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Abstract
The Devonian-Carboniferous Boundary (DCB) marks a mass extinction event that

coincided with an oceanic anoxic event recognized worldwide. The stratigraphic sequence of the

Pedra Ruiva sea cliff in the South Portuguese Zone near the Bordeira village dates back to the

end of the Devonian and the start of the Carboniferous periods. To date, no study has been

conducted to investigate the presence of oceanic anoxic events at this location during the DCB.

Twenty rock samples were collected and analyzed from two outcrops from the Pedra Ruiva sea

cliff. This thesis aims to identify and describe any anoxic event in this area. The results showed

that during the DCB, the Southern Outcrop went through a decrease in the CIA values. An

abundance of SiO₂, changes in the ratio of V/Cr, as well as an increase in the abundances of the

heavy metals V, Cr, U, Al₂O₃, and the ratio of V/(V+Ni) were also observed. The Northern

Outcrop does not show the same relation between the DCB and the calculated values and

abundances. However, it does show a major spike in the CIA values after the DCB that

corresponds to an increase in the V/C and V/(V+Ni) ratios, an abundance of SiO₂ and a decrease

in Al₂O₃.The sedimentary facies of the two outcrops indicate that the proxies used to detect

OAEs were deposited in non-ideal conditions for their preservation. Due to this the findings do

not provide a definitive answer; however proxies indicate that a study in the more northern

portions of the Tercenas Formation may yield better results.
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1. Introduction

1.1 Motivation
There are several reasons to investigate evidence of an Oceanic Anoxic Event (OAE) in

the South Portuguese Zone's geologic record at the Devonian-Carboniferous Boundary (DCB).

An exploratory geochemical study has yet to be conducted in this specific geologic boundary

concerning this OAE. Consequently, there is a significant absence of geochemical data that help

to elucidate if this OAE is present in the South Portuguese Zone geological record and what type

of perturbations occurred in the global geochemical cycles, in this region. One of the ways that

this study may help fill in data gaps is that the DCB is marked by a mass extinction event that is

considered one of the Big Five mass extinction events. The results of this study could be used to

help understand more about this mass extinction and what environmental changes were occurring

in the South Portuguese Zone during the DCB.

There are also implications and motivations for this study, as anoxia in our oceans is a

genuine problem today. Due to climate change and human activities, the rate and scale of OAEs

have increased, negatively impacting marine life and humans. Knowing whether OAEs occurred

in this area during the DCB may prompt more research into how OAEs impacted the South

Portuguese Zone in this period.

Evidence of OAEs in our Earth's past also allows for more research to be done on the

study of anoxic events today. This is because if scientists know when and where these events

occurred, studies can look at what climatic and environmental factors lead up to these events and

how local biological communities respond. This is important as we are facing an increase in

anoxic events around the world at present due to climate change, coastal development, and

increased nutrient pollution. By understanding how ecosystems and organisms in the past

responded to anoxic conditions, predictions can be made on how today's ecosystems and

organisms may respond and possibly adapt to these conditions. An exploratory thesis such as this

opens the door for research on these topics to continue and benefit future generations.
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1.2 Goals of the Study
This thesis is an exploratory study with two clear goals. The first is to uncover evidence

of anoxic events in the rock record of the South Portuguese Zone at the Devonian-Carboniferous

Boundary (DCB). The second goal is to use geochemical proxies to chronologically characterize

any anoxic events that may be discovered. These goals will guide the research and contribute to

the broader understanding of anoxic events in the South Portuguese Zone.

1.3 Devonian-Carboniferous Boundary
The Devonian-Carboniferous Boundary (DCB) can be represented in the sedimentary

rocks deposited at the end of the Devonian Period and the start of the Carboniferous Period

(Aretz & Corradini, 2021). Mass extinctions have marked boundaries between geologic periods,

where many species go extinct relatively quickly (Begum, 2021). The drivers of many of these

events are poorly understood; however, they almost always result in significant changes in

Earth’s climate. The End Devonian Mass Extinction Event marks the DCB, also known as the

Hangenberg Crisis, and is considered the second-worst extinction event of the Devonian (Kaiser

et al., 2006). One of the drivers for this extinction event is believed to have been caused by an

increase in the diversity and biomass of new terrestrial plant species with complex root systems

(Algeo & Scheckler, 1998). The development and spread of these plants led to the formation of

mature soils, which until this time were either non-existent or in thin layers similar to desert soils

(Algeo & Scheckler, 1998). With the development of these more complex plants, weathering

regimes of terrestrial sediments also changed as these plants broke up more chemical compounds

and minerals than previous plants could (Algeo & Scheckler, 1998). This change in the

weathering regimes allowed these sediments and their nutrients and minerals to be more easily

eroded by natural processes and deposited into waterways, which flowed into the ocean. In

today's world, terrestrial nutrients and minerals are deposited into waterways, such as rivers,

which flow into larger bodies of water, most notably the ocean. Another impact that the increase

in plant biomass had during this time was climate change, as the Late Devonian has evidence of

going through a cooling period that may have led to large-scale glaciation on the supercontinent

of Gondwana (Chen et al., 2021; Isaacson et al., 2008; Streel, 2000). This would have been

caused by plants' increased atmospheric carbon intake and retention via photosynthesis.
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Another factor believed to have played a role in the End Devonian Mass Extinction event

was the movement of continental plate tectonics. During this time, the continents moved closer,

resulting in the closure and shrinking of oceans such as the Rheic (Rhenohercynian) Ocean

(Domeier & Torsvik, 2014; Nance et al., 2012). The closures of oceans and seaways impact

ocean currents and circulation as the pathways of these currents shrink and eventually disappear,

thus stopping or redirecting these currents. These changes in ocean currents can cause global

changes in climate as the world's oceans and their circulation play a significant role in climate

regulation (Nasa, 2019). The cooling episode that led to a period of glaciation during this time

may have also been, in part, caused by a change in ocean circulation due to the movement of the

land masses present at the time (Joachimski & Buggisch, 2002; Brezinski et al., 2008). However,

as mentioned earlier, it is widely accepted that an increase in plant biomass is the main cause of

the cooling trend seen during the End Devonian. This cooling period could have resulted in

glaciation on the southern supercontinent of Gondwana, which caused global sea levels to fall

and rise periodically due to fluctuating climatic conditions (Brezinski et al., 2008; Isaacson et al.,

2008; Streel, 2000). A change in sea level and temperature can also further impact ocean currents

and circulation, such as slowing the flow or changing circulation patterns (Herrmann et al.,

2004).

1.4 Oceanic Anoxic Events

Oceanic Anoxic Events (OAEs) are oceanic events where the oxygen (O₂) levels in an

area of the oceans decrease to a point where all aerobic functions stop (Demaison & Moore,

1980). OAEs in the stratigraphic record are often associated with local and worldwide extinction

events, as they more frequently occur during significant climatic and environmental changes

(Aretz & Corradini, 2021). Anoxic conditions arise when there is a high rate of organic

decomposition in an ocean area due to bacteria that use O₂ to decompose organic material

(Millero, 2000). This is often a result of eutrophication, when excess nutrients enter marine

systems from terrestrial systems and cause a boom of primary productivity, often in the form of a

phytoplankton algae bloom (Pinckney et al., 2001). Once the bloom occurs, a combination of

poor water circulation, often caused by the stratification of the water column, and the decay of

dead phytoplankton causes the O₂ below the surface layer to decrease to hypoxic or anoxic
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conditions (Water Resources, 2019). OAEs today are known as Dead Zones or Anoxic Zones by

many people and occur in many different places around the world, with two well-known

examples being the Baltic Sea and the Gulf of Mexico. These locations can show the negative

impacts of anoxic conditions on local biological ecosystems and fisheries. The severity of the

anoxic/hypoxic areas in the Gulf of Mexico and the Baltic Sea today is believed to be caused by

anthropogenic activities such as agricultural practices and degradation of estuarine ecosystems.

These activities allow excess nutrients to enter these ecosystems, similar to those discussed

earlier that may have occurred during the DCB. Without O₂, most lives cannot survive as their

bodies can no longer perform the aerobic functions required to sustain themselves.

During the Frasnian and Famennian stages of the Late Devonian, there were two notable

events known as the Kellwesser, one of the Big Five mass extinction events, and the Hangenberg

Crises, the extinction event that marked the DBC, which are both known to have evidence of

large-scale anoxic events (Kaiser et al., 2006; Aretz, 2021). Fossil and stratigraphic records show

that these events significantly impacted the marine communities during these times. With fossil

records showing major faunal turnovers and the disappearance of reef communities, stratigraphic

records show increased levels of organic-rich sediments, which can indicate anoxic events

(Aretz, 2021). The Kellwasser Crisis, like the Hangenberg Crisis, occurred during the Late

Devonian; however, this event took place about 15 million years before the Hangenberg (Sallan

& Coates, 2010). The Hangenberg Crisis, while not considered as severe as the previous

Kellwasser Crisis, is still considered to be a devastating biological crisis that resulted in the

extinction of many organisms and the complete eradication of major groups such as placoderm

fish (Sallan & Coates, 2010).

Scientists use a few indicators to look for evidence of OAEs in the geologic record. Some

of these are physical indicators such as the color and size of sediments; for example, fine

sediments such as shale that have black or dark green colors are often associated with OAEs in

marine sediments (Singh et al., 2022). Geochemical indicators can also be tested to tell if

evidence of OAEs is present at a specific stratigraphic level. For example, phosphorus (P) has

often been linked to OAEs. This element can indicate increased eutrophication, leading to OAEs

or decreased productivity in the water column. Different concentrations and levels of oxides in

sediments can also be indicative of possible OAEs occurring at the time of deposition. MnO is an

excellent example of an oxide that decreases in low-oxygen ecosystems, so low levels or an
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absence of this oxide in sediments may indicate that the environment at the time was

oxygen-depleted or anoxic (Ostrander et al., 2017; Rue et al., 1997). Oxides such as Al₂O₃ and

SiO₂ can indicate the type of weathering happening when the sediments are deposited. Certain

metals in marine sediments, such as uranium or vanadium, are also used to tell if there is

evidence of an OAE in the stratigraphic layer being studied. Uranium (U), for example, has been

shown to have limited enrichment in oxic environments, indicating that low concentrations of U

in sediment show that the environment may have been well-oxygenated (Algeo & Maynard,

2004; Klinkhammer & Palmer, 1991).

Concerning the DCB, changes in weathering and increase in complex soils, as well as

possible changes in ocean circulation, may have been major contributing factors for the OAEs

known from this period (Aretz & Corradini, 2021; Algeo & Scheckler, 1998; Domeier &

Torsvik, 2014). The presence of an OAE marked the DCB and the mass extinction that occurred

during that time. Previous studies have found evidence for OAEs in similarly aged deposits in

other locations worldwide (Aretz & Corradini, 2021; Caplan & Bustin, 1999). It is unknown

whether an OAE occurred in the South Portuguese Zone during the DCB; however, other

localities of similar age and types of rock deposits have evidence that they happened at this time

in Earth’s history so, they may be present in this locality as well (Aretz & Corradini, 2021).

1.5 Paleogeography of the South Portuguese Zone

The land area today known as Portugal was in a much different location during the Late

Devonian. During this time, Portugal was believed to be located in the Southern Hemisphere, as

indicated in Figure 1 by the red rectangle. During the DCB, the location that would one day

become Portugal was a relatively shallow marine platform located north of the Gondwana

supercontinent. The global climate during the Late Devonian is generally considered to have

been warmer than today's climate. However, there was a cooling episode during the end of the

Devonian period, which is believed to have been caused by an increase in terrestrial plant

biomass (Chen et al., 2021; Joachimski et al., 2009; Isaacson et al., 2008). Based on the location

indicated in Figure 1 and the knowledge about the global climate during the end of the Devonian

period, it is likely that the climate of the area was warm with a cooling trend as the end of the

Devonian period transitioned into the Carboniferous period.
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The South Portuguese Zone was adjacent to the closing Rheic Ocean. The closing of the

Rheic Ocean was due to the movements of tectonic plates through subduction and seafloor

spreading. This is illustrated in Figure 2, which shows a map with the hypothesized areas of

active subduction and seafloor spreading of the late Devonian paleogeography (Golonka et al.,

2019) and indicates that during the end of the Devonian period, the Rheic was undergoing a loss

in seafloor area due to subduction zones near the continental margins of Gondwana and

Laurussia (Euramerica) (Golonka et al., 2019).

Figure 1: Hypothesized landmasses during the Late Devonian period. The red square on the map

represents the area in which the South Portugal Zone was located. Source: http://www.scotese.com
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Figure 2: Hypothesized landmasses during the Late Devonian period showing the tectonic plate activity.
Lines with triangles represent areas of active subduction. Red lines represent the seafloor spreading

centers, and black lines represent transform faults. Source: (Golonka et al., 2019)

1.6 Geologic Background
The Tercenas and Bordalete formations of the South Portuguese Zone are dated to the

Late Devonian-Early Carboniferous periods. The Tercenas Formation, dated to the Late

Devonian, consists of heterolithic sandstone and shale facies, indicating sediment deposition in a

tidal and nearshore environment. The Bordalete Formation, dated to the Early Carboniferous, is

composed of dark shales, siltstones, and calcisiltstones, suggesting a less active and calmer

depositional setting such as an offshore or outer shelf environment (Oliveira et al., 2009). Fossil

fauna, including ammonoids and miospore biozones, were used to date these formations.
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Figure 3: Geologic map of the South Portugal Zone showing the Pedra Ruiva sea cliff (labeled 2) as well
as the Tercenas and Borbalete geologic formations. Source: (Oliveira, 1990; Oliveira et al., 2009).

2. Methods
2.1 Materials

Plastic Sample Bags Hammer and Chisel

Hammer and Anvil Agate Mortar

Scale Plastic Sample containers

Sediment Spoon Sieve - 10 micron
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2.2 Sampling Location & Collection
Samples for this thesis were collected on the western coast of the Algarve in Portugal,

near the Bordeira village. Twenty-one samples were collected, one being a control, and recorded

by collection location. Within the sample site, rock samples were taken from the Northern and

Southern outcrops of the Pedra Ruiva sea cliff. Only fresh rocks were collected directly from the

cliff sides using a hammer and chisel. Extracted rock samples were then placed in bags labeled in

the order in which they were collected (i.e., PR1, PR2, and so forth). The order in which the

samples were collected was done in a way that samples started to be collected below the

Devonian-Carboniferous Boundary and continued upwards past the boundary in numerical order,

with the only exception being sample 20.

The composition of the sedimentary successions in both the Southern and Northern

outcrops is shown in Figure 3. The sampled area of each outcrop is measured in meters, with the

Southern Outcrop measuring just over 19 meters and the Northern Outcrop being just over 21.5

meters. Before the occurrence of the DCB in the Upper Devonian, both outcrops consisted

mostly of claystone rocks with interbedded sandstone beds, also showing current ripple

cross-lamination structures. The Southern Outcrop also has evidence of wave action in wave

ripple cross-lamination structures; meanwhile, the Northern Outcrop shows evidence of minor

bioturbation. After the DCB and into the Lower Carboniferous, the two outcrops start showing

much more varied sedimentology between the two. The Southern Outcrop changes from mostly

being composed of claystones to mostly sandstone and is very diverse in the sedimentary

structures. Near the top of the Southern Outcrop, a small portion of siltstone is also present at 17

meters high. The most common sedimentary structures in the Southern Outcrop after the DCB

are horizontal parallel lamination and planar cross-bedding. Herring-bone cross-bedding and

swaley cross stratification make up the rest of the sedimentary structures found in the Southern

Outcrop post-DCB. An interesting feature that is also present in the Southern Outcrop is the

presence of five erosional boundary zones found from around 7.75 meters to 16.5 meters. The

Northern Outcrop’s sedimentology remains mostly unchanged from the Upper Devonian until

about 12.5 meters, at which point the sedimentology changes to sandstone, which shows

horizontal parallel lamination, as well as Herringbone cross bedding, planar cross-bedding,

which ends around 17.5 meters. Towards the top of the Northern Outcrop, both become

claystone with an incursion of sandstone just below 18 meters.
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Figure 4: Lithology of the Southern and Northern Outcrops with an image key naming the sedimentary

structures seen in the outcrops. Red arrows and references on the right indicate the samples studied.
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Figure 5: Images of the Southern and Northern Outcrops of the Pedra Ruiva cliff sample site. Images 5.a.
and 5.b are of Northern Outcrop; images 5.e. and 5.f. are of the Southern Outcrop; images 5.c. and 5.d.

are of the whole sample site for visual scale.

2.3 Sample Preparation
Samples were taken to the laboratory to be prepared for geochemical analysis performed

by Activation Laboratories (ActLab) in Canada. Samples were rinsed in water to remove excess

sediment dust and any other debris that may have been coating the samples. They were then

crushed into smaller pieces using a hammer and anvil. Samples were then placed in a laboratory

oven overnight to remove any excess moisture from the pores in the rock samples before

crushing them further into finer dust. For this step, an agate mortar was used to crush each

sample individually, after which the samples were sieved to remove any material larger than 10

microns. Samples were then placed in plastic vials, labeled, and weighed, with a weight goal of

at least 19 grams; all equipment was cleaned between uses to eliminate cross-contamination

between samples. Once all samples were prepared, they were shipped to ActLabs for analysis.

15



Figure 6: Images from laboratory preparations of samples: 6.a. Image of agate mortar used to crush
samples into 10 micron sized sediments 6.b. Image of fresh rock samples after being cleaned of excess

sediments 6.c. Image of plastic sample containers labeled after filled with prepped sediments.

2.4 ActLabs Geochemical Analysis
The samples were analyzed for major and trace elements at Actlabs (Canada). The

analytical procedures used were inductively coupled plasma-optical emission spectrometry

(ICP-OES) for major elements analysis plus Ba, Sr, and Zr, and inductively coupled plasma-mass

spectrometry (ICP-MS) for most trace elements. Alkaline dissolution was performed for all

analyses, except for the determination of Cu, Ni, and Zn, for which acid digestion was carried

out. The standards used were: NIST 694, DNC-1, BIR-1, FK-N, NIST 1633b, SY-3, W-2, NIST

696, JSD-3, CTA-AC-1, WMG-1, GXR-1, MICA-FE, GXR-2, LKSD-3, and MAG-1. The

Appendix shows the analyses for three standard reference materials (BIR-1, W-2a, and DNC-1)

and detailed limits for each element. The calculated reproducibility is bigger than 3% for

major-elements contents (SiO₂, Al2O₃, Fe₂O₃, MnO, MgO, CaO, Na₂O, K₂O and P₂O₅), ≈4% for

16



rare earth elements and ≈5% for high field strength elements. Additional information on

analytical procedures is available at http://www.actlabs.com.

2.5 Sediment Lithology Record & Interpretation
To properly track the changes in the geochemistry of the DCB, a sediment log was

created based on the sediment log made in a PhD thesis by Pereira (1997), using Sedlog and

Adobe Illustrator once the results of ActLabs geochemical analysis had been delivered.

DataGraph was then used to visually represent the data for the CIA values, major elements,

heavy metals and heavy metal ratios. The graphs for CIA value, heavy metals, and heavy metal

ratios were fitted and added to the sediment using Adobe Illustrator.

3. Results
All geochemical results provided by ActLabs can be found in the appendix at the end of

this thesis.

3.1 Chemical Index of Alteration

The Chemical Index of Alteration (CIA) is a paleoclimate proxy that quantifies the extent

of chemical weathering of sediment source areas using feldspar alterations (Nesbitt & Young,

1982). In order to determine the CIA, it is necessary to have the values for Al₂O₃, CaO, Na₂O,

and K₂O. The CIA is calculated according to the equation:

𝐶𝐼𝐴 = (
𝐴𝑙

2
𝑂
3

𝐴𝑙
2
𝑂
3
+𝐶𝑎𝑂+𝑁𝑎

2
𝑂+𝐾

2
𝑂 )×100

The CIA values in northern and southern outcrops show a general decreasing trend as the

older Devonian strata pass to the younger Carboniferous. This decreasing trend then reverses as

the sequences age. The south and northern outcrops have similar CIA values ranging between 70

and 80.5, with the lowest values mostly associated with the DCB.
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Age Sample
Reference

CIA Age Sample
Reference

CIA

Carboniferous PR9 78.2 Carboniferous PR19 79.2

↓ PR8 77.0 ↓ PR18 79.2

↓ PR7 80.5 ↓ PR17 78.6

↓ PR6 77.7 ↓ PR16 77.1

DCB PR5 77.0 ↓ PR20 78.7

DCB PR4 77.0 DCB PR15 77.0

↑ PR3 77.3 DCB PR14 77.4

↑ PR2 79.5 ↑ PR13 78.6

Devonian PR1 78.8 ↑ PR12 79.0

↑ PR11 78.6

Devonian PR10 79.7

Tables 1 & 2:
Table 1 shows the CIA values of the samples collected from the Southern Outcrop, Samples 1 to 9. Table 2 shows
the CIA values of the samples collected from the Northern Outcrop, Samples 10 to 20. The samples are organized in

stratigraphic order.

3.2 Heavy Metals
3.2.a Southern Outcrop
According to the results of the analysis of heavy metal elements in the sediments of the

DCB South Portuguese Zone, lead (Pb) and uranium (U) have the lowest values on average

among all the heavy metals. Pb shows the lowest values, with most values falling below the

detection limit of the analyzer instrument. There are only two values of 12 and 13 ppm, which

are higher than the rest of the samples, while U has no values below 2.91 ppm or above 6.61

ppm. The Cobalt (Co) concentration in the samples ranges from 12 ppm to 33 ppm, with most

values falling between 19 and 27 ppm. On the other hand, Nickel (Ni) concentration varies from

38 ppm to 71 ppm. Among the heavy metals, Vanadium (V) and Chromium (Cr) have the highest

values. Most of the Cr values range from 100 ppm to 170 ppm, except for Sample 7, which has a
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value of 70 ppm. The highest concentration is observed for Vanadium (V), with several samples

having values above 200 ppm.

The results from the Southern Zone show a weak negative correlation between heavy

metals V and Cr and CIA values, as displayed in Graph 1. This is observed in Samples 3 to 6,

where CIA values decrease while V and Cr values increase. This change in the values also

coincides with DCB. The other heavy metals shown in Graph 1 are unrelated to the CIA values.

Most of the samples have a Pb value of zero, and U has remained at a relatively constant rate,

with no significant changes in its values. The Co and Ni values do not correlate with the CIA

values.

Focusing on the samples near the DCB and observing specific trends in these elements is

possible. Looking at the U values, an upward trend leading up to the DCB during the Devonian

can be seen. In contrast, after the sample which directly follows the DCB in the Carboniferous, a

downward trend can be observed, as seen in both Graph 1 and Table 3. Together, this shows a

spike in the sample values of U that coincide most closely with the DCB and inverse trends on

either side of the DCB. Both the V and Cr show similar trends as U, which seem to increase

during the Devonian, spiking around the DCB and going into a mostly downward trend during

the Carboniferous as the samples get younger.

Age Sample Lead Uranium Cobalt Nickel Vanadium Chromium

Carboniferous PR9 0 2.97 12 38 161 110

↓ PR8 12 3.87 13 46 154 100

↓ PR7 0 2.91 25 43 97 70

↓ PR6 13 4.30 27 53 134 100

DCB PR5 0 6.61 32 44 202 160

DCB PR4 0 6.20 19 45 211 170

↑ PR3 0 4.38 21 43 182 130

↑ PR2 0 3.64 33 71 220 120

Devonian PR1 0 4.47 19 42 219 140

Table 3: Heavy Metal values observed in the Southern Outcrop organized by oldest samples at the bottom and
young samples at the top. Values are measured in ppm.
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Graph 1: This a graphical representation of the Heavy Metals in samples collected from the Southern Outcrop
compared against the CIA values and lithology.

3.2.b Northern Outcrop
The analysis of the samples from the northern outcrop yielded similar results from the

southern zone, with a few exceptions. Pb and U had the lowest values recorded among the heavy

metals, with Pb always having lower values than U. U values range between 2.50 ppm and 4.50

ppm. Most Co values in the northern outcrop are below 35 ppm, except for sample 13, which

spikes at 69 ppm. Ni is noteworthy because while most values are at least 25 ppm, in sample
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PR20, it drops to 8 ppm. The highest values of V and Cr for heavy metals in the northern zone

are 176 ppm and 120 ppm, respectively.

Graph 2 for the Northern Zone shows a weaker positive correlation between the CIA and

V than the Southern Zone. However, there is no correlation between the CIA and Cr in the

Northern Zone. The heavy metals Pb and U exhibit similar behavior in the Southern Zone, with

no observed correlations between CIA values and these two chemical elements. There is no

correlation between the CIA values and Co and Ni. However, Ni and Co exhibit a positive

correlation with each other as they experience similar drops and spikes.

Focusing on the DCB for the Northern Outcrop, the heavy metals Co and Ni, as

mentioned in the previous paragraph, experience decreases and increases in values. Both V and

Cr show a decrease in Sample 14, the oldest sample close to the DCB, and while both metals rise

in value after the DCB, they do not appear to be correlated very strongly. After the DCB U has,

on average, lower abundance than in the older Devonian samples. An increasing trend can also

be observed in the older samples right before Sample 14; this pattern also appears for the Co and

Ni values.

Age Sample Lead Uranium Cobalt Nickel Vanadium Chromium

Carboniferous PR19 9 2.65 2 25 166 110

↓ PR18 0 2.47 15 44 157 120

↓ PR17 5 2.54 2 27 176 120

↓ PR16 14 4.08 31 61 148 120

↓ PR20 0 2.91 1 8 165 120

DCB PR15 7 3.43 29 58 122 100

DCB PR14 0 3.08 15 42 105 100

↑ PR13 0 4.45 69 88 139 120

↑ PR12 0 4.16 26 54 139 120

↑ PR11 0 3.83 23 69 133 120

Devonian PR10 7 2.62 26 86 171 110

Table 4: Table of the Heavy Metal values observed in the Northern Outcrop organized by oldest samples at the
bottom and young samples at the top. Values are measured in ppm.
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Graph 2: Graphical representation of the Heavy Metals in samples collected from the Southern Outcrop compared
against the CIA values and lithology.
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3.3 Heavy Metal Ratios

3.3.a Southern Outcrop
The U/Th ratio for all samples is between 0.20 and 0.22, except PR8, which is at 0.26.

Vanadium and chromium (V/Cr) ratios range from 1 to 2, with the highest value at 1.58. Most

values for V/(V+Ni) typically fall within the 0.80 range, except Sample PR7, which has a value

of 0.69.

The Southern Heavy Metal Ratios graph shows that most value changes for this outcrop

occur near the DCB. The values for U/Th remain relatively stable and do not undergo significant

changes, except for Sample 4, the sample closest to the DCB. The V/(V+Ni) correlates

negatively to the CIA values in the Southern Outcrop. Near the DCB, the V/(V+Ni) gradually

increases from just before the DCB to the start of the Carboniferous. The V/Cr ratio values

exhibit the most significant changes in this outcrop, particularly around the DCB. In the samples

collected around the DCB, there is a continuous drop in the values of V/Cr from Sample 2 to

Sample 3, with a decrease of 0.38. The ratio values increase after the DCB but reach different

levels than samples 1 and 2.

Age Sample U/Th V/Cr V/(V+Ni)

Carboniferous PR9 0.20 1.31 0.81

↓ PR8 0.26 1.40 0.77

↓ PR7 0.20 1.33 0.69

↓ PR6 0.22 1.15 0.72

DCB PR5 0.22 1.10 0.82

DCB PR4 0.22 1.10 0.82

↑ PR3 0.20 1.17 0.81

↑ PR2 0.20 1.55 0.76

Devonian PR1 0.20 1.58 0.84

Table 5: Table of the Heavy Metal Ratios observed in the Southern Outcrop organized by oldest samples at the
bottom and young samples at the top.
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Graph 3: This a graphical representation of the Heavy Metal Ratios calculated in samples collected from the
Southern Outcrop compared against the CIA values and lithology.

3.3.b Northern Outcrop
U/Th values are lower in the Northern outcrop (0.16-0.19) than in the Southern outcrop.

The V/Cr values of the northern outcrop indicate a gradual increase as the samples get younger.

Values below 1.10 are observed in all samples except for the PR10 sample, which has values
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above 1.10. The northern outcrop's V/(V+Ni) ratio ranges from 0.61 to 0.95, with higher values

concentrated in the younger Carboniferous samples.

The ratio values in the Northern Outcrop graph exhibit significantly more variation than

those in the Southern Outcrop graph. Examining the U/Th values, it is evident that while there is

a slight variation, the values remain relatively consistent throughout the Northern Outcrop.

Throughout this outcrop, the V/(V+Ni) and V/Cr ratios exhibit significant variations in their

values. V/(V+Ni) remains relatively stable until after the DCB, when it spikes from 0.68 (Sample

15) to 0.95 (Sample 20), and then drops to 0.71 (Sample 16). Although this spike appears

location-based, it coincides with the CIA and V/Cr values spikes. The remaining samples exhibit

a similar pattern concerning CIA, V/(V+Ni), and V/Cr. However, the V/Cr spike starts earlier

than the CIA, and V/(V+Ni) begins before the DCB.

Age Sample U/Th V/Cr V/(V+Ni)

Carboniferous PR19 0.16 1.38 0.87

↓ PR18 0.16 1.32 0.78

↓ PR17 0.17 1.45 0.87

↓ PR16 0.18 1.17 0.71

↓ PR20 0.17 1.42 0.95

DCB PR15 0.19 1.18 0.68

DCB PR14 0.22 1.04 0.71

↑ PR13 0.21 1.09 0.61

↑ PR12 0.21 1.07 0.72

↑ PR11 0.22 1.03 0.66

Devonian PR10 0.19 1.34 0.67

Table 6: Table of the Heavy Metal Ratios observed in the Northern Outcrop organized by oldest samples at the
bottom and young samples at the top.
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Graph 4: Graphical representation of the Heavy Metal Ratios calculated in samples collected from the Southern
Outcrop compared against the CIA values and lithology.
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3.4 Major Element Oxides
For the analysis of the major element oxides, the values for each were normalized to see

the percentage abundance of these major elements in the Southern and Northern outcrops.

3.4.a Southern Outcrop
Graph 5 and Table 7 show that SiO₂ (silicon dioxide) has the highest abundance of the

major elements; SiO₂ abundance ranges from 47.61% in PR 4 to 68.25% seen in PR 8. Al2O₃

(aluminum oxide) is the second most abundant major element, with an abundance ranging from

18.77% in PR 8 and 34.78% in PR 8. Graph 5 shows a clear inverse correlation between SiO₂

and Al₂O₃, with this correlation being seen in the inverse curves in Graph 5 and the percentages

from the table mentioned before. Fe₂O₃ (iron (III) oxide/ferric oxide) and K₂O (potassium oxide)

have lower abundances than the previous two major elements, with the abundances of Fe₂O₃

ranging from 9.33% in PR 7 to 5.16% in PR 9 and K₂O ranging from 7.22% in PR 4 to 3.16%

PR 7. Fe₂O₃ and SiO₂ appear to be positively correlated to each other, with both having similar

curves. TiO₂ (titanium dioxide), Na₂O (sodium oxide), MgO (Magnesium oxide), CaO (Calcium

oxide), and P₂O₅ (Phosphorus pentoxide) all have curves that are positively correlated with the

previously mentioned Al₂O₃ and K₂O, however with much lower percentage abundance. TiO₂

abundance ranges from 2.01% to 0.91%, with Na₂O having a range of 1.29% to 0.65%,

following MgO range is 0.79% to 0.21%, CaO ranges from 0.36% to 0.04%, and finally P₂O₅ has

a range of 0.23% to 0.05%. MnO (Manganese (II) oxide) doesn’t appear to correlate with any of

the other major elements and also has the lowest overall abundance, with the percentage being

shared by PR 3 and PR 6 at 0.09%.

Focusing on the relationship between the major elements and the DCB, the curves

mentioned previously are shown to occur around the DCB. SiO₂, is the major element with the

highest abundance; is also one of the two major elements with the most significant variations.

The abundance of SiO₂ is shown to drop to its lowest percentage value at PR 4, 47.61%, which

coincides with the DCB, and then after PR 5, the sample directly after the DCB, the abundance

of this element quickly increases in the younger sediments in the Carboniferous. Al₂O₃ is the

second of the major elements with the highest percentage abundance and, as discussed earlier,

has a strong inverse correlation with SiO₂, which, as seen in Graph 5, almost perfectly mirrors

the other. Being inversely correlated with SiO₂ means that instead of decreasing near the DCB,

Al₂O₃ abundance increases around the DCB, with Al₂O₃ increasing from 27.30% in the oldest
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Devonian sediments to 34.78% in PR 4. Also, like with SiO₂, as the ages of the samples get

young after the DCB, the abundance of Al₂O₃ has a decreasing trend. Fe₂O₃ correlated with SiO₂

means that Fe₂O₃ abundance decreases when looking at the samples. However, there is much less

variation with the abundance of Fe₂O₃ than SiO₂. This lack of extreme variation in the abundance

of Fe₂O₃ can be best seen in the four samples around the DCB in Graph 5, with PR 3 and PR 4

being from older sediments in the Devonian period and then from the other side of the DCB with

PR 5 and RR 6 of the younger Carboniferous sediments. Similar to Fe₂O₃ with SiO₂, K₂O has a

positive correlation with Al₂O₃, with Graph 5 showing this correlation to have similar times of

rise and decline of abundance to Al₂O₃ around and during the DCB. The major elements of TiO₂,

Na₂O, MgO, CaO, and P₂O₅, as talked about in the previous paragraph, are positively correlated,

which means that around the time of the DCB, there is a rise in the abundance in these elements.

MnO does not show the same rise or decline around the DCB that the other major elements, with

an increase in abundance in PR 3 and PR 6.

Age Sample SiO₂ Al₂O₃ Fe₂O₃ MnO MgO CaO Na₂O K₂O TiO₂ P₂O₅

Carboniferous PR9 67.21 21.19 5.16 0.03 0.32 0.04 0.82 4.13 1.05 0.05

↓ PR8 68.25 18.77 6.91 0.08 0.32 0.04 0.98 3.61 0.98 0.05

↓ PR7 66.14 19.34 9.33 0.05 0.21 0.11 0.65 3.16 0.91 0.11

↓ PR6 65.03 22.02 5.85 0.09 0.30 0.19 1.05 3.93 1.37 0.18

DCB PR5 50.11 32.75 5.88 0.07 0.79 0.25 1.29 6.68 2.01 0.17

DCB PR4 47.61 34.78 6.11 0.08 0.51 0.25 1.28 7.22 1.94 0.23

↑ PR3 52.33 31.69 5.78 0.09 0.60 0.36 1.04 6.39 1.53 0.20

↑ PR2 58.60 26.28 7.60 0.06 0.30 0.03 1.01 4.67 1.37 0.08

Devonian PR1 59.30 27.30 5.27 0.06 0.37 0.04 1.25 4.81 1.53 0.08
Table 7: Table of the abundances of Major Elements observed in the Southern Outcrop organized by oldest samples

at the bottom and young samples at the top.
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Graph 5: Graphical representation of Major Element abundances shown alongside the CIA values for the Southern
Outcrop.

4.3.b Northern Outcrop
Analyzing Graph 6 and Table 8, one of the first trends that can be noticed is that the

abundances of the major elements in the Northern Outcrops do not have the same variation in the

most abundant major elements of SiO₂ and Al₂O₃ as the Southern Outcrop had. SiO₂ ranges from

58.69 to 71.90, which appears consecutively in PR 13 and PR 14 directly before the DCB, with

Al₂O₃ having its range from 17.12 in PR 14 to 25.96 in PR 16. The abundance of Fe₂O₃ appears

to have a decent amount of variation relative to the Southern Outcrop, with the lowest percentage

for Fe₂O₃ being 0.51, seen in PR 20, and the highest being 11.54 in PR10. K₂O, similar to SiO₂

and Al₂O₃, doesn’t seem to have much variation in its abundance, with the range for K₂O being

from 3.38 in PR 14 to 5.42 in PR 16. Like in the Southern Outcrop, the major elements TiO₂,

Na₂O, MgO, CaO, P₂O₅, and MnO have, on average, lower percentage abundances than the other

major elements, with all of these elements having abundances that are lower than 2%, with CaO
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having the lowest average and MnO having the lowest percentage overall with PR 17, PR 19,

and PR 20 having a percent abundance of 0 for MnO.

Some patterns can be seen in the relationship between the major elements of the Northern

Outcrop and the DCB. The SiO₂ percent abundance shows an increase around the time of the

DCB, with a jump from an abundance of 58.69 in PR 13 to 71.90 in PR 14, which coincides

around the same time to the DCB. This jump in the abundance of SiO₂ at the DCB does decrease

after this event, though SiO₂ is somewhat more abundant in the Carboniferous than in the

previous Devonian. Al₂O₃ suffers a decline in abundance right around the DCB, which has the

lowest abundances for Al₂O₃ in the Northern Outcrop, which can be seen better in Table 8. The

decline in the abundance of Al₂O₃ is shown to quickly recover in the Carboniferous, with the

abundances of this period often exceeding that of abundances seen before the DCB. Looking at

both Graph 6 and Table 8, there isn’t much of a pattern of decline and increase for the percent

abundance of Fe₂O₃ around the DCB, with a more gradual decline in the abundance in the older

samples leading up to the DCB. After the DCB, the abundance for Fe₂O₃ decreases sharply and

recovery with no fundamental visible patterns for these changes about the DCB or the other

major elements. K₂O shows even fewer changes that could be attributed to the DCB, with

abundances for this compound staying relatively constant and only showing a slight trend of

increase after the DCB. Another major element that seems to follow a trend of a slight increase

in abundance after the DCB is Na₂O, which shows a higher average of abundance after the DCB.

In contrast, P₂O₅ shows a mostly decreasing trend in the percentage after the DCB. The other

major elements, TiO₂, MgO, CaO, and MnO, do not show trends or patterns in relation to the

other major elements or the DCB, Although MnO is shown to be the only major element that has

abundances of 0 seen in PR 27, PR 19, and PR 20.
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Age Sample SiO₂ Al₂O₃ Fe₂O₃ MnO MgO CaO Na₂O K₂O TiO₂ P₂O₅

Carboniferous PR19 67.50 23.89 1.87 0 0.27 0.04 0.97 4.25 1.15 0.05

↓ PR18 63.72 23.07 6.65 0.05 0.32 0.05 0.83 4.24 1.01 0.05

↓ PR17 66.78 22.53 4.11 0 0.24 0.03 0.87 4.30 1.10 0.05

↓ PR16 59.05 25.96 6.43 0.13 0.40 0.05 1.06 5.42 1.41 0.09

↓ PR20 69.69 23.13 0.51 0 0.23 0.03 0.90 4.37 1.10 0.04

DCB PR15 65.96 19.83 7.40 0.18 0.32 0.05 0.74 4.26 1.16 0.08

DCB PR14 71.90 17.12 5.45 0.05 0.24 0.04 0.77 3.38 0.97 0.08

↑ PR13 58.69 22.52 11.24 0.51 0.40 0.07 0.88 4.22 1.35 0.13

↑ PR12 62.93 22.89 7.15 0.14 0.29 0.10 0.84 4.20 1.35 0.11

↑ PR11 64.89 20.60 8.00 0.09 0.32 0.08 0.84 3.76 1.26 0.17

Devonian PR10 59.30 22.73 11.54 0.05 0.43 0.05 0.82 4.01 1.03 0.05
Table 8: Table of the abundance of Major Elements observed in the Northern Outcrop organized in stratigraphic

order.
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Graph 6: Graphical representation of Major Element abundances shown alongside the CIA values for the Northern
Outcrop.

4. Discussion
This thesis aimed to determine if there is evidence of anoxic events in the stratigraphic

sequence associated with the Devonian-Carboniferous Boundary (DCB) in the South Portuguese

Zone. The geochemical and sedimentological results attained from the Southern and Northern

outcrops of the Pedra Ruiva Section in this study indicate that the End Devonian, DCB, and

Early Carboniferous were a time of environmental changes in the South Portuguese Zone. In

both outcrops, changes in the CIA value are shown to coincide with the time of the DCB, with

both showing drops in the values, which indicates a change in the extent of chemical weathering

that occurred during the time of the DCB (Nesbitt & Young, 1982). The analysis of the other

variables used in this thesis also shows changes occurring that coincide with the DCB in the two

outcrops. The Southern Outcrop shows a significant increase in the heavy metals vanadium and
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chromium as well as an increase in the abundance of the major elements of Al2O₃ and K₂O that

correlated with the DCB. Other smaller increases of the other major elements of TiO₂, Na₂O,

MgO, CaO, and P₂O₅ also occur at this time. A decrease in the ratio of V/Cr leading up to the

DCB and the major elements SiO₂ and Fe₂O₃ are also shown coinciding with the DCB in the

Southern Outcrop. The analysis of the Northern Outcrop shows sharp increases and decreases in

the heavy metals Nickel and Cobalt in the samples before and after the DCB. The Northern

Outcrop also shows an increase in the ratio V/Cr just before the DCB occurred and an increase in

the ratio V/(V+Ni) just after the DCB. The percentage of major elements for the Northern

Outcrop indicate a decrease in the abundance of Al2O₃ and an increase in the abundance of SiO₂

around the time of the DCB. Other major elements in the Northern Outcrop show general

increasing trends, such as K₂O, and decreasing trends, such as Fe₂O₃, occurring after the DCB.

4.1 Sedimentology
Before discussing the sample analysis results on the Southern and Northern Outcrops, a

look into the lithology of the two outcrops, which can be seen in Figure 3 as well as Graphs 1

through 4, will help add context to the results discussed further. Looking at the lithology of the

Southern Outcrop, there is an evident change in the lithology during the Devonian before the

DCB and during the Carboniferous after the DCB. Before the DCB in the Devonian period, the

lithology of the Southern Outcrop consisted mostly of claystones interbedded with sandstones.

After the DCB in the Carboniferous, the lithology of the Southern Outcrop changed dramatically

from being mostly made up of claystones to being almost entirely sandstones made up of sandy

sediments that vary in grain size. This change in lithology from the smaller and finer sediments

that make up claystones to the larger and coarser sediments that make up sandstones may be

indicative of a change in the sea level of the Southern Outcrop. This is due to how the water

transports sediments in marine environments, with coarser sediments needing more energy and

power in order for them to be transported and deposited. In marine settings, shallower water is

subject to stronger currents closer to the surface, and tidal currents are present in

near-shore/intertidal settings. These tides and currents provide the power to move and deposit

coarse-grained sediments; however, in deeper waters, this influence is lessened, which causes

only smaller, fine-grained sediments to be moved and deposited. This provides evidence that the
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change in the lithology of the Southern Outcrop that occurs after the DCB may be due to a fall in

sea level (Collinson et al., 2006; Nichols, 1999).

The Northern Outcrop does not show the same pattern within the lithology, with the

lithology of this outcrop showing the same pattern from both before and immediately after the

DCB. The vertical arrangement of the lithologies is shown to be similar to the Southern Outcrop

before the DCB occurred, showing claystone-dominated sediments with sandstone incursions.

Based on the earlier discussed Southern Outcrop, this may indicate the depth of the environment

in which these sediments were deposited, with the finer claystone sediments indicating that this

outcrop was located in deeper waters than the previous outcrop. This could likely mean that the

Northern Outcrop was more offshore than the Southern Outcrop, therefore, under less influence

from tidal and wave currents. The Northern Outcrop continues this same vertical pattern of the

distribution of the beds until just over 12.5 m depth in the log, to just under 17.5 m depth. At this

point, the lithology changes completely to sandstones. The change in lithology in this part of the

succession, like in the Southern Outcrop, is likely an indicator of sea level fall; however, due to

the Northern Outcrop having a deeper and less dynamic depositional environment, most likely

being further offshore, this is not as extreme as in the Southern Outcrop (Collinson et al., 1999).

Besides using the bed lithologies of the two outcrops, the sedimentary structures found in

them can also be used to make inferences about the depositional conditions and environments in

which these sediments were deposited. Figure 3 shows the logs and key for the lithology and

sedimentary structures of the Northern and Southern outcrops generated by the Sedlog

application used to create the sedimentary logs in Figure 3 and Graphs 1 through 4. The key and

the graphs show that before the DCB in the Southern and Northern outcrops, the environment

appeared relatively stable, with evidence of both current ripple and wave ripple cross-lamination.

The wave ripple cross-lamination most likely occurred due to ripples created by wave action on

the sediments. Meanwhile, the current ripple lamination observed results from unidirectional

water currents acting on the sediments (Collinson et al., 2006; Nichols, 1999). The presence of

wave ripples in the Southern Outcrop helps to support the conclusion that this outcrop represents

a shallower depositional environment, while the Northern Outcrop corresponds to a deeper

environment that did not show the presence of wave ripples. Since wave ripples are caused by

wave action at the ocean’s surface, the impact of wave action on sediments will lessen and

eventually disappear as the depth increases (Nichols, 1999). Shifting the focus to sedimentary
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structures only present in the Northern Outcrop, there is evidence of minor bioturbation, which is

a term used to describe trace fossils in sediments that represent the movement of living

organisms, with these structures in the outcrop being an indication of the presence of oxygenated

sediments (Taylor & Goldring, 1993; Nichols, 1999; Kristensen et al., 2012).

After the DCB in the Southern Outcrop and the change from mostly claystones to

sandstones, there is a much more diverse number of sedimentary structures. The first of these

new sedimentary structures is horizontal parallel lamination, which occurs directly after the DCB

and occurs when sediments are deposited by fast-flowing currents in the upper flow regime

(Bridge, 2020; Collinson et al., 2006). This sedimentary structure is the most common one

observed in the Southern Outcrop after the DCB. Another sedimentary structure observed in this

outcrop is planar cross-bedding, formed by the movement of submerged dune bedforms

(Collinson et al., 2006; Nichols, 1999). The next form of cross-bedding seen in the outcrops is

herring-bone cross-bedding, associated with nearshore subtidal zones. As such, the presence of

this particular form is another indicator of the Southern Outcrop being a shallow water

depositional setting (Collinson et al., 2006). The final sedimentary structure seen in the Southern

Outcrop is known as swaley cross-stratification, which is a structure that is also associated with

shallow water depositional settings, with this particular structure believed to be formed by

vigorous and complex wave activity caused by storm activity in the area (Collinson et al., 2006).

The stratigraphic sequence of the Northern Outcrop differs from the Southern Outcrop in

that the sedimentary structures observed before and after the DCB remain unchanged until

ca.12.5 m in the log. As mentioned, the Northern Outcrop had evidence of both current ripple

lamination and minor bioturbation, with these sedimentary structures remaining after the DCB.

The presence of these sedimentary structures both before and after the DCB indicates that this

environment remained relatively stable when compared with the Southern Outcrop, as well as

being an indicator that the Northern Outcrop was located in deeper offshore waters. The presence

of bioturbation itself is a strong indicator of the stable environment, as this is evidence of marine

organisms living in the outcrop both before and after the DCB (Taylor & Goldring, 1993;

Kristensen et al., 2012). As mentioned before, the patterns found in the lithology of the Northern

Outcrop remain the same until just above 12.5 m. At this point, the lithology changes from

claystones sandstone intercalations to only being composed completely of sandstones until just

below 17.5 m. This indicates a drastic change in the environment of the Northern Outcrop, which
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is further supported by the presence of parallel laminations and two types of cross-bedding in

this particular area of the outcrop, planar and herring-bone cross bedding. As mentioned when

discussing the Southern Outcrop’s sedimentary structures, these forms of lamination and

cross-bedding are indicative of fast-flowing currents and shallow water deposition of sediments

(Bridge, 2020; Collinson et al., 2006). As a result, these changes in the lithology of the Northern

Outcrop appear to be indicative of a drop in the sea level at this time, with stronger impacts of

currents and tides on the sediment regimes of the area.

One last sedimentary feature of the South Portuguese Zone that should be discussed is the

presence of the five erosional base boundaries found in the Southern Outcrop. These base

boundaries represent powerful erosional events that remove large portions of already deposited

sediments and result in non-continuous time stratigraphic succession. With this removal of

sediments, the sedimentary record that was recorded in this outcrop is lost and is not represented

in the studied sections.

4.2 Chemical Index of Alteration
Looking at the Southern and Northern Outcrop’s results, there are some obvious patterns

in data regarding the DCB. These patterns indicate that changes were happening during that time,

in the environment. As previously mentioned, the CIA value indicates the degree of chemical

weathering that occurred in the surrounding continental areas during the formation of sediment

layers (Nesbitt & Young, 1982). CIA values of 60 to 80 show moderate amounts of chemical

weathering and values above 80 show high amounts of chemical weathering (Ivančič et al., 2024;

Hu et al., 2014). Upon analyzing both outcrops, it is evident that most samples exhibit CIA

values below 80, suggesting moderate chemical weathering during this period. Both the Southern

and Northern Outcrops are shown to consistently stay below the value of 80 with the exception

of PR 7. At the occurrence of DCB both outcrops show a decline in CIA values however in both

outcrops the values do not drop below 77. This indicates that the moderate level of chemical

weathering taking place in the South Portuguese Zone was not heavily impacted by the DCB.

Both outcrops stay within values of high 70s with PR 7 of the Southern outcrop. While the

change that takes place in the two outcrops is not very large, the CIA values show a slight

decrease that coincides with the DCB. A possible cause for this decrease in CIA values of the

outcrops may be a result of a cooling trend that occurred at the end of the Devonian which
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resulted in a glacial period that continued into the Early Carboniferous period (Brezinski et al.,

2008; Isaacson et al., 2008; Streel, 2000). This is due to cooler and drier climates having lower

rates of chemical weathering than warmer and wetter climates, however it should be noted that

due to the relatively small change in values that are observed in the outcrops the factor alone

does not support climate cooling or glaciation.

4.3 Major Element Oxides
The major element oxides for the Southern and Northern outcrops can indicate the rates

of weathering that were occurring in the outcrops at the time. The oxides Al₂O₃, CaO, Na₂O, and

K₂O were used to calculate the CIA values, so looking at these oxides can further support the

observation made in the CIA values. The relatively low abundances of CaO, Na₂O, and K₂O

present in both the Southern and Northern outcrops are indicators of higher levels of chemical

weathering shown by the CIA values (Nesbitt & Young, 1982). Both outcrops show a negative

correlation between the abundance of SiO₂ and that of the oxides used to calculate the CIA value,

with the Southern Outcrop showing this correlation the strongest. The negative correlation

between SiO₂ and the oxides used to calculate the CIA indicates that the dominant form of

weathering occurring at this time was chemical weathering (Jorge et al., 2013). This coincides

with CIA values indicating moderate to high amounts of chemical weathering occurring with

drops and increases in CIA values correlating with drops and increases in the abundance of SiO₂.

4.4 Heavy Metals
As discussed before, the analysis of heavy metals shows many patterns and relationships

in both the Southern and Northern Outcrops. As with the CIA values, many of the patterns seen

occur around the time of the DCB, which can also allow for the observation of relations with the

CIA value. Like with the other variables analyzed, the presence and abundance of the heavy

metals indicate certain environmental conditions that could have occurred when the sediments

were deposited. For example, heavy metal V can be associated with anoxic conditions and

organic sequestration (Emerson & Huested, 1991; Li et al., 2022). Because of this, V and the

other heavy metals can be used as environmental proxies that can give insight into the conditions

of the South Portuguese Zone during the DCB.
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4.4.a Southern Outcrop

The heavy metals V and Cr in the Southern Outcrop are the best examples of these heavy

metals being heavily correlated with the DCB and CIA values. From samples PR 3 to PR 4, there

is a sharp increase in the abundance of both metals in conjunction with the occurrence of the

DBC, with V increasing from 182 ppm to 211 ppm and Cr from 130 ppm to 170 ppm. Both these

elements then sharply decline in value at sample 6 after the DCB, with this decline also

coinciding with an increase in chemical weathering as indicated by the CIA value. Interestingly,

samples 1 and 2 seem to suggest that before the DCB occurred, higher rates of chemical

weathering did not have a negative impact on the abundance of V, which may be an indication of

other factors impacting V. One of these different factors that may be impacting the abundance of

V in the Southern Outcrop may be seen in the sedimentology of this outcrop as after the DCB

there is a dramatic shift in the sedimentology from the Devonian into the Carboniferous. Based

on the analysis of the sedimentology of the Southern Outcrop, we see that the sedimentology

changes from relatively stable claystone-dominated sediments to much more dynamic

sandstone-dominated sediments. As discussed in the Sedimentology section earlier, the Southern

Outcrop shows evidence that the area was subjected to sea level fall, resulting in the outcrop

sediments being more impacted by shallow water tidal currents, wave motion, and storms. As

these factors impact the deposition of sediments in the area this may have had an impact on the

abundance of V. This change in sedimentology was also responsible, at least in part, for the

change in the abundance of Cr, as Cr is more commonly found in claystone sediments (Frank et

al., 2020).

As mentioned before, V is sometimes associated with anoxic conditions and organic

sequestration so the overall high abundance of this metal in marine sediments may be indicative

of lowered oxygen conditions (Emerson & Huested, 1991). The global average of V in the upper

continental crust is around 98 ppm, and by looking at the values of V found in the Southern

Outcrop, it is clear that throughout most of the outcrop, this element is enriched (Hans

Wedepohl, 1995). Cr like V is also often associated with organic matter and has been used to

track paleoredox changes with a global average of about 126 ppm (Hans Wedepohl, 1995; Frank

et al., 2020). Comparing the global average to what is observed in the outcrop shows that the

abundance of Cr falls closely around the global average, with samples adjacent to the DCB
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showing some enrichment with values of 160 ppm and 170 ppm. The heavy metal U seems to

correlate with the DCB, and the metal shows a spike in abundance around the time of the DCB

before decreasing again in abundance after the DCB. This correlation is likely due to U being

associated with the rise and drops in V and Cr, as U is related to similar environmental

conditions (Algeo & Tribovillard, 2009). Comparing the global average abundance of U, 1.7

ppm, with the values found in the outcrop, shows that U is indeed enriched, with all values above

the average and samples adjacent to the DCB having abundances of 6.20 ppm and 6.61 ppm

(Hans Wedepohl, 1995). The patterns seen in the heavy metals V, Cr, and U indicate that during

the End Devonian, DCB, and Early Carboniferous, these metals were all enriched in the

sediments of the environment, especially in those samples adjacent to the occurrence of the

DCB. As for the other outcrop, regarding Co, Ni, and Pb metals, there are no strong correlations

with the CIA value, the DCB, or the other heavy metals.

4.4.b Northern Outcrop

The Northern Outcrop, like the Southern Outcrop, shows that the metals V and Cr have

the highest abundance of heavy metals in the outcrop, although V’s overall abundance is lower in

the Northern Outcrop. As mentioned previously, there is less correlation between the CIA values

and the abundance of the metals V and Cr in this outcrop than is observed in the Southern

Outcrop. While these two metals do not show as strong of a correlation with the CIA value or

each other in the Northern Outcrop they still share a trend of general increase after the

occurrence of the DCB. Interestingly, the metals Co and Ni show a somewhat stronger

correlation with the CIA value of the Northern Outcrop, which differs from the Southern

Outcrop, which showed little to no correlation between the CIA and these two metals. After the

DCB, the abundances of Co and Ni have an inverse correlation with CIA values, which is best

seen in the sediments that occurred soon after the DCB. Both Co and Ni show an extreme drop in

their abundances at PR 20, with Co showing a drop from 29 ppm to 1 ppm and Ni from 58 ppm

to 8 ppm. Co and Ni recover sharply in abundance to 31 ppm and 61 ppm, respectively,

coinciding with a drop in the CIA value.

Looking at the global average abundance of Co, 24 ppm, and Ni, 56 ppm, it is shown

that the Northern Outcrop samples that show enrichment, occur before the DCB (Hans

Wedepohl, 1995). After the DCB, the only samples that show enrichment occur during the major
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drops in the CIA values at PR 15 and PR 16. Looking at the abundances of V, Cr, and U for the

Northern Outcrop, it is possible to observe that while V and U are enriched like in the Southern

Outcrop, Cr is not and is slightly under the global average, ranging from 100 ppm to 120 ppm.

Both V and U show overall lower enrichment in the Northern Outcrop compared with the

Southern Outcrop and do not show any correlation with the CIA or other metals. As with the

Southern Outcrop, the abundance of Pb in the Northern Outcrop does not strongly correlate with

the CIA value, the DCB, or the other heavy metals.

4.5 Heavy Metal Ratios
Like the heavy metals discussed before, heavy metal ratios can be used as different

environmental proxies to show what environmental conditions were present when the sediments

were deposited in a particular area. The ratios used for the thesis of V/Cr, U/Th, and V(V+Ni)

are all redox-sensitive ratios and the values of these ratios are being used to help see if there may

have been any anoxic or low oxygen events during the DCB (Hatch & Leventhal, 1992; Jones &

Manning, 1994; Wang et al., 2016). By using the thresholds for the ratios of V/Cr and U/Th

established by Jones & Manning (1994) and the ratio of V(V+Ni) established by Hatch &

Leventhal (1992), we can infer whether a sample was deposited in an anoxic or oxygen-rich

ecosystem (Riquier et al., 2006). It should be noted that these thresholds cannot be individually

used to indicate whether a marine sedimentary layer was deposited in anoxic conditions and must

be considered collectively to make a more accurate assessment of the samples and outcrops

(Riquier et al., 2006).

4.5.a Southern Outcrop

Looking at the ratio values V/Cr in the Southern Outcrop, as seen in Table 5, the values

of this ratio range from 1.10 to 1.58, with the lowest values of 1.10 coinciding with the DCB. For

the thresholds of ratio V/Cr to be considered in the anoxic zone, there needs to be a value higher

than 4.5, while if the value is lower than 2, it is considered oxic (Jones & Manning, 1994;

Riquier et al., 2006). Based on these values of V/Cr seen in Table 5 and the thresholds, this ratio

indicates a more oxygen-rich environment for the Southern Outcrop during the DCB. Graph 3

shows a positive correlation between CIA and V/Cr, with both decreasing in value about the

DCB and then gradually increasing after the DCB. This correlation may indicate that there may
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be a relation to the variables impacting the rate of chemical weathering and causing the decrease

in the ratio of V/Cr. Looking at the ratio of U/Th, we use the thresholds for U/Th established by

Jones & Manning (1994), which in this case are any values above 1.25 that are considered

anoxic, and any values below 0.75 considered oxic (Jones & Manning, 1994; Riquier et al.,

2006). Using Table 5 again to look at the U/Th of the Southern Outcrop, the values for this ratio

range from 0.20 to 0.26, which would indicate an oxic environment based on U/Th. It should

also be noted that U/Th is the most constant of the three ratios used throughout the Southern

Outcrop; this could indicate that any changes occurring because of the DCB did not impact the

ratio of U/Th. The third ratio, V(V+Ni), will be using the threshold established by Hatch &

Leventhal (1992) which indicates that values ranging from 0.54 to 0.82 would be considered

anoxic while values below 0.46 should be considered oxic (Hatch & Leventhal, 1992; Riquier et

al., 2006). Going back to Table 5, the V(V+Ni) ratio, unlike the previous two ratios, indicates

anoxia with a range of 0.69 to 0.84. The range of values for V(V+Ni) falls well within the range

established by Hatch & Leventhal (1992), which would be identified as anoxic.

4.5.b Northern Outcrop

Using the same thresholds provided by Riquier et al. (2006) for the ratio V/Cr that was

used before for the Northern Outcrop, it appears that this ratio also indicates a more oxygen-rich

environment for this outcrop as well, with a range of 1.3 to 1.45 present in this outcrop as seen in

Table 6 (Jones & Manning, 1994; Riquier et al., 2006). Like in the Southern Outcrop, the V/Cr

ratio of the Northern Outcrop seems to be correlated with the CIA, seen in Graph 4, a value

which further supports that the factors impacting the rate of chemical weathering may also be

related to values of the V/Cr ratio. Looking at the U/Th ratio values in Table 6, there is a range

between 0.16 to 0.22, which puts the values of this ratio within the threshold of U/Th being

considered oxic (Jones & Manning, 1994; Riquier et al., 2006). Similar to the Southern Outcrop,

the ratio of U/Th for the Northern Outcrop is the most constant of the three ratios analyzed,

which may be indicative of the changes occurring around the DCB that did not have an impact

on U/Th of the South Portuguese Zone. The ratio V(V+Ni) shows a range of 0.61 to 0.95, which,

like in the Southern Outcrop, means that V(V+Ni) falls within the range of being considered

anoxic (Hatch & Leventhal, 1992; Riquier et al., 2006). Unlike the Southern Outcrop; however,
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the ratio V(V+Ni), like V/Cr, is positively correlated with the CIA value, best seen in the spike in

value at Sample PR 20.

Recommendations
The sedimentary environments interpreted for the South Portuguese Zone outcrops

indicate shallow siliciclastic marine settings affected by tidal and wave processes. These highly

active environments are prone to erosional processes that remove previously deposited

sediments, forming a non-continuous time stratigraphic succession. Also, the siliciclastic nature

of the DCB at the South Portuguese Zone is not ideal for recording the geochemical proxies used

for OAE detection, which are better preserved in time-continuous mud-dominated offshore

marine successions. The Southern Outcrop shows evidence of large-scale erosional events

occurring shortly after the DCB. This means that with the removal of sediments, due to these

events, there are several time hiatuses in this sedimentary record. Geochemical data that can be

added to future studies is the organic content of sedimentary rocks.

Safety concerns limited the sample collection process, preventing access to certain areas.

If future studies require samples from these areas, these safety concerns must be addressed

before beginning sample collection. Climbing and rappelling equipment, along with experienced

professionals in these activities, would be recommended for accessing many outcrop areas.

5. Conclusions
The main aim of this exploratory thesis is to determine whether there is evidence of

anoxic events in the rock record of the South Portuguese Zone at the Devonian-Carboniferous

Boundary. The second goal is to utilize geochemical proxies to systematically document any

anoxic events that may be identified. The calculated CIA values indicate a decrease in chemical

weathering during the time of the DCB, particularly well represented in the Southern Outcrop.

This decrease suggests a cooling climate in the environment of the South Portuguese Zone

during the DCB, which is supported by previous studies of this time. The sedimentary facies

observed in the Southern Outcrop indicate a sea level at the DCB in this area, likely linked to a
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cooling climate suggested by the CIA value. This sea level fall resulted in increased tidal and

wave currents, leading to changes in deposition, creating erosion surfaces in the stratigraphic

succession. The Northern Outcrop also shows evidence of a sea level fall. However, its

succession suggests that it represents more offshore conditions less affected by nearshore wave

and tidal processes. Due to the fall in sea levels and the shallower settings within the platform, a

more energetic environment has led to the deposition of coarser sandy sediments. The strong

mixing from tides and currents has created non-ideal conditions for the preservation of proxies

used to detect OAEs. While the presence of heavy metals such as uranium, vanadium, and

chromium may indicate anoxic conditions, this could be attributed to intense mixing and

replacement resulting from wave and tide action. The ratios of V/(V+Ni) fall within the anoxic

threshold, but the ratios of U/Th and V/Cr do not fall within that threshold. These findings do not

provide a definitive answer. However, the Tercenas Formation shows a deepening trend towards

the north, so it is possible that more definitive data can be gathered from a more northern

location where the DCB is preserved.
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