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Abstract 

 
The polar latitude and remarkable level of fossil preservation in the Cretaceous Koonwarra 

fossil beds of Australia make this lacustrine deposit a unique lagerstätte, and recent coring of the 

discovery site allows for time-series paleoenvironmental reconstructions. Fine-grained silts and 

shales accumulated in this rift valley lake associated with the breakup of Australia and Antarctica 

during the Barremian to Aptian stages of the Cretaceous Period (ca. 125 to 113 million years ago). 

The exceptional preservation of fossil fish, insects, and feathers coupled with the presence of 

undisturbed varves are suggestive of anoxic bottom waters. To test this hypothesis, the 

mineralogical, elemental, and isotopic compositions of ~100 closely-spaced stratigraphic samples 

were determined to better understand whether a change in the degree of bottom water anoxia was 

the cause of exceptional fossil preservation. On average, the fine grained siliciclastic specimens 

contain between 10 and 15% calcite throughout the core, but there are notable down core increases 

in the abundance of organic carbon, total nitrogen and pyrite sulfur starting around the 16 m depth. 

While the δ13C composition of organic matter shows no apparent change – suggesting balanced 

terrestrial and algal inputs to these lacustrine sediments – 15N abundances increase in the lower 

half of the core, while the δ34S trend reveals three marked oscillations (ranging between -8 and -

2‰) through the same interval. These observations, coupled with the fossil distributions, suggest 

bottom water anoxia during deposition of the lower Koonwarra lake sediments. Microbial 

denitrification (an anaerobic process) would likely have been the primary driver of organic carbon 

remineralization, which would result in the loss of 14N as N2 to the atmosphere, with the subsequent 

buildup of 15N in sedimentary organic matter, and production of authigenic carbonate. The strong 

sulfur isotope variations are understood in terms of variable sulfate content of the lake, which 

affects the magnitude of fractionation by microbial sulfate reduction (another anaerobic process, 

which similarly results in carbonate formation) based on either a reservoir effect or environmental 

conditions that control the rate of sulfate reduction or both. Episodic sulfate enrichment in the 

lacustrine environment may be controlled by marine incursions, weathering of source terrains, or 

volcanic episodes. Given that the time scale of sediment accumulation in the lower half of the core 

(as estimated by varve counts) is ~2500 years, marine incursion and changes in weathering are 

unlikely, but episodic volcanism in the rift setting where the lake was situated seems the plausible 

cause of changes in Koonwarra lake sulfate concentrations. Whether occasional volcanic inputs 

were also responsible for exceptional fossil preservation remains unknown. This time-series study 

provides a new geochemical window in which to observe environmental changes in a polar 

Cretaceous lake during a time that global climates were warmer and dinosaurs roamed high-

latitude land masses. 
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Introduction 
 

The Koonwarra fossil beds in Victoria, Australia were discovered in 1961 while road 

workers were straightening a portion of the South Gippsland Highway (Waldman, 1973). One of 

these workers found a fish fossil on the surface of the exposed sediments, which subsequently 

attracted local geologists. Because of the numbers of specimens and the exceptional level of 

fossil preservation in some horizons, the deposits are considered to be a lagerstätte. Since its 

discovery, researchers have found numerous insect, and fish species, as well as some of the 

oldest known feathers (Talent et al., 1966; Waldman, 1970), and a horseshoe crab (Fig. 1).  

Plants, which include ginkos and the earliest potential angiosperm flower (Taylor & Hickey, 

1990) (Fig. 2), are also abundant in the Koonwarra deposit. The high quality of preservation and 

the presence of feathers (as well as a typically marine crustacean) make this an especially 

intriguing lacustrine paleontological site, but even more so due to its polar latitude at the time of 

deposition (Torsvik et al., 2012; Van Hinsbergen et al., 2015).  At 70oS latitude, Lake 

Koonwarra would have experienced prolonged periods of darkness each year with virtually no 

daylight for nearly two months (see: https://aa.usno.navy.mil/data/docs/Dur_OneYear.php). 

 

 
Figure 1: (A) fish [Waldmanichthys 

koonwarri (Waldman 1971a) Sferco, 

López-Arbarello & Báez 2015a], (B) 

flea [Tarwinia australis Jell & 

Duncan 1986], (C) feather, and (D) 

horseshoe crab   [Victalimulus 

mcqueeni Riek & Gill 1971] from 

the Koonwarra site in Victoria, 

Australia (images from Poropat et 

al., 2018). 

 

The Koonwarra Fossil 

Beds occur in the upper Strzelecki 

Group (Holdgate et al., 2015; 

VandenBerg et al. 2006; Rich et al., 2016).  The Strzelecki Group was much earlier considered to 

be Jurassic in age, but the discovery of dicotyledonous leaves (Kenley, 1954: Medwell, 1954) 

and palynological research on various deposits throughout Victoria (Cookson & Dettmann 1958, 

Dettmann, 1963) more recently indicated an Early Cretaceous age for the deposit.  Fission track 

dating of Koonwarra samples yield an age of 118 ± 5 Ma and 115 ± 6 Ma indicating a middle to 

late Aptian age (Gleadow & Duddy, 1980; Lindsay, 1982). 

The Cretaceous is known as a time with a warmer climate, higher sea levels resulting in 

flooding of the emergent continents and creation of shallow inland seas, and dinosaur 

domination. The Aptian, however, likely experienced a relative cool spell during the Cretaceous 

(Nunn and Price, 2010). Glaciation was possible at high latitudes during the Aptian, especially 

with over two months of darkness, and with direct evidence of glacial deposition throughout 

Australia, including the Koonwarra region (Frakes et al., 1995; Constantine et al., 1998; DeLurio 

et al., 1999; Alley & Frakes, 2003).  

https://aa.usno.navy.mil/data/docs/Dur_OneYear.php
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Figure 2: Typical seed ferns found at Koonwarra: (A) Taeniopteris daintreei McCoy 1874, (B) Palissya 

elegans Parris, Drinnan & Cantrill 1995, and (C) Komlopteris indica Barbacka 1994; and (D) the 

oldest (Aptian) angiosperm flower with stem and leaves known from Australia.  Images after Poropat 

et al. (2018) with scale bars = 10 mm.  
The mean annual temperature in Victoria, Australia in the Aptian has been estimated to 

be between -2 and 3oC (Constantine et al., 1998). Other estimates were mentioned, however this 

range was deemed the most consistent and encompassing by the authors (Poropat et al., 2018). 

At this high latitude site there is abundant evidence for annual freezing cycles as recorded in the 

Koonwarra varves, as well as cryoturbation (Constantine et al., 1988)(Fig. 3A), dropstones 

(Frakes & Krassay, 1992), glendonite (Fig. 3B)(Delurio & Frakes, 1999), and glacial tillite 

(Alley & Frakes, 2003) in other Aptian formations across southern Australia.   
 

Figure 3: (A) cryoturbation structure in the Wonthaggi Formation near to Koonwarra (Constantine 

et al., 1988) [width of photo approximately 1 meter] and (B) glendonite, a pseudomorph after ikaite 

from the Bulldog Formation of the Aptian Eromanga Basin that forms in a marine environment with 

near freezing temperatures (not higher than 4oC), high alkalinity, orthophosphate and pCO2 (Delurio 

and Frakes, 1999). 
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The Koonwarra Fossil Beds were situated within the Australia-Antarctica rift zone during 

the Early Cretaceous (Fig. 4). The rifting of this area began in the Jurassic (Willcox & Stagg, 1990, 

Totterdell et al., 2000) and the plates were fully separated by the Campanian Stage (Norvick & 

Smith 2001, Seton et al., 2012). Rifting took place in three stages, during the Tithonian, 

Hauterivian-Barremeian, and the Aptian-Albian (Norvick 

& Smith, 2001, Hill & Exon, 2004). Since Koonwarra 

has been dated as being late Aptian in age, sediment 

accumulation in the lake would have been associated with 

the ultimate phase of rifting. The basin was dominantly 

filled with volcanogenic sediments from the east 

(Edwards & Baker 1943, Edwards et al., 1996), providing 

indirect evidence for volcanic activity during Koonwarra 

deposition. 

 
Figure 4: A paleogeographic reconstruction of the southern 

polar region during the Early Cretaceous Period. 

Koonwarra is situated beneath the green star. AAR 

(Australia-Antarctic Rift), AU (Australia), AN 

(Antarctica), as modified from Herne et al. (2019).  Rifting 

was likely associated with episodic volcanic eruptions and 

potential seawater incursion to the Koonwarra region. 

 

Because the Cretaceous is known as the age of dinosaurs, it is no wonder that the 

discovery of a dinosaur feather at the Koonwarra site drew heads.  Polar dinosaurs of Barremian 

to Aptian age have been discovered at various localities near Victoria, including the Dinosaur 

Cove (Molan, 2008), Flat Rocks (Seegets-Villiers, 2012, Kool, 2015), and Eric the Red West 

sites (Rich et al., 2009).  Polar dinosaurs would have been well adapted to the cooler climate and 

the months of darkness that accompanied it (Fig. 5), especially if they were warm blooded and 

had a thick armor of plumage. Koonwarra is one of the leading sites for finding more 

information about what kind of dinosaurs were living in high latitude conditions (Constantine, 

1998). 
Figure 5: Reconstruction by Peter 

Trusler of the floral and faunal 

polar winter environment near 

Lake Koonwarra, with dinosaurs 

represented by Leaellynasura 

amicagraphica. 

 

The lake was most likely 

freshwater since most of the 

fossils found at Koonwarra are 

freshwater animals. Its size and 

depth are not well constrained, 

but it must have been deep 

enough for varves to form. It 

could have been an isolated large 

lake or a small lake off of a 

larger lake that may have been 
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constantly or occasionally connected to it (Poropat et al., 2018). Koonwarra has been described 

as a moist, mainly lacustrine or fluviatile environment with relatively continuous sedimentation 

(Lowry 1988, Felton 1997, Edwards & Baker 1943). Conifers and ferns were some of the 

abundant plant life in the area (Edwards & Baker 1943), although these plants (and the animals) 

had to contend with long dark months and frigid temperatures.   

The core being studied has visible varves throughout. Varves are a common indicator of 

seasonal changes, particularly freezing, in freshwater lakes. There must have been environmental 

cyclicity to change the focus of deposition in the lake from clay-sized to silt-sized particles. 

There is also suggestive evidence that the sediments were always anoxic, insofar as there is no 

bioturbation recognized in any part of the core. However, water column chemistry is rarely 

determined by the sediments, and given the profundity of life in the lake, the surface waters were 

likely to be oxic for most of the year (Talbot & Baird, 1985). It is only during summer 

eutrophication or winter freeze over that the oxygen contents of the water column may have 

fallen significantly.  The isotopic composition of the sediments may provide constraints on the 

redox conditions of the bottom waters, which, if anoxic, would have been a major contributor to 

the pristine preservation of fossils. Another paleontological factor of note is the discovery of a 

horseshoe crab (Fig. 1D) in the deposit. Insofar as all known horseshoe crabs are marine in 

origin, its preservation at Koonwarra might suggest that the lake experienced punctuated (or 

perhaps a constant) influx of seawater. While contrary to the prevailing view, it seems plausible 

given the rift environment and overall warmth of the Cretaceous Period. 

One of my objectives of this study is to understand how these fish and insects were 

preserved so well and intact. The geochemistry of the lake can give clues as to what might have 

been happening to aid in the preservation of these fossils. There are a variety of ideas throughout 

the literature including, seasonality (including annual freeze thaw cycles) causing changes in the 

degree of water column anoxia, higher volcanic activity raising CO2 levels and both creating 

anoxic conditions and killing fish, and constantly anoxic bottom waters that allow the fish to be 

preserved as they die from natural causes.  Given that bottom water or sediment pore water 

anoxia has geochemical consequences, a second objective of this study is to determine if the 

anaerobic processes of remineralization are evident in the mineralogical, elemental, and isotopic 

compositions of core samples through Lake Koonwarra. 

 

Hypothesis 

 
If the Koonwarra core samples have a high abundance of 15N as well as high abundances 

of total organic carbon (relative to modern polar lakes), then the ancient lake likely experienced 

periodic anoxic conditions in the water column and in the sediments consistent with the 

denitrification processes. If there is no enrichment in 15N or of organic matter in the Koonwarra 

lake sediments (relative to modern polar lakes), then the water column was likely to be 

constantly oxygenated. 

The background chemistry for this senior thesis includes redox and combustion reactions. 

Redox reactions involve an exchange of electrons, often associated with anaerobic microbial 

metabolism, and combustion reactions that involve the burning of hydrocarbons in the presence 

of oxygen to produce gases for mass spectrometry. I am hypothesizing that this lake went 

periodically anoxic and two isotope systems that may be particularly useful in determining the 

conditions of this ancient lake system are those of nitrogen and sulfur. For example, one sure 
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sign of anoxia is evidence for denitrification insofar as denitrifying microbes are obligate 

anaerobes. As nitrate is utilized by these microbes, they produce nitrogen gas that is enriched in 
14N and released to the atmosphere. This leaves behind a higher abundance of the 15N in the 

water column, which ends up in sedimentary organic matter. This process can be expressed using 

this redox reaction 2 NO3
− + 10 e− + 12 H+ → N2 + 6 H2O.  

There are a few reasons why I believe this to be a valid hypothesis. Based on the high-

resolution core photos (Fig. 6) and the borehole log (see Appendix) there is visible grading in the 

beds on a sub-centimeter scale from coarser to finer grained sediments. The alternation of grain 

sizes and their grading indicates periodicity in the energy of the environment. There is also 

evidence based on the fish and insect fossils, which have been found as articulated skeletons in 

multiple horizons indicating that these species were killed and survived scavenging by animals. 

Furthermore, the multiplicity of fossil horizons suggests that mass die offs happened episodically 

(Bean, 2017). 

 

 
Figure 6: The Vic Roads core (B18-68600) drilled in February 2018 from which 100 samples were 

collected in the interval between 11 and 21 m depth.  

 

In my view, the anoxia could be due to seasonal changes between the summer and long 

dark high latitude winter when photosynthetic rates diminished, and the lake apparently froze 

over. Paleogeographic reconstructions place southern Australia in the Antarctic Circle during this 

time and arctic lakes today can stay ice covered for greater than 8 months out of the year 

(Cadieux et al., 2017). Thus, seasonality could explain the periodicity of the grain size deposition 

as well as the episodic fish kills.  The water column was most definitely oxic for at least periods, 

because the fossils were once living fish in the lake. This suggests a strong oxygen gradient in 
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the lake with oxic surface waters and anoxic bottom waters (Waldman, 1971).  Due to the lack of 

bioturbation, there is no evidence of organisms (animals or insects) living on the lake bottom 

even during the short summer months, so it is likely that the sediments always remained 

anoxic.  On the other hand, the water column could have also cycled between oxic and anoxic 

conditions. 

 

Methods 

The Vic Roads core through the Koonwarra Fossil Beds is 21 meters in length; however, 

samples were not taken from the upper most 11 meters given that this interval is highly oxidized 

and sandy (Fig. 6). The remaining ten meters 

were collected at 10 cm intervals by Dr. 

Kaufman and his colleagues at Vic Roads and 

the Melbourne Museum in late May 2018. 

Each sample contains varying cycles of 

seasonality represented by the spacing of the 

varves. The number of varves in each 

specimen was difficult to quantify given that 

archived samples were dry, fractured, and 

largely disaggregated. Thus in order to 

estimate the number of varves in the sampled 

interval,  a high-resolution photo of one 10 

cm section of the core was used to quantify 

(Fig. 7) and then that value was extrapolated 

to the entire 10 meter sampled interval.  

Based on this method, there is an estimated 

total of ~5000 varves, which would equate to 

an average of 50 varves per 10 cm and a 

period of deposition of around 5000 years.   

 
Figure 7: Image of varves from a 10 cm interval at 17.80 meters in the Koonwarra Fossil Beds core. 

 

Approximately one gram of each of the 100 samples was homogenized with a ceramic 

mortar and pestle, which were cleaned between samples with annealed quartz sand and 100% 

ethanol. Each weighed powder was then reacted with 10 mL of 3M HCl for 24 hours in 50 ml 

plastic centrifuge tubes before centrifugation and decanting of the supernatant into a waste 

container. This process was repeated to assure quantitative removal of all carbonate from the 

samples. After acidification each sample was washed with 10 mL of Milli-Q (18 MΩ) water, 

vortexed, centrifuged, and decanted. This process was repeated three times to remove residual 

acid and approach neutral pH.  Then each sample was placed in a low temperature oven (80oC) 

for 48 hours to dry. The centrifugation process notably stratified the clay and silt fractions of the 

samples in the tubes. After drying, each residue was reweighed in order to calculate the percent 

carbonate, and then homogenized with a glass probe that was cleaned between samples with 

100% ethanol. 

To make sure that the acidification process was reproducible, multiple acidification tests 

were conducted on two samples: one with a high percent of carbonate and one with a low 
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percent. Table 1 shows the data from these tests, which confirms that this process does give 

significant, reproducible results for percent carbonate.  

 

Sample 

Number 

Tube (g) Tube+Sample 

(g) 

Sample 

(g) 

Tube+Sample 

After Drying 

(g) 

Residue 

(g) 

% 

Carbonate 

12.10 a 14.31 15.33 1.01 15.21 0.90 11.62 

12.10 b 14.34 15.23 0.89 15.13 0.79 11.43 

12.10 c 14.36 15.31 0.95 15.20 0.85 10.80 

12.10 d 14.38 14.83 0.46 14.78 0.40 11.79 

12.10 e 14.29 14.84 0.55 14.78 0.48 11.96 

     Average 11.52 

     St. Dev. 0.45 

17.10 a 14.42 15.29 0.87 15.01 0.59 32.71 

17.10 b 14.31 15.27 0.96 14.96 0.65 32.42 

17.10 c 14.27 14.79 0.53 14.61 0.34 34.55 

17.10 d 14.30 14.78 0.48 14.62 0.32 33.03 

     Average 33.18 

     St. Dev. 0.95 

 

Table 1: Percent carbonate reproducibility tests. This table shows two samples weighed out four or 

five times, and the reproducibility is generally good.  Small variations between aliquots are likely the 

result of losses during decanting, or of weighing errors.    

 

The instrumentation required includes a Eurovector elemental analyzer (EA) and an 

Elementar Isoprime isotope ratio mass spectrometer. This instrument system both creates gases 

from solids and measures their abundances and isotope ratios.  Small aliquots of the acidified 

residues were weighed out from each sample and folded into tin cups.  For the C/N analyses, the 

cups were sequentially dropped into a combustion furnace (containing chromium oxides and 

silvered cobaltous/ic oxide) at 1040oC with a pulse of O2 and a carrier gas of ultra-high purity 

(UHP) He to produce CO2 and NOx gases. The nitrous oxides were subsequently reduced to N2 

in a flow through reduction column packed with elemental Cu at 650oC.  The gases then pass 

through a magnesium perchlorate water trap and a GC column at 60oC where the N2 is separated 

from the CO2, which then flow to the source of the mass spectrometer.  For the S analyses, 

aliquots are weighed out and folded into tin cups with an addition of ~0.3 mg of V2O5 as an extra 

oxidant to produce SO2 and SO gases.  The EA is configured for the S analyses with a 

combustion column packed with elemental Cu and heated to 1030oC, a different GC column (set 

to 90oC), and no reduction column. 

Carried in a stream of UHP He, these gases reach the source of the isotope ratio mass 

spectrometer where they were impacted with a spray of electrons from a heated W filament in 

order to create charged ions (Fig. 8).  These positive ions are then accelerated through an 

electron field where they are focused, and then separated by a magnetic field that deflects each 

ion differently based on its mass. For CO2 ions this includes m/z (mass/charge) of 44, 45, and 46 

while for N2 this includes m/z 28, 29, and 30; SO and SO2 isotopes are measured at m/z 48, 49 
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and 50, and 64 and 66, respectively.  The lightest ions are deflected the most by the magnetic 

field set for each analyte. Cups at the end of the mass spectrometer flight tube collect and 

quantify ion counts, which are then converted to delta values with the Isoprime computer. The 

equation for carbon is = (((13C/12C)sample/(
13C/12C)standard)-1)x1000. The equation is used for all 

of the isotope  values with each appropriate element because it allows for easier comparison to 

a reference and to mathematically see fractionation more clearly. 

 
Figure 8: A schematic of the 

critical parts of a gas source 

isotope ratio mass spectrometer 

similar to the Elementar Isoprime 

used in this study.  

 

Many different sample 

weights were tested with the 

mass spectrometer, and it was 

concluded that to get 

reproducible nitrogen data a 

larger mass was needed than for 

carbon due to the high C/N of 

the residual sediments.  Hence, 

three aliquots of each sample 

were prepared: one with ~20 mg 

for the N measurement, ~20 mg 

for the S measurements, and one 

with ~2 mg for the C 

measurements.  

To test for reproducibility of the EA-IRMS method, a series of standard urea samples 

were run for carbon and nitrogen abundance and isotope composition (Table 2).  Urea contains 

20% carbon with a δ13C of -29.39‰, and 46.64% nitrogen with a δ15N of +1.18‰.  Urea is run at 

the beginning of each analytical session to demonstrate reproducibility, and throughout the run to 

evaluate drift in the system. Urea was used as the standard in the carbon and nitrogen 

measurements because it is the best available substance with consistent, known nitrogen and 

carbon values. There is no sedimentary standard available to use in its place, although the 

laboratory is currently working on an in-house standard with C/N closer to natural sediments and 

soils that will be calibrated against international standards. 
 

Sample  Weight (mg) C Peak (nA)  13C %C N Peak (nA) 15N  %N 

Urea 1 0.11 2.30 -18.79 19.78 7.76 1.39 46.05 

Urea 2 0.12 2.50 -19.94 20.44 8.56 1.52 48.20 

Urea 3 0.12 2.57 -19.97 20.69 8.68 1.35 47.90 

Urea 4 0.12 2.44 -19.80 19.59 8.30 1.29 45.85 

Urea 5 0.11 2.26 -20.20 19.29 7.64 1.46 44.93 

Urea 6 0.12 2.55 -18.59 20.43 8.66 1.39 47.72 

Average 
  

-19.55 20.04 8.27 1.40 40.78 
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St. Dev. 
  

0.68 0.56 0.46 0.08 1.34 

 
Table 2: Urea Standard Reproducibility. The average values determined daily are corrected to the 

true value (see above).  The weight percent has a typically greater uncertainty than the isotope 

measurements due to weighing errors.  This is an example of a suitability test run at the beginning 

of each analytical session before running any samples for carbon or nitrogen. 

 

 

 

Sample  Weight (mg) S Peak (nA)  34S %S 

NBS127  1 0.21 7.34 12.90 14.11 

NBS127  2 0.18 6.52 12.97 14.69 

NBS127  3 0.23 8.19 12.74 14.88 

NBS127  4 0.24 8.59 12.80 14.87 

NBS127  5 0.20 6.91 12.67 14.41 

NBS127  6 0.23 7.80 12.72 14.07 

Average 
  

12.80 14.51 

St. Dev. 
  

0.11 0.36 
 

Table 3: NBS127 (Barium Sulfate) Standard Reproducibility. The weight percent, once again, has a 

typically greater uncertainty than the isotope measurements due to weighing errors.  This is an 

example of a suitability test run at the beginning of each analytical session before running any 

samples for sulfur. 

 

 

Results 

 
 Results of the mineralogical, elemental, and isotopic analyses on 100 samples from the 

Vic Roads Koonwarra core are found in Tables 4 and 5, and S1 (see Appendix) and shown 

graphically in Figure 9.  Table 3 shows the ranges as well as the average and standard deviation 

(1s) for each of the mineralogical, elemental, and isotopic results of this time-series study.  

Because there is an apparent change in most of these measurements at around 16 meter depth in 

the core, averages and standard deviations were calculated for the populations above and below 

this divide. 

 

 % Carbonate δ13C TOC δ15N TN δ 34S TS 

Min 9.23 -28.08 0.00 -0.56 0.05 -6.35 0.00 

Max 35.45 -24.05 1.23 1.01 0.07 5.52 0.03 

Average 13.56 -25.21 0.79 0.06 0.06 -2.00 0.01 

St. Dev. 3.62 0.67 0.17 0.27 0.01 3.70 0.01 
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Table 4: Ranges, averages, and standard deviations for all of the measured geochemical 

markers from meters 11-16 of the core. 

 

Table 5: Ranges, averages, and standard deviations for all of the measured geochemical 

markers from meters 16-21 of the core. Notably carbonate, TOC, δ15N, TN, and TS have all 

quantitatively increased down core. δ 34S has become more negative and δ13C has stayed 

consistent.  

 % Carbonate δ13C TOC δ15N TN δ 34S TS 

Min 10.75 -27.04 0.71 -0.49 0.07 -8.44 0.01 

Max 36.31 -24.34 1.96 0.81 0.10 -2.81 0.16 

Average 15.16 -25.18 0.95 0.26 0.08 -5.53 0.04 

St. Dev. 4.13 0.48 0.19 0.29 0.01 1.29 0.03 
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Carbonate 

 

Carbonate values reached higher than expected for a freshwater lake. It has the largest range of 

values as well as the largest standard deviation, since they varied so much. They have a trend of 

increasing with depth. 

 

Carbon 

 

The δ13C values do not have any significant trend in terms of increasing or decreasing with 

depth. TOC values do significantly increase with depth. The lake sediments also have a high C/N ratio 

and a higher abundance of long chained alkanes to short chained alkanes, as well as a low 

sterane/hopane ratio (Fig. 10). 

 

      

Figure 10: Carbon isotopes from the Koonwarra core measured by Tuite and Flannery and 

Williford showing hopane/sterane ratios and a higher abundance of long chained alkanes to short 

chained alkanes.  

 

Nitrogen 

 

Total Nitrogen (TN) and δ15N also show an increasing trend with depth. The δ15N values show 

many oscillations. There is also a distinct shift around 16 m where TN values increase and move more to 

the right. 

 

Sulfur 

 

TS values remain fairly constant with a slight increasing trend with depth. There are also three 

points of higher TS abundance than throughout the rest of the core. These three points could coincide 

with the inflection points of the δ 34S values. The δ 34S values show a trend below 16 m of distinct 

cyclicity and have an overall decreasing trend.  
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Discussion 

 
Looking at all the trends, it appears there is a change in most of the geochemical markers around 

16 meters depth, which is likely associated with deepening and an increase in bottom water anoxia. 

Interpretations are in part based on the varve time scale for accumulation of these sediments, being 

about 5000 years. 

 

Carbonate 

 

The high carbonate values could have formed because of plankton or algae biomineralizing in 

the upper water column and points to potentially more alkaline water. The carbonate may reflect detrital 

inputs, primary inputs, or authigenic inputs. The processes of denitrification and sulfate reduction create 

alkalinity so authigenic carbonate would seem to be the most likely input. There is also a lack of 

fossilized carbonate shells in the lake and it is unusual to not have many carbonate shells in a lake like 

this. Only one ostracod has been found in the region. This could mean that the lake was just too acidic to 

preserve these shells. Anaerobic processes create acidity and these are the processes happening in an 

anoxic lake. Therefore, the anoxia of this lake may have been coupled with a lower pH. 

 

Organic Carbon 

 

Since δ13C did not change significantly with depth this suggests a balanced carbon input. This 

means that the carbon input was not changing much throughout deposition.  The high C/N ratio, higher 

abundance of long chained alkanes to short chained alkanes, as well as a low sterane/hopane ratio all 

point to the carbon in the lake dominantly coming from terrestrial sources, as opposed to algal sources. 

The TOC has an increasing trend with depth which would be due to the slowing of respiratory processes 

in anoxic environments. When respiratory processes slow down due to lack of oxygen, less organic 

carbon can be remineralized and so more would be left in the sediments. 

 

Nitrogen 

 

The increase in TN and the more positive values below 16 m also attests to an anoxic 

environment. It is likely not a sharp contact between oxic and anoxic water, but this could be a point of 

stronger anoxia in the lake. The increase in δ15N values is what is expected in a denitrifying environment 

as well, since the 15N isotope is left behind in the sediments during the process. Since denitrification is 

an anaerobic process, this lake would have had anaerobes living on its bottom and must have been 

anoxic to support their activity. The small oscillations in δ15N could be due to the seasonal changes or be 

insignificant noise; whichever it is the increase is significant. 

 

Sulfur 

 

The cyclicity in the δ 34S values could be due to multiple environmental factors that likely 

relate to the size of the sulfate reservoir or to the pace of microbial sulfate reduction (an 

anaerobic process). The major shifts in the sulfur isotope may be supportive of an anoxic 

environment because sulfate reduction and formation of pyrite requires ferrous iron which is 

only soluble in anoxic waters because otherwise it would precipitate as an oxide. 
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One way to create shifts in δ 34S is by a differential source terrain or intensity of 

weathering products. However, this is not conducive to the time scale and degree of oscillations.  

An increase in sulfate composition could also be due to marine incursions. This is 

supported by the finding of a horseshoe crab fossil at the site. Cretaceous seawater 34S is 

estimated at +19‰ (Payton et al., 2004), so that a small volume of seawater could cause the 

positive sulfur isotope excursions.  However, if seawater had interacted with this lake the degree 

of change in 34S values would be much higher; coming close to the +19‰  value, as seen in the 

Songliao Basin (Cao et al., 2016). It would have likely also had an effect on the other 

measurements, which is not seen. The shifts seen in the time series also happen on a quicker time 

scale than most transgression and regression sequences. Lakes tend to be stable for 10s to 100s 

of thousands of years. 

There was volcanic activity in the region during this stage due to rifting, which also 

serves as a viable S input mechanism. Volcanics have a mantle like composition and through 

volcanic rock and ash debris the sulfate composition of the lake could increase. The 34S of this 

input would likely be near 0‰, but the greater effect on the sulfur isotope composition of pyrite 

formed through microbial sulfate reduction (MSR) would be to increase the abundance of sulfate 

that could be reduced.  If sulfate concentrations were higher, the fractionation between reactant 

sulfate and product sulfide would be larger, whereas if sulfate were low most of it would be 

reduced and the fractionation would be minimal (Gomes & Hurtgen, 2015). This type of 

explosive event could also be a kill mechanism for the fish. These events would be episodic and 

make more sense than marine incursions with a ~2500 year time scale.  

 

Most of the geochemical markers that were measured showed distinct shifts at 16 m 

depth. When the time series is correlated to the core (Fig. 11) 16 m is also where the fossils 

begin to appear in the strata. As mentioned previously this could be a point of greater anoxia or a 

point where water became completely anoxic. It also offers support for the idea that the data 

collected is relevant to the fossil preservation and agrees with an anoxic environment. 

 

 

Figure 11: Correlation between time series plot and beds of fossils. Fossils begin to be 

found around 16 m depth 
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Modern Polar Lakes 

 

To compare the results from Koonwarra, a Cretaceous polar lake, I investigated a series 

of modern polar lakes (Holland, 2010; Kling & Luecke, 2007; Thompson et al., 2018; Young et 

al., 2018; Cadieux et al., 2017; Engstrom et al., 2000; Lawson et al., 2004; Syvaranta et al., 

2006).  This directly relates to my stated hypothesis, which suggests higher TOC and d15N in the 

Cretaceous example.  However after searching the literature for modern polar lake δ15N and TOC 

values the hypothesis originally proposed has been falsified. While there were no distinct trends 

in isotopic data between today’s polar lacustrine sites, all of the lakes that were read about had 

mostly values higher than the Koonwarra samples, which directly contradicts the hypothesis. 

Many of these studies were doing data collection and so did not have significant analyses of what 

the values may say about the current environment. Despite this finding there is still quite a bit of 

support for freezing and anoxia at Koonwarra. The sediment and fossil evidence for anoxia is 

strong because of the exceptional preservation, lack of bioturbation, varving, polar latitude and 

many more reasons listed throughout this paper.   

So why might the hypothesis have been falsified? To begin it may not have been realistic 

to compare lakes during such different climates and tectonic settings. Polar lakes today are 

mostly not situated along above water rift basins and surrounded by volcanic activity. They also 

do not have temperate qualities and lush forests surrounding them. Polar lakes today also have 

lower C/N values indicating a more algal input which is different from the terrestrial domination 

at Koonwarra. It could also be that because Koonwarra is so old, the organic matter has been 

eaten away over time placing the values lower than they may have been originally.  

 

Conclusion 
 

Overall, even though the hypothesis has been falsified, it is possible to make conclusions 

about the state of Koonwarra from the data alone and many of the trends and previous work 

support a periodic freezing and anoxic bottom water lake. The trends that were uncovered during 

this thesis were significant in helping to better understand this lake environment and could be the 

beginning of uncovering more about this site and this time period in general.  

This research can give a greater insight into this Cretaceous lacustrine site, which is 

unlike any other in the world due to its polar aspect (Rich, 2018). The history of ancient lakes is 

useful in comparing possible conditions in modern lakes. The data can also be related back to 

climatic reconstructions of the lower Cretaceous, where the sort of climate that produced these 

results can be compared to our modern climate. If the work is taken further, a greater 

understanding of what environmental conditions lead to such high quality preservation is 

possible. The sulfur cyclicity is also of great interest since it could help us better understand the 

tectonics of the time if the cause can be pinpointed as being volcanic eruptions or marine 

incursions. 

There is also a push for a large scale excavation effort at Koonwarra due to its similarities 

to the Jehol site in China. Dinosaur and mammal fossils were found at that site after a large fossil 

rush drastically increased the man power working on it (Rich, & Xiao-Bo, 2012). This research 

can give a greater understanding of what sorts of species might have lived around this lake and 

any more research on the site can give some basis on the decision of whether or not such an 

excavation is warranted. 
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There is plenty more work that could be done on these samples, and that is being done by 

colleagues that also have access to this core. In the future, samples from this area could also be 

analyzed using optical petrography to see whether or not there are igneous minerals in the rocks 

and a better varve count could be produced. Given more time I also would have done a grain size 

analysis, and a XRD plus a carbon and oxygen isotope analysis on the carbonate to determine its 

mineralogy and its input mechanism.  

 

Acknowledgements 

 
I would like to thank Dr. Alan Kaufman for advising me through this project and being a 

constant source of education and support. I would also like to thank Dr. Kaufman and Tom Rich 

and Patricia Vickers-Rich as well as the rest of the team that collected the core over the 2018 

summer and has continued to work on it alongside me. I want to thank Dr. Mike Evans, Tytrice 

Faison, and Shuiwang Duan for all their help with the lab set up and work. I’d like to thank Dr. 

Piccoli for his guidance and time spent editing as well. Finally, I would like to thank the UMD 

Geology Department for supporting me through its professors, education, and resources that 

helped me complete this thesis.  

 

References  

BEAN, L., 2017. A comparison between the fossil fish faunas from the Talbragar Fossil Fish Bed near  

Gulgong, NSW and the Koonwarra Fossil Bed, Gippsland, Victoria, Australia: Upper Jurassic vs 

Lower Cretaceous times. Research & Knowledge 3, 51 –56.  

ALLEY, N.F. & FRAKES, L.A., 2003. First known Cretaceous glaciation: Livingston Tillite Member of  

 the Cadna-owie Formation, South Australia. Australian Journal of Earth Sciences 50, 139–144. 

CADIEUX, S.B., WHITE, J.R., PRATT, L.M., 2017. Exceptional summer warming leads to contrasting  

outcomes for methane cycling in small Arctic lakes of Greenland. Biogeosciences, 14, 559-574, 

https://doi.org/10.5194/bg-14-559-2017. 

CAO, H., KAUFMAN, A.J., SHAN, X., CUI, H., ZHANG, G., 2016. Sulfur isotope constraints on  

marine transgression in the lacustrine Upper Cretaceous Songliao Basin, northeastern China. 

Palaeogeography, Palaeoclimatology, Palaeoecology, Volume 451, 1 June 2016, Pages 152-163 

CONSTANTINE, A., CHINSAMY, A., VICKERS-RICH, P. & RICH, T.H., 1998. Periglacial  

 environments and polar dinosaurs. South African Journal of Science 94, 137–141.  

COOKSON, I.C. & DETTMANN, M.E., 1958. Cretaceous “megaspores” and a closely asociated  

 microspore from the Australian region. Micropaleontology 4, 39 –49.  

DE LURIO, J.L. & FRAKES, L.A., 1999. Glendonites as a paleoenvironmental tool: implications for  

early Cretaceous high latitude climates in Australia. Geochimica et Cosmochimica Acta 63, 

1039– 1048.  

DETTMANN, M.E., 1963. Upper Mesozoic microfloras from south-eastern Australia. Proceedings of the  

 Royal Society of Victoria 77,1 –148. 

EDWARDS, A.B. & BAKER, G., 1943. Jurassic arkose in southern Victoria. Proceedings of the Royal  



20 
 

 Society of Victoria 55, 195–228.  

EDWARDS, J., LEONARD, J.G., PETTIFER, G.R. & MCDONALD, P.A., 1996. Colac 1:250 000 Map.  

 Geological Survey of Victoria Report 98, 1–168.  

ENGSTROM, D.R., FRITZ, S.C., ALMENDINGER, J.E., JUGGINS, S., 2000. Chemical and biological  

 trends during lake evolution in recently deglaciated terrain. Nature 408, 161-166.   

FELTON, E.A., 1997. A non-marine Lower Cretaceous rift-related epiclastic volcanic unit in southern  

Australia: the Eumeralla Formation in the Otway Basin. Part II: fluvial systems. AGSO Journal of 

Australian Geology & Geophysics 16, 731–757.  

FELTON, E.A., 1997. A non-marine Lower Cretaceous rift-related epiclastic volcanic unit in southern  

Australia: the Eumeralla Formation in the Otway Basin. Part I: lithostratigraphy and depositional 

environments. AGSO Journal of Australian Geology & Geophysics 16, 717–730. 

FRAKES, L.A. & KRASSAY, A.A., 1992. Discovery of probable ice-rafting in the Late Mesozoic of the  

 Northern Territory and Queensland. Australian Journal of Earth Sciences 39, 115 –119. 

FRAKES, L.A., ALLEY, N.F. & DEYNOUX, M., 1995. Early Cretaceous ice rafting and climatic  

 zonation in Australia. International Geology Review 37, 567–583.  

GLEADOW, A.J.W. & DUDDY, I.R., 1980. Early Cretaceous volcanism and the early breakup history of  

south-eastern Australia: evidence from fission-track dating of volcanoclastic sediments. In 

Proceedings of the Fifth International Geological Symposium, Wellington, New 

Zealand.CRESSWELL, M.M. & VELLA, P., eds, Balkema, Rotterdam, 295–300. 

GOMES, M.L., HURTGEN, M.T., 2015. Sulfur isotope fractionation in modern euxinic systems:  

Implications for paleoenvironmental reconstructions of paired sulfate-sulfide isotope records. 

Geochimica et Cosmochimica Acta, Volume 157, 15 May 2015, Pages 39-55. 

HERNE, M.C., NAIR, J.P., EVANS, A.R., TAIT, A.M., 2019. New small-bodied ornithopods  

(Dinosauria, Neornithischia) from the Early Cretaceous Wonthaggi Formation (Strzelecki Group) 

of the Australian-Antarctic rift system, with revision of Qantassaurus intrepidus Rich and 

Vickers-Rich, 1999Journal of Paleontology, 93(3), 2019, p. 543–584. 

HILL, P.J. & EXON, N.F., 2004. Tectonics and basin development of the offshore Tasmanian area  

incorporating results from deep ocean drilling. In The Cenozoic Southern Ocean: Tectonics, 

Sedimentation, and Climate Change Between Australia and Antarctica.EXON, N.F., KENNETT, 

J.P. & MALONE, M.J., eds, American Geophysical Union, Washington, DC, 19–42.  

HOLDGATE, G.R., WALLACE, M.W. & FORBES, S., 2015. Pre-Cenozoic geology of the Latrobe  

Valley Area—onshore Gippsland Basin, S.E. Australia. Australian Journal of Earth Sciences 62, 

695–716. 

HOLLAND, A.R., 2010. Exploring Isotopic Signatures of Lake El’gygytgyn Sediments for Evidence of  

Anoxia and Methane Cycling over the Past 50,000 years. University of Massachusetts Amherst, 

Masters Theses 1911-February 2014.   

JELL, P.A. & DUNCAN P.M., 1986. Invertebrates, mainly insects, from the freshwater, Lower  

Cretaceous, Koonwarra Fossil Bed (Korumburra Group), south Gippsland, Victoria. In Plants and 

Invertebrates from the Lower Cretaceous Koonwarra Fossil Bed, South Gippsland, Victoria. 

https://www.sciencedirect.com/science/journal/00167037


21 
 

Memoirs of the Association of Australasian Palaeontologists 3.JELL, P.A. & ROBERTS, J., eds, 

Association of Australasian Palaeontologists, Sydney, Australia, 111– 205.  

KENLEY, P.R., 1954. The occurrence of Cretaceous sediments in southwestern Victoria. Proceedings of  

 the Royal Society of Victoria 66, 1–16.  

KLING, G., LUECKE, C. 2007. Concentration of dissolved inorganic carbon (DIC), carbon and nitrogen  

concentrations, C:N ratios and del 13C isotope value for lakes and rivers on North Slope from 

Brooks Range to Prudhoe Bay, Arctic LTER 1988 to 2005 Environmental Data Initiative. 

http://dx.doi.org/10.6073/pasta/6341694e9d7155735d17da7001014e18  

KOOL, L., 2015. Dinosaur Dreaming. Australian Age of Dinosaurs Museum of Natural History Annual  

 12, 22 –37. 

LAWSON, J., DORAN, P.T., KENIG, F., DES MARAIS, D.J., PRISCU, J.C., 2004. Stable carbon and  

nitrogen isotopic composition of benthic and pelagic organic matter in lakes of the McMurdo Dry 

Valleys, Antarctica. Aquatic Geochemistry 10: 269-301.  

LINDSAY, N.M., 1982. The Burial History of the Strzelecki Group Sandstones, S.E. Australia: A  

Petrographic and Fission Track Study. M.Sc. thesis. University of Melbourne, Melbourne, 153 

pp. (unpublished)  

LOWRY, D.C., 1988. Alternative Cretaceous history of the Gippsland Basin. Australian Journal of Earth  

 Sciences 35, 181–194.  

MEDWELL, L.M., 1954. A review and revision of the flora of the Victorian Jurassic. Proceedings of the 

 Royal Society of Victoria 65, 63–111.  

MEDWELL, L.M., 1954. Fossil plants from Killara, near Casterton, Victoria. Proceedings of the Royal  

 Society of Victoria 66, 17 –23.  

MOLAN, R., 2008. A decade of dedication: The digs of Dinosaur Cove. Australian Age of Dinosaurs  

 Museum of Natural History Annual 6, 22 –45. 

NORVICK, M.S. & SMITH, M.A., 2001. Mapping the plate tectonic reconstruction of southern and  

 southeastern Australia and implications for petroleum systems. The APPEA Journal 41, 15 –35.  

NUNN, E.V., PRICE, G.D., GROCKE, D.R., BARABOSHKIN, E.Y., LENG, M.J., HART, M.B., 2010.  

The Valanginian positive carbon isotope event in Arctic Russia: Evidence from terrestrial and 

marine isotope records and implications for global carbon cycling. Cretaceous Research, Volume 

31, Issue 6, December 2010, Pages 577-592 

PAYTON, A., KASTNER, M., CAMPBELL, D., THIEMENS, M.H., 2004. Seawater sulfur isotope  

 fluctuations in the Cretaceous. Science 304, 1663-1665. 

POROPAT, STEPHEN & MARTIN, SARAH & TOSOLINI, ANNE-MARIE & E. WAGSTAFF,  

BARBARA & BEAN, LYNNE & KEAR, BENJAMIN & VICKERS RICH, PATRICIA & H. 

RICH, THOMAS. (2018). Early Cretaceous polar biotas of Victoria, southeastern Australia—an 

overviewof research to date. Alcheringa An Australasian Journal of Palaeontology. 

10.1080/03115518.2018.1453085. 

POROPAT, S., 2018. The Koonwarra Fossil Bed. Ferns, flowers, fleas and fish... and feathers for good  

 measure! Australian Age of Dinosaurs Museum of Natural History Annual 15, 64 –82. 



22 
 

RICH, T.H., HOPSON, J.A., GILL, P.G., TRUSLER, P., ROGERS-DAVIDSON, S., MORTON, S.,  

CIFELLI, R.L., PICKERING, D., KOOL, L., SIU, K., BURGMANN, F.A., SENDEN, T., 

EVANS, A.R., WAGSTAFF, B.E., SEEGETS-VILLIERS, D., CORFE, I.J., FLANNERY, T.F., 

WALKER, K., MUSSER, A.M., ARCHER, M., PIAN, R. & VICKERS-RICH, P.,2016. The 

mandible and dentition of the Early Cretaceous monotreme Teinolophos trusleri. Alcheringa 40, 

475–501. 

RICH, T.H., LI, X.-B. & VICKERS-RICH, P.,2009. A potential Gondwanan polar Jehol Biota lookalike  

 in Victoria, Australia. Transactions of the Royal Society of Victoria 121, iv 

RICH, T.H., VICKERS-RICH, P., FLANNERY, T.F., PICKERING, D., KOOL, L., TAIT, A.M. &  

FITZGERALD, E.M.G., 2009. A fourth Australian Mesozoic mammal locality. In Papers on 

Geology, Vertebrate Paleontology, and Biostratigraphy in Honor of Michael O. Woodburne. 

Museum of Northern Arizona Bulletin, 65.ALBRIGHT, L.B., III, ed., Museum of Northern 

Arizona, Flagstaff, Arizona, 677– 681. 

RICH, TOM & XIAO-BO, L & VICKERS RICH, PATRICIA, 2012. Assessment of the potential for a 

Jehol Biota-like Cretaceous polar fossil assemblage in Victoria, Australia. Bernissart Dinosaurs 

and Early Cretaceous Terrestrial Ecosystems, 505-518. 

RIEK, E.F. & GILL, E.D., 1971. A new xiphosuran genus from Lower Cretaceous freshwater sediments  

 at Koonwarra, Victoria, Australia. Palaeontology 14, 206–210.  

SEEGETS-VILLIERS, D., 2012. Palynology, Taphonomy and Geology of the Early Cretaceous Dinosaur  

Dreaming Fossil Site, Inverloch, Victoria, Australia. PhD thesis. Monash University, Melbourne, 

173 pp. (unpublished)  

SETON, M., MÜLLER, R.D., ZAHIROVIC, S., GAINA, C., TORSVIK, T., SHEPHARD, G.,  

TALSMA, A., GURNIS, M., TURNER, M., MAUS, S. & CHANDLER, M., 2012. Global 

continental and ocean basin reconstructions since 200 Ma. Earth-Science Reviews 113, 212–270.  

SYVÄRANTA, J. , HÄMÄLÄINEN, H. and JONES, R. I., 2006. Within‐lake variability in carbon and  

nitrogen stable isotope signatures. Freshwater Biology, 51: 1090-1102.  

TALBOT, F & BAIRD, DAN., 1985. Oxygen consumption of the estuarine round herring Gilchristella  

aestuarius (Gilchrist &Thompson). South African Journal of Zoology. 20.1-

4.10.1080/02541858.1985.11447903. 

TALENT, J.A., DUNCAN, P.M. & HANDBY, P.L., 1966. Early Cretaceous feathers from Victoria. Emu  

 64, 81 –86. 

TAYLOR, D.W. & HICKEY, L.J., 1990. An Aptian plant with attached leaves and flowers: implications  

 for angiosperm origin. Science 247, 702–704.  

THOMPSON, H.A., WHITE, J.R., PRATT, L.M., 2018. Spatial variation in stable isotopic composition  

of organic matter of macrophytes and sediments from a small Arctic lake in west Greenland. 

Arctic, Antarctic, and Alpine Research. 50:1, DOI: 10.1080/15230430.2017.1420282. 

TORSVIK, T.H., VAN DER VOO, R., PREEDEN, U., MAC NIOCAILL, C., STEINBERGER, B.,  



23 
 

DOUBROVINE, P.V., VAN HINSBERGEN, D.J.J., DOMEIER, M., GAINA, C., TOHVER, E., 

MEERT, J.G., MCCAUSLAND, P.J.A. &COCKS, L.R.M., 2012. Phanerozoic polar wander, 

palaeogeography and dynamics. Earth-Science Reviews 114, 325–368.  

TOTTERDELL, J.M., BLEVIN, J.E., STRUCKMEYER, H.I.M., BRADSHAW, B.E., COLWELL, J.B.  

& KENNARD, J.M., 2000. A new sequence framework for the Great Australian Bight: starting 

with a clean slate. The APPEA Journal 40, 95 –118. 

VAN HINSBERGEN, D.J.J., DE GROOT, V.L., VAN SCHAIK, S.J., SPAKMAN, W., BIJL, P.K.,  

SLUIJS, A., LANGEREIS, C.G. & BRINKHUIS, H., 2015. A paleolatitude calculator for 

paleoclimate studies. PLoS One 10, e0126946.  

VANDENBERG, A.H.M., CAYLEY, R.A., WILLMAN, C.E., MORAND, V.J., SEYMON, A.R.,  

OSBORNE, C.R., TAYLOR, D.H., HAYDON, S.J., MCLEAN, M., QUINN, C., JACKSON, P. 

& SANDFORD, A.C., 2006. Walhalla-Woods Point-Tallangallook special map area. Geological 

Survey of Victoria Report 127,1 –448. 

WALDMAN, M., 1970. A third specimen of a Lower Cretaceous feather from Victoria, Australia.  

 Condor 72, 377.  

WALDMAN, M., 1971. Fish from the freshwater Lower Cretaceous of Victoria, Australia, with 

 comments on the palaeoenvironment. Special Papers in Palaeontology 9,1 –124.  

WALDMAN, M., 1973. The fossil lake-fauna of Koonwarra, Victoria. Australian Natural History 17,  

 317–321.  

WILLCOX, J.B. & STAGG, H.M.J., 1990. Australia’s southern margin: a product of oblique extension.  

 Tectonophysics 173, 269–281. 

YOUNG, S.A., CADIEUX, S.B., PENG, Y., WHITE, J.R., PRATT, L.M., 2018. Seasonal changes in 

sulfur biogeochemistry of a dilute, dimictic Arctic lake: Implications for paired sulfur isotope 

records from ancient oceans. Chemical Geology, Volume 495, 20 September 2018, Pages 118-

130.  
 

 

Student Honor Code 

I pledge on my honor that I have not given or received any unauthorized assistance 

on this assignment/examination. 

 

 

 



24 
 

Appendix 

 



25 
 

 



26 
 

 

S1: Complete data set from meters 11-21 of the Koonwarra Core. 
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S2: Complete borehole log of the Koonwarra core. 


