samples were filtered through a 0.2 mm nylon filter prior to analysis.

4. Results

4.1. Field and sample analysis

Facies, particularly the conglomerates, differ between these beds and suggest both

large-scale and small-scale (local) processes sourced material for conglomerates and that



206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

10

the relative contribution of these processes varied across stratigraphy. Bed 5 is a large
conglomerate-dominated bed (Fig. 4) that is exposed in a series of fault blocks along the
Cow Head Peninsula. At least some of the clasts appear to be derived from in situ
disrupted thin beds (Fig. 3A), which can sometimes be traced laterally over small
distances (<1 meter). This suggests smaller-scale, localized disturbance in this
environment and that at least some of these clasts are locally derived. In overlying Bed 6,
facies were predominantly thinly-bedded ribbon limestone and calcarenite interspersed
with shale. Conglomerates of this unit often contain rounded coarse quartz sand grains
with micrite in the matrices visible in hand sample and thin section (Fig. 5).
Conglomerates in this unit are lenticular and also appear to contain clasts derived from
nearby thin-bedded limestone facies. Bed 7 is composed of four separate welded
conglomerate beds. Conglomerates contain massive, white, boulder-sized clasts. The
matrix of these conglomerates is not quartz-rich but rather dominated by small micritic
clasts and fossil debris visible in thin section (Fig. 5). Bed 8 consists of dolostone, thinly
bedded limestone, and massive chert-rich conglomerates. Thinly bedded limestone with
guttercasts and wavy bedding is predominant near the base of the section and interspersed
with conglomerate lenses. Much of the unit consists of massive conglomerates that vary
in thickness laterally. The uppermost conglomerate contains phosphatic pebbles and the
upper 10 meters is marked by a return to thinly bedded limestone interspersed with shale.
Conglomerates of Bed 8 are often recrystallized but, when well preserved, contain
micritic matrices and rounded intraclasts in thin section (Fig. 5). Bed 9 is composed
primarily of alternating beds of limestone and shale with occasional 1 to 5-meter-thick
conglomerates. These conglomerates also contain a micritic or sparry cement-rich matrix.

Bed 10 consists of a massive conglomerate that is approximately 1.7-meters-thick,
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though thickness varies along strike. Clasts can be as large as boulder-sized. Matrix is
largely recrystallized or micritic. Bed 12 is a 10-m-thick conglomerate bed that overlies
the thin dolomitized beds of Bed 11. The conglomerate’s matrix is composed primarily of
calcareous shale and small limestone clasts, and more than two-thirds of the bed contains
clasts on the scale of 0.5 meters or larger (e.g., James and Steven, 1986). The nature of
conglomerates, including their clast size and matrix composition, varies significantly

between and even within beds.

4.2. Carbon and oxygen isotope profile, Bed 5 through Bed 13, Cow Head Group

Carbon isotope data reveal stratigraphic trends, superimposed upon which there is
bed-specific variability associated with the different facies and depositional environments
of the Cow Head strata (Figs. 4 and 6). It is also important to note that some data points
in the isotopic profile came from clasts of large conglomerate beds because the matrix
could not be sampled in these areas (Fig. 4). Carbon isotope values are relatively heavy
(0 to 1%o) in Bed 5 and the lower half of Bed 6. Values decrease in upper Bed 6 and
lower Bed 7 (reaching -2%o). Bed 8 values hover around 0%o and become gradually more
13C-depleted into lower Bed 9 (with a nadir of ~ -2.5%o). 5"*Cear, variability increases
above the covered portion of Bed 9, scatter increases in the values, with carbon isotope
values oscillating between 0 and -4%o for the remainder of the section (upper Bed 9
through Bed 13, Fig. 4). While the scatter observed in data throughout the profile likely
represents local processes that match the variability seen in individual conglomerate
samples, the overall profile reflects a general trend from ~+1%o. at the base of the section

to -2%o at the top (Fig. 4).
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Parallel 8**0¢, measurements provide context for understanding processes
during lithification and diagenesis. Oxygen isotopes show less scatter near the base of the
column than near the top (Fig. 4). Values hover between -7%o and -5%o through Bed 7
and then show a positive excursion to heavier values (from -7%o to -4%o) at the base of
Bed 8, associated with a series of distinct dolomitized marker beds. Above this, values

return to -7%o but variability increases in upper Bed 8 and through Bed 13 (Fig. 4).

4.3. Carbon isotope analysis of conglomerates

The 8*Can values of individual microfacies within conglomerate samples that
span Bed 5 through Bed 13 reveal important differences between clast and matrix values
(Fig. 6). (All standard deviations reported here for means are 1-sigma values.) In Bed 5,
matrix values tend to cluster together and show no more than a 0.5%. difference between
values within a single sample (mean for all samples is 0.40 +/- 0.59%o, Fig. 6). In contrast,
clasts exhibit as much as a 1%e. spread in their values within a single sample (Fig. 6A). In
contrast, Bed 6 shows a tight clustering of values (Fig. 6A, B). Although individual
samples show a range of isotopic values, this range is typically less than 1%. (mean for
matrix is 0.07%o and 0.04%o. for clasts; +/- 0.34%. and 0.36%o, respectively), and clast and
matrix ranges overlap each other. In Bed 6, all values fall between -0.65%. and 0.77 %o,
which is the smallest range of all beds examined (Fig. 6B). In Bed 7, the overall range of
values is similar to Bed 6 with one outlier, but individual samples show greater scatter in
both matrix and clast values (mean 0.13%o for matrix +/- 0.45%o), 0.02%o for clast +/-

0.41%o; Fig. 6A, B). Overlying Bed 8 samples show the largest within-bed range of
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values, from -1.76%o to 1.5%. (Fig. 6B). Individual samples can show as much as a 2.%o
range (Fig. 6A); matrix values show as much as 1.5%o variation (mean is -0.05 +/-
0.67%o) whereas clast values exhibit less than 1% variation in a single sample (mean is -
0.35 +/- 0.50%0) (Fig. 6A). Bed 9 also exhibits large variability in clast and matrix values,
with a total range of -2.7%o. to 0.6%o. Here, in general, clast values (mean is -1.17 +/-
0.61%o0) and matrix values (mean is -0.96 +/- 0.93%0) show a large range (Fig. 6B). Beds
10 and 12 show a narrower range of values in all samples than Beds 8 and 9, and the
values of individual samples have a range of about 1%.. The mean for Bed 10 matrix and
clast samples respectively is -1.98 +/- 0.44%o and -1.85 +/- 0.72%o). Bed 12 shows a
return to more positive values, with a matrix mean of 0.09 +/- 0.66%o. and a clast mean of
-0.12 +/- 0.39%o0). Even so, matrix and clast values often do not overlap in individual

samples from Beds 10 and 12 (Fig. 6).

4.4, Carbon and oxygen isotope crossplots and trace element analyses

Carbon and oxygen isotope crossplots are constructed to assess the role of late-
stage meteoric diagenesis in the measured values of ancient limestone. A potential feature
of values altered as a result of this kind of diagenesis is a narrow range of oxygen isotope
values coupled with a wide range of carbon isotope values (e.g., Allan and Matthews,
1977). A fingerprint of mixing zone alteration is a linear relationship between carbon and
oxygen isotope values (Allan and Matthews, 1982). Carbon and oxygen crossplots for the
profile of the Cow Head Group (R? = 0.09) and for the conglomerate samples analyzed in
this study (R?value for clasts = 0.10; R?= 0.00 value for matrix) are shown in Figure 7A

and B. In general, no linear relationship is revealed between carbon and oxygen isotope
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values in either subset, although a narrow range of oxygen isotope values does exist for
these samples (e.g., Algeo et al., 1992), suggesting some burial diagenesis.

An analysis of carbon isotopes and trace element concentrations such as
manganese (Mn), strontium (Sr) and iron (Fe) were also provided to examine the
importance of late-stage diagenesis in these samples (Fig. 7C-E) (e.g., Pingitore, 1978;
Banner and Hanson, 1990; Banner, 1995). No strong correlation exists for any trace
element concentrations and carbon isotope values reported here (Fig. 7). Of note is that Sr
concentrations are low for most samples, with only a few showing concentrations nearing

1000 ppm, but these samples do not co-vary with carbon isotope values.

5. Discussion

5.1. Diagenesis and Cow Head samples

The Cow Head Group of western Newfoundland is a deep-water section that
preserves episodic deposition of transported shallow water material to the deep ocean
(Coniglio and James, 1990) punctuated by background sedimentation in a deep-water
environment. In addition to its complex depositional history, the unit has clearly
experienced a combination of early and later stage diagenesis (e.g., Coniglio and James,
1988), all of which can affect the reliability of interpreting carbon isotope values as
primary signals of seawater. Petrographic analysis of some Cow Head conglomerate
samples reveals that many of these samples are well preserved, showing minimal
dolomitization and an absence of abundant diagenetic cements. In addition, the trace
element concentrations of all samples do not covary with carbon isotope values (Fig. 7),

suggesting the variable depletion in carbon isotopic composition was acquired
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independent of reducing fluids that would have generated enrichments in redox-sensitive
metals. The narrow range of oxygen isotopes suggests these rocks experienced at least
some late stage burial diagenesis (Algeo et al., 1992), but some primary signal is retained
in these data. The lack of covariation between §"3C and 520 data suggests the origin of
the 8'°C variability was not the result of meteoric diagenesis with both **C-depleted and
80-depleted fluids. What is important to note is that the complexity of this depositional
package — one in which some parts of the section are dominated by allochthonous
carbonate that may have been transported long distances from shallower water settings
(e.g., Beds 7 and 8) — will play a role in the way in which carbon isotopes are preserved
in conglomeratic samples. However, in the construction of the carbon isotope profile,
care was taken to avoid conglomerate samples where possible, to maximize meaningful

stratigraphic isotopic information.

5.2. The carbon isotope profile, Beds 5 through 13 of the Cow Head Group

The carbon isotope profile of Beds 5 through 13 show broad scale changes from
the upper Cambrian to the Lower Ordovician, with some additional scatter superimposed
on these trends that likely relates to diagenesis (Fig. 4). This section is highly condensed
relative to other Cambro-Ordovician sections worldwide (e.g., Great Basin strata are > 4
km-thick; Derby et al., 2012); however, as in at least a few other sections, these data
reveal a trend of more positive values in the middle and later Cambrian followed by more
negative values in the Ordovician (e.g., Saltzman and Thomas, 2012; Buggisch et al.,

2003, Fig. 8). Although, these data show some agreement with those of other areas such
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as the Argentina pre-Cordillera and western US (Saltzman and Thomas, 2012; Buggisch
et al., 2003), some notable exceptions exist. Firstly, the SPICE event is missing in the
deep water Cow Head section despite its presence in nearby shelf equivalents (Saltzman
et al., 2004, Hurtgen et al., 2009). The absence of SPICE is important to note in these
sections because its absence suggests a number of possibilities. One is that the SPICE
event may be highly condensed in these deep-water sections, as the biostratigraphy
suggests, and therefore may not be well preserved (Westropp and Eoff, 2012). Another
possibility is that the SPICE is not expressed in these deep-water sections. Third, it is
possible that the SPICE event is preserved at Cow Head but was not sampled in this work.
Although we cannot be sure why the SPICE event was not found during this research,
fossils assemblages support the first possibility.

In addition to the absence of the SPICE event, there is difficulty in identifying the
Cambro-Ordovician boundary within the conglomeratic Cow Head Group facies, despite
its close proximity to the GSSP for this boundary at Green Point (e.g., Cooper et al.,
2001; Azmy et al., 2014). This uncertainty may result in some misalignment with global
data. In general, our carbon isotope profile shows a shift from positive values in the latest
Cambrian to more negative values in the lowermost Ordovician, much like the global
profile (Fig. 8). Both profiles show a small shift toward positive values within the mid-
Tremadocian and then remain mostly negative for the remainder of the Lower Ordovician.
It is worth noting that the Cow Head strata show significant scatter through the Floian,
which is different from the Argentinian sectionss (Buggisch et al., 2003) and global

compilation (Bergstrom, 2009). For example, the Cow Head does not record a return to

more positive values in the later Floian as in these other sections, and the conodonts,
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possible that the lack of correlation in isotopes this section isand -may-be-related to early

diagenetic processes in Beds 9 through 13 (see below).

5.3. Carbon isotopes of conglomerates of the Cow Head Group

Substantial variability (~4.5%o) exists in the 8*3Cear, of the matrix and clasts of the
conglomerate beds that make up the Cow Head Group (Fig. 6). While a fraction of this
can be ascribed to stratigraphic variability, there are many cases where the within-bed
variability is in excess of 2%o.. This level of variability can exist between different clasts
in the same bed, between different portions of matrix within the same bed, and between
clasts and matrix within the same bed. It is also important to note that the variability
within beds, which are broadly defined lithostratigraphically, may also reflect the source
of carbonate and variable diagenetic processes in these units. For example, Bed 6 consists
of small-scale, meter-sized conglomerate beds with clasts that appear to be locally
sourced (Fig. 3A). In contrast, Beds 7 and 8 contain massive decameter-scale
conglomerates with boulder-sized clasts sourced from the nearby slope (Fig. 3B; e.g.,
Coniglio and James, 1985). These different conglomerates of Beds 6, 7 and 8 also show
very different isotopic variability (Fig. 6), which may in part reflect the ways in which
these units were deposited. While this observation does not directly inform the origin of
the variability in these different beds, it suggests that not all conglomerates, even those
within the same broad depositional environment, may be expected to record the same

processes (Husson et al., 2012).
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The variability seen within each bed, particularly in matrix values, may be related
to several processes. First, it could reflect primary variability in water column chemistry
(either temporally or spatially). However, the high frequency variations make it hard to
reconcile the observed variability as the result of temporal changes in open marine water
column &*C. Similarly, the variable composition of the clasts, and the changing offsets
between clasts and matrix (sometimes clasts are **C-enriched and sometimes they are
3C-depleted relative to the matrix) makes a constant lateral gradient in water column
83C hard to reconcile with the observed patterns.

A second explanation for the observed variability could be the influence of
differing amounts of late-stage diagenesis among the samples. In this case, samples with
more diagenetic alteration would be expected to have more *3C-depleted signatures.
However, we observe no covariation between 8*3Cear and 8**Ocar, or Sr, Mn or Fe
concentrations (Fig. 7) as would be expected by diagenetic overprinting. Further, if
diagenetic alteration were the cause of the observed isotopic variability, patterns in §*C
would be expected to track lithology (e.g., reflecting the porosity and permeability of the
samples). No such patterns are observed (i.e., sometimes matrix is **C-enriched relative
to clasts and sometimes *3C-depleted, with no correlation based on lithofacies).

An alternative explanation is that the observed variability reflects the local
conditions in porewaters during lithification. Here, a *C-depleted signal could reflect a
contribution of authigenic carbonates forming early marine cements with porewater
8"3Cpic lower than coeval seawater. The resulting §"*Cear, signal could be lower as a
function of the amount of authigenic early marine cement (lowering the §*3Ccar) and/or

the isotopic composition of the local porewater 8**Cp,c pool. This DIC pool would have



416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

19

lowered 8"3Ccarp as the result of microbial respiration (aerobic and/or anaerobic).
Anaerobic metabolisms (e.g., sulfate reduction) in particular increase alkalinity and drive
carbonate precipitation (e.g., Bosak and Newman, 2003). All things being equal,
sediments with higher organic carbon contents can generate more **C-depleted DIC and
therefore carbonates with lower §"Ceq, values.

If this interpretation is correct, it suggests that clasts in the Cow Head
conglomerates were sourced from a variety of both authochthonous and upslope
environments that varied strongly in their local organic carbon loading, leading to
variable depletions in 8**C., of these early-lithified clasts. As the biostratigraphy of
these sections suggest, clasts are often derived from strata that are older but do not
significantly predate deposition in these deep water sections (Zhang and Barnes, 2004;
Westropp and Eoff, 2012; Westropp and Dengler, 2014). Our data suggest that variation
in the organic carbon contents in the matrix and therefore in early diagenetic
remineralization (possibly recorded as variable fractions of authigenic allochthonous
carbonate in the matrix) was the cause for these offsets in §*Ccar, 0f the matrix relative to
the clasts (e.g., Kump and Arthur, 1999; Metzger and Fike, 2013). These data suggest
that local variations in organic carbon loading during deposition and associated microbial
respiration during early lithification can imprint the resulting isotopic signature preserved
in marine carbonates. The resulting 8**Cca, Overprints can explain much of the isotopic
spatial (lateral) and temporal (stratigraphic) variability observed in many
chemostratigraphic records, particularly those found in Cambrian strata (e.g., Coniglio,

1989; Maloof et al., 2005; 2010; Saltzman et al., 1998; 2000).
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In spite of the variability recorded in individual conglomerate samples, a general
trend can be gleaned that still matches the broad scale progression of the carbon isotope
profile as a whole. The 8'*Cea, values show spread that varies from bed to bed, but even
s0, the general trend moves from more positive values in the later Cambrian Bed 5 and 6
to more negative values in Lower Ordovician Bed 9 upwards. This demonstrates that
even with local processes governing the carbon isotope signal of individual drilled
samples, information about the water column can be retained when examining samples en

masse as we have done here.

6. Conclusions

Our record of the evolution of carbon cycling over Earth history comes primarily
from shallow-water carbonates. Here we present a Cambro-Ordovician record of 8**Cears
variability from the Cow Head Group strata deposited in a slope-basinal environment.
The resulting deep-water 813Car CUrve matches the global record, albeit with substantial
scatter (up to ~2%o) superimposed upon it. This enhanced §*3Ccary Variability is not the
result of later-stage meteoric diagenesis, but reflects the contribution of multiple pulses of
carbonate precipitation in these samples, each associated with local DIC reservoirs
variably impacted by microbial respiration of organic matter. These data indicate that
post-depositional processes, such as local organic matter remineralization and early
authigenic carbonate precipitation during lithification, play a dominant role in controlling
83Ccarp Values in Cambrian carbonates, an interval of time that may have experienced

fluctuating redox perhaps more so than other intervals of Earth history.
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List of figures

Figure 1: Locality map. A) Newfoundland, B) inset from A showing Cow Head
Peninsula; and C) inset from B showing location of measured sections for Beds 5 to 13

along Cow Head Peninsula.

Figure 2: Diagram showing age constraints and correlations of the Cow Head Group to
nearby shallow-water equivalent sections (modified from Zhang and Barnes, 2004).
Biostratigraphic age constraints are provided here from conodonts and graptolites (Zhang
and Barnes, 2004) and trilobites (Westrop and Eoff, 2012; Karim, 2008). Gray shaded

area shows portion of the Cow Head Group sampled in this work.

Figure 3: Field photographs of Beds 5, 6, 7, 8 and 9 showing conglomerates and thinly
bedded limestone from each unit. A) Massive limestone conglomerates of Bed 5 with
fine-grained carbonate matrix, meter stick for scale; B) Thin limestone beds and
lenticular conglomerates of upper Bed 6 in contact with massive welded conglomerates
of Bed 7. C) Alternating thin limestone beds and shale of upper Bed 9 capped by
lenticular conglomerates of Bed 9, hammer in lower left corner for scale; E) Upper Bed 9

overlain by conglomeratic Bed 10 (visible in upper right corner).

Figure 4: The stratigraphic column of the Cow Head Group at the Cow Head Peninsula
and its 8"*Ccap and 8™ Oca profile. Values of 5*3C are reported relative to Vienna PeeDee

Belemnite standard. Note that black circles represent values measured from matrix
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samples, and red circles were derived from clasts of conglomerates. Age interpretations
modified from James and Stevens (1986), but also see Figure 2 for biostratigraphic

constraints.

Figure 5: Diagram showing polished faces of 3 representative samples from
conglomeratic beds and their complementary thin sections. These polished samples show
sites that were drilled for carbon isotope analysis of conglomerates, and thin sections
show nature of clast and matrix. Note variability of clast composition and size. Notable
features in thin section include round quartz grain of Bed 6, trilobite fossil of Bed 7, and

micritic round intraclasts of Bed 8.

Figure 6: Carbon isotope data for the clast and matrix values for 51 conglomerate
samples. A) Diagram showing all data from the 51 samples. Each aligned set of values
represents clast and matrix values measured from a single hand sample. B) Diagram
showing the range and mean from all matrix and clast values measured in a single bed.
Note that Bed 6 shows close alignment of the mean and ranges of clast and matrix values
whereas Bed 9, though overlapping, has a much larger range of clast values than matrix

values.

Figure 7: Carbon and oxygen crossplots and crossplots of carbon with manganese,
strontium, and iron concentrations. A) All carbon and oxygen isotope samples analyzed
for the isotopic profiles of the Cow Head Group (R?value = 0.09, slope is = -0.1831x -
6.4182); B) Carbon and oxygen isotopes from conglomerate samples analyzed, including

matrix and clast values (R? value for clasts = 0.10; slope is -0.1805x - 6.5893; R*= 0.00
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value for matrix, slope is = -0.0354x - 6.5647); C) Carbon isotopes and manganese
concentrations (R? value = .00023; slope is = 6°x - 0.2994); D) Carbon isotopes and
strontium concentrations (R? value = 0.05, slope is -0.0016x + 0.1017); E) Carbon

isotopes and iron concentrations (R? value = 0.03, slope is y = -7°x - 0.2094).

Figure 8: Composite carbon isotope profile from Saltzman and Thomas (2012) and

references therein (A) and profile from this work (B).
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0"C vs 8'®0 Values and Trace Element Data
Beds 5-13, Cow Head Group
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Compilation from Saltzman and Thomas (2012) Data from this study
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