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INTRODUCTION

The geologic history of Nova Scotia is 
extensive and serves as an excellent indicator 
of large scale geological events in the northern 
Appalachian region. Nova Scotia is made up 
of two main terranes; the Meguma and Avalon 
zones.  The Meguma zone makes up the 
southern portion of the province and is thrusted 
over the Avalon Zone, coming in contact at 
the Cobequid-Chedabucto Fault.  Avalonia 
is thought to have accreted onto Laurentia 
during the Late Ordovician to Early Silurian 
thereby closing the ancient Iapetus Ocean.  The 
Acadian Orogeny is generally attributed either 
to the Meguma and Avalon terranes accreting 
onto Laurentia as a single microcontinent, or 
to the Meguma accreting onto Avalonia in the 
Early Devonian (Murphy and Keppie, 2005).  
The tectonic history of Avalonia is crucial 
to interpreting oceanic evolution from the 
Ordovician to the Silurian.  The microcontinent 
delimits the southern border of the closing 
Iapetus Ocean as Avalonia approached 
Laurentia, and it also defines the northern border 
of the opening Rheic Ocean.  

The Arisaig Group in Nova Scotia, Canada 
provides a continuous history of the Northern 
Appalachians from the Silurian through Early 
Devonian.  The Group represents a basin 
believed to have undergone varying rates of 
subsidence throughout its existence.  The basin’s 
stratigraphy indicates rapid subsidence and 
extension in the Early Silurian, followed by a 
decreased rate of subsidence during the rest of 
the Silurian, and then once again increased rates 
of subsidence by the Early Devonian (Waldron 
et al, 1996).  The Arisaig Group is thought to 

be on the trailing end of Avalonia due to the 
lack of deformation in the underlying Late 
Ordovician Dunn Point Volcanics and Beechill 
Cove formations (Hamilton and Murphy, 
2004).  The presence of multiple layers of K-
bentonite beds is indicative of active volcanism 
throughout the basin’s history.  Trace and 
major element geochemical analysis of the 
K-bentonites attribute the volcanism to plate-
margin, subduction related activity (Bergstrom 
et al, 1997) 

The Arisaig Group is rich with benthic fossils 
preserved within the basin’s mudstone, siltstone, 
and sandstone strata.  It has been characterized, 
identified, and interpreted almost entirely based 
on its biostratigraphy and more specifically 
based on graptolite occurrence.  The Arisaig 
area is located approximately 25 km northwest 
of Antigonish and just southwest of Malignant 
Cove.  Outcrops of all the formations, excluding 
the French Brook Formation, can easily be 
accessed along the coast of the Northumberland 
Strait.  The Arisaig Group is approximately 
1400-1500 m thick, made up of shallow marine 
to continental unmetamorphosed siliciclastic 
mudstone interspersed with K-bentonites 
throughout several of the formations (Hurst and 
Pickerill, 1986).  

The time period of the Arisaig Group correlates 
roughly to the accretion of the Avalonia 
microcontinent onto Laurentia, and therefore 
provides insights into the docking of Avalonia 
and the overall evolution of the Eastern coast 
of the North American continent.  Analysis of 
specific trace elements, such as U, V, Mo, Ni, 
Cd, and Pb can reveal the redox environment 
of paleo-oceans and be used as indicators for 
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shifts in the physical structure of the basin.  For 
example, as Avalon moves towards Laurentia, 
the basin closes and may stop circulating with 
the rest of the ocean, thereby causing anoxia 
due to a lack of oxygen delivery to depth.  
A sudden onset of anoxia would affect the 
solubility and reactivity of redox sensitive 
elements in the water, and thus influence their 
accumulation causing them to either become 
concentrated or diminished in the basin’s 
sediments.  Additionally, the Arisaig Group’s 
sequence of K-bentonites holds additional clues 
about the timing of overthrusting events during 
the Acadian Orogeny.  The K-bentonites date of 
illitization records the last major heating event, 
and can provide information as to the timing at 
which Avalon collided with Laurentia.  

METHODS

In order to measure the change in the ocean 
basin’s redox environments throughout the 
Silurian, 40 samples of shale and 22 samples 
of bentonites were taken from the Beechill 
Cove Formation, Ross Brook Formation, 
Doctors Brook Formation, and McAdam Brook 
Formation of the Arisaig Group, with at least 
one sample from each formation (see Fig 1).  
Low grade metamorphism was apparent in some 
of the shales.  The K-bentonites contained some 
contamination from surrounding sediments, 
although additional contamination during 
collection was avoided.

The shales were homogenized with a Tungsten-
carbide shatterbox and subsampled (0.5 g) for 
digestion in three rounds with HCl, HNO3, and 
HF.  The first round had a treatment of 7 mL of 
HNO3, 5 mL HCl, and 3 mL HF at 70ºC until 
evaporation was complete, the second round 
had a treatment of 2 mL HNO3, 6 mL HCl, 
and 2 mL HF at 70ºC until evaporation was 
complete, and the third round had a treatment of 
1 mL HNO3 at 70ºC for 1 hour and diluted with 
20 g of deionized water.  The diluted extracts 
were analyzed with an ICP-OES to observe 
the change in concentration of both major and 
trace elements throughout the section.  Major 
element analysis was conducted using 0.2 mL of 

digestate diluted with 5 mL of 5% HNO3.  Trace 
element analysis was conducted using 6 mL 
of undiluted digestate.  Blanks were run at the 
beginning and end of each analysis.     

Figure 1.  Landsat image of Arisaig Point.  Each dot 
represents a sampled area.  BCE=Beechill Cove East; 
BCW= Beechill Cove West; BCWII= Beechill Cove 
West II; MRBA= Middle Ross Brook A; MRBB= 
Middle Ross Brook B; UMRB = Upper part of Middle 
Ross Brook; UMRBII = Upper part of Middle Ross 
Brook II; URBI= Upper Ross Brook I; MDB= Middle 
of Doctors Brook; UDB= Upper Doctors Brook; MB= 
McAdam Brook

The K-bentonites were dried and powdered 
with a mortar and pestle, and treated with 0.3 
M Na-citrate, 1 M NaHCO3, and Na2S2O4 in 
order to remove iron oxides. The bentonites 
were blended with a Waring blender and 
centrifuged with a CU-5000 at speeds of 750 
rpm for 3 min, 1600 rpm for 3.2 min, 2000 
rpm for 8.3 min, and 2000 rpm for 50 min 
to acquire size separates of >2µm, ≤2µm 
and >1µm, ≤1µm and >0.5µm, ≤0.5µm and 
>0.2µm, and >0.2µm respectively.  Each sample 
underwent glycolation in order to measure the 
illite-smectite ratio by XRD using established 
methods (Moore and Reynolds, 1997).  All 
samples were found to have a high illite to 
smectite ratio, indicating that they would be 
strong candidates for K-Ar dating.  3 bentonite 
samples and 1 shale sample were potassium-
argon dated to determine the date of illitization.  
Size fractions ≤0.2µm, and 2≥µm and ≥1µm 
were dated for each of the bentonite samples 
and a size fraction of 2≥µm and ≥1µm, ≤0.5µm 
and >0.2µm, and >0.2µm were dated for the 
shale sample.  The coarse size fractions of the 
bentonites and shale size fractions were used to 
account for detrital contamination of illite dates.  
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Figure 2.  Phosphorus and Molybdenum 
concentrations starting in Beechill Cove Formations 
through Lower McAdam Brook Formation as 
compared to average marine shale concentrations.  

RESULTS

Trends in trace element concentrations show 
clear indications of changes in redox conditions 
over the basin’s history.  As demonstrated by 
the concentrations of Mo, U, Zn, and Mn, the 
basin begins with well oxygenated conditions, 
becomes anoxic around 100m above the 
Beechill Cove contact with Dunn Point in the 
Lower Ross Brook Formation, and returns back 
to oxic conditions (See Fig 2).  Redox sensitive 
elements were compared to the elemental 
composition of standard marine shale from 
Turekian and Wedepohl (1961) to asses the 
enrichment factor.  P was used as an indicator of 
productivity in the basin.  It does not follow the 

same trend as the redox sensitive elements and 
appears to be unrelated to the anoxic event.

The XRD results show that the bentonites have 
a high illite to smectite ratio.  The K-Ar dates 
of the 3 bentonite samples and 1 shale indicate 
large discrepancies in date of illitization.  The 
shale records the oldest date of 380 mya and 
the bentonite dates range from 320 mya to 380 
mya (See Fig. 3).  The finer size separates of 
shales record similar ages, and the finer ages of 
the bentonites record similar ages.  The coarser 
size separates of all samples record older ages, 
indicating that detrital contamination of illites 
is probably a factor at least in all of the coarser 
fractions.  

DISCUSSION

 The major and trace element analysis shows 
clear indications of a sudden shift in redox 
conditions in the ocean basin.  There is an 
increase in Cd, Mn, Mo, V, U, Zn, and Cu about 
100m above the Dunn Brook-Beechill Cove 
contact.  Most of the trace elements show a 
single peaking in the Beechill Cove formation, 
and return to normal conditions, Mo shows 
a clear gradual shift into a peak, then slower 
return to normal conditions. The lack of a peak 
in P suggests that the shift to anoxia was not 
caused by an increase in productivity.  P is 
typically the limiting nutrient to life and can 
create eutrophication when there is a sudden 
input into the system, usually caused by 
upwelling (Tribovillard et al, 2006).  Anoxia 
occurs as organic matter decays and consumes 
oxygen.  However, the lack of increase in 
P concentrations suggests that the anoxic 
event was unrelated to changes in primary 
productivity (i.e., the delivery of organic matter) 
and instead caused by a change in physical 
conditions of the basin.  The ocean basin likely 
became disconnected from the rest of the ocean 
as it continued to be subducted under Laurentia 
and Avalonia approached the continent.  The 
lack of circulation prevented the basin from 
receiving inputs of oxygen, causing a fairly 
sudden onset of anoxia, similar to the conditions 
of the present day Black Sea.
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Figure 3. K-Ar dates and errors of K-bentonites 
and shale.  BCW4= Beechill Cove West 4; MRBB= 
Middle Ross Brook B; URBII= Upper Ross Brook II; 
UMRB1= Upper Middle Ross Brook 1

The K-Ar results show a complicated scenario 
with the shale and bentonites showing large 
discrepancies in dates.  The shale record an 
age of illitization of 380 mya, which likely 
correlates with the timing of Meguma thrusting 
over Avalon.  The coarser shale sample 
records an older date, but is more likely to be 
contaminated with detrital signatures.  The 
bentonites provide significantly younger dates 
ranging from 320 mya to 380 mya, indicative 
that another heating event occurred during this 
time which caused their younging.  Since this 
was a very tectonically active and complicated 
area, there are multiple mechanisms that could 
have contributed to the resetting of the illite’s 
clocks.  Murphie and Keppie indicate that a 
large pluton had developed during this time 
underneath the Avalon zone that caused regional 
heating (Murphy and Keppie, 2005).  However, 
the large variation in the ages of the bentonite’s 
illites are still unclear and reflect a complex 
metamorphic history.    
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