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Physics and Astronomy

Adding a Vorticity Source to the
Hasegawa-Wakatani Equations

Shae Tjong*! ©, Robin Varennes?

L School of Physics and Astronomy, University of Edinburgh
2 Nanyang Technological University, Singapore

Open Access Abstract
Received Instabilities in fusion reactor plasma are an area of ongoing research as they
15 May 2024 represent the primary hurdle in producing an ongoing fusion reaction for fusion

energy production. To study one possible source of these instabilities, compu-

;Z"i,:; d 2004 tational simulations to solve the modified Hasegawa-Wakatani Equations and

ay the evolution of edge plasmas through time are required. This work shows
Accepted that the addition of a source of vortices leads to edge instabilities using the
29 May 2024 TOKAM2D turbulence code. This is an important step into developing our
Published understanding of how instabilities form in plasmas and maintaining a fusion
04 Jul 2024 reaction.

DOI: 10.2218/esjs.9671 ISSN 3049-7930

Introduction

Tokamak fusion reactors are a type of fusion reactor which includes the largest planned test reactor
in France (Tomabechi et al. 1991). Such reactors are torus-shaped devices which use electrical and
magnetic confinement to contain a high-temperature plasma where nuclear fusion reactions can take
place. A problem in Tokamak reactors is the emergence of turbulences; one source of instabilities that
leads to turbulence is the edge plasma, plasma near the outer radius of the torus which is susceptible to
edge effects. The region where edge plasmas are relevant is known as the Scrape-Off Layer (SOL).

Method

The Hasegawa-Wakatani (HW) equations are the set of 2D differential equations describing the evolution
of the potential and density of edge plasmas in the SOL of Tokamak reactors. This research used the
modified Hasegawa-Wakatani (mHW) system, where only local deviations from the average are studied,
to investigate the effects of adding an extra vorticity term:

ON 99 o v .
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where N is the number density of charged particles, ¢ is the matter potential, vorticity is V = V2¢, and
{z,y} is the standard Poisson bracket. The presence of a”indicates the use of the local deviation from
the average, for example, N=N - (N), which is not present in the HW system. The parameters g, D,
S, and C are all fixed as g =S =0, D = 1073, and C = 2, using the computational unit basis. These
parameters determine the strength of each term which act as sources or sinks term and are related to
the physical properties of the plasma. This project investigated the effect of adding the term (V — V)
which forces the vorticity of the plasma towards a predetermined value V{). v acts as a parameter which
controls the strength of this forcing. The mHW system is used because vorticity is a periodic, local
phenomenon.

To simulate the evolution of instabilities in Tokamak edge plasmas, the turbulence code TOKAM2D
(Sarazin et al. 2003) was used to numerically solves the HW system (Hasegawa et al. 1983), with mod-
ifications to solve the mHW system made by Dr. R. Varennes. To check the evolution of the plasmas
were physically reasonable, animations of the density, potential, and vorticity were generated.

To investigate how the plasma density flux behaves with the addition of this term, the parameter v was
varied. It was found that negative values resulted in immediate numerical crashes. It was also found that
values above 0.3 would result in numerical crashes which occurred so rapidly that no usable data could
be collected. These crashes are a result of calculating nonphysical magnitudes in the potential or density
of the plasma which could not arise in a Tokamak reactor. To obtain the results shown in Section 2, v
in the range [0.00,0.10] in steps of 0.005 was used. For greater values of v, it could be concluded that
numerical noise was skewing the data enough that simulations with such values must be discounted.

The form of V was required to be periodic because TOKAM2D uses Fourier transformations to solve
partial differential equations. Two forms for Vjy were simulated, one with Vj as a sinusoidal function and
one with Vo = 10, with x = 0. These forms were chosen as they are not computationally difficult to
calculate and allowed for rapid simulations. A third set of simulations was carried out with V5 = 10 and
k = 1 to compare the results of adding a vorticity source with the results generated without a vorticity
source (Heinonen et al. 2020), with modifications in the code to match the simulations of previous
research. In the case of k # 0, this physically corresponds to a set of imposed gradients in plasma
density which act as sources of instabilities. Time was measured as the number of periodic cycles of
plasma in the Tokamak and each simulation was run for a maximum of 4800 periods. To carry out these
simulations the HPCC Wildfly Supercomputing Cluster was used.

Due to the aforementioned Fourier transforms in TOKAM2D, care had to be taken in choosing the time
steps used. As v was increased, the speed at which instabilities arose increased, leading to progressively
decreasing simulation times before crashes occurred. Preceding a numerical crash, the density flux
rapidly increased in a manner which could potentially skew the data and to take this into account,
data immediately before these rapid increases were discounted. Data before plasma instabilities were
discounted to avoid skewing the results due to some simulations having longer or shorter stable phases.

Since the simulations were over a region within the SOL, the sum of the vertically averaged density flux
over the whole region was used as a measure of the instability as this is the net material flux of the
plasma in the SOL. This was plotted to determine how much of the data gathered in each simulation
was reasonable and how much had to be discounted. The analysis of these plots and the determination
of the start of the instability phase and the beginning of numerical errors was done by manual inspection
of each plot. As the fluctuations were centred around zero, the average of the root-mean-square (RMS)
of the fluctuations was used to study the behaviour of the density flux.

Results

Across all simulations, it was found that the RMS of the density flux increased to a local maximum at
v = 0.025 (for sinusoidal V and constant V with k = 1) or v = 0.030 (for constant Vj with x = 0)
before decreasing to a local minimum at ¥ = 0.065 or ¥ = 0.070, respectively. Plots of these data are
shown in Figure 1.

The general shape of the plots was consistent across all simulations including a linear decrease between
the local maximum and minimum. A notable discrepancy was the density flux for v = 0 and v = 0.005.
In the case shown for constant Vj, the density flux is initially 0. However, in the case for V; = 10 and
k = 1, the initial values were comparable to when v = 0.03.
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Plot of RMS Density Flux against v
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Figure 1: Plot of RMS Density flux against v with scales for k = 0 on the left and k = 1
on the right. RMS was calculated from the onset of instabilities and ending before numerical
crashes occurred or after 4800 time periods elapsed. All values are given in the computational
unit basis.

Analysis and Interpretation

The matching shapes of the graphs for each simulation suggest that a physically relevant effect occurs
when the vorticities of edge plasmas are forced towards a certain value. Furthermore, when using
comparable parameters, these individual graphs of density flux agree with previous published research
(Ghendrih et al. 2022) without vorticity sources, as expected. Where there is no density flux, there may
be some threshold value below which stabilising elements overcome the destabilising effects of adding a
vorticity source.

It is possible to attribute the decrease between the local maximum and minimum to the development
of mean velocity shears which have a stabilising effect on the instabilities in the plasma; however, such
shears were not visible in the animations generated by the code. Whether this is due to the resolution
of the animations being too low or due to a lack of stabilising shears in the simulation is yet to be
determined. Following the local minimum, rapid increases in density flux are observed in all simulations.
This may be due to the growing effect of numerical errors, though alternatively, it may be due to Kelvin-
Helmholtz instabilities arising when mean velocity shears grow too large, studying this behaviour should
be the focus of future research.

Conclusion

This work investigated the effects adding a source of vorticity to the modified Hasegawa-Wakatani equa-
tions. It was shown that for a variety of vorticity sources, instabilities in the Scrape-Off Layer in Tokamak
edge plasmas are produced. This novel result clearly indicates that vortices are a relevant source of in-
stabilities which can cause fusion reactions to fail.

Further research should determine the exact nature of the instabilities formed and whether they can
be attributed to mean velocity shear. Work going forward should attempt to extend the number of
periods simulated by varying the time step and number of calculations per time step for each value of
v. Additionally, attempts should be made to determine the exact conditions for v which will result in
instabilities by analytically analysing the mHW system. Such work could potentially show us how to
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maintain an ongoing fusion reaction and unlock the potential that such an achievement possesses.
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Open Access Abstract
Received Observing high-redshift objects provides a window into the past, enabling in-
23 May 2024 sight into galaxy formation, matter distribution, and the nature of dark matter

) and energy. This report presents a sample of work on Cycle 1 of the James
T;Wjed 2004 Webb Space Telescope concerning the discovery of high-redshift early galaxy

un candidates. Potential objects from these surveys had their photometric redshift
Accepted computed using the LEPHARE simulation program and analysed using LEP-
12 Jun 2024 HARE-generated spectral energy distribution fits. A total of 46 candidates at
Published redshifts beyond z > 9.5 were found between three surveys: two in DDT2750,
04 Jul 2024 30 in JADES, and 14 in NGDEEP.
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Introduction

The search for high-redshift galaxies comes from a desire to know more about the early universe; these
galaxies appear now as they were in the past. Their structure, metallicity, and dynamics can give insight
into how galaxy formation and evolution has changed with time. The development of better instruments
and further constraint of cosmological constants has led to redshift determination of sources further and
further back in time.

Due to the high number of foreground interlopers, the techniques used to select only high-redshift galaxies
need to be specific. One of the most effective is the selection of galaxies via the Lyman break — a distinct
“step” in the blue side of the spectrum, where the majority of ultraviolet (UV) light from young stars
has been absorbed by neutral interstellar hydrogen gas (Dunlop 2013). With the combined effect of the
Lyman-a forest at higher redshifts (from Lyman-a absorption at A.es: = 12161&)7 the optical thickness
becomes so great that only a sharp-edged “step” in the spectrum remains.

It is possible to select high-redshift galaxies by viewing candidate objects through different filters and
seeing in which one an object “drops out” — the object should be repeatedly visible in all longer wave-
lengths, but no longer so at the bluest wavelengths. The filter in which the object “disappears” will
correlate to the redshift at which it lies, as it will relate to how much the Lyman break has been shifted
along with the spectrum. This technique has successfully been utilised on early-release James Webb
Space Telescope (JWST) data, resulting in a multitude of high-probability candidates (Donnan et al.
2022; Harikane et al. 2023). Given this result, the same technique was utilised in this project.

The JWST data for this report was taken from three separate surveys - DDT2750, JADES, and NGDEEP
— with each survey focused on a different area of the sky, and utilising a different filter set for observa-
tions. JADES in particular was highly anticipated; instruments used as part of this survey allowed an
unprecedented extension of imaging into the infrared spectrum. JADES was the largest survey included
in this report, lying in the footprints of the Hubble Deep Field and the Hubble Ultra Deep Field (JADES
2023). All filters used as part of this project can be found in the JWST and Hubble Space Telescope
User Documentation (HST 2020; JWST 2023). The filters used for each survey were different and had
different wavelength overlap regions!.

*Student Author
tDDT2750 utilised filters F115w, F150w, F200w, F277w, F356w, F4ddw. JADES utilised F435w, F606w, F81ldw,
F090w, F115w, F150w, F200w, F277w, F356w, F410m, F444w. NGDEEP used F435w, F606w, F814w, F115w, F150w,
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Methods

Catalogues

SOURCEEXTRACTOR is a command-line program which analyses large-scale astronomical files and is able
to reduce and compile catalogues of potential sources from said data (Bertin et al. 1996). By running
SOURCEEXTRACTOR in dual image mode, it was possible to make detections in one image and use those
object coordinates to make measurements in a second image. Hence, the F277w filter image was used
as the detection image for each dataset, allowing for the creation of catalogues. This specific filter was
chosen as it was well-populated across all three surveys.

Each catalogue contained the object identification number, coordinates, object flux, and flux error; these
separate filter catalogues were assembled into one master catalogue per survey. The compiled catalogues
were cut to select for desired objects — only those detected at 5o over the noise in F277w would be
selected, and were subjected to a secondary non-detection cut in F115w and FO090w as a final step.
These cuts ensured that the objects that remained in the catalogues statistically fulfilled the criteria for
detection.

These reduced catalogues could then be input into the LEPHARE program. LEPHARE is a set of Fortran
commands that compute an object’s photometric redshift and perform spectral energy distribution (SED)
fitting on datasets, using galactic models from its libraries (Arnouts et al. 2011). The LEPHARE output
totalled thousands of objects and had to be sorted for the desired outcome. Objects were selected between
redshifts of 9.5 < z < 16; any higher than 16 was anticipated to be noise. Objects were then cut at the
statistical hypothesis value of x? < 50.

Even after this selection, the number of total objects remained very high. It was improbable that so many
high redshift galaxies would be present — more likely that some of the candidates were false positives.
A more selective cut was performed in F277w, seeking any objects 8¢ above the noise in comparison to
the 50 selection chosen before. These catalogue cuts yielded a manageable sample of objects that could
be visually assessed to select high-redshift candidates via the postage stamp method.

Postage Stamps

A reduced catalogue with just the high-redshift objects was created for each survey, containing the object
coordinates in each image. From this, individual “stamps” were made by centering the identified object
in each image cutout for each filter.

High-redshift, star-forming objects such as early galaxies were expected to only be visible at longer wave-
lengths due to the Lyman break. As different filters cover a different waveband, only certain wavelengths
of light can be seen in each image; the filter in which the object “drops out” correlates to the expected
redshift value. An example of a successful object detection can be seen in the “post-stamp” set in Figure
1. Any “post-stamp” set with this dropout criteria had the object number noted down, and these chosen
objects were re-run through LEPHARE to obtain primary and secondary SED fits.

Results and Discussion

The primary solution created by LEPHARE simulated a spectrum of a high-redshift galaxy projected at
the same redshift as the solution found for the object. The secondary solution posited a galaxy at a much
lower redshift but with a very red (‘dusty’) spectrum to make it appear more redshifted. The object’s
magnitude and wavelength values could be compared for reference.

For many of the objects, there was no secondary solution in the initial run — a sign of a very good primary
fit, or that LEPHARE did not project a secondary fit. To gain a secondary low-redshift fit to compare the
primary solution to, a second run of objects was input into LEPHARE with changed solution parameters
to force a low-redshift outcome. From analysis by eye of the postage stamps and subsequent comparison
to SED fits drawn up of the object, a total of two candidate objects were found in the DDT2750 survey,
30 in JADES, and 14 in NGDEEP. All these are projected to lie at redshifts beyond z = 9.5.

The next step for this research would be to look at the UV luminosity density and the Star Formation
Rate Densities of these galaxies. These sorts of results can be added to and compared to previous studies

F200w, F277w, F356w, F444w. Filters F606w, F814w are from ancillary HST surveys (Baggett et al. 2006; HST 2020).
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NGDEEP with Z = 11.1201, object number 12723
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Figure 1: Cutouts of the NGDEEP object 12723. The object is visible as a black dot at centre
of each image cutout in filters used at longer wavelengths (F150w-F444w), while disappearing
from shorter-wavelength observations (F435w-F115w) due to the Lyman break. This demon-
strates the criteria necessary to visually identify a potential high-redshift candidate by the
method of “postage stamps”.

to further support or disprove existing relations, and ultimately yield a better picture of the early universe
(Donnan et al. 2022).

For a first foray into the high-redshift regime, this project served as a good introduction to the processes
involved in handling high-redshift data. The results suggest the existence of candidates at z-values much
higher than records set prior to the launch of the JWST (Oesch et al. 2016; Jiang et al. 2020). If
confirmed spectroscopically, these candidates could very well be some of the first galaxies formed in our
universe.
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Open Access Abstract
Received Monitoring stellar occultations provides a powerful means to measure the
24 May 2024 shapes and sizes of small Solar System bodies, but produces large quantities

of image data which can be laborious to analyse. An automated Python-based

TZViJsed 2004 software, occ_find, was written for performing high-speed aperture photome-
un try on spool files packed with large volumes of images from the 1.54m Danish
Accepted Telescope. occ_find processed 11 spool files at a maximum rate of around
24 Jun 2024 4-6 minutes per spool file, without image reduction. From these files, 3 occul-
Published tation events were detected. The measured chord lengths are consistent with
04 Jul 2024 prior size measurements of these small bodies.
DOI: 10.2218/esjs.9682 ISSN 3049-7930
Introduction

Of the many small bodies that exist in the Solar System, there is an enormous variety in their shapes and
sizes, and there exists a plethora of methods for measuring them, as well as looking for the presence of
rings and/or satellites. Such methods include spacecraft visits, radar observations, and lightcurve shape
modelling; that is using changes in the brightness of the body with time to model its approximate shape
(Kaasalainen et al. 2001a,b).

Stellar occultation events provide another means of measuring the shapes and sizes of small bodies. A
stellar occultation is where a small body within the Solar System passes through the line of sight to a
background star, causing it to be blocked momentarily. Since the stars are significantly further from the
observer than the occulting body, the rays of light emitted can be approximated as parallel. Therefore,
the shadow the body casts on the Earth will be the same size and shape as the body. By measuring
the duration of the occultation, ¢,.., and the orbital speed of the body relative to Earth, v, the length
of the occulting body in the direction of travel at a particular point on the Earth — referred to as the
‘chord’ of the occultation, l.,orq — can be calculated:

lchord = Vreltoce (3)

Measuring at least 3 well separated chords (that is, the chords are measured from points on the Earth
with sufficiently different latitudes) sampling the same aspect of the body is sufficient to determine it’s
size assuming an ellipsoidal shape, true of large Trans-Neptunian Objects (TNOs) and dwarf planets.
Furthermore, multiple chords allow us to accurately constrain the shape of smaller, more irregular bodies
such as (486958) Arrokoth (Lissauer et al. 2019; Buie et al. 2020).

Stellar occultation measurements have led to several major Solar System discoveries such as the discovery
of ring systems around the planets Uranus and Neptune (Elliot et al. 1977; Reitsema et al. 1981), and
more recently, the centaur (a type of small body inhabiting the region between the orbits of Jupiter
and Neptune) (10199) Chariklo, along with numerous other small bodies since then (Braga-Ribas et al.
2014; Ortiz et al. 2017; Pereira et al. 2023). Occultation measurements also revealed the presence of
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the Neptunian satellite Larissa (Hubbard et al. 1986), its existence later confirmed by Voyager 2 (Smith
et al. 1989).

Monitoring stellar occultation events presents a number of technical challenges — rapid imaging (10 Hz
frame rate in this work) of the target star is required to accurately capture the drop-off in stellar flux,
resulting in a large volume of image data (~103 images or ~1 GB of data for a typical observation).
Because of this, without some sort of automation: analysis of these images is a very laborious and time-
consuming task. Furthermore, due to uncertainty in the predicted size, shape, and path of the body,
there is no way to guarantee in advance that an occultation will be observed at a particular location on
the Earth. Therefore, a set of images from an observation is not guaranteed to yield a chord.

Automated photometric pipelines provide a convenient solution to some of these challenges (Assafin et al.
2011; Anderson 2019; Pavlov 2020). These pipelines allow for rapid processing and analysis of image
data, which provides a tool for the observer to determine whether or not an occultation was detected
immediately after an observation is made. Furthermore, this allows for quick identification of occultation
events from large archives of observational data spanning many years. The processed data can then be
used to assist the efforts of groups monitoring occultation events (LESIA 2022; IOTA 2024).

In this work, I wrote a Python software package called occ_find to extract and analyse image data from
an archive of spool files taken by the Lucky Star Project using the Two Colour Instrument (T'CI) on the
1.54m Danish Telescope at La Silla, Chile. The TCI supplies HDF5 (Hierarchical Data Format) spool
files containing image data. HDF5 is a compact data file format allowing storage of large volumes of
image data (and associated metadata) from each observation. Following extraction, aperture photometry
— the measurement of flux from a source within a fixed region of the image — was performed on all detected
stars in each image. The software returns a lightcurve, a plot of the stellar flux against time, for each
star in the images. The lightcurves can be manually inspected for occultation events (see Results and
Analysis section). The lightcurves, photometry, and time data was also saved in multiple formats to
enable further processing by the user if required. occ_find was tested on an archive of 11 spool files,
and the chord lengths calculated from any detected occultation events were compared with past size
measurements of the target bodies.

Methods

The occ_find package consists of three Python scripts:

1. h5_unpack — for extraction and conversion of datasets from the HDF5 file to either .fits (image
data) or .txt (metadata) file format.

2. reducto — for image reduction to account for instrumental errors and biases; optional, see below.
3. occ_find — for detecting stars in the images and plotting their lightcurves.

The HDF5 spool files must first be unpacked for analysis; when h5_unpack is called, the files are saved
into a spool directory, with all image data saved into its own sub-directory called images. At this point,
the software reducto can be called to perform image reduction using bias and flat-field images supplied
within the spool files, if required. Image reduction with reducto is not essential if the user simply wishes
to process a large archive to quickly find occultation events, however, reduction is recommended if any
further analyses are to be performed. occ_find opens the first .fits image from the spool and uses a
star-finding routine to detect the sources within it (Bradley et al. 2023). If sources are found, occ_find
proceeds to perform aperture photometry at their pixel coordinates in every .fits image extracted from
the spool file, recording the photometry results in a .txt file. Finally, the lightcurves are plotted from
this data and the time data (extracted from the spool file by h5_unpack).

Results and Analysis

11 spool files (with a typical size of ~1.5 GB) were processed using the occ_find package on a Dell
Latitude E7450 laptop with an Intel i5-3500 processor. 3 occultation events were detected from the
TNOs: (278361) 2007 JJ43, (28978) Ixion, and (120347) Salacia. Their lightcurves, as shown in Figures
la-c, display a very sharp drop in stellar flux during the occultation, unlike a null result as shown in
Figure 1d. In Figure 1d, the variation in stellar flux is due to changing observing conditions. The
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(a) (278361) 2007 JJa3, 24/08/2023, 03:17:01.79
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(c) (120347) Salacia, 28/07/2023, 06:07:20.97
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(d) (50000) Quaoar, 24/09/2023, 05:24:21.21
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Figure 1: Lightcurves with date and start time of the observation, in UTC, for: (a) (278361)
2007 JJ43, (b) (28978) Ixion, (c) (120347) Salacia, and (d) no occultation event (the occulting
body targeted was (50000) Quaoar). The relative velocities are taken from the predictions for
each event (Lucky Star Project 2023a,b,c).
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chord lengths of these bodies calculated using equation (3), and the relative velocity predictions for these
events (Lucky Star Project 2023a,b,c), are between 400 and 800 km. This is consistent with prior size
measurements of these bodies in literature (Barry et al. 2015; Pal et al. 2015; Brown et al. 2017; Grundy
et al. 2019; Rommel et al. 2020; Levine et al. 2021).

The total runtime of the code was on average, ~4-6 minutes per spool file, without image reduction.
Adding image reduction increased the runtime by a factor of ~3, but reduction is not essential for
detecting occultations given the significant drop in flux during an event. Without automation, measuring
the fluxes of each star in each image using a software such as GAIA (Currie et al. 2014) would be
prohibitively laborious.

occ_find does possess some limitations — it cannot account for any telescope movement throughout the
course of the observation (e.g “dither”), which may lead to inaccuracies in the photometry, nor is it well
optimised for detecting fainter sources or poor observing conditions, leading to false source detection
amongst background noise. Fortunately, false sources are easily distinguished from true lightcurves and
occultation events by manual inspection.

Conclusions

Overall, the code allows for rapid processing of large archives of spool files to find occultation events,
though there are some limitations and scope for improvement. Future work will include updating the code
to account for false sources, telescope dither, and to remove null-results. Furthermore, I aim to test of the
software on a wider range of spool files to further analyse it’s performance. In summary, occ_find, and
photometric pipelines like it, yield the opportunity to monitor occultation events, accurately measure
the shapes and sizes of many small bodies, and build a better understanding of their size and shape
distribution throughout the Solar System as a whole.
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Introduction and Motivation

The Late-Devonian Mass Extinction (LDME) is one of the “big 5” mass extinctions (Raup et al. 1982)
and occurred approximately 371.9 million years ago (Ma) (Racki 2021). The extinction event lasted
roughly 1 million years (Myr) and, uniquely, was characterised by up to 5 “bursts” of species death,
each of varying severity (McGhee et al. 2021). The LDME preferentially targeted shallow-water marine
species, particularly coral reef ecosystems which, prior to the extinction, covered up to 5 million square
kilometres of the global oceans — roughly 10 times the surface area covered by modern reef ecosystems
(Martin-Garin et al. 2023). Following the LDME, reef areal extent reduced by a factor of up to 5000
(McGhee et al. 2021). A number of reef-building species, including tabulate and rugose corals, and
stromatoporoid sponges, failed to re-proliferate to pre-extinction levels (Wood 2004) and disappeared
from the geological record for up to 30 Myr (Yao et al. 2015). Cumulatively, current estimates suggest
that up to 40% of marine species went extinct by the end of the LDME (Stanley 2016).

In contrast to the mass species death within the global oceans, on land, life was flourishing. The Devonian
period is now well-known as the time at which land plants first colonised the majority of Earth’s land-
surface, culminating in the colonisation of dry, upland continental interiors by vascular land plants, and
the first developments of forest ecosystems (arborescence) (Kabanov et al. 2023). It is this Devonian
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rise of land plants that is thought to have driven one of the greatest oxygenation events in earth history
(Wallace et al. 2017); indeed, by the early Carboniferous, atmospheric oxygen (pOs,) levels reached 21%
from 10-12% in the early-Devonian, matching present-day levels (Dahl et al. 2010). Such connections
between the rise of land plants and atmospheric oxygenation, as well as a number of global environmental
changes, ultimately led Algeo et al. 1995 to suggest that the rise of land plants was responsible for causing
the LDME when they proposed the land-plant weathering hypothesis. This hypothesis suggests that the
development of arborescence and an increase in the abundance of deeply-rooting plants would increase
global rates of continental chemical weathering and drive the deposition of greater volumes of nutrients
(chiefly nitrogen and phosphorus) to the oceans via river systems (Algeo et al. 1998). Such increases
in nutrient supply would enhance shallow-marine productivity, stimulating algal blooms and driving
widespread surface eutrophication and, ultimately, marine anoxia, proving fatal to many marine species
(Algeo et al. 1995).

Marine anoxia is commonly expressed in the geological record through the presence of bituminous black-
shale horizons that represent an accumulation of large quantities of organic matter, preserved under
anoxic surface waters (Poty et al. 2011; Yao et al. 2015). Whilst such black-shale horizons are globally
ubiquitous, and have been dated to coincide with the events of the LDME (Buggisch 1972), not all
shallow-marine environments are prone to developing conditions which facilitate black-shale deposition.
As such, it is necessary to turn to the geochemical proxy record to assess redox conditions at this time.
To do this, early marine cements, formed within reefal limestones upon early formation of the limestone
itself, which have not previously been used to understand the changing seawater redox changes across
the LDME, have been investigated here to deduce whether or not marine anoxia is recorded by these
cements, and to assess their ability to record reliable geochemical signatures.

Methods

In order to analyse the long-term seawater chemistry changes that may have occurred across the LDME,
samples of pre-extinction (Frasnian), mid-extinction (Famennian), and post-extinction (Carboniferous)
-age reefal limestones were analysed from the Canning Basin in Western Australia (Frasnian and Famen-
nian), and from Roscobie Quarry in Fife, Scotland (Carboniferous), respectively. Early marine cements
within these samples have been targeted by this study where previous studies have suggested that they
are reliable proxies for recording seawater chemistry because they directly precipitate from the seawater
in which they form (Webb et al. 2000; Nothdurft et al. 2004; Wallace et al. 2017; Xiong et al. 2023). The
rare earth element (REE) cerium (Ce), present in trace amounts within these early marine cements, was
analysed to measure the oxidation state of the seawater within which the cements formed. Where other
REE’s, such as lanthanum (La) and neodymium (Nd) exist in trivalent oxidative states, trivalent Ce is
instead converted to an insoluble tetravalent state in well-oxygenated seawater (German et al. 1990), and
so can be used as a measure of oxidative Ce removal (Xiong et al. 2023) when compared to the abun-
dance of trivalent Ce to other trivalent REE’s. This relative abundance, represented through a ‘cerium
anomaly’ (Ce,yom), can indicate whether the cements formed in oxygenated or anoxic seawater (Banner
et al. 1988; Tostevin et al. 2016) and, as such, can inform us about the redox state of the seawater within
which they precipitated. Should a Ce,, ., be negative (Ce,pom < 1, indicating conversion of trivalent
Ce to tetravalent Ce), then the early marine cements precipitated in oxygenated seawater, and where a
Ceanom 1s positive (Ceynom > 1, indicating little to no conversion of trivalent Ce to tetravalent Ce), then
the early marine cements precipitated in poorly-oxygenated or anoxic waters (Xiong et al. 2023).

The Ceypom of early marine cements from this study are plotted through time to understand the longer-
term oxygenation status of seawater before, during, and after the LDME (Figure 1) and were compared
against other studies which derived their Ce,,.,, data from whole-rock data as opposed to directly
targeting early marine cements.

Results

Results from this study indicate that immediately prior to the LDME, early marine cements were forming
within seawater that was weakly oxygenated, with occasional interactions with at least dysoxic waters,
where Frasnian Ce,,,,, values range between 0.972 and 1.121. However, during the LDME, seawater
redox conditions were highly dynamic, fluctuating between strongly oxygenated and strongly anoxic
waters, with Famennian Ce,,,,, values ranging between 0.203 to 1.400. Results from this study suggest
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that seawaters were well-oxygenated post-extinction, with Carboniferous Ce,,, values ranging between
0.745 and 0.831.
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Figure 1: Plot of compiled Ce anomaly data from this study and from other studies (Nothdurft
et al. 2004; Ma et al. 2008; Zeng et al. 2011; Franchi et al. 2016; Wallace et al. 2017; Kalvoda
et al. 2018) displaying values for data derived from early marine cements and whole (bulk)
rock data from carbonate rocks. Ce/Ce* denotes the cerium anomaly. Note that the grey
shaded area marks the approximate timing of the LDME. Blue data points represent data
gathered from other studies, whereas yellow data points represent data gathered from this
study. Square data points indicate whole-rock data, whereas circle data points indicate early
marine cement data. Mean values for each data-set included in the plot are represented by
red diamonds.

The Ce,,om values captured in this study record the onset of anoxic conditions that continued into the
LDME, which suggests marine anoxia was the primary driver of the LDME (Wallace et al. 2017). The
fact Ce,pom values continue to record highly oxygenated seawaters in the Famennian suggests that the rise
of land plants was responsible for driving the LDME, where the development of arborescence in the mid-
Devonian drove an increase in pO, to levels comparable to modern-day levels by the Famennian (LDME).
Famennian Ce,,, values also suggest that arborescence caused increased continental weathering and the
transport of elevated concentrations of nutrients to the global oceans sufficient to cause shallow-marine
eutrophication and mass species death (Algeo et al. 1995; Edwards et al. 2015; Wallace et al. 2017) as
evidenced by occasional incursions of strongly anoxic seawater during the Famennian.

It should be noted that, of the studies included in Figure 1, only those studies which used early marine
cements (see Ma et al. 2008; Wallace et al. 2017) were able to capture marine anoxia across the LDME.
Studies which analysed whole-rock samples, without isolating early marine cements, failed to capture
the true dynamic nature of seawater redox through the LDME, suggesting that greater emphasis should
be placed on utilising early marine cements to analyse changing seawater chemistry.

Conclusion

This study demonstrates that the rise of land plants can likely be implicated in causing the LDME, where
cerium anomalies within reefal limestone early marine cements record incursions of anoxia throughout
the time of the mass extinction interval. cerium anomalies also record periods of seawater oxygenation,
particularly into the lower Carboniferous, where early marine cements record only negative Ce,,o,- Such
Ceanom values in the Carboniferous reflect the stabilisation of seawater redox conditions following the
development of arborescence, as well as the colonisation of continental interiors, to more oxygenated
conditions, following initially high nutrient inputs as a result of greatly enhanced continental weathering
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during the initial stages of the development of forest ecosystems, which is itself represented in the positive
Ceanom values seen during both the Frasnian and Famennian periods coincident with the LDME.

Further work is needed to place the Ce,, o results from this study into a more robust framework in order
to determine whether specific instances of marine anoxia can be dated to coincide with the five bursts
of species death which characterise the LDME.
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