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The ocean has its silent caves,
Deep, quiet and alone;
Though there be fury on the waves,
Beneath them there is none.

“The Ocean” (1–4)
by Nathaniel Hawthorne
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ABSTRACT
The Rheic Ocean was one of the most important oceans of the Paleozoic, evidenced by remnants
that can be found across present-day Central America, North America, Europe, and Northern
Africa. Its closure led to the formation of Pangea and has been attributed to the abrupt change in
climate and mass extinctions that occurred at the end of the Devonian. Although geological
evidence of the shallow environments of the Rheic Ocean can be found at its former margin edges,
subduction of the ocean and subsequent destruction of its lithosphere leaves no direct evidence of
its deep-sea environment. Inferences of the mid-Paleozoic oceanic surface circulation within the
Rheic Ocean have thus far been made through the application of general oceanic theory in
schematic reconstructions. This study was aimed at testing several published schematic
reconstructions through numerical modelling, thereby increasing the understanding of the Rheic
Ocean surface circulation. A numerical ocean model was constructing with the Princeton Ocean
Model (POM). An additional aim of this study involved determining whether the model could be
used to infer the position of peri-Gondwanan terranes and the paleoposition of Gondwana in the
mid-Paleozoic. Experiments were carried out to test various aspects of three known controls on
surface circulation, namely the paleogeography, wind stress, and Coriolis force. The experiments
showed that the model was sensitive to wind stress, throughflow and bathymetry in particular.
The resulting circulation patterns justify the depiction of certain oceanographic phenomena in the
schematic reconstructions, such as a Western Boundary Current (WBC) and gyres. Higher
velocities gave some indication of the position of Gondwana as well as the peri-Gondwanan
terranes. The sensitivity of the model to bathymetry, however, makes it difficult to make directly
correlate terrane orientation and Gondwanan paleoposition to an increase in velocity. We propose
the model be further improved by expanding it to a three-dimensional model and by refining the
bathymetry. This can be achieved by focusing on smaller basins and obtaining a more detailed
bathymetry from published research. Another option would be to use the knowledge obtained in
this study in combination with an approximated tectonic model to create a global circulation
model. This global model could then be used to gain a better understanding of the dynamics
between ocean closure, climate change and extinction that took place in the Devonian.
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Chapter 1: Introduction

1 INTRODUCTION
This study focuses on the Rheic Ocean, an ocean that receives relatively little attention compared
to its Paleozoic counterparts such as the Iapetus and Panthalassa oceans, but which is nonetheless
one of the most important oceans of its era (Nance et al., 2010). Spanning low- to mid-latitudes,
this oceanic domain separated the Laurussian and Gondwanan continents prior to their
convergence into the supercontinent Pangea (Torsvik and Cocks, 2016). This convergence led to
one of the largest orogens of all time, still evidenced today by a suture zone spanning across
Central and North America, Europe, and Northern Africa (Nance et al., 2010).

Fig. 1.1: Reconstructions depicting the Rheic Ocean configuration at 370 Ma (left) and after
closure at 280 Ma (right) from Nance et al. (2012).

1.1 Rationale
The motivation behind this research originated from Rheic shelf deposits evidenced in the Bocq
and Tailfer quarries in the Belgian Ardennes (Fig. 1.3). These quarries are visited during the
Ardennes excursion, an annual excursion that is part of the BSc Earth Sciences program at Utrecht
University. They are located in the Variscides (Fig. 1.2), within the European segment of the
Rheic suture zone which was part of a wide, shallow continental shelf during the mid-Paleozoic,
termed the Condroz shelf (Paproth et al., 1986; Prestianni et al., 2010; Thorez et al., 2006).
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Fig. 1.2: Eifelian paleogeographic reconstruction showing the location of the Ardennes
excursion. PALEOMAP project illustration by Scotese (n.d.).

Fig. 1.3: Map of the modern-day European Variscides. The red star indicates the location
of the Condroz shelf. Image modified from Woodcock, Soper, and Strachan (2007),
originally based on the tectonic subdivisions by Franke (2000).
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In their publication, Paproth et al. (1986) attributed delta lobe sediment dispersal on the Condroz
shelf to the influence of a strong boundary current originating from the Paleotethys ocean to the
east (Fig. 1.4). This boundary current, termed the Western Boundary Current or WBC, is inferred
by assuming that general oceanographic phenomena related to the global surface circulation
occurred within this region of the Rheic oceanic basin. Such phenomena can also be seen in the
surface circulation patterns of modern-day oceans. This assumption sparked the question whether
numerical modelling could be implemented to test the inference of the WBC phenomenon in this
region, and to gain more insight into the oceanic circulation which the Condroz shelf was
subjected to in general.
The location of the narrow seaway and connection to the Paleotethys led us to assume that this
narrow oceanic basin was, in fact, the Rhenohercynian Ocean as described in Franke (1989)
located at the northern margin of the much larger Rheic Ocean. The amount of incongruous
information that has been published about the Rhenohercynian Ocean, however, led to the
realisation that very little paleogeographic constraint exists with regards to this oceanic basin. In
fact, a lack of paleomagnetic evidence meant there is no consensus on the formation of any of the
smaller oceanic basins located between terranes within the larger Rheic Ocean, as the oceanic
basins and terranes most likely remained smaller than the critical size of 500-1000 km needed to
be recorded in the paleomagnetic record (Matte, 2001). Although the paleogeography for the
larger Rheic Ocean is better-known than the Rhenohercynian Ocean, there are still many
paleogeographic uncertainties still open to debate. These issues include an unknown number of
terranes and related oceanic basins that could have existed within the Rheic Ocean region and an
indefinite position of Gondwana with respect to Laurussia, which is further elucidated in section
2.2.
The objective of this study evolved from testing oceanic circulation patterns shown in schematic
reconstructions such as a Western Boundary Current (WBC) in the Rhenohercynian Ocean, to
testing these circulation patterns within the entire Rheic Ocean. The lack of paleogeographic
constraint led to an additional aim: determining whether the model results of this study provide
useful paleoceanographic insight on several aspects of Rheic paleogeography.
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Fig. 1.4: Schematic reconstruction of Famennian oceanic currents within the
Rhenohercynian Ocean. The red star indicates the Condroz shelf (Paproth et al., 1986).
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1.1.1 Why use numerical modelling?
The intricate relationship between oceans and atmosphere, and regulation of the global
distribution of water, nutrients, and heat make oceanic circulation an important factor to consider.
Many studies have been dedicated to exploring the influence of oceanic circulation on Paleozoic
climate, biodiversity, and dispersal of sediments and fossils. For example, the environmental
conditions of the Rheic Ocean are thought to have provided an ecological niche for the coralstromatoporoid reefs that were so characteristically abundant in the Devonian (Copper, 2002; Zeh
and Gerdes, 2010). Copper (1986) and Qiao and Shen (2014) specifically linked Late Devonian
mass extinctions (the Kellwasser and Hangenberg events) to Rheic closure. Copper (1986) and
De Vleeschouwer et al. (2014) additionally state that Late Devonian climate change and rapid
cooling could have been the result of Rheic closure, which caused a deflection of the major
paleoequatorial east-west oceanic current (Fig. 1.5)

Fig. 1.5: Devonian reconstructions showing the deflected cold-water currents thought to
have triggered climate change. From Copper (1986).
When going as far back in time as the mid-Paleozoic, the subduction and destruction of oceanic
lithosphere make it impossible to directly study the deep-sea environment from direct geological
data (Pohl et al., 2016). Circulation within the deeper parts of the ocean basin must be inferred,
through for example schematic or numerical ocean circulation models. Including the
reconstruction that motivated this study by Paproth et al. (1986) (Fig. 1.4), schematic Rheic
reconstructions have been available for several decades. Fig. 1.6 shows an example of a more
recent published circulation reconstruction for the Rheic Ocean by Dopieralska (2009). With
regards to numerical ocean circulation models, however, available numerical models are presently
only available for smaller oceanic basins. These scarce number of mid-Paleozoic numerical model
studies have been particularly focused on the importance of tides on ancient epeiric seas
(Slingerland, 1986; Wells et al., 2005).
Numerical models could provide valuable information with regards to current paleogeographic
controversies. They can also give an additional perspective on schematic circulation models.
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Despite their usefulness, implementation of global numerical models is thus far lacking in midPaleozoic research.

Fig. 1.6: Schematic oceanic circulation reconstruction showing the main Devonian currents
in the Rheic Ocean, by Dopieralska (2009).

1.2 Objective and research questions
In this study, numerical modelling will be used as a tool for testing the assumption that oceanic
circulation in the past was governed by the same oceanographic principles as today (Servais et
al., 2014). To do so, the Rheic circulation patterns shown in schematic reconstructions will be
compared to those obtained through the numerical model used in this study. In addition, the study
is aimed at determining whether the model can contribute to the debate on several
paleogeographic aspects in the region of the Rheic Ocean during the mid-Paleozoic.
The aim of this study is, therefore, to construct a numerical ocean model to answer the following
research questions:
1. How do the surface circulation patterns generated with the numerical model in this
study compare to the surface circulation patterns shown in schematic
reconstructions?
o Can the occurrence of a WBC by Paproth et al. (1986) be verified?
2. How can the model provide valuable information to contribute to the
paleogeographic debates surrounding the Rheic Ocean?
o Can the model be used to help determine the presence of peri-Gondwanan
terranes?
o Can the results help constrain other paleogeographic issues such as the
position of Gondwana and timing of Rheic closure?
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2 BACKGROUND
2.1 History of the Rheic Ocean
The opening of the Rheic Ocean was an important event in the Paleozoic and its closure was one
of the main contributing factors leading to the formation of the supercontinent Pangea. Despite it
leaving behind a more than 10,000 km long suture zone from Mexico to Poland (see Fig. 2.1),
many aspects of its existence remain uncertain (Nance et al., 2010).

Fig. 2.1: Illustration of the Paleozoic orogenic belts related to the closure of the Rheic Ocean
(Martínez Catalán et al., 2009).
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Research regarding aspects of Rheic Ocean geodynamics has been ongoing for approximately
three decades. Less in America -where the Rheic suture lacks exposure- and more so in Europe
through detailed work by for example Franke (1989) as shown in Fig. 2.2 (Matthews et al., 2016;
Nance, 2010; von Raumer et al., 2017). Research, however, is challenged by the large gap in time
which has caused much of its lithosphere to be destroyed through subduction and obduction,
consequently leading to relatively scarce paleomagnetic, lithological and paleobiogeographic
data. An added complication comes from the tectonic complexity involved in the Rheic closure
that resulted in the Variscan-Appalachian-Alleghanian orogen and is thought to have formed from
the collision of a multitude of often indiscernible terranes. An example of the difficulty that
accompanies Rheic tectonic research is the intricate structure of the Variscides in Europe which,
as one of the most well-studied sections of this wide orogen, has been described by Torsvik and
Cocks (2016) as a “messy series of events”.
All in all, the lack of consensus on the various aspects of Rheic Ocean formation, evolution and
closure has led to several, in some cases contrasting, tectonic models and paleogeographic
reconstructions. The following section will be aimed at giving an overview of the events leading
to Rheic formation, evolution, and closure.

Fig. 2.2: Diagram by Franke (1989) showing the main structural elements of the Variscan
belt.

2.1.1 Geodynamic scenario
The plate tectonics involved in the formation and closure of the Rheic have been integral to
Variscan, Appalachian, and Alleghanian based research for decades which has resulted in
numerous tectonic models describing the possible mechanisms. Although it is important to
understand the tectonic interplay when carrying out an in-depth study on the Rheic Ocean, it is
beyond the scope of this study to discuss all available models and contrasting ideas. This section
will, therefore, be limited to giving a general overview of the main geodynamic events that were
involved in the evolution of the Rheic ocean. For discussions on several tectonic models, you are
8
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instead referred to the reviews and discussions in for example Murphy (2010), Pereira et al.,
(2017), Shail and Leveridge (2009) and Blakey (2008).
The global configuration of the Early Paleozoic constituted three major continents: Laurentia,
Baltica, and Gondwana (Servais and Sintubin, 2009) (see Fig. 2.3). Laurentia was comprised of
modern-day Northern and Central America, Greenland, and the northern British Isles. It was
separated from Baltica by the Iapetus Ocean. Baltica comprised modern-day Southern Britain,
North-Central Europe up to the Urals, and Scandinavia. Baltica, in turn, was separated from
Gondwana by the Tornquist Ocean which is sometimes considered the eastern arm of the Iapetus
Ocean (Murphy et al., 2010). Gondwana was the largest continent at the time and constituted of
South America, Africa, Antarctica, Australia, India, Arabia and Iran ( Dopieralska, 2003).

Fig. 2.3: Reconstruction of the paleogeographic configuration of the Rheic Ocean during
the Silurian, showing the main continental units involved (Nance et al., 2010).
It is thought that subduction and related extension at the northern Gondwanan margin in the
Paleozoic caused several terranes to rift along a previous Neoproterozoic suture (Golonka and
Gaweda, 2012; Murphy et al., 2010; Nance et al., 2010). This group of “peri-Gondwanan”
terranes included terranes such as Ganderia, Carolinia, Hunia, and Meguma in addition to a larger
Avalonian terrane as described in the publications by Stampfli et al. (2013) and van Staal, Barr,
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and Murphy (2012). These terranes, however, are often treated as one large group of terranes
termed simply Avalonia or Avalonia-Carolinia as in Fig. 2.3.
The Rheic Ocean formed as a result of the final separation of Avalonia from the Gondwanan
margin. The mechanism and exact timing of formation remain unclear, but in general its opening
is interpreted to have occurred sometime between the Middle Cambrian and Middle Ordovician
(Arenas et al., 2014; Linnemann et al., 2007; Murphy et al., 2010; Ribeiro et al., 2007; von
Raumer and Stampfli, 2008).
The Rheic kept widening as Avalonia continued drifting northwards towards Laurentia and
Baltica, up until the collision of Avalonia first with Baltica and ultimately with Laurentia. Their
amalgamation formed the northern supercontinent Laurussia and closed the Iapetus and Tornquist
Oceans between them, resulting in the Appalachian-Caledonian orogeny (red area in Fig. 2.4).
After assembly of Laurussia, Gondwana began moving northwards towards Laurussia, eventually
leading to the closure of the Rheic Ocean and subsequently forming Pangea. At the end of the
Paleozoic, Pangea was surrounded by the Panthalassa ocean to its west and the smaller
Paleotethys ocean to its east.
The entire process of Rheic closure depends on the tectonic model and has been divided into three
categories by Murphy et al. (2010), namely favouring 1) subduction under Laurussia, 2)
subduction under Gondwana or 3) bipolar subduction underneath both Laurussia to the north and
Gondwana to the south (Pereira et al., 2017). Its closure is nonetheless generally perceived to
have been diachronous, starting from the west and ending in the east, and closure times differed
from one end of the ocean to another (Murphy et al., 2010; Nance et al., 2010). It is thought to
have fully closed as early as the Silurian and as late as the Carboniferous, leaving behind the
largest Paleozoic orogen in its wake (black shaded area in Fig. 2.4) (Eckelmann et al., 2014;
Franke, 2006; Nance et al., 2010; Tait et al., 2000).

10
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Fig. 2.4: Conceptual representation of the orogenic belts that resulted from Iapetus closure
(red) and Rheic closure (black) (Nance et al., 2010).

2.2 Main paleogeographic controversies
This section will be dedicated to highlighting the main differences between the currently available
mid-Paleozoic reconstructions. In general, the wide range of paleogeographic reconstructions
results from the ambiguity of Rheic paleobiogeographic, paleomagnetic and lithological data
(Dopieralska, 2003). These inconsistent reconstructions, in turn, lead to contradicting factors
necessary for modelling paleoceanographic circulation patterns, such as Rheic widths and landsea distributions.
One problem when comparing mid-Paleozoic reconstructions is that they are shown with different
projections. Because of this issue, Dopieralska (2003) has taken several published reconstructions
and re-projected them using Schmidt’s projection, as shown in Fig. 2.5. In general, the differences
between the reconstructions can be brought down to two main issues which can also be observed
in Fig. 2.5, namely: 1) there is incertitude regarding the terranes that rifted off northern Gondwana
and amalgamated to Laurussia (brown terranes in Fig. 2.5), which results in a controversial
number of oceanic basins, and 2) the paleoposition of Gondwana is poorly constrained which
leads to different Rheic widths. These issues will be discussed in the following sections.
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Fig. 2.5: Reconstructions available from six different sources in literature are re-projected
with Schmidt’s projection for all (Dopieralska, 2003).

1. Number of peri-Gondwanan terranes and oceanic basins
There is little consensus on how many peri-Gondwanan terranes rifted off the northern margin of
Gondwana after the separation of Avalonia in the early Paleozoic. This includes uncertainty about
the associated mechanism as well as the timing of rifting and their amalgamation to the Laurussian
continent. “One-ocean” models, for example, do not incorporate oceanic back-arc basins off the
coast of southern Laurussia or any smaller ocean basins between terranes located within the space
separating Gondwana and Laurussia. These models, therefore, represent this area with solely one
large Rheic Ocean, whilst other schools of thought dismiss the idea of having only one ocean
(Franke, Cocks, and Torsvik, 2017). The total number of oceans between the Avalonian margin
of Laurussia and Gondwana has insofar been interpreted to have been anywhere from one to five,
as seen in Table 2-1 below. In this table, the total number of oceans specifically refers to all the
potential mid-Paleozoic oceans in the region between Gondwana and the Avalonian segment of
Laurussia and does not include the Iapetus, Tornquist or Panthalassa oceans. This categorization
is therefore not consistent with Murphy et al. (2010).

12
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Table 2-1: Overview of the inconsistent number of mid-Paleozoic oceanic domains between
Laurussia and Gondwana as referred to in literature.
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As can be seen in Table 2-1, the existence of the Rhenohercynian Ocean as a separate oceanic
basin is not as widely accepted as that of the Rheic and Paleotethys oceans. Additionally, there is
no general agreement on whether it was a successor or a marginal basin, and therefore whether it
was contemporaneous with the Rheic Ocean or not (Shail and Leveridge, 2009). An overview of
the three main theories regarding the Rhenohercynian Ocean is shown in Fig. 2.6. These
discrepancies regarding the Rhenohercynian Ocean caused the focus of this study to be shifted
towards a much larger scale, namely the larger Rheic Ocean between Gondwana and Laurussia,
which is the only ocean wide enough to be recorded by biogeographic and paleomagnetic data
(Franke and Dulce, 2017).

14
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Fig. 2.6: Illustration by Shail and Leveridge (2009) showing several ways in which the
Rhenohercynian Ocean (RHZ) could relate to the Rheic Ocean.
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Table 2-1 also shows the large number of peri-Gondwanan terranes that might have possibly
existed within the Rheic. It is between these terranes that the smaller ocean basins are thought to
have formed, as shown in Fig. 2.7. One of the terranes is called the Armorican Terrane
Assemblage (ATA) which is in fact thought to be a group of smaller terranes including the Iberian
Peninsula, Armorica, and Bohemia. The ATA serves as an example of the uncertainty regarding
the peri-Gondwanan terranes as, despite having been the subject of research for over three
decades, it remains debated and is continually being redefined. Uncertainties not only include its
position, but also which minor terranes it was made of and whether it remained attached to
Gondwana or not (Franke et al., 2017; Linnemann et al., 2007; Matte, 2001; Morzadec et al. 1988;
Servais and Sintubin, 2009; Torsvik and Cocks, 2016).

Fig. 2.7: Example of a reconstruction that includes multiple peri-Gondwanan terranes and
associated oceans. Terranes include Franconia (F), Thuringia (T), Iberian Peninsula (IB),
Armorica (AR), Bohemia (B), and Paleo-Adria (PA). Modified from Franke et al. (2017).

2. Contradicting positions of Gondwana
The paleogeographic position of Gondwana is, in contrast to Laurussia, difficult to ascertain,
which is a problem when modelling the Rheic Ocean as its width depends on the position of
Gondwana in relation to Laurussia. This has led to various interpretations of the full width of the
Rheic Ocean basin, as well as the timing of closure of the basin due to the amalgamation of
Gondwana to Laurussia. The inconsistency in the Gondwanan position used in reconstructions
has two main reasons. Firstly, little paleomagnetic constraint exists for the Late Devonian, which
makes different Gondwanan apparent polar wander paths (APWPs) possible. The net northward
movement of Gondwana throughout this period could, for example, have been achieved by a
quick northward and then southward movement, or by a gradual northward movement according
to Tait et al. (2000) (Fig. 2.8).
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Fig. 2.8: Alternative APW curves for Gondwana in Paleozoic showing the a) gradual
northward movement or b) rapid northward and then southward movement. Image from
Tait et al. (2000).
The second reason for the contrasting Gondwanan positions in literature is that different
assumptions about the Earth’s magnetic field lead to different plate configurations (Torsvik and
Cocks, 2004). Treating the magnetic field as a geoaxial dipole field has led to configurations in
which South America is adjacent to Europe prior to its collision with Laurussia in the
Carboniferous, which is termed “Pangea-C” (Fig. 2.9 on the left). Treating the magnetic field as
a more complex field with a non-dipole component results in a reconstruction in which South
America is close to North America instead of Europe, termed “Pangea-A” or “Wegenerian
Pangea” (Kroner and Romer, 2013) (Fig. 2.9 on the right). Reconstructions by Torsvik et al.
(2012), on which this study bases its paleogeography, follow a Pangea-C configuration. PangeaA, on the other hand, is the preferred configuration when combined with structural geology or
paleontology (Torsvik and Cocks, 2004). This is the case for the early schematic reconstruction
by Kiessling et al. (1999) on which reconstructions by Copper (2002) and Hüneke (2006) are
based. The difference between the reconstructions translates to a difference in Gondwanan
position of 6000 km (Torsvik and Cocks, 2004), demonstrated by the arrow in Fig. 2.9a.

Fig. 2.9: Diagram representing the differences between the Pangea-C configuration (left)
and Pangea-A configuration (right) (Torsvik and Cocks, 2004).
Melissa Vleugel - March 2019

17

Investigating wind-driven surface currents in the Rheic Ocean through modelling

2.3 Rheic paleoceanography and climate
The reconstruction by Eckelmann et al. (2014) in Fig. 2.10 shows how the Rheic Ocean is located
in the Southern Hemisphere, between the Pathalassic and Paleotethys Oceans. Its position
between the equator and highelatitudes places it in the tropical wind belt of a modern Hadley cell
(Paproth et al., 1986) and is thought to have allowed equatorial waters to flow between the western
Panthalassic and eastern Paleotethys ocean (Gerhard et al., 2001, p. 41).

Fig. 2.10: Late Devonian to Early Carboniferous paleogeographic reconstruction by
(Eckelmann et al., 2014).
As previously mentioned, the Rheic Ocean dimensions remain an enigma: according to some
research groups, the Rheic would have reached a maximum width of more than 4000 km in the
Silurian (Domeier, 2016; Nance et al., 2010), contrasting with a narrow Rheic shown in
reconstructions by for example Copper (2002) and Hüneke (2006). Despite the incertitude of its
dimensions, paleobiogeographic and lithological evidence indicate wide, shallow shelves on both
the active Laurussian and predominantly passive, Gondwanan margins (Arenas et al., 2014;
Dopieralska, 2009; Jakubowicz et al., 2019; von Raumer et al., 2017). The stromatoporoid reefs
on these shelves are indicative of the Devonian period and reached unusually high paleolatitudes,
which is thought to have been possible due to the closed character of the Rheic Ocean
(Jakubowicz et al., 2019).
Regarding mid-Paleozoic climate, research by De Vleeschouwer et al. (2014) indicates a cyclic
climate which was variable, and tropical storms such as monsoons were frequent during the
Devonian greenhouse climate (Lash, 2016). This greenhouse climate is also thought to have
caused a more stable oceanic thermohaline stratification than compared to the present day
(Copper, 2002; Hüneke, 2006).
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2.3.1 Available mid-Paleozoic schematic reconstructions
Schematic reconstructions use features of the idealized steady-state ocean circulation to deduce
the near-surface currents in a paleo-oceanic setting such as the Rheic Ocean (Olbers, Willebrand,
and Eden, 2012, p. 443). These large-scale circulation patterns are also observed in modern-day
oceans. Fig. 2.11 shows how subtropical gyres and subpolar gyres occur at latitudes that are
comparable to the mid-Paleozoic Rheic Ocean, between 0-70⁰ south latitude, as indicated by the
red box.

Fig. 2.11: Schematic overview of the present-day global wind-driven surface currents and
outline (red box) of the latitudinal region that the Rheic Ocean would have occupied,
modified from Segar (2018).
Several mid-Paleozoic schematic ocean circulation reconstructions have been published by for
example Copper (2002), Dopieralska (2009), Hüneke (2006), and Jakubowicz et al. (2019). These
reconstructions, however, are either based on earlier work by either Kiessling, Flügel, and
Golonka, (1999) or Oczlon (1990). These two mid-Paleozoic schematic reconstructions are
shown in Fig. 2.12 and Fig. 2.13 below.
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Fig. 2.12: Schematic reconstruction of the surface water circulation between Gondwana and
Laurussia in the Middle Devonian (Oczlon, 1990).

Fig. 2.13: Global Givetian-Frasnian ocean surface currents, reconstruction from Kiessling,
Flügel, and Golonka (1999).
The main differences between the two reconstructions in Fig. 2.11 and Fig. 2.12 arise from the
use of different projections and incorporation of contradictory positions of the Armorican Terrane
Assemblage (ATA). Both reconstructions use the Pangea-A configuration where the African
20
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section of Gondwana is close to central Europe as opposed to South America as in the Pangea-C
configuration (see section 2.2). It should be noted that in both reconstructions the Rheic Ocean is
represented as a narrow area between Laurussia and Gondwana. Similar circulation patterns are
depicted in the reconstructions:

1.) Gyre patterns within the Rheic
Both reconstructions show the formation of large gyres. Large gyres exist on either side of the
narrow Rheic Ocean in Fig. 2.13. The gyre connected to the eastern Paleotethys partly reaches
into the Rheic area in Fig. 2.12, but is limited by the very narrow section of the Rheic and no gyre
is shown to exist in the eastern area of the Rheic basin, only an eastward current enters from the
Panthalassa Ocean.

2.) Current direction along the Laurussian shelf
A south-western current along the southern margin of Laurussia is referred to as the Western
Boundary Current (WBC) in the publication by Paproth et al. (1986) in Fig. 1.4. It is also depicted
in several reconstructions as a South Equatorial Current (Fig. 2.12).

3.) Current direction along the Gondwanan shelf
The reconstructions based on the one by Oczlon (1990) depict a current along the northern margin
of Gondwana towards the southeast termed the North Gondwanan Current (Fig. 2.12).

4.) Interaction between the Rheic, Panthalassa and Paleotethys Oceans
The schematic reconstructions include the interaction between the Rheic and the Paleotethys to
the east and the Panthalassa to the west. Fig. 2.12 and Fig. 2.13 depict a westward current that
enters the Rheic from the eastern connection with what would have been the Paleotethys Ocean,
and an eastward current entering the Rheic Ocean from the western connection with the
Panthalassa Ocean, as seen in both the figures.
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3 MODELLING APPROACH
3.1 Experimental setup
In this study, the Princeton Ocean Model (POM) was used to model a two-dimensional winddriven circulation in a scenario representing the Rheic Ocean. Three known controls on surface
currents were tested, namely the wind stress, paleogeography and Coriolis force (Hüneke, 2006).
The influence of paleogeography on the modelled oceanic circulation involves several factors,
namely the distribution of land vs. sea (“land-sea distribution”), the influence of bathymetry, and
throughflow. Experiments were dedicated to determining the effect on generated surface
circulation patterns by a total of six different Rheic land-sea distributions, each distribution was
based on a published paleogeographic reconstruction. With regards to the bathymetry, the
majority of experiments were run with a uniform depth of 200 meters, but two experiments have
been carried out with a variable bathymetry as well. A scenario representing the Tournaisian
closure of the western arm of the Rheic Ocean basin was additionally tested. The paleogeographic
experiments also included a scenario in which an open boundary with a net westward flow was
implemented at both the eastern and the western Rheic boundary. This was aimed at testing the
interaction between the Rheic and adjoining Panthalassa and Paleotethys Oceans.
The majority of the experiments were forced with an idealized wind stress, but several
experiments were dedicated to testing the effect of wind stress on the modelled circulation as
well. A total of three additional types of wind stress were used to force the model: a uniform
zonal, meridional, and modern-day wind stress.
Lastly, the influence of the Coriolis force was tested by running the model with a Devonian
Coriolis parameter value, a uniform value, or with a zero Coriolis effect, in addition to the
modern-day Coriolis parameter value used in the land-sea distribution and wind-stress
experiments.

3.2 Model configuration and input data
The Princeton Ocean Model (POM) is an open-source, numerical ocean model originally
developed by Blumberg and Mellor (1987) applied in coastal and climate modelling as well as in
global oceanic modelling. The model solves for the primitive equations through a finite-difference
scheme. Its main features are its incorporation of turbulence through a turbulence closure scheme,
optionable tidal simulation, a vertically implemented sigma coordinate system, and its modesplitting technique (Ezer and Mellor, 2004).
The model configuration used in this study encompasses an oceanic basin of either variable or
uniform depth in which horizontal water flow is forced by surface wind, other forcing parameters
such as tides, and density gradients due to, for example, a variation in salinity and temperature
are ignored. The model in this study uses a staggered, horizontal grid with a rectilinear coordinate
system and a horizontal resolution of 1/4⁰. The vertical grid is divided into 16 sigma coordinate
levels, a feature of POM which allows the model to better manage any steep topography (Ezer
and Mellor, 2004). A total runtime of 150 days was used for all experiments, and the model was
allowed to reach a steady-state after an initial ramping period of 7 days. The following sections
describe some of the input data used, additional details for reproducing the experiments can be
found in Appendix B.
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3.2.1 Land-sea distributions
Six land-sea distributions are used in the model experiments which are based on paleogeographic
reconstructions from several sources of literature. The shape of the Rheic basin (“sea”) and its
surrounding continents (“land”) is referred to as the land-sea distribution. This distribution
depends on the geological period of interest and associated paleogeographic reconstruction based
on reconstructions from several literature sources. The study uses a total of six land-sea
distributions, which are in turn combined with either of two bathymetric options: a uniform or a
variable bathymetry. Section 2.2 highlights the wide range in mid-Paleozoic reconstructions; this
study makes use of three different paleogeographic reconstructions that were found to be
representative of the variety in the reconstructions. The main, standard reconstructions used
throughout the study, including the reference experiment, are from Torsvik and Cocks (2016) and
Torsvik et al. (2012) and are based on combined paleomagnetic and faunal data (Cocks and
Torsvik, 2002; Domeier and Torsvik, 2014; Seton et al., 2012; Torsvik and Cocks, 2004). Two
additional reconstructions were used to gain insight on the paleogeographic controversies. These
were schematic ocean circulation models based on paleogeographic reconstructions from earlier
publications. The reconstruction by Dopieralska (2009) is based on the paleogeographic
reconstruction by Oczlon (1990) which in turn is based mainly on lithological data. The
reconstruction by Hüneke (2006) is a slightly modified version of the paleogeographic
reconstruction by (Kiessling et al., 1999), and is also based on mainly lithological data (reef
distributions).
The paleogeographic reconstructions were reproduced on paleotectonic maps based on Torsvik
et al. (2012), whose publication was one of the most up-to-date compilations of paleomagnetic
data available at the start of this study. Paleopoles and rotation angles from Torsvik (pers.comm.)
were used to rotate 9 main tectonic units bordering the Rheic ocean, namely the Greenland, North
America, Eurasia, Amazonia, North-West Africa, North-East Africa, Iberia, Armorica, and
Florida units (Torsvik and Cocks, 2016). These units were manipulated with open source software
(GMT, n.d.) to their paleopositions at 400, 370, and 350 Ma using the respective rotation angles,
resulting in identical positions to the original tectonic units in Torsvik et al. (2012). This is shown
when the rotated units of this study (black) are overlain on the paleogeographic reconstructions
(coloured) by Torsvik et al. (2012) as in figure Fig. 3.1. Although this study initially aimed to test
the oceanic circulation pattern and especially the formation of a Western Boundary Current
(WBC) in the Famennian as described by Paproth et al. (1986), the study incorporated the
evolution of the Rheic by using land-sea distributions of three sequential epochs. The Emsian
(400 Ma), Famennian (370 Ma) and Tournaisian (350 Ma) epochs were selected from the
compilation by Torsvik et al. (2012) as they were found to be a good representation of the
evolution of the Rheic Ocean; from its widest stage (Emsian) up to its closure (Tournaisian). The
reference experiment was based on the Emsian distribution as this study is mainly focused on the
Devonian, but the Famennian paleotectonic map could not be visually verified as it was not
displayed in Torsvik et al. (2012), making the Emsian configuration the preferred option.
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Fig. 3.1: Rotated continental units (black outline) overlain on paleogeographic
reconstructions by Torsvik et al. (2012) shown in green and blue.
The continental units were rotated with GMT software in this study and were projected onto the
coloured paleogeographic reconstructions by Torsvik et al. (2012) for comparison. The
paleotectonic maps were then projected with an equidistant projection and clipped to the model
domain. This model domain consists of an equidistant area of 60⁰ by 60⁰ encompassing the Rheic
Ocean basin and its bordering continental margins as shown in Fig. 3.2. For an overview of all
three model domains, the reader is referred to Appendix A. Although the total area of the model
domain did not change per land-sea distribution, the centre of the Rheic Ocean was kept as the
centre of each distribution, meaning that the latitude and longitude differed per epoch (see Table
3-1). Each land-sea distribution was then freehandedly drawn onto the paleotectonic map of its
respective epoch using Grabit, a MATLAB program for extracting data points from image files
(MathWorks, n.d.). The reconstructions by Torsvik et al. (2012) and Torsvik and Cocks (2017)
were used as a basis for the masks of the Emsian (400 Ma) experiments, for one of the Famennian
(370 Ma) experiments, and for the Tournaisian (350 Ma) experiment. The reconstructions by
Dopieralska (2009) and Hüneke (2006) were used for the two remaining Famennian experiments.
The reproduced land-sea distributions generally deviate slightly from the literature
reconstructions due to a difference in map projection between the literature and model maps (see
section 2.2). Additionally, part of some land-sea distributions had to be inferred as not all original
paleogeographic reconstructions covered the full region of the model domain, namely those by
Dopieralska (2009) and Torsvik and Cocks (2016). The longitudes in this study will be shown in
images but further ignored as it is relative to the paleotectonic model used (Torsvik et al. 2012,
2008). Seeing as the study includes reconstructions by Dopieralska (2009) and Hüneke (2006) as
well, longitudes are therefore not exact.

Melissa Vleugel - March 2019

25

Investigating wind-driven surface currents in the Rheic Ocean through modelling

Fig. 3.2: Depiction of the model domain, in this case for the Emsian scenario. In an
equidistant projection (left) and an orthographic (right) projection. Bold outline in the
orthogonal projection represents the model domain.

Table 3-1: Information on the land-sea distributions used in the experiments

3.2.2 Bathymetries
The model uses two different bathymetric depths: either a uniform depth of 200 metres or a
generated bathymetry of depths that vary between 0 to 6000 meters. The basin was originally
assumed to have been a shallow epicontinental sea as mentioned in research by Paproth et al.
(1986). A depth of 200 metres was chosen to represent this shallow sea, a value also used by de
la Vara and Meijer (2016).
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Despite continued debate (see section 2.1), research from the past two past decade agrees that the
Rheic ocean was not a shallow sea but in fact a major ocean with subduction zones leading to
oceanic trenches and a back-arc basin at its northern margin with Laurussia, as shown in the
tectonic models by Eckelmann et al. (2014). These tectonic models were further used to test the
occurrence of the Rhenohercynian Ocean that was shown in the paleogeographic reconstruction
by Paproth et al. (1986) (Fig. 1.4). An alternative bathymetry was therefore tested which
represented an ocean basin geometry consisting of a large subduction zone and a back-arc setting
which represents the Rhenohercynian Ocean, in the Rhenohercynian zone, based on the
geotectonic model by Eckelmann et al. (2014) (Fig. 3.3). The subduction zone trench was set to
a depth 6000 metres and a depocenter behind the Rhenohercynian island set to 3500m based on
flysch sedimentation thickness data by Narkiewicz (2007). This alternative bathymetry was
generated in GMT with the “surface” function, in which values vary between contour lines with
a specified depth. These contour lines were digitized from the land-sea distributions with the use
of Grabit and given depths between 0 and 6000 meters. The contour lines were additionally based
on the concept of a wide, shallow Gondwanan and shallow, but narrower Laurussian shelf
(Jakubowicz et al., 2019).

Fig. 3.3: Modified diagram of the geotectonic model by Eckelmann et al. (2014) on which
the variable bathymetry was based.

3.2.3 Boundary Conditions
Surface boundary conditions in the model include a free surface condition in which the oceanic
surface is not fixed. The lateral boundary conditions represent either an open or a closed ocean
by regulating the flux at the eastern and western boundaries of the model domain. The open
boundaries simulate flow through the basin by making use of an imposed net in- or outflow (Ezer
and Mellor, 2004). This boundary condition allows a westward flux of either 1, 5, or 7 Sverdrup
at both the eastern and western model boundaries, amounting to a net zero flux. The values for 1
and 5 Sverdrup are used in research by de la Vara and Meijer (2016) to represent a small net flow
and large net flow, respectively. The Rheic Ocean in the study by Paproth et al. (1986) was set to
a latitude between 10-15⁰ south latitude, which was why the present-day water mass exchange
was originally based on a modern-day analogue for those latitudes. This led to the use of the 7
Sverdrup value, as it is water mass exchange of the Timor Sea according to data from Cresswell
et al. (1993).

3.2.4 Wind stress
The circulation in the model is driven by the surface wind which is applied as a wind stress. The
wind stress is applied by ramping it over 7 days and dividing it by the density of seawater,
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resulting in Nm/kg units rather than the standard wind stress unit N/m2 found in literature.
Eastward and northward wind stresses are expressed as negative values and are therefore opposite
in sign to wind stress values found in literature. In this study, four different types of wind stress
are implemented: uniform zonal and meridional wind stresses, averaged zonal wind stresses from
satellite data, and idealized zonal wind stresses.

Uniform wind stress
The simplest wind stress applied to the model was a uniform wind stress independent of latitude,
and was either zonal or meridional, depending on the experiment. A typical wind stress value for
the mid-latitudes of 0.1 N m-2, or -0.1 N m-2 as used in the model, was used for both zonal and
meridional wind stress experiments (Mellor, 1996; Olbers et al., 2012, p. 432). This was applied
to the model as shown in equations 3.1 and 3.2
wusurf =

∗

wvsurf =

∗

.

(3.1)
.

(3.2)

Where wusurf is the zonal wind stress and wvsurf the meridional wind stress, rhoref is the
assumed seawater density (1025 kg m-3), and ramp is a coefficient which represents and inertial
ramp that gradually increases the wind stress value to its maximum value within a set amount of
time, which in this study was set to 7 days:
Ramp = time/period

(3.3)

Where time is the internal time step of the model and period is represented by a number of days.

Observed wind stress
Modern-day zonal wind-stresses were taken from the NOAA Blended Sea Winds database
(NOAA, 2015) (Fig. 3.4a). This 11-year (from 1995 to 2005) monthly climatological dataset
containing ASCII data of global, multiple-satellite wind stresses needed to be further manipulated
before incorporating it in the model. Firstly, the data was averaged over the total number of years,
after which it was zonally averaged. Outliers were then taken out by removing any wind stresses
above 0.2 N m-2. The wind stresses in Fig. 3.4 represent the wind stress magnitudes as all values
are positive and therefore do not include the wind stress directions.

Fig. 3.4: Depiction of data from the NOAA Blended Sea Winds database showing a) the
global wind stress magnitudes prior to manipulation and model domain outline and b) wind
stress magnitudes within the model domain after manipulation.
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Idealized wind stress function
The idealized wind stress function is the simplified form of the long term mean wind stress in an
idealized global scenario with a flat-bottomed ocean (Mellor, 1996, p.89; Pond and Pickard, 2013,
p.133). The distribution of the east-west component of the wind stress within a gyre is displayed
in Fig. 3.5 below, showing that zonal wind stress varies sinusoidally with latitude.

Fig. 3.5: Zonal wind stress represented as a function of latitude, y. Image from Mellor
(1996).
From Fig. 3.5 it can be deduced that half a wave cycle represents one gyre. Assuming no doldrums
exist in this simplified scenario (see Fig. 3.7) and taking the gyre in the image to be a subtropical
gyre as an example, it would mean that half a wave cycle (= wavelength) spans a region of 0⁰ to
60⁰ latitude. Mellor (1996) described this sinusoidal curve with the following equation:

τ0x = -τ0 cos( )

(3.3)

Where τ0 is taken to be wind stress magnitude, y is the latitude (in radians) and b is half the period
of variation (in radians), λ/2.
This translates to the following equation:
τ0x = -τ0 cos( · 2𝜋 )

(3.4)

Where τ0 is taken to be wind stress magnitude, typically 0.1 N m-2, and y is the latitude (in radians),
and the wavelength λ is equal to 2/3π.
This generates the cosine curve seen in Fig. 3.6.
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Fig. 3.6: Visualization of the idealized wind stress function.
Wind stress magnitude, however, is shown to vary with latitude as shown in Fig. 3.7. On average,
these magnitudes vary between 0.1 N m-2 and 0.2 N m-2 stated by Olbers et al., (2012, p. 432),
and suggest that the global wind stress function is asymmetric.

Fig. 3.7: Curve of the zonal wind stress varying with latitude, modified from Pond and
Pickard (2013).
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To reach a minimum of 0.1 N m-2 and a maximum of 0.2 N m-2, a wind stress magnitude, τ0, of
0.15 N m-2 was taken. A shift of 0.05 N m-2 or -0.05 N m-2 would then result in the curve ranging
between a wind stress of 0.1 and 0.2 N m-2. This is asymmetry or shift is shown in Fig. 3.8 as the
vertical shift, D.

Fig. 3.8: Depiction of the standard cosine function. A is the amplitude, B is the wavelength,
C the horizontal shift, and D the vertical shift.
The idealized wind stress function now becomes:
τ0x = -0.15 cos(3𝑦) + 0.05

(3.5)

Or as applied in the model:
τ0x = -1

.

(

)

.

(3.6)

The wind stress function in equation 3.6 was used for most experiments, including the reference
experiment. Fig. 3.9 depicts the region of the model domain within the idealized wind stress
function.
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Fig. 3.9: Idealized wind stress function according to equation 3.4. Red represents the
latitudinal area of the model domain.
The idealized wind stress function was used in the majority of the experiments including the
reference (ref) experiment. This applied wind stress was compared to the data from the previously
mentioned NOAA Blended Sea Winds as seen in Fig. 3.10, which showed that there was an error
in the idealized wind stress function. Instead of varying between wind stress magnitudes of -0.1
and 0.2 N m-2, the wind stress varies between -0.2 and 0.1 N m-2.
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Fig. 3.10: Comparison of the idealized wind stress function used in the reference (ref)
experiments within the model (black) and observed NOAA satellite data (blue).
Two additional wind stress functions were therefore applied to the model to test for the effect of
the asymmetry with either a vertical shift of - 0.5 N m-2 (3.7) or no vertical shift (3.8).
τ0x = -1

.

(

)

τ0x = -1

.

(

)

.

(3.7)
(3.8)

The different asymmetries are once again compared to the observed NOAA satellite data to
determine whether there is a good fit with observed data in Fig. 3.11.
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Fig. 3.11: Comparison of the different asymmetries (red and dashed lines) to observed
NOAA satellite data (blue).

3.2.5 Coriolis Parameter
The Coriolis Force is incorporated into the model through the Coriolis parameter, ƒ, as a function
of the rotation rate and paleolatitude, shown in equation 3-1. Four different Coriolis parameters
are incorporated into the model: a modern-day value, Devonian value, uniform value, and no
Coriolis effect.
ƒ = 2·Ω·sin(φ)

(3.9)
-1

Where Ω is the rotation rate in rad·s , and φ in the latitude in radians.
The standard Coriolis parameter value used in POM incorporates the present-day rotation rate, Ω,
of 7.292x10-5 rad·s-1. Different Coriolis parameter values were tested as well since research has
suggested that Devonian days were shorter than the present-day, leading to a greater Coriolis
force which could affect oceanic surface circulation in the Rheic. According to Zhenyu, Yaoqi,
and Guosheng (2007), a Devonian year consisted of 407.1 days rather than 365 days due to a
rotational speed of 8.106x10-5 rad·s-1. An additional experiment using a uniform Coriolis
parameter irrespective of latitude was carried out to understand the general effect of the Coriolis
parameter on the circulation. The latitude value in the middle of the reference model domain was
to be used for the uniform Coriolis parameter value. Due to an error, however, a latitude of -35⁰
was used instead of a latitude of -45⁰.

3.3 Data analysis
Seven output parameters were extracted from the POM NetCDF file and used to display data,
these are listed in Table 3-2 below. The kinetic energy (Ek), surface elevation (elb) and horizontal
velocities (uab and vab) were plotted against the runtime of 150 days in GMT to verify that a
steady state was reached. The land-sea mask (dum) was overlain with the rotated coastlines
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described in section 3.2.1 and used as a base map for displaying the (steady state) horizontal
velocities (uab and vab), wind stresses (wusurf and wvsurf), and surface elevation (elb) with
GMT. The surface elevation was shown as a simple colour gradient map, while the wind stress
was shown as a colour gradient overlain with vector arrows. The horizontal velocities were plotted
with the ptrace (process trace) function in GMT which plots small increments of the horizontal
(uab and vab) velocities on the map. The small increments are displayed in such a way that they
appear as vector tails whose length and colour intensity varies with the magnitude of the
horizontal velocities.
Table 3-2: The POM output parameters used for plotting data in GMT
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4 RESULTS AND ANALYSIS
4.1 Reference experiment
The reference experiment is forced by an idealized zonal wind stress and present-day Coriolis
parameter. The basin geometry consists of a basin with a uniform depth of 200 m laterally closed
on all sides either due to land, or due to virtual model boundaries. The land-sea distribution used
in the experiment represents an Emsian (400 Ma) geometry derived from the paleogeographic
reconstructions by Torsvik and Cocks, 2017 (see section 3.2.1). This has resulted in the land-sea
distribution shown in Fig. 4.1 in which the Rheic oceanic basin (white) is enclosed to the north
and south by the Laurussian and Gondwanan continental masses (grey), respectively. The figure
displays a longitudinal Rheic basin oriented in the SW-NE direction located between 70⁰ and 10⁰
south latitude and 130⁰ and 70⁰ east longitude. The basin has a length (W-E extent) of 7,800 km
and width (N-S extent) between 2,300 and 3,300 km. This makes it is twice the length and three
times the width of the Mediterranean in comparison (Encyclopaedia Britannica, n.d.).

Fig. 4.1: Orthographic projection of rotated continental units, showing the outlined model
domain (left). Linear projection of model domain with the land-sea distribution of the
Emsian reference experiment shown right.
In this study, the continental shelf edge will be considered to be roughly where continental
outlines are in contact with the Rheic ocean basin. In the central part of the Laurussian coast,
however, the grey area representing land extends past the continental outlines. The edge of the
grey area is then taken to be the shelf edge or shelf break. Taking this into account, the land-sea
distribution in Fig. 4.1 shows that the Laurussian margin consists of a narrow shelf (little distance
between edge of grey area and continental outlines) when compared to the Gondwanan shelf
(large distance between edge of the grey area and continental outline). When looking at the
northern Rheic Ocean margin into more detail: from the north-eastern tip of Laurussia and moving
to the southwest of the margin in Fig. 4.1, the Laurussian shelf is shown to widen slightly. Here,
the Rheic Ocean reaches over the shelf break into what is present-day Belarus, Poland, Germany,
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and Belgium. The Rheic then retreats and continues closely along the Laurussian shelf break until
it reaches the epeiric sea in the North American segment of Laurussia corresponding to the
Kaskaskia Sea (Martin, 2013, p.380; Monroe and Wicander, 2014, p.515). On the southern side
of the Rheic, the border with the Amazonian segment of Gondwana reaches far more land inward
and the shelf reaches a width of up to 1800 km.
The time series of the two basin-averaged horizontal current velocities is shown in Fig. 4.2, as
well as surface elevation and kinetic energy. The time series confirm that the basin has stabilized
within the duration of the run. The north-south (blue) and east-west (red) directed horizontal
velocities in Fig. 4.2a are hard to discern from each other, but of main importance is that they
both reach a steady state value of 0.0005 m/s after 75 days. The mean surface elevation (Fig. 4.2b)
of the basin reaches a steady state value of -0.035 metres after 85 days and the basin-averaged
kinetic energy takes 100 days to reach an equilibrium point at 0.001 N/m2.

Fig. 4.2: Reference experiment basin-averaged velocity, mean elevation of the free surface
(surface elevation) and basin-averaged kinetic energy over the model runtime of 150 days.
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Fig. 4.3 displays the wind stress intensity as blue-red colours and direction of the applied wind
stress as vectors. The figure shows that the idealized wind stress function (section 3.2.4) has been
translated correctly to the model wind stress pattern. A westward wind stress in the northern
domain of the ocean can be observed, which corresponds to a negative wind stress value (blue).
A basin maximum of 0.976x10-04 Nm/kg is reached at the north-eastern edge of the ocean, and
gradually decreases to zero until the inflection point at roughly -35⁰ (white). The wind stress then
gradually increases again, in the eastward direction (red). A maximum wind stress occurs at
approximately -60⁰, after which the wind stress decreases again.

Fig. 4.3: Model domain of the Emsian reference experiment, showing the direction and
intensity of applied wind stress on the basin.
Fig. 4.4a shows the depth-averaged, horizontal current velocities within the basin which have
been combined into trace vectors to display the direction as well as the intensity of the water
mass. There is a difference in flow direction between the north-eastern and south-western half of
the ocean. In the north-eastern half of the basin, above 50-55⁰ south latitude, the water flows
counter-clockwise while in the south-western half of the ocean it moves clockwise. This pattern
is reflected in the free surface elevation map as well (Fig. 4.4b) where a positive surface elevation
is generated in the northern-eastern region of the Rheic Ocean (red), reaching a maximum surface
elevation of 0.29 meters, while a negative elevation or depression (blue) forms in the southwestern half of the ocean. The maximum depression in the south-western area is 0.55 meters.
These counter-clockwise and clockwise directed water masses represent two distinct gyres, either
cyclonic (clockwise) or anti-cyclonic (anti-clockwise). The northern, anti-cyclonic gyre generates
a positive elevation and the southern, cyclonic gyre a negative elevation. This flow pattern and
elevation point to essentially geostrophic flow.
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Overall, the highest velocities of the basin occur in the northern gyre along the border with
Laurussia between approximately 20-55⁰ south latitude. This is shown as an increase in the length
of vector tails in Fig. 4.4a, which is assumed to be the WBC. This western boundary phenomenon
can also be observed in the Kaskaskia Sea within the Laurussian continent, where the western
boundary is subjected to slightly higher velocities than its eastern boundary. High current
velocities are also reached near the southern edge of Gondwana were the water flows away from
the Gondwanan margin along the southern model boundary towards the west. In both cases this
increase in velocity could also be due to effects of the model boundaries on the modelled
circulation, further referred to as boundary effects.
The convergence of the southern and northern gyres is reflected by a change in the flow direction
along both the Laurussian and Gondwanan margins between 50-55⁰ south latitude. Two flows
from opposite directions combine at the Laurussian margin at this point: a strong south-west
directed flow along the northern half of the margin and a slower north-east directed flow coming
from the southern gyre converge and continue to flow eastward. This eastward directed flow then
gradually decreases in speed as it reaches the Gondwanan margin on the other side and diverges
into a slow north-eastern and an increasingly faster south-west directed flow. The north-east
directed current then flows up north past the eastern model boundary to eventually reach the
strong current at the Laurussian margin. The south-western Gondwanan flow picks up speed as it
flows along the southern model boundary and reaches Laurussia where it loses speed and
combines with the faster south-east directed current at the inflection point. The convergence of
gyres at lower latitudes (subtropical) and relatively higher latitudes (subpolar) gyres is also
observed in modern-day oceans, for example when the northward Gulf Stream and southward
Labrador Current combine at the North American margin and become the eastward North Atlantic
drift, which then separates into a northward Norway Current and southward Canary Current at
the European margin.
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Fig. 4.4: Reference model domain showing the a) generated depth-averaged horizontal
velocities and b) free surface elevation of the basin.
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4.2 Effect of paleogeography
In this section, the effect of three aspects of paleogeography on the Rheic surface current pattern
is studied, namely the land-sea distribution, bathymetry, and throughflow of the Rheic basin.

4.2.1 Influence of the land-sea distribution
The modelled land-sea distribution of the Rheic basin varies through time and is based on several
chosen published paleogeographies (section 3.2.1). The following experiments are carried out to
achieve a better understanding of the role of the land-sea distributions in generating a current
pattern in the Rheic Ocean.

Comparison of Famennian (370 Ma) paleogeographic reconstructions
In the basin geometry based on Torsvik and Cocks (2016) (Fig. 4.5a), a back-arc setting is
reconstructed which includes two small islands, the Saxothuringian Terrane and Moesia Terrane,
bordering the north-eastern edge of the Laurussian margin (Cocks and Torsvik, 2006). In contrast
to the Emsian reference experiment, the Rheic basin in this experiment is located between the
equator and -60⁰. The applied wind stress pattern, therefore, corresponds to the idealized wind
stress at these lower latitudes. As such, an anti-cyclonic gyre covers most of the basin in Fig. 4.5b.
The beginnings of a cyclonic gyre can be seen around -60⁰, as evidenced by a westward directed
flow at the southern margin of the Rheic basin. Highest velocities are again reached on the northwestern Rheic border with Laurussia, where the flow is directed towards the south-west. In
contrast to the reference experiment, the strong WBC extends all along the Laurussian margin in
this experiment. As it reaches the western model boundary, it is deflected southward and eastward
towards the Gondwanan margin. As it then moves along the Gondwanan margin, it is ultimately
deflected northward along the eastern model boundary.
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Fig. 4.5: Famennian paleogeographic experiment series with a) land-sea distribution of the
Torsvik reconstruction including the Saxothuringian Terrane (S.T.), Moesia Terrane
(M.T.) and Armorican Terrane Assemblage (ATA), and b) the resulting depth-averaged
horizontal velocity pattern.
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As the northward directed flow leaves Gondwana and reaches the islands, it is diverted either left
or right around the island, reaching higher speeds at the corners of the islands. Higher velocities
are especially observed at the north-eastern margin of the Saxothuringian Terrane. As the current
is deflected around the terrane it joins the WBC, generating a small “boundary vortex” near the
convoluted Laurussian margin in an area that would cover present-day Latvia, Lithuania, Belarus,
and Poland (Munk and Carrier, 1950).
The land-sea distribution in Fig. 4.6a is based on the continental configuration by Dopieralska
(2009). The main differences are the presence of only one island near the Laurussian margin
which represents the Armorican Terrane Assemblage (ATA) and the configuration does not
include the Kaskaskia sea in eastern Laurussia. Additionally, the Laurussian margin is more
convoluted than in the previous land-sea distribution.
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Fig. 4.6: Famennian paleogeographic experiment series: a) land-sea distribution based on
the reconstruction from Dopieralska (2009) including the Rhenohercynian Terrane (R.T.)
and b) depth-averaged horizontal velocity pattern.
Melissa Vleugel - March 2019

45

Investigating wind-driven surface currents in the Rheic Ocean through modelling

The strongest flow is once again found along the western margin of the Rheic Ocean with
Laurussia in Fig. 4.6b. A similar boundary vortex is reached at the convolution in north-eastern
Europe with an added, stronger boundary vortex in present-day Germany. As the current reaches
the south-western edge of the basin with Laurussia it is deflected eastwards around Gondwana in
the same manner as in Fig. 4.5a.
In the land-sea distribution shown in Fig. 4.7a, based on Huneke (2006), the eastern Laurussian
margin is strongly north-south oriented between 0-30⁰ south latitude. The margin then becomes
south-west oriented at latitudes higher than 30⁰ south latitude, eventually incorporating a large
Kaskaskia Sea in south-west Laurussia. The margin is overall less convoluted than the previous
configurations, and the Kaskaskia Sea reaches farther inland. The land representing the
Amazonian section of Gondwana does not resemble that of previous configurations in shape and
location. It is located at lower latitudes and is therefore closer to Laurussia, causing a narrow
region at the centre of the Rheic basin. Two islands can be observed in the eastern part of the
ocean corresponding to the Noric terrane (N.T.) and ATA.
Fig. 4.7b shows how the strong current at the western margin of the Rheic bordering Laurussia is
faster and narrower in the N-S oriented part of the Laurussian margin but widens as the margin
becomes S-W oriented. The water flowing along the Laurussian margin is deflected to the east
and north-east as it reaches the western model boundary. This “returning flow” picks up speed
and reaches the point at which the Rheic narrows between 30 and 40 south latitude. Velocities of
the eastward flow along Gondwana margin are relatively higher at this constriction, but once the
water deflects back up the eastern model boundary to the north, velocities decrease. The northeastern edges of the two islands are not visible in this model, but we see a slight increase in water
velocity as water flows left and around the south-western edge of the islands at the eastern model
boundary.
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Fig. 4.7: Famennian paleogeographic experiment series: a) land-sea distribution of the
Huneke reconstruction including the Noric Terrane (N.T.) and Armorican Terrane
Assemblage (ATA), and b) depth-averaged horizontal velocity pattern.
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Effect of a closed Tournaisian (350 Ma) gateway
The eventual closure of the Rheic Ocean at the Devonian-Carboniferous boundary is linked to
major changes in the global oceanic circulation and related climate change (see Fig. 1.5). To
understand the effect of its closure, a land-sea distribution of the Rheic Ocean is tested in which
the south-western arm of the Rheic Ocean has been closed. The land-sea distribution is based on
the Tournaisian paleogeographic reconstruction by Torsvik et al. (2012).
The land-sea distribution in Fig. 4.8a consists of a smaller Rheic Ocean whose south-western
margin is closed to the west by Amazonia. The basin is located between the equator and 45⁰ south
latitude and contains a landmass at its centre representing the ATA.
Only one anti-cyclonic gyre is generated in this experiment. Starting at the north-eastern
Laurussian margin, the current picks up speed along the margin as in the previous experiments
until it reaches the convergence point between Laurussia and Amazonia. The current is then
deflected along Amazonia to the south-east, with a minor current flowing back along the southeastern edge of the ATA as a small vortex. It eventually joins the stronger current along the
Laurussian margin. As the other water mass leaving Amazonia towards the north-east bends
around the vortex point, it widens as it flows along the Gondwanan margin. Here, the current
splits into two arms, a northern and north-eastern arm, losing speed as it reaches the eastern model
boundary. Another part of the north-eastern current is deflected around the ATA to once again
join the strong south-western current along the Laurussian margin.
The average horizontal velocities and kinetic energy are higher than in the reference experiment
(not shown). The depth-averaged velocity vectors on both the Laurussian and Gondwanan margin
are longer than in the reference experiment, indicating stronger currents.
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Fig. 4.8: Effect of closure of the Tournaisian seaway: a) depth-averaged horizontal velocity
pattern and land-sea distribution including the Armorican Terrane Assemblage (ATA), and
b) surface elevation of the basin.
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Effect of a shelf break surface current barrier
The choice of model coastline in the previous experiments included shelves. These land-sea
distributions, therefore, show the Rheic as reaching farther inland past the reconstructed
continental coastlines. The following experiment is an intermediate step towards depth variation,
in which the chosen model coastline no longer includes the reconstructed shelves. The model
coastline is instead roughly set at the continental coastline to represent a basin whose currents are
limited by the shelf break, as it has previously been stated (Segar, 2018, p.183) that the shelf break
is able to act as a barrier to the deep WBC.
This limiting shelf break experiment is based on the same Emsian paleogeographic reconstruction
by Torsvik et al. (2012) as used in the reference experiment. The resulting ocean basin in Fig.
4.9b is narrower than that of the reference experiment, especially between 40-55⁰ south latitude.
As in the reference experiment, two gyres are generated that converge between 50-55⁰ south
latitude. A strong current is once again observed at the (north-) western boundary with Laurussia
in the northern anti-cyclonic gyre, although the extent is not as great as in the reference
experiment. As in the reference experiment, high velocities are also reached in the southern
cyclonic gyre where the water mass reaches the southern boundary with Gondwana/Amazonia
and is deflected westward. Other than at this southern boundary edge, the southern cyclonic gyre
is slower than in the reference experiment. Another difference is the constricted flow at the centre
of the Rheic basin due to the narrow basin geometry at 50⁰ south latitude, causing higher velocities
to be reached at the northern Amazonian margin than in the reference experiment.
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Fig. 4.9: Effect of shelf break as a surface current barrier. Figure a) shows the depthaveraged horizontal pattern of the reference experiment which includes a shelf and figure
b) shows the surface current pattern when no shelf is included.
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4.2.2 Influence of bathymetry
To determine the effect of bathymetry on the surface current pattern, a grid with a varying ocean
depth was generated for both the Emsian and Tournaisian configurations that were based on
Torsvik and Cocks (2016).
As described in section 3.2.2, the depths of the oceans were set to vary between 0 and 6000 metres
with the greatest depth representing a subduction zone, as seen in Fig. 4.10a. In the bathymetric
model, Laurussia has a relatively steep continental slope while the Amazonian continental slope
is more gradual.
The surface current pattern that can be seen in Fig. 4.10b no longer shows a strong current at the
Rheic western boundary with Laurussia and the circulation pattern is generally much more
diffuse. Instead, higher velocities are limited to the north-eastern margin of the ocean with
Laurussia, in the Kaskaskia sea, and at the Amazonian shelf. These regions correspond to the
shallower areas highlighted by the bathymetric model shown in Fig. 4.10a. The flow direction in
the Kaskaskia sea is in the clockwise direction, which is opposite to the flow direction observed
in the reference experiment. Except for the westward flow leaving Gondwana at the southern
boundary, velocities in areas deeper than approximately 200-300 metres are very low, and the
basin is therefore generally quiescent.
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Fig. 4.10: Emsian generated bathymetry experiment results. Figure a) shows the generated
bathymetry mask for the Emsian configuration, b) the depth-averaged horizontal velocity
pattern for Emsian configuration with generated bathymetry, and c) Emsian experiment
time series of the average kinetic energy of the basin over a runtime of 150 days.
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The bathymetry for the Famennian configuration in Fig. 4.11 was carried out to test the effect of
the bathymetry in a back-arc setting. The back-arc basin to the north of the Rhenohercynian Zone
has been set to a depth of 3500 meters. Compared to the Emsian generated bathymetry there is a
wider Laurussian shelf in the eastern margin of Laurussia in this configuration, but an absence of
the Kaskaskia Sea. The configuration still retains the gradual southern shelf at the Amazonian
margin, with a wide shallow shelf between Amazonia and the ATA.
The surface currents in the Famennian experiment in Fig. 4.11a are once again generated in the
shallower regions. The highest velocities are generated along the Laurussian margin in the northeastern part of the Rheic and the current speed decreases again past the S-shaped convolution of
this margin. The general direction of the current past this convolution is not clear but seems to be
towards the north-east. Velocities along the shallower Gondwanan margin are also higher than
the experiments with a uniform depth and water flows around Gondwana towards the east. There
is once again a small current at the model boundary in the south which is directed eastward.
Velocities around the islands remain relatively low due to the high depths at the island margins,
with slight increases in velocity mimicking the decreases in depth.
Although the surface area of the ocean only increases slightly, the much larger depth causes the
volume of the basins to be between 12-17 times greater than that of the uniform experiments. The
kinetic energy time series in Fig. 4.10c and Fig. 4.11c show that the experiments do not reach a
steady state within the standard model run of 150 days, especially in the Famennian scenario in
Fig. 4.11c. A steady state is reached for the depth-averaged velocities and average surface
elevation.
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Fig. 4.11: Famennian generated bathymetry experiment results, figure a) shows the
generated bathymetry mask for the Emsian configuration, b) the depth-averaged horizontal
velocities, and c) Famennian experiment time series of the average kinetic energy of the
basin over a runtime of 150 days.
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4.2.3 Influence of throughflow
The boundaries of the oceanic basin in the Emsian reference experiment are closed at the eastern
and western model boundary. However, in the Devonian the Rheic Ocean would have been the
passageway for equatorial waters, allowing currents to move between the poles (see section 2.3).
An in- and outflow would, therefore, have occurred at the eastern and western oceanic margins.
In the following experiments, the movement of water through the Rheic has been simplified as a
throughflow, whereby the eastern and western boundaries have been set to allow a westward
directed flow of water of 1, 5 or 7 Sverdrup. Other than having open boundaries, the experiments
are identical to the Emsian reference experiment.
For the 1 Sverdrup throughflow experiment (Fig. 4.12a), the velocity pattern of the reference
experiment with closed boundaries is nearly identical to that of the reference experiment. The
main areas with relatively higher velocities remain concentrated at the Laurussian margin and the
southern edge of the model basin, and the two gyres are once again generated. Low velocities are
found at the south-eastern margin with Amazonia as well as the eastern model boundary in this
experiment as well. This same pattern is repeated for a throughflow of 5 Sverdrup (Fig. 4.13b),
the only difference being that the velocity of the water is greater throughout the basin. This same
effect is observed with a throughflow of 7 Sverdrup (Fig. 4.14c). We, therefore, see no change in
the surface current direction and relative velocity of the water, but the absolute velocity of the
basins is increased with an increasing throughflow.
When looking at the steady state elevation time series in Fig. 4.12c, Fig. 4.13c, and Fig. 4.14c,
the surface elevation in all three experiments continues to decrease at a faster rate with an
increasing throughflow. This can also be seen in Fig. 4.12b, Fig. 4.13b, and Fig. 4.14b. The
northern anti-cyclonic gyre differs from the reference experiment in that water is not able to flow
geostrophically at its centre. The decrease in elevation is most likely an artefact of an
unidentifiable error, but it does not influence the steady-state kinetic energy and horizontal
velocities. The current velocity patterns in Fig. 4.12a, Fig. 4.13a, and Fig. 4.14a also seem to be
unaffected by this artefact.
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Fig. 4.12: Effect of a net westward flow (throughflow) of 1 Sverdrup: a) depth-averaged
velocity pattern of an Emsian basin geometry with an idealized zonal wind stress and
uniform depth of 200 meters, b) mean surface elevation and c) surface elevation time series
for a run of 150 days.
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Fig. 4.13: Effect of a net westward flow (throughflow) of 5 Sverdrup: a) depth-averaged
velocity pattern of an Emsian basin geometry with an idealized zonal wind stress and
uniform depth of 200 meters, b) mean surface elevation and c) surface elevation time series
for a run of 150 days.
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Fig. 4.14: Effect of a net westward flow (throughflow) of 7 Sverdrup: a) depth-averaged
velocity pattern of an Emsian basin geometry with an idealized zonal wind stress and
uniform depth of 200 meters, b) mean surface elevation and c) surface elevation time series
for a run of 150 days.
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4.3 Effect of the applied wind stress
In order to analyse how much the current velocity pattern is influenced by the applied wind stress,
several different wind stresses were tested and compared to the idealized zonal wind stress
scenario of the reference experiment (described in section 3.2.4).
The experiment forced with a present-day zonal wind stress taken from satellite data is depicted
in Fig. 4.15b. It shows eastward wind stresses between 10-30⁰ south latitude, after which the wind
stress reduces to zero at an inflection point and turns eastward from 35⁰ south latitude onwards.
The highest wind stresses are reached between 50-60⁰ south latitude, with a maximum of 1.6x10 04
Nm/kg. There are some bands in the region between 60-70⁰ south latitude which are an artefact
from satellite data processing.
The resulting current velocity pattern in Fig. 4.16b shows how an applied present-day zonal wind
stress still generates a strong current along Laurussia, although the current does not reach as far
along the Laurussian margin as in the reference experiment. The northern gyre is overall similar
to the Emsian reference experiment, but the southern gyre shows a different pattern. Although
still flowing as a clock-wise cell, the gyre is difficult to interpret due to the aforementioned
artefacts which also cause similar bands to appear as in Fig. 4.15b.
In the second experiment, a uniform eastward wind stress of 0.976x10-04 Nm/kg is applied to the
model. Fig. 4.16c shows how a uniform eastward wind causes one single anti-cyclonic gyre to
develop throughout the basin. Overall, the water mass flows along Gondwana in the southwestern direction and picks up speed as it reaches the southern boundary of the model. This speed
remains constant as it passes the Kaskaskia sea and picks up more speed along the remainder of
the Laurussian margin up to 25⁰ south latitude. The gyre in the Kaskaskia sea in this experiment
also flows in the clockwise direction and at much lower velocities. As with the reference
experiment, a strong current is still present at the western margin of the ocean basin. In this case,
it flows in the opposite north-eastern direction due to the eastward wind.
In the third experiment within this series, a uniform meridional wind stress is applied in the
northward direction. This has resulted in an overall quiescent ocean with very slight increases in
velocity at the Laurussian margin as seen in Fig. 4.16d. As with previous experiments, a slight
increase in velocity can be observed at the south and south-east boundary of the model. The figure
shows that the effect of meridional wind results in very low velocities overall and can be
considered negligible.
Two aspects of the applied wind stress were tested in the model: how realistic the applied
idealized wind stress function was (also zonal vs meridional) and how sensitive the model was to
large changes in the applied wind (zonal uniform wind stress).
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Fig. 4.15: Wind stress patterns applied to an Emsian configuration with uniform depth
showing the a) idealized zonal windstress, b) present-day windstress from satellite data, c)
uniform zonal windstress and d) and uniform meridional wind stress.
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Fig. 4.16: Effect of variable wind stress on surface current pattern, showing the depthaveraged horizontal velocities resulting from a) an applied idealized zonal wind stress, b)
present-day wind stress, c) uniform zonal wind stress and d) and uniform meridional wind
stress.
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4.4 Effect of the Coriolis parameter
In this experiment series, we analyse the difference in surface current patterns when the applied
Coriolis parameter is adjusted present-day, Devonian, uniform, or zero values (see section 3.2.5).
The experiments are otherwise identical to the Emsian reference experiment.
Fig. 4.17b shows the current velocity pattern when the Coriolis parameter has been adjusted to a
Devonian earth rotation rate, resulting in a smaller Coriolis parameter. Little difference is seen in
the velocity pattern itself when comparing to the reference experiment with a present-day Coriolis
parameter. The main features of the reference current velocity pattern are retained. The two gyres
are generated with a strong current along Laurussia and the southern and south-eastern boundary
of the basin. The decreased Coriolis effect is mainly reflected in the overall basin velocities and
velocities are lower compared to the reference experiment.
Fig. 4.17c shows how the implementation of a uniform Coriolis results in a more symmetric
distribution of velocity on both the eastern and western sides of the gyres. The currents at the
Laurussian margin and at the south-eastern basin boundary are still the strongest. However, high
velocities are no longer concentrated at the western boundaries but can be seen on the eastern
boundaries of the gyres as well. In the northern gyre, for example, the water mass that reaches the
Gondwanan margin below -55⁰ has higher velocities in the north-eastern direction than in the
reference experiment. In the southern gyre, as the water mass at the Gondwanan boundary at -60⁰
is deflected to the south-west, velocities increase. Higher velocities are generated at the eastern
boundary of the Kaskaskia Sea as well.
In Fig. 4.17d, the velocity pattern is generated with a Coriolis parameter set to zero and the basin
is therefore not subjected to the Coriolis force at all. The velocity pattern that is generated is
similar to the uniform Coriolis experiment in Fig. 4.17c, with the main difference being that
higher velocities are reached at the eastern and western boundaries of the gyres. Eastern
boundaries, like in the previous experiment, are subjected to higher velocities and higher
velocities are therefore reached at the Gondwanan boundary. The Coriolis force has no influence
in this experiment. The current at the western boundary remains the strongest suggesting that
wind plays an important role in the WBC phenomenon as well.
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Fig. 4.17: Effect of a varying Coriolis parameter on the surface current pattern. Resulting
depth-averaged horizontal velocities after applying the a) present-day Coriolis parameter
value, b) Devonian value, c) uniform value and d) zero Coriolis parameter.

Melissa Vleugel - March 2019

67

Investigating wind-driven surface currents in the Rheic Ocean through modelling

68

Melissa Vleugel - March 2019

Chapter 5: Discussion

5 DISCUSSION
5.1 Model limitations
The model configurations used in this study have several important limitations which should be
considered when reviewing and discussing results. Main limitations include the boundary effects,
modelling dimensions, and the temporal as well as spatial scale of the model.
The modelled Rheic Ocean represents an ocean basin which was part of a much larger system
and which would have connected oceanic waters from the Paleotethys Ocean at its eastern
boundary and Panthalassa Ocean at its western boundary. In this study, however, a limited area
model was used where the Rheic basin was analysed in isolation, which made it necessary to
specify the water mass exchange at boundaries in areas where the basin is not already bound by
land. In turn, the interaction between the water mass and these virtual boundaries influenced both
the location and speed of currents close to the boundary areas.
The basin has artificial boundaries in the areas not bounded by land; at the north-east, east, south,
and south-west edges of the basin. The greatest boundary effects were observed at the southern
and western edges of the Rheic Ocean, especially evident in the experiment where solely
meridional wind forcing was applied (Fig. 5.1). In this experiment, nearly zero flow results in all
other areas of the model while higher velocities are still reached at the south and southwestern
boundaries of the basin. Higher velocities were likewise generated at the southern and
southwestern boundaries of the Emsian, and to a lesser extent Famennian, experiments.

Melissa Vleugel - March 2019

69

Investigating wind-driven surface currents in the Rheic Ocean through modelling

Fig. 5.1: Modified version of the meridional wind stress experiment shown in Fig. 4.16. Red
lines highlight areas subjected to the greatest boundary effects.
The southern model boundary cuts off the Rheic before reaching the actual southwestern
Amazonian shelf which would, in fact, have been further south. The higher velocities that can be
seen at the southern model boundary are therefore expected to have occurred further southward.
Likewise, the western boundary would have been an open connection to the Panthalassa Ocean.
The current which is deflected northwards at the western model boundary would most likely not
have been deflected but would have continued westward into the open ocean. The water reaching
the Laurussian shelf would, therefore, have come from further east rather than the south as shown
in the model results. The water masses at the southwestern edge of the Rheic basin are supplied
by this deflected current and are also expected to have had much lower velocities than model
results suggest. Another location where the boundary affects the circulation is at the western edge
of the Kaskaskia sea. In several of the land-sea distributions used in the model, the western edge
of the Kaskaskia sea was cut off at the model boundary, while it would have reached further west
(shown in Fig. 5.2).
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Fig. 5.2: Figure showing the full extent of the Kaskaskia sea, indicated by the red box.
Modified from Torsvik and Cocks (2016).
All in all, the boundary affects the current by adding to the velocities already generated by the
wind stress curl in the region, causing deflected strong currents. It should therefore be kept in
mind when analysing the potentially erroneous high velocities and current directions in these
regions.
Seeing as this is a first study, the decision was made to begin with a large-scale model of the
entire Rheic basin prior to being able to model the circulation at the scale of epeiric and
epicontinental seas such as the Rhenohercynian Ocean. The modelled area eventually spanned an
area of roughly 44,000,000 km2 at a resolution of ¼°. Using a scale this size allows the model to
be compared to more schematic ocean circulation models. It is additionally useful for a general
understanding of the factors affecting the surface current pattern within the Rheic basin and gives
ideas on the possible interaction between the Rheic and bordering Panthalassa and Paleotethys
oceans which could in turn influence the smaller oceanic basins. On the other hand, it does limit
the uses of the model to general observations as analysis of smaller-scale processes such as eddies,
monsoons, or storms require a higher resolution, more paleogeographic detail, additional forcing
such as vertical density gradients, or a dynamic instead of steady-state model. Research could
benefit from the incorporation of such smaller-scale processes as the frequent occurrence of
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monsoons and storms due to a high Devonian seasonal variability is evidenced in Devonian
deposits and shown to have played an important role in mid-Paleozoic ocean circulation (Thorez
and Dreesen, 1986; De Vleeschouwer, 2015; Tait, 2000; Narkiewicz et al., 2015). These
processes, however, would additionally require three-dimensionality to allow for the
incorporation of vertical movements. Using a three-dimensional model could also make the
analysis of the thermohaline circulation as well as coastal up- and downwelling possible which
could be of interest as oceanic overturning of anoxic waters is seen as a possible cause of the
Devonian mass extinctions such as the Hangenberg event (Caplan and Bustin, 1999, Chen et al.,
2012).

5.2 Main parameter sensitivity
Throughout the study, several aspects of three main parameters were tested, namely the
paleogeography, wind stress and the Coriolis force. The process-based analysis of these
parameters led to the identification of the most influential factors on the modelled circulation
pattern, namely the bathymetry, throughflow, and applied zonal wind stress. The Coriolis
parameter and meridional wind stress were found to have had a relatively insignificant effect.
There was little difference in the circulation pattern between the modern Coriolis parameter and
the expected Devonian Coriolis parameter. Results showed that the meridional wind stress
generates a negligible amount of flow, thereby justifying the omittance of meridional wind effects
in the idealized wind stress function. Of the three paleogeographic aspects tested, the influence
of the land-sea distribution had less influence on the general circulation pattern but was still found
to have some local influence, which will be discussed in section 5.4.

5.2.1 Bathymetry
The generated bathymetry results in Fig. 4.10 and Fig. 4.11 showed that noticeable velocities
were not reached unless the depth of the ocean basin was less than 200-300 meters, which
occurred at the continental and island coastlines. A depth greater than 200-300 metres resulted in
a diffuse circulation pattern, with no overall current direction. The two-dimensionality of the
model leads to depth-averaged velocities, which are expected to have caused a diffuse pattern.
Nonetheless, model results do suggest that variations in depth have a strong influence on the
generated surface circulation.
The generated bathymetry used in this study is a rough estimate of the Rheic bathymetry and was
mainly intended for identifying the sensitivity of the model. The generated bathymetry does
incorporate several features such as the Rhenohercynian Ocean and a subduction zone that is
closer to Laurussia than Gondwana. The bathymetry at the Laurussian shelves, however, causes
narrower and deeper shelves than suggested in literature. For example, one study that focused on
a smaller basin within the Gondwanan shelf suggested that the intrashelf Mader Basin did not
reach depths greater than 20 metres (Jakubowicz et al., 2019). The Laurussian shelf is also often
shown to cover a much larger surface area of the European segment of Laurussia than in the landsea distributions used in this model, as shown in Fig. 5.3 (Hüneke, 2006; Stets and Schäfer, 2011).
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Fig. 5.3: Early Devonian paleogeographic reconstruction, the red box highlights how in this
reconstruction Europe was predominantly one large shelf. Modified from Stets and Schäfer
(2011).
Furthermore, the depth of the Rhenohercynian Ocean is an uncertain parameter as it is not sure
what type of basin it was. In this study, it was set to a depth of 3500 metres to represent a backarc basin. In Hüneke (2006), on the other hand, it is suggested to be a failed rift with a depth of
200-1000 meters.
The sensitivity of the model to the bathymetry lead to the conclusion that future model expansions
would require a more refined bathymetry. To achieve this, a choice must first be made whether
to focus on a detailed, smaller-scale local bathymetry or a more generalized, large-scale global
bathymetry. In both cases, the overall effects of the bathymetry on the circulation would be better
represented by a three-dimensional model. This would, for example, allow for the distinction of
flow directions at different depth levels as opposed to the depth-mean result from the twodimensional configuration used in this study.
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Using a smaller, basin-scale bathymetric reconstruction

Fig. 5.4: Example of a smaller basin-scale study. Showing circulation within the Upper
Devonian Catskill Sea. Modified from Slingerland (1986).
An option which would result in a more refined bathymetry would be to apply the model on
smaller oceanic basins or shelfal areas within the Rheic Ocean. This would be beneficial as the
modelled results would be easier to constrain with geological observations since, although no
direct evidence of the Rheic deep-sea environment remains, the number of studies that study
smaller basins along the Rheic shallow shelves are numerous.
Several regions that have been the subject of sedimentary, tectonostratigraphic and biotic studies
are for example the Tafilalt and Mader basins in the Moroccan Variscides (Dopieralska, 2009),
the Ahnet and Mouydir basins in Algeria (Lüning et al., 2004; Wendt et al., 2006), the Ardennes
area including Condroz Shelf in Belgium (Paproth et al., 1986; Thorez et al., 2006), the Orcadian
basin in Scotland (Marshall et al., 2007), the Appalachian, Catskill and Illinois basins in North
America (Sageman et al., 2003; Smith and Read, 2000), and the Rhenohercynian basin (Stets and
Schäfer, 2011). Other studied localities, not including the terrane margins such as Iberia and
Armorica, are found along the Rheic margins in present-day Peru and Bolivia (Reimann et al.,
2010), as well as Poland (Dopieralska et al., 2006; Matyja, 2009). The data presented in these
studies provide information on a more detailed bathymetry, and several incorporate the local
features such as the local tectonic situation shown in Fig. 5.3 for the Rhenohercynian basin. In
this publication by Stets and Schäfer (2011), for example, local tectonics were incorporated in
sediment supply directions in their depositional models. The influence of tectonics on the local
circulation was also highlighted by Wendt et al. (2006), where diverging paleoflow orientations
in Givetian calcareous facies within the Azel Matti Ridge (Algeria) are thought to be related to
irregular seafloor topography.
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Modelling these smaller-scale basins would require tidal forcing, as it is an important influence
on shallow-sea environments. This is also shown in the numerical study on the Catskill Sea by
Slingerland (1986) (Fig. 5.4).
To minimize the uncertainty caused by unknown values of throughflow and boundary effects, it
would be useful to use a model nested in a larger model. The modelled basins could, therefore,
make use of a larger-scale model such as the one presented in this study, or even a global-scale
model.

Fig. 5.5: Cross section of the Early Devonian Rhenohercynian basin that serves as an
example of how local tectonics can be incorporated into basin-scale models (Stets and
Schäfer, 2011).

Using a large, global-scale bathymetric reconstruction
Originally, the smaller-scale model of the Rhenohercynian Ocean was found to be more uncertain
in terms of paleogeography, which is why a larger-scale model of the Rheic Ocean was opted for
instead. Although bathymetry might be better constrained by the small-scale model of a shallow
basin as previously discussed, it might also be beneficial to model the larger, global scale
circulation of the mid-Paleozoic. The reason for this is related to the fact that small-scale basins
provide more bathymetric detail: there is no evidence of the deep-sea conditions within the Rheic
Ocean, and precisely this issue could make a large-scale model desirable as modelling provides a
unique insight into an otherwise unknown scenario. To use a large, global-scale model but
improve model results, a bathymetry could be implemented that is based on a more refined
tectonic plate model. The tectonic complexity of the opening and closure of the Rheic Ocean is
still widely debated, which is expected to be the same for the Panthalassa and Paleotethys ocean.
Despite this obstacle, an approximate estimate of the bathymetry could be made using the
relationship between flexure and age of oceanic crust as shown in Fig. 5.6 to create a bathymetric
model. Although not yet available for mid-Paleozoic times, Fig. 5.7 shows a reconstruction of
oceanic age by Müller et al. (2016) which could ideally be used. Seeing as interactive platforms
such as GPlates promote the development of plate tectonics further and further back in time, a
similarly detailed global tectonic reconstruction may become possible in the future.
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Fig. 5.6: Illustration of the relationship between age, flexure, and depth of oceanic
lithosphere (Crosby et al., 2006).

Fig. 5.7: Age-area distribution of oceanic crust at 230 Ma. Modified from Müller et al.
(2016).
The approximated bathymetric model could then be used for a global circulation model which
would mainly focus on the large global circulation patterns and ignores the smaller patterns along
the bathymetrically-sensitive ocean margins. An example of such a model is the Ordovician
numerical model by Pohl et al. (2016) shown in Fig. 5.8. The insight obtained with a global-scale
model would provide more valuable insight into the Late-Devonian extinctions and global climate
change which have been linked to anoxia (Caplan and Bustin, 1999; Chen et al., 2013; Lüning et
al., 2004; Marshall et al., 2007; Menor-Salván et al., 2010), overturning and rise of toxic water
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(Caputo et al., 2008), and to changes in thermohaline circulation by the deflection of warm
currents by closure of the Rheic passage (Smith and Read, 2000) (see Fig. 1.5 and Fig. 5.9).
Ideally, this would then be combined with a three-dimensional model and the incorporation of
vertical density gradients which could then be coupled to reconstructed Sea Surface Temperature
(SST) and sea-level curves to model the global overturning of waters or exchange of warm and
cool waters between, for example, the two Rheic gyres that developed in the Emsian reference
experiment (Fig. 4.4a).

Fig. 5.8: Example of a global scale model, showing a Late Ordovician (440 Ma) circulation
pattern from Pohl et al. (2016).

Fig. 5.9: Effect of Rheic closure on the global circulation (Smith and Read, 2000).
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5.2.2 Throughflow
Another factor of influence on the generated circulation pattern is the westward throughflow. This
throughflow was implemented in the model to capture the function of the Rheic Ocean as a
connecting ocean. The model results have shown that an increased throughflow causes higher
current velocities, without altering the circulation pattern itself. An issue lies in the fact the actual
transport of water at the boundaries of the Rheic with its bordering oceans remains unknown.
Transport values of 7, 5 and 1 Sverdrup were therefore chosen to represent high, normal, and low
transport values in the model as (see section 3.2.3). The sensitivity of the model to the
throughflow highlights the need for more investigation into the possible fluxes between the Rheic,
Paleotethys and Panthalassa oceans. The possible boundary conditions in the Princeton Ocean
Model are numerous (Mellor, 2004). For example, a potential implementation both an in- and
outflow at the individual boundaries rather than an overall throughflow could also be explored.
Another option would be to use the aforementioned nested model approach. This can be done by
nesting a smaller basin in the Rheic Ocean model constructed in this study, or by nesting the same
Rheic Ocean model in a global model.

5.2.3 Applied zonal wind stress
The wind stress experiments showed that small changes in the applied wind stress caused
significant changes in the circulation pattern. In this model which is forced solely by the wind
stress, the wind pattern rules the formation of gyres, the position of the WBC, and horizontal
current velocities within the basin. Additionally, wind stress and paleolatitude are interconnected
and currents depend on the placement of the area of interest within the applied wind stress pattern.
For example, the strength of the current reaching Gondwana was stronger for the Famennian landsea distribution based on Torsvik and Cocks (2016) than for the Famennian configuration based
on Dopieralska et al. (2009) due to the Gondwanan shelf being located at higher latitudes, thereby
falling in an area within the wind stress pattern with higher wind stresses. Comparison of the
idealized wind stress function to the modern-day observed wind stresses showed that the two
curves were not a perfect fit. Chereskin and Price (2018) show an alternative idealized wind stress
function, where the wavelength used in equation 3.4 is reduced to π/2 instead of 2/3π (Fig. 5.10).
Applying this wavelength results in a slightly better fit to the observed wind stresses (blue in Fig.
5.11). Alternatively, an idealized wind stress function with no asymmetry could be used (solid
black in Fig. 5.11).
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Fig. 5.10: Idealized surface wind in the northern hemisphere, modified from Chereskin and
Price (2018).

Fig. 5.11: Modern-day winds stresses from the NOAA database (blue) compared to the
idealized wind stress curve with an alternative wavelength of π/2 (dashed black), and curve
with no asymmetry called “ideal 0” (solid black).
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Another feature of wind stress expected to have an influence is the effect of land mass on the
wind stress. In the Devonian continental configuration, continents were concentrated in the
Southern Hemisphere. The possible influence this would have had on the wind stress pattern over
the Rheic Ocean could consequently be of importance and would require further testing.

5.3 Comparison to conceptual circulation models
The numerical model results generated in this study show circulation patterns that are comparable
to available schematic reconstructions of mid-Paleozoic oceanic circulation. In section 2.3.1, four
main circulation patterns were identified from six schematic reconstructions. These include the
reconstructions by Dopieralska (2009) Fig. 1.6), Hüneke (2006) (Fig. 5.12), Jakubowicz et al.
(2019) (Fig. 5.13), Kiessling et al. (1999) (Fig. 2.13), Oczlon (1990) (Fig. 2.12), and Paproth et
al. (1986) (Fig. 1.4). The model results will be compared to these four patterns in the sections
below.

Fig. 5.12: Global pattern of oceanic surface circulation in the Givetian-Frasnian epochs,
modified from Hüneke (2006).

1.) Gyre patterns within the Rheic
Cyclonic and anti-cyclonic gyres were generated within the Rheic Ocean in the Emsian as well
as Famennian experiments in this study. Similarly, in the reconstructions by Hüneke (2006) and
Kiessling et al. (1999), anti-cyclonic gyres occur at lower latitudes and cyclonic gyres occur at
higher latitudes. In their schematic reconstructions, however, the northern anti-cyclonic gyre is
considered to have been deflected upon contact with the ATA at the margin of Gondwana. The
southern, cyclonic gyre is also not shown to have been generated in the narrow Rheic Ocean, and
both gyres are therefore instead limited to the Panthalassa and Paleotethys basins. The difference
between schematic and modelled circulation, in this case, is most likely due to a difference in
chosen plate reconstruction, causing the Rheic Ocean in the schematic reconstructions to be much
narrower, and at lower latitudes, than in the modelled experiments.
The Rheic circulation generated through the model in this study is more similar to the
reconstructions by Dopieralska (2009), Jakubowicz et al. (2019), and Oczlon (1990). These
reconstructions also place the Rheic Ocean at lower latitudes, but they do show the formation of
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an anti-cyclonic gyre within the Rheic Ocean. A cyclonic gyre, however, is also not shown.
Interestingly, large differences occur even between these three similar reconstructions. In the
reconstruction by Jakubowicz et al. (2019) (Fig. 5.13), for example, a Mid-Devonian Rheic Ocean
is shown with a closed western arm. This would be similar to the Tournaisian experiment in this
study (Fig. 4.8), where one single gyre is generated within the basin. In the reconstructions by
Dopieralska et al. (2006) and Oczlon (1990), the Rheic Ocean is still open to the Panthalassa
Ocean. The inflow from the east shown in their reconstructions would correspond to the cyclonic
gyre, which generates an eastward flow at latitudes near -60⁰ (Emsian) and -50⁰ (Famennian).
The similarity in faunas between Laurussia and Gondwana has been attributed to their connection
by the Rheic Ocean, and studies may benefit from the added information on the anti-cyclonic and
cyclonic gyres obtained through this study (Narkiewicz et al., 2015). For example, the lateral
inflow of Givetian faunas into shallow basinal areas in present-day Algeria as described by Wendt
et al. (2006) could be explained by the predominantly eastward currents formed along the
southern edge of the anti-cyclonic or northern edge of the cyclonic gyre, which generated an
eastward flow.

Fig. 5.13: Mid-Devonian seawater circulation from Jakubowicz et al. (2019) based on the
schematic reconstruction by Oczlon (1990). The South Equatorial Current (SEC) and North
Gondwanan Current (NGC) are located more southward in this reconstruction.

2.) Current direction along the Laurussian shelf
What can be said is that in general, the model results agree with the schematic reconstructions on
the current direction along Laurussia. This current was termed the Western Boundary Current
(WBC) by Paproth et al. (1986) and South Equatorial Current (SEC) by Oczlon (1990) and
Jakubowicz et al. (2019), see Fig. 5.13 and section 2.3.1.
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In the model results, this strong boundary current occurs along a great part of the Laurussian
margin, justifying the assumption made by Paproth et al. (1986) that a WBC was of importance
to the Condroz shelf region on the redistribution of delta-lobe sediments. The model results also
support the study by Jakubowicz (2018), in which the migration of several different conodonts
and corals are attributed to a South Equatorial Current (SEC) that reached from the Urals to the
south-eastern margin of Laurussia (Bruno-Silesian unit). The model results additionally show that
the WBC originated in north-eastern Europe and reached the North American segment of
Laurussia, which would facilitate a westward distribution of, for example, fauna from Europe to
North America. In the Famennian (Late Devonian) experiments, the WBC even traversed nearly
the entire length of the Laurussian margin. Yet, this connection between Europe and Laurussia
does not seem to be as straightforward when looking at paleobiogeological studies focusing on
the North American segment of Laurussia. For example, findings by Narkiewicz and Bultynck
(2010) do report the distribution of the same conodont species from Poland to Iowa in the Middle
Devonian, but Late Devonian research by Wicander (1975) shows an unexplained dissimilarity
of microflora between Europe and Ohio. This disconnect could be related to smaller sea-level
fluctuations and their effect on the connection between the Kaskaskia Sea and Rheic Ocean. It
should, therefore, be noted that the land-sea distributions capture a rough estimate of
paleogeographies over a large period of time. This low temporal resolution can, therefore, contrast
with the higher resolution of the evidence recorded in the geological record.

3.) Current direction along the Gondwanan shelf
The Emsian model results in Fig. 4.4 indicate a strong south-eastern current at the western-most
margin of the Amazonian segment of Gondwana. This is supported by paleocurrent indicators
from Upper Silurian to Middle Devonian Peruvian sandstones, indicating a south-eastern current
direction according to Reimann et al. (2010). The location of these sandstones matches the
location of the highest velocities within the south-eastern current seen in the model results.
It should be noted that model results are difficult to directly compare to the schematic
reconstructions in general, as evidenced by previously discussed differences in latitude as well as
ocean basin geometries. This is also in part due to the land-sea distributions used in this study,
which are based on the paleogeographic reconstructions by Torsvik et al. (2012) and Torsvik and
Cocks (2016). In their plate reconstructions, they use the Pangea-C configuration (see section
2.2). The reconstructions in the majority of the schematic reconstructions, on the other hand, are
based on the Pangea-A configuration. Contrasting depictions of water depth is also of influence,
causing certain regions to be shallower than others in some reconstructions despite the use of a
similar plate configuration. In the circulation reconstructions by Hüneke (2006) and Kiessling et
al. (1999), for example, currents do not traverse the ATA while the reconstructions by
Dopieralska (2009), Jakubowicz et al. (2019) and Oczlon (1990) show that they do.
We consider a scenario in which the model would have had no eastern and western model
boundaries, such as in the case of for example a nested model approach. Model results would
most likely show that the anti-cyclonic northern gyre would be bigger and reach farther to the
east, into the Paleotethys Ocean. With regards to the cyclonic gyre, the strong current at the
southern boundary would follow the Amazonian shelf as opposed to the virtual model boundary.
This Amazonian shelf is expected to have been slightly further south. The southern, cyclonic gyre
would also not be deflected northward by the specified western model boundary, but rather flow
further west.
If the shelf of the North African segment of Gondwana had been incorporated in a model domain
that reached farther east, the model results would most likely show a similar eastward current
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along Northern Africa, as they currently show for the Amazonian segment. This would also
support the reconstructions by Hüneke (2006) and Kiessling et al. (1999) which show an anticyclonic gyre in the Paleotethys. A Late Devonian eastward current direction in studies within
the Moroccan Variscides is confirmed (Dopieralska, 2009; Jakubowicz et al., 2019), although
according to Dopieralska (2009), this was not the case in the Famennian.
The modelled surface circulation along Gondwana allows for a preference between the schematic
reconstructions. The more recent Late Devonian reconstructions by Dopieralska (2009) and
Jakubowicz et al. (2019) (Fig. 1.6 and Fig. 5.13) are based on the reconstruction by Oczlon (1990)
(Fig. 2.12), but contrary to the reconstruction by Oczlon (1990) they depict an eastern rather than
a south-eastern current at the northern part of the Gondwanan margin. In this study, model results
that use Late Devonian land-sea distributions (Fig. 4.5, Fig. 4.6, and Fig. 4.7) support the eastward
depiction of the North Gondwanan Current, as the current is relatively strong at the northern, EW oriented part of the Amazonian shelf and velocities rapidly decrease when the current bends
around the eastern edge of Amazonia.
Preference over the use of the Pangea-A or Pangea-C configurations cannot be made. The position
of Gondwana and Laurussia vary laterally, placing them within the same wind belt in either of
the configurations. In both configurations we would, therefore, see similar current directions. In
our model, for example, we see a south-eastern current at the easternmost Amazonian shelf. A
similarly directed current is depicted at the Amazonian shelf when the Pangea-A configuration is
used (Fig. 5.12).

4.) Interaction with Panthalassa and Paleotethys
The schematic reconstructions by Hüneke (2006) and Kiessling et al. (1999) simplify the
exchange between Panthalassa and Paleotethys as a unidirectional inflow from the east and an
inflow from the west. The circulation generated in this study show more detail and results show
an anti-cyclonic gyre to be in connection with the Paleotethys Ocean, and a cyclonic gyre with
the Panthalassa Ocean in the Emsian and Famennian experiments. These gyres combine between
50-60⁰ south latitude, allowing for the exchange of waters from both oceans. Warm water carried
by the anti-cyclonic gyre connected to the Paleotethys would be interchanged with cold water
from the cyclonic gyre connected to Panthalassa. The reconstructions by Dopieralska (2009),
Jakubowicz et al. (2019), and Oczlon (1990) are more congruent with model results as they
incorporate the anti-cyclonic gyre that is in connection with the Paleotethys Ocean.

5.4 Contribution to mid-Paleozoic paleogeography
The second research question was aimed at determining whether the generated Rheic surface
currents could be used as a possible aid to several mid-Paleozoic paleogeographic controversies
(see section 2.2). The circulation generated in this study through numerical modelling indicates a
correlation between land-sea distribution and current behaviour, namely an increase in current
velocity. The following sections discuss whether this relationship could help determine terrane
positions as well as the position of Gondwana, the two main controversies regarding the Rheic
Ocean paleogeographic configuration.

1.) Inferring the paleoposition of Gondwana
Model results showed that current velocities increased on both sides of the Rheic Ocean when the
ocean basin was narrower. This constriction was resulted from the convergence of the northern
and southern continents as reconstructed in the Tournaisian configuration in Fig. 4.8, or by setting
the shelf break as an artificial current barrier as in Fig. 4.9. In both cases, the effect of a narrow
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Rheic results in higher WBC velocities and higher velocities in the Amazonian shelf. An increase
in lithological indicators of high speeds can be expected in the Amazonian margin surrounding
the constriction such as condensed sequences, reworked and eroded sediments, ferrous ooids, and
conglomerates (Oczlon, 1990; Huneke, 2006; Thorez and Dreesen, 1986). According to Hüneke
(2006), calcareous bottom currents along the Rheic margins, namely in the Harz Mountains
(Germany) and Eastern Central Massif (Morocco), point to higher hydraulic activity in this same
period of time. The model results in this study support the conclusion by Hüneke (2006) that these
higher speeds were related to the amalgamation of Gondwana to Laurussia and subsequent
narrowing of the Rheic basin. Looking at the difference between a narrowed basin (Fig. 4.9) and
basin closure (Fig. 4.8), it could be expected that velocities would continually increase up to the
point of full closure. Nonetheless, as previously mentioned, there are many other factors that can
lead to higher velocities, especially the local bathymetry. In addition, the disconnect in temporal
resolution between geological evidence and model results should be kept in mind. This could lead
to the recording of momentary high velocities in the geological record of an otherwise quiescent
region, which can be interpreted as a general higher velocity in the region. The need for a large
amount of geological evidence at various instances of time make it difficult to directly connect
increases in velocity to closure or constriction of the basin.

2.) Inferring Peri-Gondwanan terrane positions
The generated surface circulation in the Famennian experiments showed that high velocities were
reached at the protruding edges of the smaller terranes within the Rheic basin, as shown in Fig.
5.14. This suggests that the orientation of a terrane might be derived from indicators of high
speeds within localities assumed to have been part of terranes. In addition to the Harz Mountains
and Moroccan Central Massif, Hüneke (2006) also found evidence for high hydraulic activity
within the Carnic Alps in Austria/Italy which might place their location at the protruding edge of
the ATA that the Carnic Alps are assumed to be a part of. However, as is likewise the case when
trying to infer the Gondwanan paleoposition, there is also a possibility that high hydraulic activity
is related to changes in the local bathymetry. It is therefore not possible to directly correlate high
energy deposits to the orientation of a terrane, and model insight is therefore limited.
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Fig. 5.14: An annotated version of the Famennian experiment results shown in Fig. 4.6b.
Blue annotations highlight how the protruding edges of peri-Gondwanan terranes are
subjected to higher velocities.
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6 CONCLUSION
The original focus of this study evolved from modelling the circulation in a smaller
Rhenohercynian oceanic basin to modelling a larger Rheic ocean basin. The reason for this was
the greater paleogeographic uncertainty of the Rhenohercynian Ocean compared to the Rheic
Ocean, as is the case for many of the smaller oceans and terranes within the Rheic. A simplistic
model of the Rheic Ocean was constructed using 6 different land-sea distributions, two types of
bathymetry and several throughflows. Aside from these paleogeographical aspects, two other
controls on surface circulation were tested as well, namely the wind stress and Coriolis force.
Results show that the circulation generated by the limited area model in this study was subjected
to boundary effects at south-western and western model boundaries in particular. Other than in
the Tournaisian configuration, these boundaries would otherwise have been where the Rheic
Ocean connected to the Panthalassa Ocean. In addition, the two-dimensionality of the model led
to the generation of diffuse circulation pattern at depths greater than 200-300 meters.
Overall, model results indicated a sensitivity of the model to throughflow, wind stress and
especially bathymetry. The strong sensitivity to bathymetry led to the conclusion that a more
refined bathymetry is needed, which is why two possible future directions were proposed for the
model. One suggestion was to focus on the shelf areas and therefore model smaller basins that
can then be further constrained by the geological data reported in the numerous available studies.
Such a small-scale model would then benefit from the knowledge of the general circulation
patterns obtained in this study to determine the interaction the basins would have had with the
gyres and currents observed in the larger Rheic Ocean. Another suggestion with regards to
obtaining a more refined bathymetry would be to increase the scale to a global ocean model and
by using an approximated bathymetry based on the relationship between flexure, age, and depth
of the oceanic lithosphere. The global-scale model would then provide less insight on the shelf
areas, and more so on the global interaction between oceans which would benefit studies looking
at the climate change and biodiversity losses that occurred during for example the Devonian.
Several schematic circulation reconstructions exist for the mid-Paleozoic Rheic surface
circulation. As no direct evidence remains of the deep-sea conditions in the Rheic Ocean,
schematic models cannot be validated with geological data. One of the aims of this study was to,
therefore, compare the circulation patterns depicted in several reconstructions with a numerical
model. However, model results were difficult to compare due to a difference in plate
configuration, paleogeographic reconstruction, and projection used. The plate configuration used
in this study was based on the plate tectonic model by Torsvik et al. (2012) who use a Pangea-C
configuration. This configuration fits well with paleomagnetic data but contrasts to most
schematic reconstructions as they find their basis in sedimentary and faunal data. The schematic
reconstructions show a better fit with the Pangea-A configurations.
Nonetheless, many similarities exist between the patterns depicted in the schematic circulation
reconstructions and the circulation patterns generated in this study. As was the case in the majority
of the schematic reconstructions, the model generated a comparable strong boundary current
along Laurussia and a strong eastward current along Gondwana. One anti-cyclonic gyre was
formed in the Famennian and Tournaisian experiments, showing more alikeness with the
reconstructions by Dopieralska (2009); Jakubowicz et al. (2019), and Oczlon (1990). The
interaction between the Panthalassa, Rheic and Paleotethys Oceans was shown to have been
through these gyre formations as well, as opposed to the unidirectional currents entering the Rheic
from either side as depicted in the reconstructions by Hüneke (2006) and Kiessling et al. (1999).
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Gaining insight on a time as far back as the mid-Paleozoic is hampered by the contradicting
evidence that results in major differences between paleogeographic reconstructions. For this
reason, this study was additionally aimed at determining whether numerical modelling can
provide insight that can be useful in the debate on two main paleogeographic uncertainties,
namely the positions of peri-Gondwanan terranes and the position of Gondwana. The modelled
circulation patterns suggested that the model could be helpful in determining terrane orientation,
as protruding terrane edges were subjected to the highest velocities. Other factors, however, can
lead to high velocities at terrane boundaries as well, for example through shallowing of the coast.
The relationship between high velocity at protruding edges and terrane orientation is therefore
not diagnostic and terrane positions prove to be hard to infer through this model. With regards to
the Gondwanan paleoposition, narrowing and closure of the Rheic led to high generated velocities
at the Laurussian and Gondwanan margin (Amazonia and Northern Africa). Yet, in this case it is
also difficult to directly link indications of high velocity to Rheic closure as other factors that
influence velocity, such as local bathymetry, cannot be ruled out. The insight gained from the
model on the paleogeographic controversies is therefore limited.
The Rheic model constructed in this study represents a first numerical model reconstruction of
mid-Paleozoic surface circulation in the Rheic Ocean. It should, therefore, be kept in mind that
the study does not aim to represent a realistic scenario of the Rheic Ocean basin but to understand
the interaction of the possible factors that could have affected its circulation (exemplified by the
illustration in Fig. 6.1). The model served to point out several sensitivities of the model, such as
bathymetry, throughflow and wind stress, which can then be addressed in subsequent model
expansions.
In summary, the model results are generally in good agreement with the available mid-Paleozoic
schematic circulation models, and model results provide a more detailed circulation pattern within
the basin than shown in the schematic circulation reconstructions. From the circulation patterns
generated in this study, it has become evident that model improvements are needed to gain more
insight on the paleogeography. These improvements include a more refined bathymetry, other
boundary conditions, and three-dimensionality. It is suggested that a choice be made whether to
focus on the smaller, shallow-sea circulation and to achieve higher bathymetric detail or to focus
on the global, deep-sea circulation to understand the extinctions and climate change that occurred
in the mid-Paleozoic.
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Fig. 6.1: Illustration from Olbers et al. (2012).
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APPENDIX A – COMPLETE SET OF MODEL DOMAINS

Fig. A.1: Global plate configuration projected with an orthogonal projection on the left. Model
domain of same plate configuration projected with a Cartesian linear projection on the right.
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APPENDIX B – REPRODUCING THE DATA
Princeton Ocean Model (POM) code:








The numerical model used in this study was based on the POM08_WAD code version
which was last modified on April 25th, 2008 and created by L. Oey.
Files for this version are found at http://www.ccpo.odu.edu/POMWEB/POM08_WAD/
The scripts provided in the POM08_WAD will be further called the original version and
consists of the following:
o grid
indicates grid dimensions
o params
standard input values for pom08.f
o pom08.c
Common blocks for pom08.f
o pom08.f
program code
o pom08.n
NetCDF subroutines for pom08.f
An additional subroutine written by Paul Meijer (pers.comm.) was incorporated into the
pom08.f program code, called “subroutine basin”. The supplied version of this code
which was not altered by me will also be referred to as the original.
The following tables only the parameters that have changed from the original scripts:
o Table B-1 lists which parameters have been altered as well as their location
within the scripts.
o Table B-2 lists the parameters that require lengthy functions/addresses and have
therefore not been included in Table B-1.

Generic Mapping Tools (GMT)



Scripts used to generate figures and masks were written for the GMT 4.5.14 version and
can be provided upon request.
Additional information for making the model domains:
o Tectonic continental units were traced on a present-day world map, which was
generated with GMT. This world map was projected with a Cartesian linear
projection (-JX15d).
o The shape of the continental units were largely based on the tectonic units
described in Torsvik and Cocks (2016, p. 38-76)
o These continental units were rotated with angles to reproduce the plate
configurations from Torsvik et al. (2012). We used a different method than
Torsvik et al. (2012) and were not able to reproduce the plate configurations with
the data provided in the publication. Rotation angles were therefore provided by
Trond Helge Torsvik through personal communication.
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Table B-1: Overview of parameters that deviate from the original values in pom08.f, params, grid,
and subroutine basin
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Table B-2: Overview of functions used in pom08.f
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