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Abstract

The sub-tropical coastal dune fields of southeast Queensland, Australia are recognised
for their outstanding beauty, cultural importance, and ecological diversity. Their soil and
vegetation development have been intensively investigated and more recently, the
geochronology of the dune fields has been expanded. However, there has been little focus on
the evolution of the dune fields after the dunes stabilise. The aim of this thesis is to enhance
our fundamental understanding of dune field evolution by evaluating the complete
topographic development of the dunes from their emplacement (stabilisation) to maturity
(denuded topography). Principals and concepts derived from hillslope geomorphology were
used to determine styles and rates of landscape change. The Holocene section of the Cooloola
Sand Mass (CSM) is the primary focus of this study, while Holocene dunes on K’gari (Fraser
Island) were also investigated. The dune fields were selected because most of the major
environmental factors contributing to landscape development in the Holocene can be
constrained, and they contain one of the most complete coastal dunes sequences in the
world.

Quantitative topographic analyses from high-resolution digital elevation models with
landscape evolution theories (linear and nonlinear sediment transport) were used to better
describe and understand dune fields and dune landforms. Principally, the foundational idea
that gravitationally driven transport processes smooth dune landforms to their base-levels
thereby reducing mean local relief, was used. The concept that landscapes smooths with time
provides the framework to establish morphostratigraphical mapping, 2-D numerical
modelling, and roughness-age modelling.

From the geomorphological mapping it is observed that the SE Queensland dune fields
are constructed of five Holocene (including active dunes) and four Pleistocene dune
morphosequence units. Dunes and their units systematically smooth with time and this
evolution is well explained using surface roughness (oc). It is demonstrated that Holocene
dune oc-age relationships evolve in two distinct phases. The first phased is described well
using nonlinear sediment transport with a soil transport coefficient (K) value of 0.06 m? yr!
and a critical gradient of 0.65 m m™%, which is the angle of repose. The dune evolution switches
to a K value of 0.002 m? yr! after ca. 1 ka that can be modelled either using nonlinear or linear

sediment transport.



The evolution of the whole landscape can be empirically described using an
exponential function ((doc)/0t « oc). The predictable changes in dune topography permits a
oc-age relationship to be calibrated on the CSM and tested against an independent OSL
chronology from K’gari. The model generates age estimates for every dune thereby producing
the first complete Holocene chronology in the dune field. This procedure can be easily
expanded to dune fields globally to fill in chronological gaps using only high-resolution
elevation data and a small number of absolutely dated dunes. The age estimates support the
morphostratigraphical mapping and demonstrate dune emplacement peaking at ca. <0.5, 1.5,
4, and 8.5 ka. These ages are similar, but not identical, to the dune emplacement timings in
the published literature but they tie closely to sea-level variability, which is the inferred
primary cause of dune field activation.

The oc-age relationship was evaluated further by placing the modelled outputs into
the context of sedimentary records from dune foot-slope positions. The first sediment
transport phase corresponds with the period of rapid lowering of relief and elevated
erosion/sedimentation rates (0.57 + 0.13 cm yr!) associated with the dominance of episodic
sediment transport (i.e., dry-ravel and sheetwash). These transport styles are the
consequence of fires on steep hillslope gradients. These events deposit charcoal as layers in
foot-slope positions. This phase occurs for the first ca. 1-1.5 ka after dune emplacement until
hillslopes are lowered below their angle of repose (0.65 m m™ or 33°). In the second phase,
erosion/sedimentation rates decrease by an order of magnitude (0.10 + 0.07 cm yr!) due to
the dominance of slow and continuous sediment transport processes (i.e., biogenic soil creep
and granular relaxation). Although fires are present, the absence of episodic sediment
transport results in disseminated charcoal rather than charcoal layers in foot-slope positions.
Nevertheless, fire frequency and intensity can be inferred from these records and the thesis
highlights and develops the idea of utilising dune depositional records for fire histories. These
deposits produce a ca. 7 cal ka BP fire record that identifies increased fire activity at ca. <0.3,
1.1-0.4, 2.2-1.6, 3.4-2.6, and 6.7-5.3 cal ka BP. These periods are consistent with local and
regional fire histories from traditional charcoal records.

In summary, this thesis contributes new insights into landscape evolution using a dune
field as a natural sandbox laboratory. It offers a novel perspective on aeolian systems and

provides new lines of research into a variety of environmental processes from dunes.
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Figure 2.1: (a) Study site location map of the SE Queensland dune fields with the eastern
Australian longshore drift system and major rivers along the coast. Satellite images of
(b) K’gari, (c) CSM, (d) Mulgumpin, (e) and Minjerribah .......ccccceeeeeviiiveeneerececie e, 14

Figure 2.2: Schematic flow chart of the mapping and validation procedures for dune
MOrphosequUENCE AelINEATION.......cciciieecte ettt bbb e er st aes e nns 18

Figure 2.3: Visual sequence of dune delineation example on Minjerribah (North Stradbroke
Island) using (a) elevation and (b) slope DEMs, (c) satellite imagery, and (d) historical
air photos. Note areas that are human disturbed (mining and road construction).....20

Figure 2.4: Workflow to produce mapping rasters. This figure demonstrates the methodology
used to generate the topographic expressions as seen in the slope-elevation and
slope-curvature layers. In each case a slope raster was superimposed at a 70%
transparency on the elevation and curvature layers to generate the topographic
expression. These topographic expressions were then applied to discriminate between
MOIrPNOSEGUENCE UNIES....uiiiiiieieeieiietietietirt st eese e sre s ste st seeseesessesse e e e esensessessens 21

Figure 2.5: The CSM morphosequence units and their validation. (a) Derived slope-curvature
raster. (b) Final morphosequence map of the CSM. (c) Digitised version of Ward’s
(2006) map. Note the strong similarity between panels b and c. In my final map | have
added an extra Holocene unit (Freshwater) but eliminated a Pleistocene unit of Ward
(2006) (Garawongera). (d) Examples of slope-curvature, slope-elevation and satellite
images for each of the morphosequences. The heavy black line separating Triangle
Cliff from Bowarrady marks the boundary between the Holocene and Pleistocene
morphosequences. Note that the dune units become more diffuse and less well
defined with increasing age. The units from the CSM were then applied to the sand
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Figure 2.6: Mapped morphosequence units and geomorphic characteristics. Final
morphosequence maps for (a) K’'gari, (b) the CSM, (c) Mulgumpin, and (d) Minjerribah
dune fields. Note, dune fields are not to same scale. Panel (e) contains six graphs
showing (i) percent land area for each unit; (ii) mean distance from coast, (iii) mean
elevation, (iv) mean slope; (v) standard deviation of slope; (vi) standard deviation of
curvature. The black line represents the mean values for all dune fields. Note that in
all dune fields the parameters follow the same trends. Also note that for geomorphic
characteristics there is a general progression from youngest to oldest
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Figure 3.1: Regional and site location. (a) Satellite imagery of the SE Queensland dune fields
in Australia, emphasising the location of the CSM. (b) Delineated Holocene dunes and
their associated elevation at a 5 m resolution (black lines) and location of the 15 dated
dunes and 4 soil pits used in this study (white circles and black dots, respectively)
(obtained from Walker et al., (2018) and Ellerton et al., (2020), see Supplementary
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Tables A.3.1, A.3.2, and A.3.3). Note, one soil pit was collected on a 2.14 ka dune that
was not utilised in my topographic analyses (white triangle with black dot). A
topographic transect aligned parallel to the dominant wind direction, (southeast to
northwest), from juvenile to mature dunes is highlighted, see Figure 3.2. (c) Aerial view
of an incipient parabolic dune forming along the margins of the Carlo Sand Blow near
the township of Rainbow Beach (drone photography: “Wandering.the.Sky”). Note, this
active dune (inception) is blown off the coast and extends inland through vegetation
and over previously emplaced dunes creating over-steepened lee slopes, see
Supplementary FIGUIE A 3.1 ...ttt e st st et s s e s e e st seesaeenenrees 32

3.2: Changes in topographic variability at the CSM at a 5 m resolution. A transect
aligned parallel to the dominant wind direction (northwest to southeast), seen in
Figure 3.1b, indicates the transition from juvenile dunes (i) to more mature dunes (ii
to vi) moving from the coast inland (right to left). When dunes are stabilised, they have
highly variable surface topography. As time continues, their slope relaxes such that
morphology is time independent and this evolution can best be described by the
dune’s curvature, specifically a dune’s standard deviation of curvature (oc) as a
measure of surface roughness ((00¢)/0t=20).....cciveieeeeeeiiereeece et aer e v 34

3.3: Idealised topography, chronosequence, and hillslope processes of the CSM,
Australia. (a) The CSM dunes move inland from the coast across antecedent
topography (dashed lines) until wind speeds decrease and dunes emplace (stabilise).
With every subsequent dune emplacement, antecedent topography gradients
increase therefore decreasing the distance dunes travel inland. (b) Conceptual
diagram of hillslope positions and the contribution of erosion, deposition and flux (size
of arrow). Once dunes’ hillslopes are lowered below their angle of repose (gradient of
0.65 m m™ or angle of 33°), | posit that nonlinear sediment transport effects become
negligible. Here only diffusive hillslope processes are active and all sediment removed
from crest and ridges can be accounted for in the hollows and valleys (a closed
system). As time progresses ridges lower and hollows fill, reducing hillslope gradients
and the maximum and minimum curvature values. Combined, | hypothesise a
systematic decrease in erosion, deposition and flux rates with time..........cccoceveeuene.e. 36

3.4: Conceptual diagram (summarises hypotheses and main findings) inspired by
Montgomery (2001). The relationship between change in elevation from base level,
dominant transport styles, and curvature (C) distributions (oc) for a dune landscape
with time is shown. The dunes found at CSM are initially smooth (low oc and narrow
C distributions) when they are actively migrating across the landscape (dune
inception). As the dunes begin to stabilise, the competition between wind advection
and vegetation stabilisation, results in an increase in topographic variability,
broadening the C distribution (greater oc) and thus increasing erosion rates. This
positive change in oc represents a phase of landscape rejuvenation. Surface roughness
reaches their highest values once dunes are fully stabilised (dune emplacement) and
sediment transport is limited to hillslope processes, thus marking the relaxation phase
(juvenile through old age stages). The lowering of crest and filling of hollows narrows
C distribution (lower oc) thus decreasing the dune’s erosion rates. Given ample time
in a relaxation phase, the landscape will evolve towards senescence ((doc)/dt =0)
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where no local relief remains. | hypothesise that dune oc can only smooth (decrease)
in the relaxation phase. Aerial images of the delineated dunes and the stage of their
evolutionary development highlight these changes. Further description of dune stages
can be found in Supplementary Tables A.3.1and A.3.2.....ueeereeeiicienenre e 38

Figure 3.5: Excavated depositional foot-slope soil profiles used to characterise erosion and

sediment transport styles. Oldest profiles display disseminated charcoal through the
full profile whereas the two youngest deposits have charcoal layers. Note the 2.14 ka
dune record (not used in my oc-age analysis) with disseminated charcoal near the
surface that switches to stratified charcoal layers near the base. This transition at ~1.1
m corresponds with a depositional age of ca. 1 ka (determined by a radiocarbon age
of 1017426 yr BP (Wk50298) at 1.2-1.3 m, Supplementary Table A.3.4). | infer the
presence of these layers are associated with fire induced episodic sediment transport
(dry-ravel and sheetwash) when dunes are young and have steep slopes. As time
progresses, hillslope gradients lower and charcoal layers become more diffuse and
eventually become disseminated throughout the profile. These records highlight the
transition between episodic to continuous sediment transport on dune evolution.....43

Figure 3.6: Measuring landscapes evolution through time at the CSM. (a) Observed curvature

(C) distributions for four Holocene and one Pleistocene dune at the CSM. Note the
normal distribution of C centred on planar topography (0 m™) and the gradual
narrowing of distributions with time (dark to light frequency). (b) Measured dune age
(with error bars, +1o0) with surface roughness (oc) (white circles) and observed
dominant transport styles. All dunes with excavated soil profiles are indicated with
black dots. Additionally, the 2.14 ka dune with the excavated soil profile (not utilised
in my topographic analyses) is represented by the white triangle. Initially, dunes are
emplaced with over-steepened hillslopes at or above the critical gradient (Sc). During
this phase, there is a dominance of episodic sediment transport (dry-ravel and
sheetwash (n=4)), purple dashed line. After dune’s oc are lowered below a ‘transitional
zone’ (at ca. 1 ka), only slow and continuous soil transport occurs (soil creep (n=11)),
pink line. This behaviour continues and remains true for the Pleistocene dunes (grey
diamonds, not included in this @aNalySis).....cccceiviiieieeicrene et 44

Figure 3.7: Field images of typical soil transport styles. Commonly observed episodic (panels

Figure

(a) and (b)) and continuous (Panels (c), (d), (e), and (f)) sediment transport
mechanisms at the CSM. (a) Fire induced sand ravel and sheetwash movement on the
steep lee facing hillslope of a 0.44 ka dune shortly after fire event and its associated
(b) deposition. (c) Common mid-slope soil profile on a Holocene age dune highlighting
the abundance of biogenic disturbed soil near the surface in the A horizon, where it
becomes increasingly stable moving down profile as shown by the intact E and B
horizons. Typical perturbation includes root growth and decay, (d) tree throw, (e)
burrowing invertebrates, and (f) bird nest construction (photo credit: (c) Patrick
Adams and (f) Kegham HOVSEPIAN)........ccccueuiieieicieierietiee ettt ettt 47

4.1: Conceptual diagram and result summary from Chapter 3 between surface

roughness (oc) and dune age within the CSM dune field, Australia. (a) An idealised
elevation profile of the CSM dune field. The dunes move inland from the coast through
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sclerophyll forest and over antecedent topography (dashed lines) via the dominant
south-easterly wind. Dunes are emplaced when wind speeds decrease and vegetation
stabilises the dune surface. With every successive dune emplacement, antecedent
topography gradients generally increase, thereby decreasing the distance dunes travel
inland whilst preserving older dunes. Consequently, most dunes increase in age while
decreasing in oc moving away from the coast. (b) Conceptual diagram of hillslope
positions as defined by curvature (C) and the contribution of erosion, deposition and
flux (size of arrow). All sediment removed from crest can be accounted for in the foot-
slopes (a closed system). As time progresses ridges lower and hollows fill, reducing
hillslope gradients and the maximum and minimum curvature values thus decreasing
dune oc. (c) The general relationship between dune age, surface roughness (oc), and
sediment transport phases. Dunes with high oc (Phase 1) are best explained through
non-linear sediment transport where episodic processes such as dry-ravelling and
sheetwashing (comparable to grain flows and/or avalanching) occur. Once dune
gradients are lowered below their angle of repose (gradient of 0.65 m m™ or angle of
33°) associated with the defined ‘transitional zone’, sediment transport is limited to
slow and continuous processes (Phase 2) where their evolution can be explained with
linear SediMeNt traNSPOIT. ..o ittt e e s e s 54

Figure 4.2: (a) Satellite imagery of K’'gari (Fraser Island), and the CSM, which make up the

northern section of the SE Queensland (SEQ) dune field in Australia. The dune
sediments are derived from the longshore drift system (dashed line and arrow) that is
delivered to the coast by the dominant south-easterly winds (small arrows). (b) Close-
up imagery of the coastline and dunes on K’gari (photo credit: Jlirgen Wallstabe).....57

Figure 4.3: Locations of OSL dated dunes used in this chapter. Dunes utilised in the oc-age

Figure

relationship are represented by grey dots, whereas, dunes used in the validation
subset are white. For dunes with multiple dates, | preferentially selected ages from
crest and/or stratigraphically lower positions. Samples that met my selection criteria
but were not used in the model are marked withan X' ..o, 65

4.4: Calculated surface roughness (oc)-age relationship from measured OSL dated
dunes. (a) Dune oc depicts a strong exponential relationship with age (+10) (black line)
bounded by 95% confidence intervals (shaded area) within the CSM and K’gari dune
fields. The calibration ages (grey dots) come from the CSM (n=18) whereas the
remaining dates used as a validation subset (white dots) come from Inskip and K’gari
(n=6). (b) Model validation using predicted versus measured dune ages and their
associated best-fit line (black line) using reduce major axis regression to account for
uncertainty in both variables compared to a 1:1 line (solid black dashed line)............ 66

Figure 4.5: Predicted Holocene dune ages using oc-age model. (a) Aerial imagery of K’gari to

the north and the CSM to the south with locations of Panels (b) northern K’gari, (c)
southern K’'gari, and (d) the CSM........ouiiiie e e 67

Figure 4.6: Normalised probability density functions (PDFs) of the combined K’gari and CSM

dune fields derived from (a) OSL-dated dunes and (b) predicted ages. (c) Predicted
ages normalised by total dune area. Vertical teal areas highlight phases of dune
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emplacement. By far the largest number of dunes are small coastal blowouts, but
cumulatively these dunes represent very little land area and are of only local
significance. Area occupied by the dunes is critical as during major activation phases
blowouts coalesce into much larger parabolic and transverse dune fields.................... 68

Figure 4.7: The combined K’gari and CSM dune fields PDF from predicted (dark grey) dune
ages compared to local sea-level curves from Lewis et al. (2008) and Larcombe et al.
(1995). Note there is a break in the relative sea-level axis so that both curves could be
displayed on the same graph. | observe four emplacement phases (vertical teal areas)
that are closely associated with the termination of the rising limb of sea-level events.
The addition of my estimated ages permits me to better constrain the timing of dune
emplacement (Ellerton et al., 2020) which has been associated with mapped dune
units (Ward, 2006; Chapter 2): Cape ca. <0.5 ka; Station Hill ca. 1.5 £ 0.5 ka; Freshwater
ca. 4 £ 0.5 ka; and Triangle Cliff ca. 8.5 £ 1.0 Ka...oceoeveererierceeeee e 73

Figure 4.8: Paleoclimate records through the Holocene from Laguna Pallcacocha in southern
Ecuador (Moy et al., 2002), Swallow Lagoon in eastern Australia (Barr et al., 2019), and
El Junco Lake in the Galapagos Islands (Conroy et al., 2008) compared to timing of
major dune emplacement phases at K’gari and the CSM. Climate appears to have little
direct link to dune emMPlaCcemMENT......c..ooe ittt eer e e 74

Figure 5.1: (a) Total area burned in Australia during the 2019-2020 ‘Black Summers’ (red area)
(DAWE, 2020) and the locations of sediment cores (white dots) used to generate Late-
Quaternary fire records in Mooney et al. (2011). (b) Satellite imagery of the SE
Queensland dune fields and location of fires during the 2019-2020 with yellow outline
representing the ‘Fraser Fire’ and ‘Freshwater Road Fire’ on K’gari and the Cooloola
Sand Mass (CSM), respectively. The orange star marks the field site for this study,
whereas the white stars indicate fire record locations compared in this research.
Images of the (c) the Kings Bore Wildfire, (d) the Thannae Fire, and (e) the Freshwater
Road Fire are provided as examples of wildfires that occurred within the SE
Queensland dune fields during the ‘Black Summers’ (photo credit: Michael Ford Panel
c and Erin Atkinson Panels d @nd €).....cccceceeceieeerieieiicece ettt st st eer s e 81

Figure 5.2: Site location. (a) Satellite imagery of the Cooloola Sand Mass (CSM) with areas of
interest, and the Rainbow Beach patterned fen complex (white star). (b) Close-up of
the four dunes used in this study (dashed lines) and locations of the depositional foot-
slope sites (stars) found on each dune’s North-facing slipface. The dunes selected in
the research represent each of the four major Holocene dune activation/stabilisation
phases (Chapter 2; Chapter 4; Ellerton et al., 2020) (see Supplementary Figure A.5.2)
(c) Conceptual diagram of sediment transport (sand and charcoal) and deposition on
a dune’s slipface. Charcoal particles are produced on the dune’s surface during fires
(small black dots), transported down gradient, and deposited in the foot-slope
position as disseminated charcoal or charcoal layers. | hypothesise that charcoal
analysed in this study remains in stratigraphic order and is produced locally because
sediment is retained within the CSM’s basins (Chapter 3) and charcoal particles are
large (between 180 um and 2 mm). The red box indicates the location that soil pits
were excavated to obtain a fire record for this study. A sand auger was used at the
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base of each pit to determine the depth of the underlining dune surface (i.e.,
maximum deposit thickness) which is inferred to represent the initiation of sediment
deposition (i.e., dune age). (d) Soil profile looking up to crest on the 10 ka dune....... 86

Figure 5.3: Charcoal concentrations for the (a) 0.5 ka, (b) 2 ka, (c) 5 ka, and (d) 10 ka dune

depositional sites. For each depth interval (width of bar) charcoal was counted for all
size classes 180-250 um (dark grey), 250-355 um (grey), and 355 um-2 mm (light grey).
Charcoal layers identified in the profile face are indicated with a band of black dots
and labelled (CL#). Samples collected for radiocarbon analysis are indicated with an
orange star or an orange circle whether they were collected at a discrete depth or
from a sample depth interval, respectively. Charcoal layers only occur on the two
youngest dunes and were incorporated in multiple sample intervals due to
predetermined sampled depths. Note, the Freshwater Road Fire severely burnt and
deposited fresh charcoal at the surface of all sites (dashed lines labelled ‘Freshwater
Road Fire’) after pit excavation and sample collection, but only produced a 0.1 m
charcoal rich dry-ravel deposit at the 0.5 ka site. As a result, no charcoal
concentrations were recorded for this interval. For more information on each soil
profile see Supplementary Figures A.5.4 — A.5.8.......or oot 94

Figure 5.4: Bayesian age-depth models generated for the (a) 0.5 ka, (b) 2 ka, (c) 5 ka, and (d)

Figure

10 ka dune depositional sites. For each site, | set the age of the surface (0 m) to the
date of pit excavation (vertical orange marker), and the basal age to the OSL-dated
dune age collected from dune crest. All cal. ages are obtained through radiocarbon
(}4C) dating of charcoal fragments using the Southern Hemisphere calibration curve
(SHCal20; Hogg et al., 2020) extended to the recent time using the Post-bomb
Atmospheric calibration curve for Southern Hemisphere zone 1-2 (Bomb22SH1-2; Hua
et al., 2022). Graphs were produced using ‘rbacon’ (Blaauw and Christen, 2011) in R
(R Core Team 2022). The calibrated year probability distributions estimates are shown
as blue and aqua markers for 14C and OSL ages, respectively. The red dashed line
bounded by the grey dotted lines represents the age-depth model best fit and the 95%
confidence intervals, respectively. Note, the y-axis only extends to 2.75 m, which
covers all sample intervals, and does not include the complete age-depth model that
extends to the base of each deposit (original dune deposits or onlapped topography).
Additionally, samples collected from discrete depths are labelled with an orange star.

5.5: Charcoal accumulation rates (CHAR) and the inferred timing of increased fire
activity (peaks - vertical orange areas) for the (a) 0.5 ka, (b) 2 ka, (c) 5 ka, and (d) 10
ka dune depositional sites. Locations for all samples are marked with dots, such that
white dots indicate episodic sediment transport (sheetwash or dry ravel) associated
with the first 1.5 ka of sediment deposition, while black dots indicate slow and
continuous sediment transport (soil creep). Charcoal layers (CL) found in profile faces
(Figure 5.3) are indicated by a band of black dots and labelled (CL#). For more
information on CHAR for each size class and the locations for all CL, see Supplementary
Figure A.5.4. (e) A composite master charcoal record was derived from all four sites by
dividing each record by its maximum CHAR value and then plotting the normalised
CHAR with time. The white line represents a record composed of all CHAR values
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(n=77) whereas the black area represents samples that only experienced continuous
SEAdIMENT TraNSPOIT (NTA8) .ottt sresre e e sr st e saesbeaeees 99

Figure 5.6: (a) A log-log plot of the median sedimentation rate for all sampled intervals (dots)

Figure

Figure

Figure

from each foot-slope deposit as a function of time since dune stabilisation.
Sedimentation rates are initially high (dashed line) then abruptly decrease after ca 1.5
ka (solid line). (b) Box and whisker plots for sedimentation rates before and after this
transition. Boxes are the interquartile range with the whiskers representing maximum
and minimum values. The black dot is the mean and the horizonal black line represents
the median. | hypothesise that the shift in sedimentation rates reflect the transition
from episodic (dry-ravel and sheetwash) to continuous sediment transport styles (soil
creep) and are associated with the presence or absence of charcoal in layers,
respectively. Note that the separation between these two sedimentation rates occur
ca 1.5 ka after dune emplacement which is comparable to the findings in Chapter 3
where | estimated ca 1 ka for this transition t0 0CCUr.......ccccovcerviiievevevirec s 103

5.7: Conceptual diagram of progressive vegetation succession, fire activity, charcoal
production and stratigraphic deposit for an (a) active dune with steep gradients, (b)
recently emplaced (stabilised) dune with steep gradients, and (c) emplaced dune with
shallow gradients. When dunes are active, vegetation is sparse and fires are assumed
to be infrequent and unproductive — panel a. As woody vegetation such as Eucalyptus
spp. or Corymbia spp. becomes established, charcoal production increases (black
dots). Charcoal can either be deposited in the foot-slope positions as layers (black lines
— panel b) or disseminated throughout the profile (grey area — panels b and c). The
presence or absence of charcoal layers is the result of episodic sediment transport
processes (e.g., dry-ravel and sheetwash) and elevated charcoal production on dune
gradients that are above the sand’s angle of repose — panel b. The absence of layers
but the presence of disseminated charcoal implies slow and continuous sediment
transport (i.e., granular relaxation and biogenic soil creep) — panel c..........................106

5.8: (a) Master charcoal record derived from only slow and continuous sediment
transport for all sites in this study with increases in biomass burning (vertical orange
bars) over three proposed periods of fire activity (black and white bar). My data is
compared to other (b) local (Hanson et al., 2023), (c-d) regional sites (Donders et al.,
2006; Mariani et al., 2019) as well as (e) a compilation of records from the subtropical
high-pressure belt in eastern Australia (125 sites) (Mooney et al., 2011). Locations of
local and regional records are indicated in Figure 5.1 as white stars. The fire records
from the CSM sites are compatible with those from traditional fire records within SE
Queensland (i.e., peats, bogs and lakes). Note (*) indicates the lack of data............... 108

5.9: (a) Master charcoal record derived from only slow and continuous sediment
transport for all sites in this study (black area). | compare my results to the (b) Swallow
Lagoon precipitation record (Barr et al., 2019), the (c) El Junco Lake in the Galdpagos
Islands and the (d) Lake Laguna Pallcacocha in southern Ecuador records of past El
Nifio event frequency (Moy et al., 2002; Conroy et al., 2008). Lastly, | compare the (e)
probability density function for the timing of dune emplacement at the CSM (Chapter
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Figure 5.10: (a) World dryland distribution (orange areas) (Sorensen, 2007) and published
paleofire records (white dots) from the Global Paleofire Database (Harrison et al.,
2022). (b) Close-up view of Australia and the general locations of coastal (yellow) and
continental (orange) dunes (Lees et al., 2006; Hesse, 2016). Note the abundant land
area in Australia and the world that is both covered in drylands and lack fire histories.
Dune depositional deposits present an opportunity to expand fire records from
wetland areas into dryland regions which to this point have been underrepresented in
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Supplementary Figure A.2.1: High-resolution remapping of the SE Queensland dune
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Supplementary Figure A.3.1: Photos of the Carlo Sand Blow near the township of Rainbow
Beach, photos location indicated in Figure 3.1c. (a) Photo taken near the western dune
crest towards the Tasman Sea down the dune’s stoss face. (b) Photo taken in the same
location as panel a but down the dune crest towards the over-steepened lee face and
forest canopy. Note the dune is extending inland through the tops of the open and
closed Eucalyptus forest (canopy cover of 50-80% and >80%, respectively), which are
approximately 20-30 m tall, and over previously emplaced dunes (photo credit: Patrick

Supplementary Figure A.3.2: A visualisation of the grid network depicting the 3 by 3 elevation
submatrix utilised in this study to calculate curvature at the centre node (zs)
(Zevenberger and Thorne, 1987; Moore et al., 1991). Here z is elevation and L is the
length between nodes used in EQ.3.5and EQ.3.6....c..cceeveneireceenreericieceeee e eeeereenes 162

Supplementary Figure A.3.3: 2-D forward numerical modelling of dated CSM dunes. (a)
Measured dune age and surface roughness (oc) (large symbols) highlighting change in
its topography every 1 ka for 10 ka for individual dunes (smaller symbols). The entire
CSM evolution is described by nonlinear sediment transport with a K value of 0.002
m?2yr!and a Sc of 0.65 m m%, utilising a landscape evolution model from Booth et al.
(2017). In reality the simulated topography appears to be more closely related to a K
value of 0.06 m? yr! for the first thousand years of the dune’s development when oc
is high (above the ‘transitional zone’, oc values between 0.035-0.045 m™). Only once
dune oc is lowered below this point does their evolution switch to the K value 0.002
m? yr'! (not shown here). (b) Using the general evolution derived from the fix K value
of 0.002 m? yrtand a Sc of 0.65 m m?, | evaluate dune’s oc relationship with modelled
variability of erosion rate (oe). | observe a shift in this relationship coinciding with the
same observed transition zone in Figure 3.6, which | interpret as a phase when
nonlinear sediment transport behaves similar to linear sediment transport, such that
oc and o become more uniform with time and their relationship can be described
through EQ.3.3, o¢ « oc. Note of and oc are autocorrelated; however, field
observations support these modelled oUtCOMES.........coccveereeieccine e 163
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Supplementary Figure A.3.4: Slope map of modelled simulation for CSM dunes through
nonlinear sediment transport. Utilising a 5 m DEM and the nonlinear sediment
transport model from Booth et al. (2017) (fixed K and Sc values of 0.002 m? yr* and
0.65 m m, respectively) | provide dune topography, relative age, and geomorphic
stage (Supplementary Tables A.3.1 and A.3.2) highlighting the evolution of a 0.44 ka
dune (Dune 4). (a) Current dune topography in its juvenile phase with abundant steep
slopes (dark browns). (b) Dune after being rapidly decayed for 1 ka until the
‘transitional zone’ has been reached (oc from 0.035-0.045 m™) depicting dune
adolescence with shallower slopes (lighter browns). Once lowered below the
‘transitional zone’, dune evolution mimics linear slope dependent evolution where
slow and continuous sediment transport processes dominate such that dune (c)
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Chapter 1.

Introduction

Preface: This thesis includes a collection of four manuscripts (Chapters 2-5), three published
and one ready for submission for publication. For consistency and completeness, all chapters
start with a full citation including DOI and co-authors, and a brief introduction on how each
chapter ties into each other. Each chapter is a unique body of work that focuses on different
aspects of the southeast (SE) Queensland dune fields’ evolution and contains a thorough
review of the appropriate literature. Consequently, to avoid redundancy, this introduction
chapter is kept brief and used only as a means to outline and summarise the main objectives

of this thesis.
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1.1 Context

This thesis presents a novel approach to understanding dune fields and dune
landscapes. It examines dunes from the perspective of landscape evolution and focuses
primarily on what happens after dunes stabilise. | focus my research on the Cooloola Sand
Mass (CSM) and K’gari (Fraser Island) within the southeast (SE) Queensland dune fields along
the eastern coast of Australia near the city of Brisbane. This coastal dune system is composed
of dune fields and sand islands that occur from ~27.4°S to ~25.5°S. From its southern, limit
moving northwards lie Minjerribah (North Stradbroke Island), Mulgumpin (Moreton Island),
Bribie Island, the CSM, and K’gari. The total area of the entire region covers roughly 2350 km?
with dune crest reaching 285 meters above sea-level. The areais renowned for its outstanding
beauty and for containing the three largest sand islands. In particular, K’gari holds half of the
perched freshwater lakes, the largest unconfined aquifer on a sand island, thickest soils, and
with the CSM the only extensive rainforest on dunes in the world (UNESCO, 2021).

At present, the dune fields are composed of predominantly stabilised (relic) parabolic
and transgressive dune sheets in the interior and active blowouts/sheets along the coastline
(e.g., Carlo Sandblow, Cooloola Sand Patch, and Sandy Cape) (Thompson, 1981). The
successive dune onlapping has occurred through the mid- and late-Pleistocene with major
dune building phases inferred to be associate with sea-level variability (Ellerton et al., 2020;
In Press) resulting in compound and complex dune structures of varying ages (McKee, 1979).
The dunes contain a vegetation succession from bare sand colonisers to a so-called ‘CliMax’
vegetation of rainforest and/or tall wet sclerophyll forest and they act as a refugium for many
relict and disjunct flora and fauna such as giant earthworms (Digaster keastii), Wallum
rocketfrogs (Litoria freycineti), Fraser Island satinay (Syncarpia hillii). They also contain
Ramsar-listed sub-tropical patterned fens (Walker et al., 1981; Moss et al., 2016; UNESCO,
2021).

Despite the global recognition of the SE Queensland dune fields very little was known
regarding the processes that lead to their creation and evolution (Lees, 2006), except in terms
of soil and vegetation development (i.e., Thompson, 1981; 1992; Walker et al., 1987; Wardell-
Johnson, 2015). To address these questions, the Australian Research Council (ARC) Discovery
Grant funded the project ‘Climate and environmental history of SE Queensland dunefields’ in
2015 (DP150101513). The general goals were to provide novel paleoclimate and sea-level

information from the sub-tropics and add universal significance to the World Heritage Listing.
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| joined this project late in the research, when most of the dating and sea-level work was well
under way. The strong chronology developed during the ARC project (e.g., Ellerton et al.,
2020; In Press; Shulmeister et al. unpublished data) provided a chronological framework for
my research. | have a strong background in landscape evolution and hillslope processes;
therefore, | focused my research on dune evolution once aeolian processes had stopped and
hillslope (diffusive) processes taken over.

In this thesis, | attempt to utilise foundational concepts in hillslope geomorphology
that predicts how stabilised dunes will evolve from a newly constructed landform with high
relief to a denuded landscape. The underpinning idea is that diffusional sediment transport is
governed by gravitational forces acting on the landform thereby controlling erosion and
deposition (e.g., Davis, 1892; Gilbert, 1909). The onlapping nature of the dune field provides
an elegant space-for-time substitution study and its evolutionary outcomes are deterministic.
Their composition of unconsolidated, uniform spherical particles are equivalent to those used
in mathematical and laboratory-based models (a classic sandbox experiment) (e.g., Roering
et al., 2001). Consequently, | can view the dunes as a ‘giant sandbox’ that are evolving under
a limited set of known processes with defined boundary conditions. Any shifts in these
processes or conditions (i.e., climate or base-level) will cause modifications to the topography
and be recorded in depositional positions of the landscape (basins or foot-slopes). As a result,
these locations may contain a previously unrecognised paleoenvironmental archive, which
can be systematically targeted in aeolian research.

To my knowledge, no study has evaluated landscape evolution in a system that is truly
transport limited (sediment availability is greater than sediment transport). Results here may
show that dune fields are an ideal location to qualitatively and quantitatively test the
assumptions of the landscape evolution literature that has persisted for over a century (Davis,
1892; Gilbert, 1909). If successful, application of these approaches will prove fruitful as dune
fields are found globally (e.g., Martinez et al., 2004; Yan and Baas, 2015; Lancaster, 2016) and
may provide the necessary information to connect local (grain) to regional (dune field) scale

mechanisms to explain processes that lead to currently observed dune forms.

1.2 Thesis aims and objectives

The overarching theme of this research is to understand the landscape evolution of

the SE Queensland dune fields in Australia. My goals are to enhance our fundamental
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understanding of coastal dune fields by determining the complete evolution of dunes from
their inception (activation) to maturity (denuded topography). Specifically, | focus my work
on the Holocene age dunes from the CSM and K’gari. | aim to assess and test principals and
concepts derived from hillslope geomorphology and apply them to a system that has primarily
been evaluated with an aeolian geomorphology perspective. If successful, | will demonstrate
that dunes’ form and their depositional positions are previously unrecognised
paleoenvironmental archives in aeolian research. Below is a list of objectives that will permit

me to reach these aims:

e Objective 1: Produce an updated morphological map of the SE Queensland dune fields
utilising modern remote sensing techniques to classify the dunes based on hillslope

process parameters.

e Objective 2: Establish whether the SE Queensland dune fields are a suitable natural

laboratory to evaluate landscape evolution.

e Objective 3: Assess and apply sediment transport theory to a dune system to

understand its evolution once stabilised.

e Objective 4: Determine the dominant geomorphic processes controlling sediment

erosion, transport, and deposition and their relative rates.

e Objective 5: Investigate whether landscape evolution metrics can be calibrated to

determine dune chronology.

e Objective 6: Re-examine the environmental controls on dune activation and

emplacement (i.e., climate change, sea-level, etc.).

e Objective 7: Identify and examine depositional records that might prove valuable in

understanding dune field evolution.
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1.3 Thesis structure

This thesis is composed of four research chapters (Chapters 2-5) that were written as
standalone manuscripts. Therefore, | have provided a brief introduction to each chapter, their

connection to each other, and how the objectives (Section 1.2) of this thesis are addressed:

Chapter 2 presents the outcome of a mapping project with the aim to review and
update the geomorphological dune units of the SE Queensland dune fields. The dune
fields were first mapped by Ward (2006). | use topographic expression coupled with
geomorphic, pedologic and biologic relationships to place dunes into
morphostratigraphical units. The new maps allowed me to identify areas of interest
and develop working hypotheses to address my aims and objectives. Some of the
questions included: Are all the dune fields part of the same system and did they
experience the same external perturbations? Are the same dune units preserved
throughout the dune fields? What are the defining characteristics of the dune units?
Finally, do units change systematically with inferred time? Chapter 2 acts as the

underpinning work for Chapters 3-5 and directly addresses Objective 1.

Chapter 3 explores and develops the application of sediment transport equations on
stabilised dune hillslopes. | ask the following questions: Do the SE Queensland dune
fields, specifically the CSM, have consistent boundary conditions and external forces
that control dune evolution? Is there a topographic metric or measurement that can
define and/or measure landscape change? What are the dominant styles and rates of
sediment transport and deposition after dune emplacement? Lastly, can phases of
dune evolution be defined based on sediment transport regimes and rates? This
chapter provides the conceptual framework for Chapter 4, proposes locations to direct
research in Chapter 5, offers critical progress to complete Objectives 5 and 7, and

directly addresses Objectives 2, 3 and 4.

Chapter 4 tests the application of sediment transport theory derived from Chapter 3
to determine dune emplacement ages at the CSM and K’gari. In essence, this chapter
acts as a methodological case study of roughness-age modelling on dunes, which has

been previously applied in hillslope studies. In this chapter, | ask the following
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guestions: Can surface roughness be used to determine relative dune ages? What are
the spatial and temporal patterns of dune ages for the dune fields? How do these
trends differ from those interpreted from ‘traditional’ studies? Lastly, | re-examine
whether climate or sea-level is the primary cause of dune activation and
emplacement. The results from this chapter directly address Objectives 5 and 6, and

provides additional support for Objectives 1, 2, 3, and 4.

Chapter 5 evaluates the role of fire in the dune field and whether foot-slope deposits
identified in Chapter 3 contain intact and reliable paleoenvironmental records. In this
chapter, | address the following questions: What are the primary controls on episodic
sediment transport on dunes? Does fire persist in the dune fields through the
Holocene? How are fire events represented in stratigraphic records (charcoal layers
or increased charcoal concentrations)? Do all fires cause a geomorphic response in the
dune field (i.e., increased sedimentation rates)? Are these charcoal records
compatible with those found locally and across the region from swamps and/or lakes?
Finally, | consider what drives fire activity within the SE Queensland dune fields (i.e.,
changes in climate, vegetation, or human activity)? The outcomes of this chapter
elucidates the potential of dune deposits as a means to develop paleoenvironmental
records for areas unsuitable for the preservation of swamps, peats or other organic
deposits. The results from this work directly addresses Objective 7, validates Objective

4, and offers supplementary support for Objectives 2, and 3.

Chapter 6 revisits the research aims and objectives, and summarises the main findings
of the thesis. In this chapter, | also highlight the implications of the work and suggest

future research directions.

1.4 Scientific contributions

Chapters 2-5 were written initially as manuscripts. At the time of submission
(06/09/2022), Chapter 2 has been published in Journal of Maps, Chapter 3 has been published
in Earth and Planetary Science Letters, and Chapter 4 has been published in Earth Surface
Processes and Landforms, whereas, Chapter 5 was later published in Quaternary Research

(11/05/2023). Chapters 2-5’s original publications can be found in supplementary information
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Appendices A.6. The fieldwork and analysis carried out during the thesis contributed to four
other peer-reviewed publications where | was not the lead author. The content of this body
of work is not included in the thesis but was vital in my understanding of the evolution of the
dune fields as a whole. Additionally, findings for all chapters were presented at conferences
as posters and/or oral presentations. Below | provide a complete list of published journal

articles and conference presentations:

1.4.1 Peer-reviewed journal articles
Patton, N. R., Shulmeister, Hua, Q., Almond, P., Rittenour, T., Hanson, J. M., Grealy,
A., Gilroy, J., & Ellerton, D. (2023) Reconstructing Holocene fire records using dune

foot-slope deposits at the Cooloola Sand Mass, Australia. Quaternary Research, 1-23.

https://doi.org/10.1017/qua.2023.14

Patton, N. R., Shulmeister, J., Rittenour, T., Ellerton, D., Almond, P., & Santini, T.
(2022b). Using calibrated surface roughness dating to estimate coastal dune ages at
K’gari (Fraser Island) and the Cooloola Sand Mass, Australia. Earth Surface Processes

and Landforms, 47(10), 2455-2470. https://doi.org/10.1002/esp.5387

Patton, N. R., Shulmeister, J., Ellerton, D., & Seropian, G. (2022a). Measuring
landscape evolution from inception to maturity: insights from a coastal dune system.
Earth and Planetary Science Letters, 584, 17448.
https://doi.org/10.1016/j.epsl.2022.117448

Patton, N. R, Ellerton, D., & Shulmeister, J. (2019a). High-resolution remapping of the
coastal dune fields of southeast Queensland, Australia: a morphometric approach.
Journal of Maps, 15(2), 578-589.

https://doi.org/10.1080/17445647.2019.1642246
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Not included as part of this thesis:
Ellerton, D., Rittenour, T., Shulmeister, J., Roberts, A. P., Miot da Silva, G., Gontz, A.,
Hesp, P., Moss, P., Patton, N. R., Santini, T., Welsh, K., & Zhao, X. (2022). Fraser Island
(K'gari) and initiation of the Great Barrier Reef linked by Middle Pleistocene sea-level
change. Nature Geoscience, 15, 1752-0894.
https://doi.org/10.1038/s41561-022-01062-6

Kéhler, M., Shulmeister, J., Patton, N. R., Rittenour, T. M., McSweeney, S., Ellerton,
Daniel T. Ellerton, Justin C. Stout, & Hlineke, H. (2021). Holocene evolution of a barrier-
spit complex and the interaction of tidal and wave processes, Inskip Peninsula, SE
Queensland, Australia. The Holocene, 31(9), 1476-1488.
http://dx.doi.org/10.1177/09596836211019092

Gontz, A., McCallum, A., Ellerton, D., Patton, N. R., & Shulmeister, J. (2020). The
Teewah Transect: GPR-Derived Insights into the Younger Dune Morphosequences on
the Great Sandy Coast, Queensland, Australia. Journal of Coastal Research, 95(SI), 500-
504. https://doi.org/10.2112/5195-097.1

Ellerton, D., Rittenour, T., Shulmeister, J., Gontz, A., Welsh, K. J., & Patton, N. R. (2020).
An 800 kyr record of dune emplacement in relationship to high sea level forcing,
Cooloola Sand Mass, Queensland, Australia. Geomorphology, 354, 106999.
https://doi.org/10.1016/j.geomorph.2019.106999

1.4.2 Conferences presentations
Patton, N. R. Reconstructing Holocene fire records using dune foot-slope deposits at
the Cooloola Sand Mass, Australia. (2023). International Union for Quaternary

Research (INQUA) Congress in Rome (Oral Presentation).
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Chapter 2.

High-resolution remapping of the coastal dune fields of
southeast Queensland, Australia: a morphometric approach

This chapter has been modified from the original manuscript published in Journal of Maps

Patton, N. R., Ellerton, D., & Shulmeister, J. (2019). High-resolution remapping of the coastal dune fields of
southeast Queensland, Australia: a morphometric approach. Journal of Maps, 15(2), 578-589.

https://doi.org/10.1080/17445647.2019.1642246

Preface: This chapter is a mapping project aimed to update the morphological mapping of the
SE Queensland dune fields, Australia. In this chapter, | developed a semi-objective mapping
technique on the CSM that uses topographic expression and geomorphic relationships from
high-resolution elevation data to group dunes in ‘morphosequence units’. The technique was
then applied to K’gari (Fraser Island), Minjerribah (North Stradbroke Island), and Mulgumpin
(Moreton Island). | provide a qualitative validation of the mapping results using soil
development and vegetation type maps, along with a direct comparison with the previous
mapping efforts by Ward (2006). Lastly, | compare the geomorphic and topographic
characteristics for every morphosequence unit on each dune field. The results of Chapter 2
provides the general observations that morphosequence units systematically decreases in
topographic variability with time (based on the principle of superposition) and is the

inspiration/foundation for both Chapter 3 and Chapter 4.
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Chapter 2

N. R. Patton?, D. Ellerton! and J. Shulmeister?!

1School of Earth and Environmental Sciences, University of Queensland, St Lucia, Australia

Abstract

The sand islands and shore-attached dune fields of southeast (SE) Queensland form
the world’s oldest and largest coastal sand dune system. Here | present updated
morphological maps for the dune fields based on topographic expression and geomorphic
relationships. Dunes were delineated using high-resolution elevation data and were grouped
into morphosequences based on the elevation, drainage patterns and slope characteristics.
The slope characteristics focussed on high resolution derived slope-curvature and slope-
elevation parameters. Morphosequences were recognised from cross-cutting relationships
and relative position in the dune field. The method was developed for the Cooloola Sand Mass
(CSM) and then applied to K'gari (Fraser Island), Mulgumpin (Moreton Island), and
Minjerribah (North Stradbroke Island), the other major sand islands in SE Queensland. In total,
five Holocene and four Pleistocene units have been identified. The new mapping underpins

current work on the geomorphic evolution of the dune fields.

2.1 Introduction

The dune fields of SE Queensland comprise of one of the largest coastal sand dune
systems in the world, incorporating Minjerribah (North Stradbroke Island), Mulgumpin
(Moreton Island), Bribie and K’gari (Fraser Island) and the shore-attached Cooloola Sand Mass
(CSM) (Miot da Silva and Shulmeister, 2016; Ward, 2006). They include the world’s largest
sand island (K’'gari — 1820 km?) and are associated with the longest downdrift sand
accumulation system in the world (Figure 2.1). The net northward longshore sand transport
is approximately 500,000 m3 yr, with the sand sourced from the rivers of central New South
Wales more than 1000 km south of K’gari (Boyd et al., 2008; Roy and Thom, 1981). The dune
fields, especially the CSM, have been the target of much research, primarily on the soils and
biota. The giant podsols of the CSM are regarded as some of the thickest and most developed
soils in the world (Thompson, 1981; 1983). The dune fields have been previously mapped by
Ward (2006) who produced a map of all the major dune sequences. His maps were based on

aerial photographs and extensive field-mapping. More recently, the dune fields have become
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the focus of renewed geochronological (e.g., Brooke et al., 2015; Walker et al., 2018) and
paleoenvironmental investigations (e.g., Petherick et al., 2008; Levin, 2011; Barr et al., 2013;
Moss et al., 2013; Chang et al., 2015; Levin et al.,, 2017; Cadd et al., 2018). Previous
investigations of the SE Queensland dune fields have defined dune building phases by the soil
landscapes (Thompson, 1981; Chen et al., 2015), the periods of active deposition (Tejan-Kella
et al., 1990) and morphostratigraphic relationships (Ward, 2006). Here, | use geomorphic
properties along with these previously used characteristics to describe, identify and map the
dune morphosequences of coastal SE Queensland. This chapter has taken advantage of the
improved remotely sensed imagery that is now available for the entire dune fields, most
notably complete LiDAR coverage which has permitted a significant refinement of the
previous mapping.

Remote sensing has long been an invaluable tool for studying dune fields and has
provided researchers with the means to map the global distribution of dune fields (McKee,
1979), study the interaction between sediment supply and wind direction (Wasson and Hyde,
1983; Roskin et al., 2013) and quantify dune morphodynamics (e.g., Ewing and Kocurek, 2010;
Hugenholtz and Barchyn, 2010). More recently, LIDAR enables data resolutions down to sub-
metre scales and permits the recognition of smaller scale geomorphic features. In the case of
sand dunes, it facilitates the recognition of ripples and other small-scale structures on dune
surfaces and can be used to track their gradual disappearance with increasing age. | took
advantage of such features to examine surface roughness patterns to aid in the individual
dune mapping at a much finer scale than was previously possible. This enabled me to
distinguish areas of similar geomorphic characteristics within the dune field at a finer scale,
thereby enabling me to distinguish late-Holocene units that appear identical on gross
morphology. The technique presented in this chapter provides the foundation for future work
to map and quantify phases of dune activity within stable dune fields as well as investigate

how dune landscapes evolve through time.
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Figure 2.1: (a) Study site location map of the SE Queensland dune fields with the eastern
Australian longshore drift system and major rivers along the coast. Satellite images of (b)
K’gari, (c) CSM, (d) Mulgumpin, (e) and Minjerribah.

2.2 Study site

The sand islands of SE Queensland form an extensive series of coastal sand dune fields
that include Mulgumpin and Minjerribah to the south and the Great Sandy Region to the
north which comprises of the CSM (presently attached to the mainland) and K’gari (Figure
2.1). Minjerribah, situated offshore of Brisbane at ~27.4°S forms the southern extent of these
dune systems while K’'gari forms the northern extent at ~25.5°S. The dune fields are large,
with the CSM, Mulgumpin and Minjerribah reaching lengths of approximately 40 km and
widths of approximately 12 km. K’gari is significantly larger with a length of approximately
120 km and an average width of 24 km. The total land area of the dune fields is ~2350 km?

and elevation ranges up to 285 meters above sea-level.
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The entire region has a humid subtropical climate (K&ppen classification Cfa) with
warm, wet summers and mild and dry winters (Peel et al., 2007). Mean annual precipitation
varies from ~1200 to ~1700 mm. February and March are the wettest months. South easterly
winds persist year round with a more southerly component during the winter months and
north-easterly winds occur during the spring (BOM, 2017).

The dune fields are notable for containing the world’s largest area of rainforest on tall
sand dunes (K’gari) (Gontz et al., 2015; Wardell-Johnson et al., 2015). Vegetation along the
coastal eastern margin of the dune fields comprises of coastal shrubland and grasses that can
tolerate strong winds and salty conditions. Moving inland, low open woodland gives way to
tall open and closed forest with notophyllous vine forest in the swale areas. Along the western
flanks of the dune fields, vegetation is dominated by open shrubland and heath communities
(Longmore, 1997; Longmore and Heijnis, 1999; Donders et al., 2006; Gontz et al., 2015).

The dune fields are composed predominantly of stable parabolic dunes with localised
blowouts and several small active transgressive dune sheets. The sediments of the dune fields
are homogenous, well sorted and rounded siliceous sands derived from granites and
Mesozoic metasediments from the tablelands of eastern New South Wales (Roy and Thom,
1981; Thompson, 1981; Pye, 1983). Bedrock exposures are limited to small rocky outcrops
that mostly make up headlands at the northern ends of the dune fields. All of the dune field
deposits have formed over successive phases of dune emplacement that have occurred since
at least the mid-Pleistocene (Thompson, 1981; Pye, 1983; Ward, 2006). The dune
emplacements have formed a series of onlapping dune units that increase in age moving away
from the present coastline. Ward (2006) recognised nine periods of dune building based on
soil development and morphological characteristics. More recently, Walker et al. (2018)
identified 10 units at the CSM and used single grain optically stimulated luminescence (OSL)
dating to identify periods of activity. They found that the oldest units at CSM date to ca. 725
ka, confirming earlier work by Tejan-Kella et al. (1990) and they also observed that dune
emplacement has continued episodically.

Soil development across the dune fields ranges from weakly developed podsols to
well-developed giant humus podsols that are primarily composed of siliceous sands with <2%
heavy minerals, including zircon, rutile and ilmenite (Thompson, 1983). This composition
reflects the sand delivered to the coast by the longshore drift system along the east Australian

Coast. Marine derived sands extend to tens of meters below modern sea level (Ball, 1924).
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Mean grain size ranges between 180 and 210 pum and have high porosity at >600 mm h™!
(Thompson and Moore, 1984; Reeve et al., 1985). Marked increases in soil development occur
across the dune sequences with thick E (A2) and B horizons developed in older dunes located
further inland (Thompson, 1981). Thompson (1981) suggested that there is little indication of
large climatic, biotic, or lithological shifts within the dune field as indicated by the consistent

shape of the dunes and the lack of deviation from podsol soil-forming trends.

2.3 Materials and methods

2.3.1 Mapping assumptions and workflow

Here | assume that all the SE Queensland coastal dune fields are part of the same
depositional system and experience a similar formation and evolutionary history (Thompson,
1983; Ward, 2006). All changes in the character of the morphosequences are time dependent
such that younger dunes will experience similar perturbations as older dunes, with the length
of time since emplacement controlling the overall degree of erosion. This results in a unique
erosional and depositional history for each dune morphosequence unit. In addition, | propose
that each dune is systematically smoothing towards a morphological static state after its
emplacement; that is, topography becomes increasingly uniform or ‘smoother’ with time
(Montgomery, 2001; Bonetti and Porporato, 2017). Based on these assumptions | use changes
in dune morphological characteristics supported by dune ancillary characteristics to map the
dune fields (Figure 2.2). The CSM was the optimal location to establish this method because
it contains the most complete dune sequence (Lees, 2006), the most ancillary (e.g., soil,

chronology) information and has experienced little human disturbance.

2.3.2 Dune delineation

| utilise high-resolution elevation data, satellite imagery, and historical aerial
photographs to identify individual dunes. Principally, | used a 5 m digital elevation model
(DEM) derived from Light Detection and Ranging (LiDAR) and 1:5000 digital orthophoto
imagery data. Elevation datasets for all areas of interest were obtained from the Digital
Elevation Model (DEM) 5 m Grid of Australia created by merging 236 datasets collected
between 2001 and 2015. Accuracy of elevation data met the Australian ICSM LiDAR
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Acquisition Specifications with the vertical and horizontal data having an accuracy of no worse
than £0.30 m and £0.80 m (95% confidence), respectively.

Orthophoto imagery was acquired through Queensland Globe (QGlobe), with a pixel
resolution of 0.25 m and an accuracy of + 1.0 m. In addition, historical aerial photographs
were obtained through Queensland Imagery (Qlmagery) to determine any recent
anthropogenic disturbances that may have altered the original topography, such as mining or
logging, and provide locations and characteristics of previously visible dunes.

Where little to no anthropogenic disturbances occurred in the landscape, | identified
individual dunes through large dune morphological features (>10 m?) such as crests, trailing
arms, and the slip face of the depositional lobes. An example of this process is provided in
Figure 2.3. In ArcGIS 10.6 (ESRI, Redlands, CA) | delineated each dune at the base of their
ridges and crests utilising elevation and slope rasters. For all points, slope was calculated using
change in elevation in downhill direction which is presented here as degree slope. Curvature
was obtained by the rate of change in slope, at a fixed position in all directions and multiplied

by -100 to remove the negative curvature convention (i.e., Patton et al., 2018).
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Figure 2.2: Schematic flow chart of the mapping and validation procedures for dune
morphosequence delineation.

2.3.3 Dune morphosequence delineation and supporting evidence

Following dune delineation, | categorised dunes into separate morphosequences
utilising crosscutting and geomorphic relationships. The CSM forms a classic onlapping dune
sequence where dune units become increasingly older from the coast (east) moving inland
(west) (Lees, 2006; Walker et al., 2018). In coastal dune fields, onlapping relationships allow
me to determine the relative age sequence of the dune emplacements as younger dunes are
superimposed on older units. To exemplify this, | measured the shortest mean distance from
the furthest inland dune crest to the coast and the mean elevations for each

morphosequence.
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Where cross-cutting geomorphic relationships are not easily determined due to
landscape complexity, | utilise small (<10 m) internal dune features to help delineate each
morphosequence by using the topographic expression to ‘fingerprint’ each dune
emplacement phase. The surface characteristics of the landscape can be defined by the
relative surface texture, drainage patterns and landform elements present. The topographic
fingerprint is best observed by combining and manipulating elevation, slope and curvature
rasters. This was achieved by overlaying a 70% transparent slope raster with a white to black
(low to high) gradient on an elevation raster with a continuous brightness colour ramp (Figure
2.4). Similar to elevation, | combined a transparent slope raster on a curvature raster with a
diverging colour ramp. Due to the normal distribution of curvature around planar surfaces (0
m™1) a diverging colour ramp utilising quantile bins, is best suited to emphasise changes from
convergent (hollows and valleys) to divergent (ridges and noses) topography (Figure 2.4). In
combination, both rasters act as visual aids to identify the unique fingerprint of each

depositional phase.
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Figure 2.3: Visual sequence of dune delineation example on Minjerribah (North Stradbroke
Island) using (a) elevation and (b) slope DEMs, (c) satellite imagery, and (d) historical air
photos. Note areas that are human disturbed (mining and road construction).

This approach allows a simple visual comparison between each individual dune,
permitting them to be delineated into separate morphosequence units; however, some
discrepancies may still occur. Where internal dune features are limited or difficult to interpret
due to depositional complexity, changes in base level or proximity to higher energy
environments (such as Tin Can Bay, Noosa River or the Coral Sea) (see Figure 2.1) | used the
available soil (Thompson, 1983), vegetation (Queensland Herbarium) and drainage direction

data to complement and support my interpretations. Soil information helps provide a relative
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age sequence of the dunes based on the increasing degree of pedogenesis with time (Chen et
al., 2015). Field data was also used to confirm the onlapping relationships of each dune
morphosequence.

| have opted to use the naming convention of Ward (2006) for the dune
morphosequences. | use this convention rather than the numerical convention employed by
Thompson (1981) and Walker et al. (2018), as using a number-based system can lead to issues

if a new unit is identified or an existing unit is eliminated, as happened in the new mapping.

Elevation Slope-Elevation

- . o
% i

Curvature Slope-Curvature

Figure 2.4: Workflow to produce mapping rasters. This figure demonstrates the methodology
used to generate the topographic expressions as seen in the slope-elevation and slope-
curvature layers. In each case a slope raster was superimposed at a 70% transparency on the
elevation and curvature layers to generate the topographic expression. These topographic
expressions were then applied to discriminate between morphosequence units.

2.3.4 Mapping validation and supporting evidence

To validate my approach for delineating dune morphosequence units, | focus on the
CSM. Validation was achieved by cross-referencing each dune morphosequence with
available unpublished chronological data and Walker et al. (2018). This was done to confirm
the age relationships of each morphosequence using the weighted mean of the OSL ages.
Each unit was plotted as the explanatory variable against mean distance from coast, mean
elevation and extracted topographic indices. The topographic indices for each dune
morphosequence were determined from ArcGIS zonal statistics as the mean and standard

deviation of slope and the standard deviation of curvature. To eliminate any discrepancies
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that may have altered the original topographic expression, portions of the landscape such as
anthropogenic disturbances (e.g. roads), rock outcrops, and free-standing water were

identified and removed from the analyses, along with an additional 10 m buffer.
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Figure 2.5: The CSM morphosequence units and their validation. (a) Derived slope-curvature
raster. (b) Final morphosequence map of the CSM. (c) Digitised version of Ward’s (2006) map.
Note the strong similarity between panels b and c. In my final map | have added an extra
Holocene unit (Freshwater) but eliminated a Pleistocene unit of Ward (2006) (Garawongera).
(d) Examples of slope-curvature, slope elevation and satellite images for each of the
morphosequences. The heavy black line separating Triangle Cliff from Bowarrady marks the
boundary between the Holocene and Pleistocene morphosequence units. Note that the dune
units become more diffuse and less well defined with increasing age. The units from the CSM
were then applied to the sand islands.
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A complementary assessment of my mapping efforts involved a comparison to the
traditional, independently derived geomorphological map by Ward (2006). His study primarily
used aerial imagery, soil data and field observations to map the CSM and extrapolated his
findings across the remaining SE Queensland dune fields. | evaluated and compared each
matching morphosequence unit between the studies. | acknowledge that this is by no means
a true validation; however, comparisons of each map provide novel insight into the two
techniques. To achieve this, Ward’s map was digitised in the ArcGIS georeferencing tool, and

| report the percent similarity of matching dune morphosequences.

2.3.5 Mapping extrapolation

| extrapolated my approach to the adjacent dune fields. In all dune fields, | delineated
dunes and then grouped into the appropriate morphosequences based on the same

topographic expression and geomorphic relationships seen at the CSM.

2.4 Results

2.4.1 CSM morphosequence unit delineation and validation

| recognise nine dune morphosequence units at the CSM composed of five Holocene
(Modern, Cape, Station Hill, Freshwater and Triangle Cliff) and four Pleistocene units
(Bowarrady, Yankee Jack, Awinya and Cooloola) see main map (Figures 2.5, Figure 2.6, and
Supplementary Figure A.2.1). This chapter recognises an additional Holocene unit that was
not mapped by Ward (2006), which | have named Freshwater. | have also removed one of
Ward’s Pleistocene units, Garawongera, which was not found in this study. Holocene
morphosequences are characterised by decreases in crest sharpness and surface roughness,
increases in podsolisation, elevation, and distance to coast with increasing age. They display
little to no stream incision. Pleistocene units exhibit similar trends but all show evidence of

increasing fluvial incision and decreasing crest elevation with age (Table 2.1).
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Table 2.1: Summary of CSM morphosequence units including mean age, surface characteristics, percent land cover, mean distance from the
coast, mean elevation, mean slope, standard deviation of slope and standard deviation of curvature. All data was extracted using ArcGIS 10.6
(ESRI, Redlands, CA) zonal statistics tools. For more information on mean age and soil characteristic refer to Ellerton et al. (2018), Thompson
(1981) and Walker et al. (2018).

Topographic Indices

Dune Unit Mean age Surface characteristics Soil Land Mean distance Mean Mean St. Dev St. Dev
(ka) characteristics area (%) from coast (km) elevation (m) slope (%) slope (%) curvature (m?)
Modern <0.4 Bare, presently active sand No podsolisation 0.46 2.30 107 16.4 12.3 0.0232
Cape 0.4+004 narpcrested, parabolics that No podsolisation  4.30 0.78 73.6 28.3 14.0 0.0490
have been recently stabilised
Station Hill 0.8+0.1 Elongate, sharp crested parabolics Incipient podsol 5.77 0.78 80.9 22.6 12.4 0.0262
Freshwater 4.1+0.24 Elongate, sharp crested parabolics. Podsol 5.22 1.12 93.1 20.9 11.7 0.0191
Elongate, U-shaped parabolics.
Triangle 7.8+0.26 Large sand ripples within dune Podsol 12.73 2.48 119 14.1 10.5 0.0128
interior
Prominent dune relief with incised
channels. Dune apex and ridges
Bowarrady 7.8 +132 have been truncated. Found Giant Podsol 1.66 3.10 158 13.3 7.89 0.0074
blocking major Yankee Jack
channels.
Prominent dune relief with large
Yankee . .
Jack 132 £3.9 incised channels. Dune apex and Giant Podsol 30.42 3.23 132 17.2 9.51 0.0098
ridges have been truncated
Subdued dune relief with
Awinya gag+302 Senificantincision and complex Giant Podsol 17.64 5.81 89.2 16.7 8.32 0.0094
drainage patterns. Very little
original dune morphology
Cooloola spag oy SUllEel el Rl 09 Giant Podsol 21.79 8.33 6.61 6.61 4.62 0.0091

original dune morphology

24




Patton et al., 2019a

My results are consistent with the independent chronology of the CSM dune field
based on OSL ages from both Walker et al., (2018) and my unpublished dataset. The weighted
mean and standard error age for Cape, Station Hill, Freshwater, Triangle Cliff, Yankee Jack and
Awinya units are ca. 0.4 £+ 0.04 ka, 0.8 £+ 0.1 ka, 4.1 £+ 0.24 ka, 7.8 £ 0.26 ka, 132 + 3.9 ka, 648
* 32 ka, respectively. It should be noted here that OSL dates the last time sand grains were
exposed to sunlight and these ages likely reflect the final phase of dune development rather
than the time the dune was first initiated. It is likely that the time of initiation predates these
ages. The Modern dunes are dunes that are currently active or were visibly active in historical
imagery as shown by bare earth (lacking vegetation). The lack of original dune morphology
suggests that the Cooloola unit has been extensively reworked, but is older than the Awinya
unit (ca. >650 ka). The Bowarrady unit is recognised in my mapping but no age control is
available for this dune morphosequence. Based on its morphostratigraphic position,
emplacement occurred between the Yankee Jack and Triangle Cliff units and based on its
morphology, the unit is clearly Pleistocene, as suggested by Ward (2006).

| observe that 90.3% and 97.8% similarity of my Holocene and Pleistocene mapped
units, respectively, when compared to the Holocene and Pleistocene boundaries of the
original mapping by Ward (2006). Direct comparisons of each morphosequence are
complicated by the change in the number of units but | observe 5.3% Modern, 57.6% Cape,
21.4% Station Hill, 66.0% Triangle Cliff, 0% Bowarrady, 71.2% Yankee Jack, 70.7% Awinya, and
98.2% Cooloola congruence between my study and Ward’s (2006). The new mapping of the
CSM dune field agrees well with the chronology of the dune systems and is largely consistent
with past mapping efforts, but provides increased resolution, especially in the Holocene dune

units.
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Figure 2.6: Mapped morphosequence units and geomorphic characteristics. Final
morphosequence maps for (a) K’'gari, (b) the CSM, (c) Mulgumpin, and (d) Minjerribah dune
fields. Note, dune fields are not to same scale. Panel e contains six graphs showing (i) percent
land area for each unit; (ii) mean distance from coast, (iii) mean elevation, (iv) mean slope; (v)
standard deviation of slope; (vi) standard deviation of curvature. The black line represents the
mean values for all dune fields. Note that in all dune fields the parameters follow the same
trends. Also note that for geomorphic characteristics there is a general progression from
youngest to oldest morphosequences.

2.4.2 Mapping extrapolation

Like Ward (2006), | extrapolated my morphosequence units across the SE Queensland
dune fields. When plotting the topographic indices and geomorphic characteristics against
each morphosequence unit, | observe similar landscape relationships between all study sites
(Figure 2.6). The CSM contains all of the morphosequences recognised at other dune fields
while none of the other dune fields contain the whole sequence. This confirms that the CSM
is the most complete dune field sequence in SE Queensland and reinforces the need for

conservation of this dune field.
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2.5 Discussion
2.5.1 Geomorphic evolution - foundation of this approach

My mapping is based on the fundamental concept that all landforms are evolving
towards their local base-level. This assumption can be problematic in dune fields as dunes can
be easily reworked following a perturbation (Hugenholtz and Wolfe, 2005; Tsoar, 2005),
especially in coastal environments (Hesp, 2002). The coastal dunes of SE Queensland show
evidence of long-term stability despite the deep podsolisation, extensive incision and great
antiquity of the Pleistocene units (Tejan-Kella et al., 1990: Lees, 2006; Walker et al., 2018).
Following the earliest dune building events, subsequent phases of activation have not fully
overrun and reworked previous deposits due to the high elevation and steep slopes of the
antecedent topography. It is very likely that there have been periods of reworking (Walker et
al., 2018); however, | argue that this has been more local and has not lead to the complete
destruction of previous units. The patterns that | observed from the morphometric analyses
at the CSM, indicates that these assumptions are reasonable and that, especially in the
Holocene dune sequences, the approach allows me a better discrimination of dune units than
was previously possible (Figure 2.5). Consistent with the CSM, | observe the same topographic
patterns across the SE Queensland dune fields, indicating that my assumptions are reasonable
and that all the dune fields are part of the same depositional system (Figure 2.6).

The previous mapping effort by Ward (2006) successfully delineated dune units based
on cross-cutting relationships and large-scale features. This can be seen in the similarity of
the Holocene and Pleistocene boundaries in both studies (Figure 2.5b-c). Where dune units
are separated by a significant gap in time (e.g., Awinya and Yankee Jack) he was also able to
accurately distinguish between the units. However, limitations with his map occurred in areas
with complex terrain, dense vegetation cover, and/or where dune units were very similar in
age. Where these conditions occurred, his maps became less reliable. My approach helps to
improve and update the geomorphic mapping. For example, along the north eastern
boundary of the CSM where significant dune onlapping and dense vegetation occurs, Ward
(2006) mapped the entire area as Cape and Station Hill, whereas | was able to individually
delineate all Holocene morphosequences in this area.

With respect to limitations of this work, the main constraints are around the manual

nature of dune delineation which makes the procedure quite time-consuming. There are
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specific challenges in areas of complex topography because the mapping requires the
operator to identify individual dunes. In areas of heavy drainage dissection or complex dune
interactions, this may not always be accurate and depends on the familiarity of the operator
with the dune forms. Only a few small areas of the dune field are affected by this
phenomenon.

In order to apply this method to other systems, high-resolution elevation data are
needed along with an understanding of the processes dominating the landscape. How
changes to base level, climate and antecedent topography have influenced the depositional
and erosional history is important to understand the patterns observed. An example of this is
the role of pre-existing topography on dune unit extent. In areas where high dunes are
preserved younger dune units are compressed, as they need energy to migrate up and over
the older systems. In contrast, in north-central K’gari, early-Holocene dunes propagated onto

a lower topography and succeeded in migrating many kilometres to the west.

2.6 Conclusion
Here | have presented a novel method to interpret and delineate dune

morphosequence units across the coastal dune fields of SE Queensland, Australia based on
work from the Cooloola Sand Mass (CSM). This study combined traditional approaches with
the assumption that landscapes are systematically smoothing through time. | used two
primary parameters to undertake this work, topographic expression and geomorphic
relationships to define the morphosequences. The mapped units were validated using
chronology, topographic indices and field observations. Using these parameters, | have been
able to successfully sub-divide the dunes into five Holocene and four Pleistocene units.

The mapping approach presented in this chapter has advantages over visual mapping
of the dune morphosequences in that it is semi-objective and could be automated. Based on
my analyses, it is likely to be more robust than traditional mapping. Future coastal dune field
studies can use the techniques | provide here as a first-order approach to delineate landforms
based on relative age. In addition, | was able to extrapolate with confidence across the entire
SE Queensland dune fields into areas with little to no previous chronological information. The
mapping will help underpin ongoing paleoclimate and geomorphological research in the SE

Queensland dune fields.
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Chapter 3.

Measuring landscape evolution from inception to maturity:
insights from a coastal dune system

This chapter has been modified from the original manuscript published in Earth & Planetary Science Letters

Patton, N. R., Shulmeister, J., Ellerton, D., & Seropian G. (2022a). Measuring landscape evolution from inception
to maturity: insights from a coastal dune system. Earth & Planetary Science Letters, 584, 17448

https.//doi.org/10.1016/j.epsl.2022.117448

Preface: This chapter explores the observations of Chapter 2 that the average
morphosequence unit’s topography become increasingly smooth with time but on the
individual dune scale. In this chapter, | first provide evidence that the Holocene sections of
the SE Queensland dune field is an ideal natural laboratory to evaluate landscape evolution. |
demonstrate that dune topographic evolution within the CSM can be numerically explained
through hillslope sediment transport theory and these findings are validated through field
observations and forward numerical models. This chapter explores the conditions and
mechanisms that control both style and rate of landscape change. Critically, the results of
Chapter 3 provides the theoretical framework for the surface roughness-age relationship used

in Chapter 4 and the rationale for evaluating fire frequency in Chapter 5.
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Abstract

The concept of the geomorphic cycle is a foundational principle in geology and
geomorphology, but the topographic evolution of a single landscape from inception to
maturity has been difficult to demonstrate in nature. The onlapping dunes of the Cooloola
Sand Mass (CSM) in eastern Australia provide an ideal chronosequence to evaluate landscape
evolution. Here commonly assumed properties on which landscape models are based (i.e.,
conservation of mass and major factors contributing to landscape change) can be physically
measured and accounted for. My field-based measurements and forward numerical models
demonstrate that dunes, like other landscapes, relax in an exponential manner. The emplaced
dunes evolve through an initial phase of rapid topographic adjustment associated with the
dominance of episodic sediment transport. This phase continues for ca. 1 ka until hillslope
gradients are lowered below their angle of repose (0.65 m m™ or 33°). Once sufficiently
lowered, the dunes evolve through slow, continuous sediment transport. These findings of
dual transport regimes are validated by stratigraphic records at all excavated dune foot-
slopes, and | propose that this evolution can be measured by the distribution of curvature (C)
of a landform, specifically its standard deviation (oc), as a measure of surface roughness.
Surface roughness smooths with time through diffusional sediment transport that lowers
local relief. The value and its rate of smoothing can define the stage in evolutionary
development and help infer processes, which makes it an important morphometric tool for
understanding landscapes. These observations highlight that under stable evolutionary
conditions, the development of the landscape is governed by the physical properties of the
dune’s parent material. In addition, my findings support landscape evolution inferences from
numerical and physical models and the coupling of granular material physics with landscape

change.
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3.1 Introduction

The idea of the geomorphic cycle is embedded in our understanding of landscape
evolution (Davis, 1892; Gilbert, 1909). The underpinning concept is that gravitationally driven
transport processes and consequential erosion and deposition, relax landscapes towards their
base-levels while reducing mean local relief (Carson and Kirkby, 1972; Montgomery, 2001).
However, it is difficult to measure and describe the complete process in a natural setting. This
is due to the fact that landscape evolution typically occurs over geological time scales
(Fernandes and Dietrich, 1997) and few systems have adequate dating control over the full
duration of erosion to investigate the entire process; nor are many intermediate stages
usually preserved. Nevertheless, studies utilise space-for-time substitutions for their
experimental design (e.g., Rosenbloom and Anderson, 1994; Stolar et al., 2007; Hilley and
Arrowsmith, 2008; Fryirs et al., 2012; Micallef et al., 2014). However, tectonic, lithologic,
biologic and climatic forcings that contribute to landscape change are rarely uniform in time
and space and cannot be accurately constrained nor can critical assumptions be verified
(McKean et al., 1993; Whipple, 2001).

As highlighted by reviews across the geosciences (e.g., Tucker and Hancock, 2010;
Minasny et al., 2015; Pawlik and Samonil, 2018; Jerolmack and Daniels, 2019; Richter et al.,
2020), identifying landscapes that can facilitate the use of interdisciplinary methods is vital
for understanding earth systems’ processes. In this chapter, | first highlight that the Cooloola
Sand Mass (CSM) dune field in Australia provides a true time-for-space substitution to
evaluate landscape evolution, see Figure 3.1. Here | note that this dune field offers the closest
real-world approximation to sandbox models and the application of purely diffusional
transport theory is appropriate (a commonly used laboratory-based analogue to illustrate
erosion and deposition). | then demonstrate this evolution is well characterised by surface
roughness (oc), as defined by the standard deviation of curvature (C), due to curvature’s
mechanistic and empirical relationship with landscape drivers. Lastly, | validate my inferences
with sedimentological records and by simulating dune evolution using a two-dimensional

numerical evolutionary model.
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Figure 3.1: Regional and site location. (a) Satellite imagery of the SE Queensland dune fields
in Australia, emphasising the location of the CSM. (b) Delineated Holocene dunes and their
associated elevation at a 5 m resolution (black lines) and location of the 15 dated dunes and
4 soil pits used in this chapter (white circles and black dots, respectively) (obtained from
Walker et al., (2018) and Ellerton et al., (2020), see Supplementary Tables A.3.1, A.3.2, and
A.3.3). Note, one soil pit was collected on a 2.14 ka dune that was not utilised in my
topographic analyses (white triangle with black dot). A topographic transect aligned parallel
to the dominant wind direction, (southeast to northwest), from juvenile to mature dunes is
highlighted, see Figure 3.2. (c) Aerial view of an incipient parabolic dune forming along the
margins of the Carlo Sand Blow near the township of Rainbow Beach (drone photography:
“Wandering.the.Sky”). Note, this active dune (inception) is blown off the coast and extends
inland through vegetation and over previously emplaced dunes creating over-steepened lee
slopes, see Supplementary Figure A.3.1.
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3.1.1 Study area: world premier chronosequence

The Cooloola Sand Mass (CSM) in southeast Queensland, Australia contains coastal
dunes that extend back nearly 800 ka (Ellerton et al., 2020) (Figure 3.1). The Holocene dunes
comprise ~30% of the total area containing >190 parabolic dunes (Chapter 2), which were
created and evolved under similar conditions. The dunes are composed of sands derived from
one of the world’s longest longshore drift systems (~1500 km) which has generated a nearly
limitless supply of homogenous parent material that is >98% medium-fine quartz sand (Boyd
et al., 2008). The CSM has been tectonically inactive during this period and experienced only
minor eustatic/hydro-isostatic changes in local elevation (sea-level) since the Holocene sea-
level highstand (Lewis et al., 2008). In addition, the regional climate has been stable and
pollen/ palynological proxy records indicate no major changes in vegetation types (e.g., Barr
et al., 2017; Schreuder et al., 2019).

Consistent dune activation and emplacement mechanisms promote remarkably
uniform morphology. Initiating near the Coral Sea coastline, dunes advance inland by the
prevailing wind (dune inception) (Thompson, 1981). The dunes migrate through stands of tall
(20-30 m in height) open and closed Eucalyptus Forest (canopy cover of 50-80% and >80%,
respectively). Their path inland gradually steepens, limiting their progress and permitting
rapid colonisation of vegetation on the bare hillslopes, thereby emplacing dunes and
preserving older dunes. The buttressing of hillslopes and rapid growth of vegetation enable
dunes to have over-steepened lee slopes built near or above the sand’s unmodified angle of
repose (gradient of 0.65 m m™ or an angle of 33°) (see Supplementary Figure A.3.1). As a
result, the onlapping dune sequences create a landscape that increases in age while

decreasing in topographic variability moving inland from the coast (Figure 3.2).
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Figure 3.2: Changes in topographic variability at the CSM at a 5 m resolution. A transect
aligned parallel to the dominant wind direction (northwest to southeast), seen in Figure 3.1b,
indicates the transition from juvenile dunes (i) to more mature dunes (ii to vi) moving from
the coast inland (right to left). When dunes are stabilised, they have highly variable surface
topography. As time continues, their slope relaxes such that morphology is time independent
and this evolution can best be described by the dune’s curvature, specifically a dune’s
standard deviation of curvature (oc) as a measure of surface roughness, ((doc)/ot =0).

Dune emplacement marks the onset of topographic relaxation (juvenile through old-
age stages). The CSM dunes evolve by the reduction of local relief with time under a limited
set of sediment (soil) transport processes. The smooth, undissected topography reflects the
absence of fluvial transport, which is suppressed by high soil infiltration rates (>600 mm hr?1)
(Reeve et al., 1985). There is consequently a dominance of diffuse grain-by-grain processes.
Since the dune sands and the soils they generate are virtually identical with regard to

transportability (i.e., similar bulk density, grain size, and structure), the landscape is not
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defined and/or limited by development of soil horizons (pedogenesis) — a truly transport
limited system. The lack of hillslope-scale water-driven transport and the presence of dune
onlapping, limits sediment removal from internal basins, effectively making the Holocene
dunes a closed system. As a result, mass is conserved within the boundaries of the CSM, such
that all sediment eroded (loss of elevation) is transported only through gravitational hillslope
processes and can be accounted for in depositional locations adjacent to the dune ridges as
gain of elevation (Figure 3.3). Thus, the CSM presents a true space-for-time substitution and
illuminates the evolution of an initial topographic form by purely hillslope processes. The
dunes retain the depositional legacy of those processes in inland basins, allowing process style
and tempo to be inferred. Because of these conditions, | can apply conservation of mass

equations to this landscape.
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(a) Cooloola Sand Mass
Holocene dunes

Figure 3.3: Idealised topography, chronosequence, and hillslope processes of CSM, Australia.
(a) The CSM dunes move inland from the coast across antecedent topography (dashed lines)
until wind speeds decrease and dunes emplace (stabilise). With every subsequent dune
emplacement, antecedent topography gradients increase therefore decreasing the distance
dunes travel inland. (b) Conceptual diagram of hillslope positions and the contribution of
erosion, deposition and flux (size of arrow). Once dunes’ hillslopes are lowered below their
angle of repose (gradient of 0.65 m m™ or angle of 33°), | posit that nonlinear sediment
transport effects become negligible. Here only diffusive hillslope processes are active and all
sediment removed from crest and ridges can be accounted for in the hollows and valleys (a
closed system). As time progresses ridges lower and hollows fill, reducing hillslope gradients
and the maximum and minimum curvature values. Combined | hypothesise a systematic
decrease in erosion, deposition and flux rates with time.

3.1.2 Capturing landscape evolution with surface roughness

On shallow hillslopes, soil transport is commonly described by a linear slope-
dependent transport law where soil flux is solely gradient dependent. In this circumstance,
sediment flux (gs) per unit width is proportional to hillslope gradient (i.e., Vz) (Davis, 1892;
Gilbert, 1909):
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qs = —KVz, (EQ.3.1)
where K is the soil transport coefficient. Here erosion rates (E), can be determined by the
divergence of gs:

E= V-q, = —KV?z = —KC, (EQ.3.2)
such that curvature (C) (V?z, where z is elevation) is proportional to erosion rate (E) (Hurst et
al., 2013). As a result, where only diffusive hillslope processes act, the smoothing of the
landscape will depend on surface roughness, expressed in terms of standard deviation of C
(oc):

og = —Ko(V?z) = —Kog, (EQ.3.3)
where oc captures the spatial variability of erosion rates (og) such that og o< oc. However, when
gradients are steep, gs responds nonlinearly to gradient (nonlinear slope-dependent

transport) (Roering et al., 1999):

qs = —KVz [1 - (%)2]_1, (EQ.3.4)
such that gs becomes infinite as a hillslope’s gradient approaches a critical gradient or
threshold slope (Sc), which is associated with the angle of repose (Roering et al., 1999). In this
circumstance, E is no longer linearly related to C, showing instead greater sensitivity at higher
gradients.

Despite this apparent theoretical limitation on steeper slopes, recent studies have
highlighted surface roughness as a promising metric to empirically measure and characterise
landscape form. It shows consistent relationships to erosion rates and processes in landscapes
where diffusional processes act. While evaluating catchment-wide soil thicknesses, Patton et
al., (2018) found that across diverse sites, catchments with broad C distributions (high surface
roughness), relate to a general increase in catchment E, soil thickness variability and sediment
transport styles (i.e., soil creep to landslides), even when landscapes are steep and suggest
nonlinear transport (EQ.3.1 or EQ.3.4). Moreover, it has been observed on landslide deposits,
that changes in surface roughness can be used to define landform ages and this evolution is
best described through nonlinear sediment transport (Booth et al.,, 2017; LaHusen et al.,
2020). Combined, the results of these studies and others (e.g., Korzeniowska et al., 2018; Berti
et al., 2013), suggest that surface roughness is an essential morphometric tool to measure
and define a landscape’s stage of geomorphic evolution. | hypothesise surface roughness (oc)

to have enhanced utility in the CSM where transport is purely diffusional (juvenile through
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old-age stages) because of the linear relationship between E and C, except where slopes
approach the angle of repose, which only comprises <2% of the CSM’s total land area, see

Figure 3.4,

Rejuvenation Phase ; Relaxafion Phase
oty dunes - imcepson| 1 [empisced dutes - jurende Brovgh ok age

Coreaiune (C)
distributions

T T v e ey e ey T ST T T e T S Sy ——

Figure 3.4: Conceptual diagram (summarises hypotheses and main findings) inspired by
Montgomery (2001). The relationship between change in elevation from base level, dominant
transport styles, and curvature (C) distributions (oc) for a dune landscape with time is shown.
The dunes found at the CSM are initially smooth (low oc and narrow C distributions) when
they are actively migrating across the landscape (dune inception). As the dunes begin to
stabilise, the competition between wind advection and vegetation stabilisation, results in an
increase in topographic variability, broadening the C distribution (greater oc) and thus
increasing erosion rates. This positive change in oc represents a phase of landscape
rejuvenation. Surface roughness reaches their highest values once dunes are fully stabilised
(dune emplacement) and sediment transport is limited to hillslope processes, thus marking
the relaxation phase (juvenile through old age stages). The lowering of crest and filling of
hollows narrows C distribution (lower oc) thus decreasing the dune’s erosion rates. Given
ample time in a relaxation phase, the landscape will evolve towards senescence ((doc)/dt =0)
where no local relief remains. | hypothesise that dune oc can only smooth (decrease) in the
relaxation phase. Aerial images of the delineated dunes and the stage of their evolutionary
development highlight these changes. Further description of dune stages can be found in
Supplementary Tables A.3.1 and A.3.2.
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3.2 Methods

3.2.1 Dune selection and OSL dating overview

| focus on the Holocene sections of the CSM, as mapped by Ward (2006) and Chapter
2. | acquired all previously published small aliquot (Ellerton et al., 2020) and single grain
(Walker et al., 2018) Optically Stimulated Luminescence (OSL) ages from emplaced Holocene
dunes within the CSM (juvenile through mature dunes). Dates represent the time of dune
emplacement and consequently the initiation of dune relaxation. | choose to select ages
either from dune apices or along the crest of the trailing ridges to ensure primary aeolian
deposition. If dunes have multiple ages, | preferentially select dates obtained at dune crests
and from stratigraphically lower positions. In total, 15 dunes met my criteria and were utilised

to produce the age-roughness relationship, see Supplementary Tables A.3.1.

3.2.2 Dune delineation

| use high-resolution elevation data, satellite imagery and a series of field campaigns
to identify and validate my mapping efforts. Principally, | used publicly available 1 m
resolution digital elevation model (DEM) derived from Light Detection and Ranging (LiDAR)
(2011 Queensland LiDAR data) and Orthophoto imagery (1:5000) acquired through
Queensland Globe. Dated dunes are individually defined as polygons in ArcMAP and
delineated at the base of crests and trailing arms. Each dune was allocated into a geomorphic
stage according to definitions given in Supplementary Table A.3.2. A more detailed

explanation of the mapping procedures can be found in Chapter 2.

3.2.3 Foot-slope excavation and depositional characterisation

| utilise depositional foot-slope positions from parabolic dunes ranging in age and
surface roughness (oc) to evaluate and characterise records of sediment transport and
erosion. Sites are selected with similar aspects and hillslope lengths (parallel to contemporary
sediment transport direction). At each site, | identify and record depositional and erosional
features (scarps, lobes, burrows, pits and mounds) to help infer active sediment transport
styles (landsliding, sheetwashing, biogenic soil creep, etc.). Soil profiles (1 m by 2 m) are
excavated to a depth >1.75 m and described using standard field protocols (i.e., grain size,

sorting, roundness, bedding structures, Munsell colour and texture).
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3.2.4 Selection of topographic indices

In this chapter, | have evaluated the application of common morphometric variables
such as elevation, slope, and curvature for all delineated dunes. Ultimately curvature (C), and
more specifically the standard deviation of curvature (oc), as a measurement of surface
roughness was chosen for the study for four main reasons:

1) Curvature governs the convergence and divergence of sediment transport hence
influences water flow paths (Bogaart and Troch, 2006), nutrient redistribution (Ritchie et al.,
2007; Patton et al., 2019b), and soil characteristics (Minasny and McBratney, 2016). These
consequently affect landscape evolution. In particular, C has been used as a surrogate for
mobile soil (regolith) thickness (Dietrich et al., 1995; Catani et al., 2010; Patton et al., 2018)
and in the derivation of soil production functions and erosion rates (Heimsath et al., 1997;
Hurst et al., 2012; Gabet et al., 2021; Struble and Roering, 2021). This makes C a logical
candidate to describe landscape evolution.

2) C and oc normalise for antecedent topography on which dunes were emplaced and
allow me to compare dunes of varying ages across the whole dune field. Curvature is the
spatial rate of change of gradient from a fixed position in all directions and hence is insensitive
to gradient biases introduced by broad-scale topography. Despite initial similarity in most
respects, antecedent topography plays a role in controlling initial slope conditions. Dunes that
have advanced over a flat plain have internal basins with different (lower) slopes than those
that have advanced through previously emplaced dune sequences (Figures 3.2 and 3.3). A
desirable feature of C is that all landforms’ curvature distributions are centered at zero
(Patton et al., 2018), which makes it possible to make straightforward comparisons between
dunes’ oc values.

3) oc follows Hani et al.’s (2011) recommendations for ideal morphometric variables.
In short, oc provides unique values that are independent of rotations or translations,
discriminates between varying surfaces (i.e., amplitudes, frequencies, and correlations),
describes innate properties of the landscape surfaces, represents local (not global)
measurements, are physically meaningful, and easy to derive.

4) More complex methods have been used to describe topographic variability (e.g.,

root mean squared-based models, two dimensional variograms, and wavelet lifting schemes);
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however, the difference between each method’s outcome is likely insignificant and largely

site specific, see Berti et al., (2013) for a discussion on this.

3.2.5 Calculation of curvature and surface roughness

Curvature (C) was calculated using the equation derived from Zevenberger and Thorne
(1987) and Moore et al., (1991) in ArcGIS (version 10.8.1) spatial analysis tools. This
calculation utilises a 3 by 3 matrix around a central node (zs) (Supplementary Figure A.3.2)
and fits a surface (z) to the surrounding nine nodes using a moving window:

z = Ax%y? + Bx?y + Cxy? + Dx* + Ey? + Fxy + Gx + Hy + I, (EQ.3.5)

where the nine coefficients (A through I) are:

A=[(z;+2z3+2z,+29) ~4— (23 + 24+ 25 +2g) + 2+ 25| + L* (EQ.3.5a)
B=[(z;+23—2;—29) +4— (2, — zg) + 2] + L3 (EQ.3.5b)
C=[(—z1+23—2;+29) + 4+ (24 —2z¢) + 2] + L? (EQ.3.5¢)
D=[(z4 +2g) +2— 25| + L? (EQ.3.5d)
E=[(z, +zg) + 2 — z5] = L? (EQ.3.5e)
F=(—2z + 23+ 2, — 29) + 4L? (EQ.3.5f)
G=(—2z4+2z)+ 2L (EQ.3.5g)
H = (2, — 2) = 2L (EQ.3.5h)
[ =2z (EQ.3.5i)

Curvature is calculated from the above equations:

V?z=C=2(D+E). (EQ.3.6)
The original equation by Zevenberger and Thorne (1987) and Moore et al.,, (1991)
differentiates the slope in percent rather than the actual gradient, and reverses the sign, so
to compute curvature values in units 1 m™; | removed -100 from their equation. This makes
positive values represent concavity (hollows) and negative values represent convexity
(ridges/crest).

| elected to resample the original DEM using bilinear interpolation to a 5 m resolution
to dampen topographic noise, removing DEM artefacts, decrease roughness associated with
dense vegetation (Berti et al., 2013; Chapter 2), and to help place the curvature values in the
context of previous work (Patton et al., 2018). Surface roughness (oc) was determined by

calculating the standard deviation of C for the defined polygon of each dune. All areas
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presently undergoing active local reactivation, recently disturbed (e.g., streets, mines, and
buildings), and/or currently water affected (e.g., lakes and swamps) were removed and not
included within my statistical analysis. Note, C and oc are extremely sensitive to the quality of
the original elevation model or changes to boundary conditions (i.e., extent of the DEM
and/or shape and size which statistics are calculated), methodology, and/or processes. Minor

variability in absolute values may occur; however, overall trends remain consistent.

3.2.6 Two-dimensional dune evolution models

| utilised two-dimensional (2-D) sediment transport models to provide a general
explanation of landscape evolution for the dune field and to examine the ability of surface
roughness (oc) to change with time. | applied the 5 m DEM from the CSM and ran linear and
nonlinear landscape evolution with K values (spanning from 0.001 m? yr! to 0.100 m? yr?!
covering a range of previously reported values (Hurst et al., 2013)) for a model time of 10 ka.

The linear simulated land surface evolved by solving EQ.3.2, using a forward finite
difference scheme with yearly time steps. At each time step, C and E were calculated and E
was then multiplied by the time step to compute land surface lowering (erosion) or rise
(deposition). For nonlinear evolution, | utilised a 2-D model from Booth et al., (2017) which
uses EQ.3.4. Similar to the linear model, | make multiple simulations with different
parameterisations of the physical properties of the dune sands. | used a selected Sc value of
0.65 m m™ to represent the angle of repose of the original dune material. | performed
simulations and calculated oc and the standard deviation of E (og) for each dune every 1 ka. |
selected K values and chose one (based on observed goodness of fit with all of the measured
dune oc). Note, simulated dune evolution is utilised to produce general age-roughness

relationships, such that (dac)/dt < oc and modelled of « oc can be evaluated.

3.3 Result

Four (n=4) depositional soil profiles at the base of <70 m hillslopes were excavated
from dunes ranging in oc (from 0.046 to 0.016 m™) and ages (from 0.44 to 9.82 ka) to >1.75
m in depth, Figure 3.5 and Supplementary Table A.3.1. All sites contain evidence of slow,
continuous sediment transport (burrows, pit and mounds, and root growth and decay);

whereas, only the youngest dune displayed evidence of episodic sediment transport with a
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0.1 m sheetwash deposit from a recent fire event. All soil profiles have abundant charcoal
records with the highest concentrations near the surface. The oldest two sites (4.89 ka and
9.82 ka) have charcoal evenly disseminated through the full excavated profile. In contrast, the
2.14 ka site has disseminated charcoal within the top 1.1 m; however, below this depth
(marking the first thousand years of sediment deposition, Supplementary Tables A.3.3 and
A.3.4) charcoal is present in distinct layers. The youngest site (0.44 ka) only contains one

charcoal layer near the surface.
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Figure 3.5: Excavated depositional foot-slope soil profiles used to characterise erosion and
sediment transport styles. Oldest profiles display disseminated charcoal through the full
profile whereas the two youngest deposits have charcoal layers. Note the 2.14 ka dune record
(not used in my oc-age analysis) with disseminated charcoal near the surface that switches to
stratified charcoal layers (CL#) near the base. This transition at ~1.1 m corresponds with a
depositional age of ca. 1 ka (determined by a radiocarbon age of 1017+26 yr BP (Wk50298)
at 1.2-1.3 m, Supplementary Table A.3.4). | infer the presence of these layers are associated
with fire induced episodic sediment transport (dry-ravel and sheetwash) when dunes are
young and have steep slopes. As time progresses, hillslope gradients lower and charcoal layers
become more diffuse and eventually become disseminated throughout the profile. These
records highlight the transition between episodic to continuous sediment transport on dune
evolution.
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In total, 15 OSL dated dunes were used in this chapter, Supplementary Table A.3.1. All
CSM dunes exhibit normal distributions of C of mean ~0 m™ and their surface roughness (oc)
declines by a factor of about 5 (from 0.083 to 0.015 m™) as dunes increase in age and decrease
in local relief and hillslope gradients (Figure 3.6a). The time series of oc depicts a ‘horizontal
hockey stick’ with two distinct phases: 1) an initial rapid decay within the first thousand years
after dune emplacement; 2) transitioning to a phase of gradual decline between a oc of 0.035-
0.045 m* (Figure 3.6b). | define this measured oc interval as the ‘transitional zone’ where the
presence of episodic sediment transport is no longer observed as dunes increase in age

(values between Dunes 4 and 5).
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Figure 3.6: Measuring landscapes evolution through time at the CSM. (a) Observed curvature
(C) distributions for four Holocene and one Pleistocene dune at the CSM. Note the normal
distribution of C centred on planar topography (0 m?) and the gradual narrowing of
distributions with time (dark to light frequency). (b) Measured dune age (with error bars, +10)
with surface roughness (oc) (white circles) and observed dominant transport styles. All dunes
with excavated soil profiles are indicated with black dots. Additionally, the 2.14 ka dune with
the excavated soil profile (not utilised in my topographic analyses) is represented by the white
triangle. Initially, dunes are emplaced with over-steepened hillslopes at or above the critical
gradient (Sc). During this phase, there is a dominance of episodic sediment transport (dry-
ravel and sheetwash (n=4)), purple dashed line. After dune’s oc are lowered below a
‘transitional zone’ (at ca. 1 ka), only slow and continuous soil transport occurs (soil creep
(n=11)), pink line. This behaviour continues and remains true for the Pleistocene dunes (grey
diamonds, not included in this analysis).

The evolution of surface roughness (oc) for the entire CSM is explained well by

nonlinear sediment transport with a fixed K value of 0.002 m? yr'* and a Sc of 0.65 m m™. In
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reality, simulated topography appears to be more closely represented by an initial K value of
0.06 m? yr! then switching to 0.002 m? yr! at the ‘transitional zone’ near ca. 1 ka
(Supplementary Figures A.3.3 and A.3.4). My selected K values are comparable to other values
derived from transport-limited systems and sand pile experiments (e.g., Hurst et al., 2013 and
Roering et al., 2001). All simulated dune topography continues to have normally distributed
C with means centred on ~0 m, and distributions that gradually narrow with time. Regardless
of the transport mode (linear or nonlinear), dune oc has a positive monotonic relationship
with its modelled variability of erosion rate (og), and this relationship continues as dunes relax

(Supplementary Figure A.3.3b).

3.4 Discussion

3.4.1 Parent material controls on dune evolution

My results indicate that the measured break in topographic decay at the ‘transitional
zone’ reflects a shift in dominant transport styles associated with soil transport efficiency (K).
Booth et al., (2017) observed a similar rapid decay in surface roughness within the first
thousand years on landslide deposits. They suggested this phase change was likely due to
higher K values during the initial emplacement linked to shifts in climate and vegetation. In
the CSM, climate and vegetation are stable throughout this period, so | propose this break
reflects an internal transition to a reduction of slope below the critical gradient (Sc). In fact,
this topographic adjustment has been demonstrated in sandbox experiments and modelled
as the transition between episodic to continuous sediment transport processes (Roering et
al., 2001). The ‘transitional zone’ value is set by the physical properties of the dune sands (i.e.,
surface roughness values associated with the presence or absence of gradients greater than
its angle of repose) and as a result, the measured ‘transition zone’ is specific to the CSM.

The early phase of evolution of the youngest dunes, which retain steep slopes,
corresponds with the period when episodic sediment transport on steeper slopes is significant
(purple dashed line Figure 3.6b). When hillslope gradients are below the Sc, slow continuous
soil creep prevails and a simple first order relationship of the form (doc)/dt « oc is apparent
(pink line Figure 3.6b). In this phase, all dune erosion rates become increasingly uniform and
their evolution behaves in a linear slope dependent way (Supplementary Figure A.3.3b).

These results follow my field observations that younger dunes experience a wider variety of
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sediment transport styles that are both discontinuous in frequency and magnitude compared
to older dunes. | infer that disturbances, such as burning or storms, switches the dunes from
essentially slow, continuous sediment transport to episodic sediment transport, but these
episodic styles are only manifested on the younger, steeper dunes with higher surface

roughness (increased oc) values.

3.4.2 Field observations and stratigraphic records

Field observations support the presence of two phases of dune evolution (Figures 3.5
and 3.7). On active dunes built above their Sc, episodic sediment transport (i.e., dry-ravelling
and sheetwashing) is observed. After emplacement, episodic sediment transport continues
to operate as a result of disturbance-driven events, mostly fires. Fires temporarily generate
hydrophobic surface soils and increase local soil transport efficiency (K) (Bridge and Ross,
1983), thereby promoting rapid lowering of relief. Although fires occur on dunes of all ages
(Moss et al., 2013), higher erosion and flux rates caused by episodic sediment transport is
limited to the first thousand years of dune development (Figure 3.6b). After the dunes’
gradients are reduced below the Sc, gradual transport regimes controlled by continuous
sediment transport (i.e., granular relaxation, bioturbation, and rain splash) and podsolisation
is well expressed. As a result, these degraded dunes are resistant to episodic sediment
transport.

A major fire event in 2019 only shows evidence of mass movement on younger dunes,
initiating on over-steepened, lee slopes near dune crests. Though short-lived, the landscape
was efficiently smoothed by lowering local highs and filling local lows (Jyostsna and Haff,
1997) (Figure 3.7b) and within just three months, the disturbed portions of the landscape
were stabilised by new vegetation growth.

These types of disturbance-driven events are recorded in depositional foot-slopes
(Figure 3.5) (Roering and Gerber, 2005). Within the early stages of dune evolution,
sedimentary infills are characterised by stratified layers of charcoal, associated with episodic
sediment transport. As time progresses, these layers become more diffuse and eventually
charcoal is disseminated through the profile due to the influence of slow, continuous

sediment transport and mixing. These records of dual transport regimes are found at all
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excavated foot-slope positions and demonstrate the consistency of the landscape to

transition from episodic to continuous processes.

I ! _I .

Figure 3.7: Field images of typical soil transport styles. Commonly observed episodic (panels
(a) and (b)) and continuous (Panels (c), (d), (e), and (f)) sediment transport mechanisms at the
CSM. (a) Fire induced sand ravel and sheetwash movement on the steep lee facing hillslope
of a 0.44 ka dune shortly after fire event and its associated (b) deposition. (c) Common mid-
slope soil profile on a Holocene age dune highlighting the abundance of biogenic disturbed
soil near the surface in the A horizon, where it becomes increasingly stable moving down
profile as shown by the intact E and B horizons. Typical perturbation includes root growth and
decay, (d) tree throw, (e) burrowing invertebrates, and (f) bird nest construction (photo
credit: (c) Patrick Adams and (f) Kegham Hovsepian).

3.5 Conclusions

The Holocene dunes in the Cooloola Sand Mass (CSM) provide a highly resolved space-
for-time substitution where most major factors contributing to landscape evolution are
known. The fidelity of the landscape to preserve dunes from inception to topographic
maturity makes it possible to demonstrate how transport processes, erosion, and deposition
act on topography to relax landscapes. The dominance of diffusional processes and the

assumption of sediment mass balance from erosional into depositional positions is valid,
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whereas this is not demonstrable in most landscapes. As a result, the dunes’ topographic and
stratigraphic records validate the presence of dual soil transport regimes. The early phase of
dune development evolves through episodic sediment transport, which is facilitated by
wildfires on over steepened gradients. Once lowered below their Sc, the later phase of
continuous sediment transport processes persist. This transition is preserved as infill at all
foot-slope positions and confirms that variations in sediment delivery to depositional areas
are due to changes in hillslope steepness and not a shift in climate.

Adopting C as a surrogate for landscape change, | evaluate dunes’ C distribution (oc)
as a measure of surface roughness and capture the CSM’s full morphological evolution. When
C distributions are broad (larger oc values) erosion and deposition rates reach more extreme
values with a wider variety of transport styles compared to narrow distributions (smaller oc
values). Once gradients are lowered below their Sc and soil creep dominates, the landscape
can be numerically explained through processed-based conservation of mass equations
(EQ.3.1-EQ.3.3). The marked shift of oc coinciding with the transition between episodic to
continuous sediment transport processes provides evidence that evaluating oc with time can
highlight changes in geomorphic processes and/or their rates (Patton et al., 2018). My
findings reveal the complete evolution of a dune sequence and identifies these systems as an
ideal natural laboratory to understand landscape change. | demonstrate that forward
numerical models generate outcomes that closely parallel the evolution of the CSM. The
physical properties of the original dune material are the primary control on how the dune
evolves and the oc value associated with the ‘transitional zone’. Consequently, my
observations validate landscape evolution inferences from sandbox modelling (e.g., Roering
et al., 2001) and supports the coupling between granular material physics and landscape

change (e.g., Deshpande et al., 2021).
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Chapter 4.

Using calibrated surface roughness dating to estimate
coastal dune ages at K’gari (Fraser Island) and the Cooloola
Sand Mass, Australia

This chapter has been modified from the original manuscript published in Earth Surface Processes and

Landforms

Patton, N. R., Shulmeister, J., Rittenour, T., Ellerton, D., Almond, P., & Santini, T. (2022b). Using calibrated surface
roughness dating to estimate coastal dune ages at K’'gari (Fraser Island) and the Cooloola Sand Mass, Australia.

Earth Surface Processes and Landforms, 47(10), 2455-2470. https://doi.org/10.1002/esp.5387

Preface: This chapter is largely a methodological case study of roughness-age modelling on
the SE Queensland dune fields, Australia. In this chapter, | utilise the theoretical findings in
Chapter 3 and develop a surface roughness (oc)-age model from Holocene dated dunes on
the CSM and validated its utility on K’'gari (Fraser Island). Using surface roughness from each
dune, | am able to estimate dune age and uncertainty for every dune in the dune field. The
model output highlights interesting spatial and temporal patterns of dune emplacement. This
chapter answers the long-lasting debate on the dominant processes controlling dune activity
and emplacement between sea-level and climate variability. Additionally, the results provides
more supporting evidence for the use of the mapping technique in Chapter 2 and field

evidence of the mechanisms controlling dune field evolution stated in Chapter 3.
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Abstract

Here | present a novel application of landscape smoothing with time to generate a
detailed chronology of a large and complex dune field. K'gari (Fraser Island) and the Cooloola
Sand Mass (CSM) dune fields host thousands of emplaced (relict) and active onlapping
parabolic dunes that span 800,000 years in age. While the dune fields have a dating
framework, their sheer size (1930 km?) makes high resolution dating of the entire system
infeasible. Leveraging newly acquired (n=8) and previously published (n=20) optically
stimulated luminescence (OSL) ages from K’gari and the CSM, | estimate the age of Holocene
dunes by building a surface roughness (oc)-age relationship model. In this chapter, | define oc
as the standard deviation of topographic curvature for a dune area and | demonstrate an
exponential relationship (r> = 0.942, RMSE = 0.892 ka) between oc and timing of dune
emplacement on the CSM. This relationship is validated using ages from K’gari. | calculate oc
utilising a 5 m digital elevation model (DEM) and apply my model to predict the ages of 726
individually delineated Holocene dunes. The timing of dune emplacement events are assessed
by plotting cumulative probability density functions (PDFs) derived from both measured and
predicted dune ages. | demonstrate that both dune fields had four major phases of dune
emplacement peaking at ca. <0.5, 1.5, 4, and 8.5 ka. | observe that my predicted dune ages
did not create or remove major events when compared to the OSL-dated sequence, but
instead reinforced these patterns. My study highlights that oc-age modelling can be an easily
applied relative or absolute dating tool to dune fields globally. This systematic approach can
fill in chronological gaps using only high-resolution elevation data (3-20 m resolution) and a

limited set of dune ages.

4.1 Introduction

Coastal dunes are important environmental systems that are found globally around

both seas and lakes (Martinez and Psuty, 2004; Yan and Baas, 2015; Lancaster et al., 2016)
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and provide a rich record of climatic, geologic and geomorphic information (e.g., Pye, 1983;
Swezey, 2001; Wells and Goff, 2007; Lindhorst and Betzler, 2016; Ellerton et al., In Press;
Chapter 3). However, uncovering and deciphering the information from these systems is
challenging because they lie at the interface of terrestrial, aquatic, and atmospheric processes
which vary on decadal to millennial timescales (Pye, 1983).

The timing and mechanisms of dune field activation and consequent stabilisation
(dune emplacement hereafter) are ascribed to changes in climate and sediment supply, which
affect vegetation, storminess, fire frequency, sea-surface temperatures and sea-level (e.g.,
Yan and Baas, 2017; Shumack and Hesse, 2018; Han et al., 2021; Vimpere et al., 2021). These
interpretations have largely been demonstrated on active and/or recently emplaced sections
of dune fields where physical measurements or repeat aerial/satellite imagery are available
(e.g., Tsoar, 2005; Marin et al., 2005; Levin et al., 2017). These mechanisms have been
extended to emplaced dune systems; however, the direct landscape-process relationship is
unknown, and it is difficult to infer these processes unless a strong chronological framework
is established.

Coastal dune fields’ temporal relationships appear chaotic, and it is difficult to
determine whether emplaced dunes were once active simultaneously or asynchronously
across the dune field. Stochastic (random) dune activity can be indicative of local
perturbations but not related to regional changes in environmental conditions because dunes
can simultaneously be active and emplace under the same conditions (Yizhaq et al., 2007). In
contrast mass activation or emplacement of entire dune fields may provide clues about
regional environmental forcings (e.g., Lees, 2006). While the direct dating of dunes can be
achieved using optically stimulated luminescence (OSL) and/or radiocarbon dating, these
techniques are costly and finding suitable dating targets for radiocarbon is often challenging.
To offset these limitations, it is common to either establish geobotanical chronosequences
(morphological, biological, or pedological units) (e.g., Thompson, 1981; Shulmeister and Lees,
1992), or to date organic rich sediments in adjacent deposits as a means to help place the
dunes into a chronosequence (e.g., Wilson, 2002). In both scenarios, these estimates often
have large spatial and temporal uncertainty, even in locations where there are clear
sequences of onlapping dunes (e.g., Lees, 2006; Swezey, 2001). Consequently, dune

sequences that are composed of tens or even thousands of individual dunes are typically
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secured by only a handful of ages with wide age constraints that can lead to
misinterpretations (e.g., Ward, 2006).

To validate age inferences, and hence improve our understanding of former dune
activation and stabilisation, a means of extending dune ages to all (or most) dunes within a
dune field would be a useful tool. In this chapter, | explore the implications of Chapter 3’s
observed relationship between dune surface roughness (oc) and dune age to explain
landscape smoothing with time. | test whether this provides a basis for dating dunes where

high-resolution elevation data and a rough geochronological framework are in place.

4.2 Background

4.2.1 Surface roughness (oc) as a proxy for landform

In most aeolian research, surface roughness characterises the near-surface
meteorological boundary layer over dunes as a means to understand airflow and sediment
transport (e.g., Gillette and Stockton, 1989; Raupach et al., 1993; Wiggs et al., 1996; Lancaster
and Baas, 1998; Levin et al., 2008; Jerolmack et al., 2012; Pelletier, 2013). For this study,
surface roughness (oc) is used to measure and define a dune’s topographic development
(colluvial not aeolian processes). Surface roughness (oc) has been defined as a metric of
topographic variability (local relief) within a defined spatial area or window (e.g.,
Korzeniowska et al., 2018). Its application has been utilised across earth science disciplines as
a metric to identify and map spatial patterns and as a surrogate to build empirical
relationships (Smith, 2014). An important application of oc is its utility as a proxy for relative
age. This relationship has been predominantly applied to constrain the timing of landslide
deposition (e.g., McKean and Roering, 2004; Glenn et al., 2006; Booth et al., 2009; 2017; Bell
et al.,, 2012; Goetz et al., 2014; LaHusen et al., 2020), but has also been used on alluvial fans
(Frankel and Dolan, 2007), earth flows (Schanz and Colee, 2021), and planetary surfaces
(Pommerol et al., 2012).

Surface roughness (oc) gradually smooths due to diffusive processes of sediment
transport (Booth et al., 2017; Chapter 3). The basic principle is that local relief reduces with
time due to weathering and erosion such that features smooth (ridges erode and valleys fill)
on surfaces that are not affected by advective processes (e.g., sediment transport by water-

driven processes). LaHusen et al. (2020) utilised this principle to build a oc-age relationship

52



Patton et al., 2022b

from a minimal set of dated landslide deposits and predicted ~10,000 ages in the Pacific
Northwest, USA. The utility of this model was not only that ages could be predicted, but more
particularly that previously undated landforms could be placed into the context of regional
records of climate and landscape change. Consequently, they determined that rainfall, not
earthquake activity, was the major driver of landslide activation inland of the Cascadia

Subduction Zone.

4.2.2 Surface roughness (oc) in dune systems

Surface roughness (oc) has been used to map dune landforms (e.g., Korzeniowska et
al., 2018); however, the application of oc as an indicator of landform age (oc-age relationship)
has not yet been applied and tested in a dune system. Chapter 3 highlighted the utility of oc
within the Cooloola Sand Mass (CSM) dune field as an important metric and to characterise
and define the stage of geomorphologic development of dune forms. | demonstrated that
dune oc, as measured by standard deviation of curvature for a given dune area, could be
related to sediment transport theory. | found that dunes are initially emplaced with
remarkably uniform surface roughness (oc) that smooths with time and this evolution can be

simulated using nonlinear and linear sediment transport models (Figure 4.1).
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Figure 4.1: Conceptual diagram and result summary from Chapter 3 between surface
roughness (oc) and dune age within the CSM dune field, Australia. (a) An idealised elevation
profile of the CSM dune field. The dunes move inland from the coast through sclerophyll
forest and over antecedent topography (dashed lines) via the dominant south-easterly wind.
Dunes are emplaced when wind speeds decrease, and vegetation stabilises the dune surface.
With every successive dune emplacement, antecedent topography gradients generally
increase, thereby decreasing the distance dunes travel inland whilst preserving older dunes.
Consequently, most dunes increase in age while decreasing in oc moving away from the coast.
(b) Conceptual diagram of hillslope positions as defined by curvature (C) and the contribution
of erosion, deposition and flux (size of arrow). All sediment removed from crest can be
accounted for in the foot-slopes (a closed system). As time progresses ridges lower and
hollows fill, reducing hillslope gradients and the maximum and minimum curvature values
thus decreasing dune oc. (c) The general relationship between dune age, surface roughness
(oc), and sediment transport phases. Dunes with high oc (Phase 1) are best explained through
non-linear sediment transport where episodic processes such as dry-ravelling and
sheetwashing (comparable to grain flows and/or avalanching) occur. Once dune gradients are
lowered below their angle of repose (gradient of 0.65 m m™ or angle of 33°) associated with
the defined ‘transitional zone’, sediment transport is limited to slow and continuous
processes (Phase 2) where their evolution can be explained with linear sediment transport.
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In Chapter 3, | determined that dunes evolve in two distinct phases (Figure 4.1c). The
first phase occurs within ca. 1 ka after dune emplacement and is explained through nonlinear
sediment transport. This is a period when dune gradients and oc is large, erosion and
deposition rates are more rapid, and there is a wider variety of transport styles. During this
initial period, dune-surface gradients are lowered as a result of disturbance-driven
perturbations such as fires and storms. These disturbances may remove vegetation, increase
hydrophobicity and consequently increase the soil’s efficiency to move downslope,
promoting dry-ravel and sheetwash processes (similar to avalanching and grain flows
observed on active dune slip-faces). This phase continues until dune relief is lowered and oc
values reach the ‘transitional zone’, as seen in Figure 4.1c. This zone was defined by an
observed shift in dominant transport style and the absence of gradient greater than the sands’
angle of repose (33° or gradients of 0.65 m m™). Once gradients are lowered beyond this zone,
the second phase of dune evolution begins; wherein sediment transport is proportional to
hillslope gradient (linear sediment transport). During this period, dune oc is small and
sediment transport is limited to slow and continuous processes (e.g., biogenic soil creep, rain-
splash, and granular relaxation) where erosion occurs at the dune crests and sediment is
deposited within the adjacent foot-slopes (Figure 4.1b). This mechanism is inferred to
continue until all relief is either removed or increased due to dune activation or sea-level fall.

In Chapter 3, | alluded to an apparent exponential relationship between dune oc and
age; however, | chose not to prescribe a single function to explain the dune field’s evolution.
Instead, | retain the two distinct erosional phases to ensure sediment transport processes
were not conflated. Despite this decision, | argued that because the dune fields have limited
hillslopes that exceed the angle of repose and a dominance of linear sediment transport dune
oc will smooth with time and ascribing a single exponential fit is appropriate.

The goal of this chapter is to test and, if appropriate, apply surface roughness (oc)-age
modelling to a pair of adjacent coastal dune fields, the CSM and K’gari (Fraser Island) in SE
Queensland. These large and once connected systems are dominated by active and emplaced
parabolic dunes. At the CSM many of these dunes have been dated and the younger parabolic
sequences span the mid- to late-Holocene. Once emplaced, the evolution of the dunes
(erosion and deposition) is controlled by a limited set of known diffusional processes that are
morphologically trackable through time. | first establish a oc-age relationship on the CSM and

test its validity on K’gari. If the model proves to be successful for the dated dunes, | will utilise
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it to estimate ages of the remaining Holocene-age dunes in both dune fields. Although my
study focuses specifically on two locations, the research provides insights on the evolution of
onlapping coastal dune systems and a means to produce a more complete chronological

framework for multi-phase dune fields globally.

4.2.3 Site description: Cooloola Sand Mass and K’gari

The SE Queensland dune fields in Australia (Figure 4.2) are composed of K’'gari (aka
Fraser Island), and the mainland-attached Cooloola Sand Mass (CSM) immediately to the
south. The dune fields have been developing for over 800 kyr (Walker et al., 2018; Ellerton et
al., 2020). These dune systems are currently separated by the entrance to the Great Sandy
Strait and the Inskip Peninsula, but recent work (Kohler et al., 2021) has demonstrated that
this separation dates back only to the early mid-Holocene. Stretching for more than 200 km
of coastline (26.17°S to 24.41°S), these two systems cover a combined land area of ~1930
km?, with most of the dune fields on K’gari. They contain one of the longest and most
complete coastal dune field sequences in the world (Thompson, 1981) and include over 700
Holocene dunes (Ward, 2006; Chapter 2) covering roughly 640 km?, which are the focus of
this chapter.

Both dune fields have nearly limitless sediment supply with an estimated 500,000 m3
of sediment transported yearly along the regional longshore drift system (Patterson and
Patterson, 1983; Boyd et al., 2008). The parent material is a uniform 98% medium to fine
quartz sand (180-250 um) that is well-sorted and sub-rounded to rounded (Thompson, 1992).
The majority of onlapping dunes are parabolic with local transgressive dune waves, which
travel inland under the influence of the dominant south-easterly winds (Coaldrake, 1962;
Ellerton et al., 2018). The region has been tectonically inactive (Roy and Thom, 1981) with
only minor variability in local base-level, between +2 to -0.5 m since the Holocene sea-level
highstand (Lewis et al., 2008). The vegetation communities have been relatively stable (e.g.,
Moss et al., 2013; Atahan et al., 2015) with tall open/close sclerophyll forest making up the
majority of the inland vegetation and coastal scrubland dominating the eastern side of the
dune fields (Harrold et al., 1987). Additionally, the climate has remained sub-tropical (Cfa)
during this period (Donders et al., 2006).
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Figure 4.2: (a) Satellite imagery of K’'gari (Fraser Island), and the CSM, which make up the
northern section of the SE Queensland dune field in Australia. The dune sediments are derived
from the longshore drift system (dashed line and arrow) that is delivered to the coast by the
dominant south-easterly winds (small arrows). (b) Close-up imagery of the coastline and
dunes on K’gari (photo credit: Jlirgen Wallstabe).

4.3 Methods

4.3.1 Dune mapping and remote sensing

In this chapter, | individually remap the Holocene and modern dunes for both the
K’gari and the CSM first identified in Chapter 2. Dunes were identified using a 1 m resolution
digital elevation model (DEM) derived from Light Detection and Ranging (LiDAR) (publically
available from Geoscience Australia; Fraser Coastal Project), 1:5000 orthophoto imagery
retrieved from Queensland Globe, and field observations. Each dune was delineated by hand

in ArcGIS (version 10.6) at the base of slip-faces and trailing arms and defined as polygons.

4.3.2 Calculating surface roughness (oc)

Surface roughness (oc) is calculated by determining the standard deviation of
curvature (C) for each mapped dune area, defined by a map polygon. This calculation of oc is
utilised because C distributions are centred at zero (Patton et al., 2018) making it possible to

compare dunes without biases introduced by broad-scale topography (e.g., variations in initial
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morphology caused from the antecedent topography) (Chapter 3). Curvature was generated
in ArcMap, which utilises equations from Zevenberger and Thorne (1987) and Moore et al.
(1991), that calculate curvature from the slope in percent and reverses the sign (negative
curvature convention). Therefore, | divide ArcMap’s curvature output by -100 such that
positive values represent concavity (hollows/foot-slopes), and negative values represent
convexity (ridges/crest), see Chapter 3 and Supplementary Figure A.3.2 for more detail. It is
important to highlight that oc values are sensitive to methodology and boundary conditions
and/or processes. Minor variabilities in oc values may occur but overall trends remain
consistent.

Prior to the oc calculation, | chose to resample the original DEM using bilinear
interpolation to a 5 m resolution. The reduction of resolution dampened noise and lowered
elevation uncertainty by removing DEM processing artefacts and vegetation effects (Berti et
al., 2013) while preserving dune morphology (Chapter 3). My assumption in calibrating a oc-
age relationship was that dune oc values monotonically decline with dune age. Hence, |
limited my areas of calibration and application to where diffusive processes and not advective
processes (e.g., wind and fluvial transport which can increase relief and roughness) prevailed.
Additionally, all water (water bodies, bogs, coastal cliffs, etc.) and/or anthropogenic
modifications (roads, build-up areas, mining, etc.) were also excluded. Once removed, the

‘zonal statistics’ tool in ArcMap was used to determine ac.

4.3.3 Optically stimulated luminescence (OSL) dating

Optically stimulated luminescence (OSL) dating provides an age estimate of the time
since quartz grains were last exposed to sunlight (burial) (Huntley et al., 1985); therefore, OSL
dates represent timing of dune emplacement (Lancaster, 2008). For each dune, OSL samples
were collected at dune crests utilising a sand auger with a 15 cm bucket. Dune stratigraphy
was described using standard field protocols (i.e., grain size, sorting, roundness, bedding
structures, Munsell colour and texture). An OSL sampling head was attached with an
aluminium insert and once the sample was recovered, the tube was capped, sealed and stored
for later analysis. Dose-rate and moisture content samples were collected from the auger
samples above and below the OSL sample depth. Eight (n=8) samples were collected, dating

six dunes (n=6). On two dunes, | collected multiple OSL samples to increase confidence in
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measured ages and field interpretations. One dune had samples from the same auger hole
and is believed to be equivalent in age. The other dune had samples collected on separate
parallel ridges on a transgressive wave, and these ages may slightly vary. These ages are used
to supplement those previously collected and reported in (Walker et al., 2018; Ellerton et al.,
2020; Kohler et al., 2021).

All OSL samples were processed and analysed at the Utah State University
Luminescence Laboratory. Ages were determined utilising single-aliquot regenerative dose
(SAR) analysis of small aliquots of quartz sand (Murray and Wintle, 2000; Murray et al., 2021).
Samples were analysed using small aliquot (~10 grain) analysis to reduce scatter caused by
grain-to-grain variability in dose rate (micro-dosimetry) (e.g., Guérin et al., 2015; Ellerton et
al., 2020). Sample preparation followed standard luminescence protocols (i.e., Wintle, 1997).

All dose rates were determined using representative sub-samples that were analysed
using ICP-MS and ICP-AES techniques to determine the concentrations of the K, Rb, Th, and U
in the sediment. Moisture content (in-situ) was calculated for all samples. If the measured
value was below 5%, | assumed a value of 5 + 2% which represents the average moisture
history (Ellerton et al., 2020). Dose rates are determined from sediment chemistry, cosmic
ray contribution, and water content (Aitken and Xie, 1990; Aitken, 1998) using conversion
factors from Guérin et al. (2011). The contribution of cosmic radiation to the dose rate was
calculated using sample depth, elevation, and latitude/longitude following the calculations of
Prescott and Hutton (1994).

Optical measurements were performed on small-aliquot (1 mm diameter, ~10 grains
per disk) samples using Risg TL/OSL Model DA-20 readers with blue-green light emitting
diodes (LED) (470 £ 30 nm) as the stimulation source. The luminescence signal was measured
through 7.5 mm UV filters (U-340) over 40-60 s (250 channels) at 125 °C with LED diodes at
70-90% power (~45 mW/cm2) and calculated by subtracting the average of the last 5s
(background signal) from the first 0.7s (4 channels) of the signal decay curve. The
luminescence signals show rapid decay dominated by the fast component of the signal
(Murray and Wintle, 2003). For those samples with <1 Gy equivalent dose (D), dose response
curves were fitted linearly between the zero dose and repeated regenerative doses. Results
of a preheat-plateau dose-recovery (PP-DR) test (Wintle and Murray, 2006) suggest that a 200
°C preheat for 10 s produces the best results for samples in this study. Equivalent dose values

were calculated using the Central Age Model (CAM) of Galbraith and Roberts (2012) using at
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least 14 accepted aliquots of quartz sand. Aliquots were rejected if they had evidence of
feldspar contamination, a recycling ratio beyond 20% of unity (<0.8 or >1.2), recuperation >1
Gy, or natural De greater than the highest regenerative dose given. Errors on De and age
estimates are reported at one sigma standard error and include errors related to instrument
calibration, and dose rate and equivalent dose calculations and the errors were calculated in

quadrature using the methods of Aitken and Alldred (1972) and Guérin et al. (2011).

4.3.4 Criteria for utilising previously OSL dated dunes

| utilise the following sampling criteria for dune ages from previously published
studies. 1) Dates must reflect the age of the dune surface morphology (i.e., the uppermost
dune unit that forms the surface morphology was dated). 2) Dunes must be emplaced (i.e.,
stabilised, not active). Lastly, 3) ages must be collected from dune apices or the crest of the
trailing ridges and in physically little altered (B/C, C, soil parent material) soil horizons. These

criteria were set to ensure that ages represented primary aeolian deposition.

4.3.5 Surface roughness (oc)-age analysis and age extrapolation

A single empirical relationship was generated using all OSL-dated dunes within the
CSM. | hypothesise that both the CSM and K’gari dune fields are governed by identical
mechanisms controlling dune activation and evolution because they were once part of a
connected dune field (Kohler et al., 2021) and have been mapped as a part of the same dune
system (Ward, 2006; Chapter 2). As a result, | assume the same surface roughness (oc)-age
relationship can be applied at both sites.

For use in the oc-age model and validation subset, where dunes have multiple dates,
| preferentially selected ages that were collected nearest to the dune crest and/or from sand
with minimal pedogenic alterations (C horizon). Any ages that met my sampling criteria but
were not used in the model are recorded. All OSL-dated dunes from the CSM were utilised to
build the oc-age model (model set). The remaining OSL-dated dunes from the Inskip Peninsula
and K’gari are used as the validation subset. | fit the oc-age data with an exponential curve
given that relief lowers through diffusional processes with time (Booth et al., 2017; LaHusen

et al., 2020; Chapter 3). | demonstrate the model output by predicting dune ages from the
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validation subset and using reduced major axis regression | compare the slope of the
predicted versus measured dune ages to 1.

A map of estimated dune ages is produced using my oc-age model to convert dune oc
to time since dune emplacement. Mapped dune polygons are reclassified to their estimated
ages. Given that the oc-age relationship is constructed from dunes that are emplaced, | do
not predict ages for active sections of the dune field, but rather assigned them absolute ages
of 0 ka. Active sections are identified by aerial imagery as landforms constructed with little to
no vegetation and steep lee slopes with gradients greater than 0.65 m m™ (slopes >332, which
is at or above the angle of repose). All areas previously removed during the calculation of oc
(e.g., sections of dunes with water bodies or anthropogenic disturbances) are incorporated
back into the total area to show the full extent of the dune fields and produce the final

predictive age map but their surface roughness is not incorporated in the results.

4.3.6 Determination of dune emplacement through time

To evaluate frequency of dune emplacement through time, | determine cumulative
probability density functions (PDFs) for the CSM, K’gari, and the combined Holocene dune
fields (not including active sections). | calculate separate PDFs for OSL dated and modelled
dune ages with 0.05 ka bin intervals for 12 ka (240 total bins) and assume that the age
estimates represent the median value with normally distributed errors. As a conservative
estimate of error, | utilise a constant 10% relative standard error (RSE) for predictive age,
which is frequently applied for OSL dating (Murray et al., 2021). | normalise each PDF by total
number of dunes used to generate the curve. Additionally, PDFs produced from predictive
ages are also normalised by dune area (dune area divided by total Holocene dune area — not
including active dune area). This is to remove bias towards younger dunes caused by the
preservation of numerous small, younger dunes. | visually compare PDFs and assess dune

emplacement through time.

4.3.7 Sensitivity analysis

| calculate oc for all map dune polygons at a range of DEM resolutions (1 - 50 m). For
each resolution, a oc-age relationship is produced and its r> and RMSE is recorded. | predict

all dune ages and generate cumulative probability density functions (PDFs) utilising these
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relationships and their respective DEM resolutions. | compare all PDFs to the OSL derived PDF.
Although the latter does not provide a quantitative assessment of my analysis it does offer a
sense of uncertainty and a foundation to examine how enhanced resolution and bin intervals

may influence my interpretations.

4.4 Results

4.4.1 OSL results and previous reported OSL ages

The eight (n=8) newly acquired OSL ages from six individual (n=6) dunes are shown in
Table 4.1 and Figure 4.3. For each sample, supporting information such as soil descriptions,
geochemistry, water content, and over dispersion are found within the Supplementary Figure
A.4.1 and Supplementary Tables A.4.1, and A.4.2. From previously published work, twenty
(n=20) OSL ages met my sample criteria, dating sixteen dunes (n=16) (specifically Walker et
al., 2018; Ellerton et al., 2020; Kohler et al., 2021) (Table 4.2 and Figure 4.3). All dunes with
multiple ages were consistent with my expectations. Samples collected from the same auger
hole indicate equivalent ages (e.g., Dune 11); whereas, samples from different locations from
the same dune yielded ages that consistently increased moving towards the dune’s inland
limit (e.g., Dune 16 and 17). In total (newly acquired and previously published), twenty-eight
(n=28) OSL ages met my criteria dating twenty-two dunes (n=22). All ages that met my

sampling criteria but were not preferred are denoted by italicised text in Table 4.2.
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:Ll;rr:i)er Map ID Location Depth (m) Lab number Nal:irzsstrs?f ID(Z?/?I::;S Equszr;t(léz.;ge (De)? ost flie) tlo
4 4 K'gari 1-1.13 USU-2742 20 (34) 0.59 £ 0.04 0.27 £ 0.07 0.45 +0.07
5 5 K'gari 1-1.16 USU-2743 14 (35) 0.34+0.03 0.16 £ 0.06 0.47 £0.10
6 6 K'gari 1.97-2.24 USuU-2730 16 (22) 0.40+£0.03 0.51+0.07 1.27+0.16
11 11a CSM 1.90-2.05 USU-3020 19 (31) 0.56 £ 0.04 1.41+0.23 2.51+0.32
11 11a' CSM 3.88-4.07 USU-3021 20 (32) 0.62 £ 0.04 1.33+£0.23 2.14 £0.27
12 12 K'gari 4.40-4.50 Usu-2397 17 (31) 0.25+0.03 1.00£0.14 4.05+0.63
17 17a K'gari 3.15-3.20 USU-2390 18 (22) 0.30+0.03 1.79+£0.21 5.96 + 0.82
17 17b K'gari 3.05-3.15 USU-2389 20 (27) 0.35+0.03 2.5+0.27 7.24+0.92

T OSL age analysis using the single-aliquot regenerative-dose procedure of Murray and Wintle (2000) on 1-mm small-aliquots of quartz sand. Number of aliquots used in age

calculation and number of aliquots analysed in parentheses.

*See Supplementary information for radioisotope concentrations of surrounding sediment and cosmic contribution to dose rate.
8 Equivalent dose (Dg) calculated using the Central Age Model (CAM) Galbraith and Roberts (2012).

63



Chapter 4

Table 4.2: All dunes with their locations (Figure 4.3) and ages utilised in this chapter. Note, all italicised rows are OSL ages that are not used in

the surface roughness (oc)-age model and validation sets and are indicated with an ‘X’ in Figure 4.3.
Dune Latitude, Surface Model or Mean OSLagetlo

number MapID  Location longitude (°S, °E)  roughness (m?) validation set Lab number depth (m) (ka) Study
1 1 CSM 25.93, 153.18 0.0684 Model USuU-2011 7.40 0.23 £ 0.05 Ellerton et al., 2020
2 2 CSM 25.98, 153.16 0.0506 Model USuU-2010 1.50 0.43+£0.06 Ellerton et al., 2020
3 3 CSM 26.01, 153.13 0.0368 Model USuU-2283 2.19 0.44 £0.10 Ellerton et al., 2020
4 4 K'gari 25.16, 153.27 0.0465 Validation UsSu-2742 1.07 0.45x0.12 This study
5 5 K'gari 25.19, 153.26 0.0593 Validation USuU-2743 1.08 0.47 £0.18 This study
6 6 K'gari 25.60, 153.08 0.0406 Validation USU-2730 2.20 1.27 £0.22 This study
7 7 CSM 26.04, 153.12 0.0275 Model USuU-2267 3.45 1.94 +0.28 Ellerton et al., 2020
8 8 CSM 26.04, 153.12 0.0154 Model Map 2; Sample 2 0.80 3.6 +£0.30 Walker et al., 2018
9 9 CSM 26.01, 153.14 0.0236 Model USU-2265 2.15 2.37£0.23 Ellerton et al., 2020
10 10 CSMm 25.95, 153.16 0.0191 Model Usu-2012 3.25 3.53+0.38 Ellerton et al., 2020
11 1la cSm 26.01, 153.13 - - USU-3020 1.98 2.51+0.32 This study
11 11a' CSM 26.01, 153.13 0.0268 Model USU-3021 4.00 2.14 £0.27 This study
12 12 K'gari 25.13, 153.25 0.0189 Validation USU-2397 4.45 4.05 +0.80 This study
13 13 CSM 25.13,153.25 0.0178 Model USuU-2284 3.62 4.89 +0.45 Ellerton et al., 2020
14 14 CSM 26.06, 153.11 0.0200 Model Map 3; Sample 3 0.85 4.2 +0.40 Walker et al., 2018
15 15 Inskip 25.82, 153.05 0.0190 Validation USU-2744 2.55 4.84 +0.46 Kohler et al., 2021
16 16a CSM 26.02, 153.12 - - USU-2268 8.90 5.91+0.61 Ellerton et al., 2020
16 16b CSM 26.03, 153.12 0.0138 Model USU-2269 1.48 6.96 £0.71 Ellerton et al., 2020
17 17a K'gari 25.04, 153.24 - - USU-2390 3.15 5.96+1.03 This study
17 17b K'gari 25.04, 153.25 0.0120 Validation USU-2389 3.10 7.24+1.13 This study
18 18a cSm 26.06, 153.09 - - Map 6; Sample 7 0.75 6.7 £0.60 Walker et al., 2018
18 18b cSm 26.03, 153.08 - - Map 4; Sample 4 0.80 6.2 +0.80 Walker et al., 2018
18 18b' CSM 26.03, 153.08 0.0113 Model Map 4; Sample 5 1.05 9.8 +0.80 Walker et al., 2018
19 19 CSM 26.02, 153.12 0.0120 Model USuU-2282 6.85 8.17 £0.82 Ellerton et al., 2020
20 20 CSM 26.02, 153.12 0.0138 Model USuU-2270 1.48 9.1£0.96 Ellerton et al., 2020
21 21 CSM 25.99, 153.13 0.0108 Model USU-2285 2.62 9.82 £0.98 Ellerton et al. 2020
22 22a cSm 26.03, 153.10 - - Map 5; Sample 6 0.80 8.310.70 Walker et al., 2018
22 22b CSM 26.04, 153.12 0.0109 Model USuU-2748 6.40 9.74 £ 0.90 Ellerton et al., 2020
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Figure 4.3: Locations of OSL dated dunes used in this chapter. Dunes utilised in the oc-age
relationship are represented by grey dots; whereas, dunes used in the validation subset are
white. For dunes with multiple dates, | preferentially selected ages from crest and/or
stratigraphically lower positions. Samples that met my selection criteria but were not used in
the model are marked with an ‘X’.

4.4.2 Surface roughness-age relationship

The dune calibration ages (n=16) span from 0.23 + 0.05 ka to 9.82 + 0.98 ka with
surface roughness (oc) declining from 0.068 m™ to 0.016 m™ with age (see Table 4.2). An
exponential regression fits the data well, Dune Age = 32.1*Exp(-108.9 * o¢), with an r>=0.942,
RMSE = 0.892 ka, and p-value <0.0001 (Figure 4.4a). The validation subset from dunes on
K’gari and Inskip Peninsula (n=6) fall within the predictions of the model set and demonstrates
the predictive power of this model with a slope of 0.805 (Figure 4.4b). Similar to past studies,
high oc associated with younger dunes rapidly decreases within the first thousand years, and
after this period oc values decrease more gradually, which is best described by a negative

exponential function (Booth et al., 2017; LaHusen et al., 2020; Chapter 3).
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Figure 4.4: Calculated surface roughness (oc)-age relationship from measured OSL dated
dunes. (a) Dune oc depicts a strong exponential relationship with age (+10) (black line)
bounded by 95% confidence intervals (shaded area) within the CSM and K’gari dune fields.
The calibration ages (grey dots) come from the CSM (n=18) whereas the remaining dates used
as a validation subset (white dots) come from Inskip Peninsula and K’'gari (n=6). (b) Model
validation using predicted versus measured dune ages and their associated best-fit line (black
line) using reduce major axis regression to account for uncertainty in both variables compared
to a 1:1 line (solid black dashed line).

4.4.3 Predicted dune ages and their spatial relationships and characteristics

In this chapter, | remotely mapped 92 and 11 active dunes (total 103), and 535 and
191 emplaced Holocene (total 726) dunes on K’gari and the CSM, respectively, covering a total
area of 640 km? -- 33% of both dune fields total land area. Utilising the oc—age function above,
| estimate the emplacement ages for the Holocene dunes. Generally, the oldest dunes (lowest
surface roughness) were located further inland despite having large sections onlapped by
subsequent dune emplacement (Supplementary Figure A.4.2). Dunes become progressively
younger moving towards the east coast (west to east) (Figure 4.5 and Supplementary Figure
A.4.2). The oldest dunes tend to be larger and less numerous across the landscape, whereas
younger dunes are smaller in size but greater in number (Supplementary Figure A.4.2).
Onlapping relationships revealed by the roughness analysis obey the principle of

superposition, consistently showing younger dunes superimposed on older dunes.
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Figure 4.5: Predicted Holocene dune ages using oc-age model. (a) Aerial imagery of K'gari to
the north and the CSM to the south with locations of Panels (b) northern K’gari, (c) southern
K’gari, and (d) the CSM.

4.4.4 Temporal frequency of dune emplacement

Overall, there is good visual correspondence between probability density function
(PDF) peaks from the OSL age control and predicted dune ages (Figure 4.6 vertical teal areas).
Utilising dated dunes and their measurement error (n=22), PDFs depict four major peaks that
occur at ca. 0.5, 2.2, 4, and 9.5 ka. When separating the OSL ages into two unique PDFs for
both locations, | observe similar trends between K’gari (n=6) and the CSM (n=16) suggesting
my sampling efforts captured consistent emplacement events despite having limited OSL
dates (white PDFs in Supplementary Figure A.4.3b and c, respectively).

Using predicted ages derived from the oc-age model (not including active dunes) (n=
726) | produce PDFs for dune emplacement. PDFs derived from non-normalised estimated
dune ages depict one major significant peak at ca. 1 ka that rapidly decreases with increasing
dune age (Figure 4.6b). This is observed for both the combined and separated PDFs and is a
reflection of the abundant number of mapped dunes (~¥60%) emplace during the last 1 ka

(Supplementary Figure A.4.2a). When accounting for dune area, the combined normalised
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PDF has four peaks centred at ca. <0.5, 1.5, 4, and 8.5 ka (Figure 4.6c). The same peaks are
common to the PDFs generated for the two areas when treated separately (Supplementary

Figure A.4.3b and c).
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Figure 4.6: Normalised probability density functions (PDFs) of the combined K’gari and CSM
dune fields derived from (a) OSL-dated dunes and (b) predicted ages. (c) Predicted ages
normalised by total dune area. Vertical teal areas highlight phases of dune emplacement. By
far the largest number of dunes are small coastal blowouts, but cumulatively these dunes
represent very little land area and are of only local significance. Area occupied by the dunes
is critical as during major activation phases blowouts coalesce into much larger parabolic and
transverse dune fields.

68



Patton et al., 2022b

4.4.5 Sensitivity analysis

Surface roughness (oc)-age relationships for a range of DEM resolutions (1 - 50 m) and
their associated r? and RMSE are reported in Supplementary Table A.4.3. | find that a wide
range of resolutions provide a good fit (3 - 20 m) with their r2 >0.90 and RMSE < 1.1 ka with
the best resolutions being 5 and 6 m. | observe the poorest relationship (low r? and high RMSE)
for the highest and lowest resolutions (1 m and 50 m). Generally, | observe that PDFs
determined from DEM resolution between 3 - 20 m show similar frequency, magnitude, and
timing of dune emplacement compared to PDFs derived from measured OSL dated dunes

(Supplementary Table A.4.3 and Supplementary Figure A.4.4).

4.5 Discussion

4.5.1 Dune surface roughness and evolutionary processes

While dunes are active, they are dominated by wind advection and deflation that
controls their movement near the lee slope slip-face (Pye, 1982; Hesp, 2002). The migrating
dunes’ surfaces are barren of vegetation with shallow stoss gradients and over-steepened lee
slopes that are smooth (low oc). The dune continues to move while vegetation begins to
stabilise dune segments along the trailing arms and furthest from the active sections (Levin,
2011; Yan and Baas, 2017). Topographic variability begins to emerge as sand is entrained
within and/or forced around vegetation patches. This increases local relief, roughening the
dune surface resulting in an increase in oc. This progresses until the vegetation have fully
covered and stabilised the dune’s surface, marking the onset of dune emplacement and the
highest recorded oc values (Supplementary Figure A.4.5). My observations match those seen
in other dune systems (e.g., Hesp, 2002; Stallins and Parker, 2003; Pelletier et al., 2009),
indicating that dune emplacement through to the stage of vegetation stabilisation is a
mechanism that roughens topography.

Once dunes are emplaced, their topographic evolution can be described by diffusive
sediment transport theory which includes two phases of smoothing (decreasing oc with time)
(Chapter 3). The first phase of rapid smoothing is induced by frequent episodic sediment
transport from dry-ravel and sheetwash processes. This persists until all slopes are lowered
below their angle of repose. This is followed by the second phase which is dominated by slow

and continuous transport processes such as bioturbation and granular relaxation. |
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hypothesise that this continues as erosion rates lower, and the styles of transport become
increasingly uniform until no relief remains, oc 2 0 m (Supplementary Figure A.4.5). This
general evolution is supported by my field observations that steep slopes persist on young
dunes (<1 ka), geomorphic processes are consistent on K’'gari, and the validation subset fits

well.

4.5.2 Timing of dune emplacement and regional story

The oc-age relationship calibrated from the CSM accurately predicts the ages of the
OSL dated dunes on K’gari. The findings support the idea that both dune fields are part of the
same system undergoing similar evolutionary development with distinct emplacement
phases in the Holocene (e.g., Ward, 2006; Ellerton et al., 2020; Chapter 2). Critically, | was
able to predict the age of every emplaced Holocene dune in the dune field, which significantly
amplifies my ability to extract chronological signals from dune fields that have, to this point,
been limited.

My approach allows me to observe patterns within the dune fields that would
otherwise be obscure. For example, the oldest of the Holocene emplacement phases at the
CSM and K’gari is the so-called ‘Triangle Cliff’ unit (Ward, 2006; Chapter 2). It is comprised of
large parabolic dunes, and more locally, large transverse dune waves. This unit was mapped
uniformly across the dune fields (Ward, 2006; Chapter 2) suggesting that the entire coastline
was simultaneously active during the early Holocene. This is consistent with the expectation
that the dune fields would be generally active during the main post-glacial transgression (e.g.,
Thom, 1978; Thompson, 1981; Pye, 1983; Pye and Bowman, 1984; Cook, 1986; Shulmeister
and Lees, 1992; Lees, 2006). However, the age estimates indicate a slightly different pattern,
| observe the main preservation of these older Holocene dunes are immediately (within ~20
km) south of rocky headlands (i.e., Double Island Point on the CSM; Tukkee Wurroo (aka
Indian Head) and Waddy Point on K’gari) (Figure 4.5). | hypothesise that these headlands act
as pinning points for the beaches and long-term rotation of the coastline into swash alignment
south of the headlands which has resulted in enhanced erosion and the consequential loss of
older Holocene dunes in the southern parts of both dune fields (Stephens et al., 1981). In
addition, eroded sediment tends to accumulate south of the headlands, as can be observed

inland from Tukkee Wurroo. The one exception is near the southern limit of K'gari where the
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northward migration of the Mary River/Sandy Strait inlet during the mid- to late-Holocene
(Kohler et al., 2021) has increased local sediment supply, promoting coastal accretion (Figure
4.5). This has consequently preserved some mid-Holocene parabolic dunes behind beach
ridge complexes.

Paleoenvironmental interpretations from dune fields are constrained by dune
chronologies and are often based on a handful of ages (e.g., Shulmeister and Lees, 1992). In
fact, many of the current interpretations for the coastal dune fields are from sparse data sets
which are limited to inferred key events, for example, the onset/intensification of the El Nino
Southern Oscillation (ENSO) or even the post glacial transgression. My method provides a
systematic and inexpensive means to substantially expand these chronologies, and a way to
increase the robustness of interpretations by providing realistic ages for all the dunes in the
dune field. The enhanced chronology is important because patterns of dune activation and
emplacement are complex and may encompass both significant, region dependent, time lags

and local signals (Lancaster et al., 2016).

4.5.3 Dune emplacement ages and sea-level variability

Overall, the predicted ages support previous inferences about the dune fields.
Whether the SE Queensland dune fields, including the CSM and K’gari, have been activated
by sea-level or climate change has been strongly debated (e.g., Ward, 1978; Thompson, 1981;
Young et al., 1993; Walker et al., 2018; Ellerton et al., 2020) but the idea that the main dune
forming events were associated with the glacial maximum has become embedded in the
popular literature (e.g., the listing for the Fraser Island | K’'gari World Heritage Area). The
most comprehensive chronology comes from Ellerton et al. (2020) who constrained the ages
of the mapped Pleistocene and Holocene dune units and related these emplacement phases
to sea-level. In our study, they noted that sea-level rise is likely the main driver inducing dune
activity owing to the erosion of sand from the coast and nearshore and consequent reworking
of sediment into the dune fields (Cooper-Thom model) (Cooper, 1958; Thom, 1978).

| re-examine this hypothesis by comparing the PDF results from the oc-age model with
local sea-level curves from Lewis et al. (2008) and Larcombe et al. (1995). Similar to Ellerton

et al. (2020), my findings support the Cooper-Thom model. | observe four major peaks in the
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Holocene at ca. 0.5, 1.5, 4, and 8.5 ka that are primarily tied to sea-level variability (Figure
4.7).

The clear advantage of my method compared with OSL generated PDFs is that the
peaks are much better defined. This is particularly true for the two older events which are
larger and more pronounced, which this is not the case for the OSL derived PDF (Figure 4.6).
To maintain consistency with previous papers, | use names of dune units to represent phases
of dune emplacement (Ward, 2006; Ellerton et al., 2020; Chapter 2). The oldest emplacement
phase (Triangle Cliff) changes from a poorly defined period between ca. 11 and 6.5 ka (Ellerton
et al., 2020), to a tighter defined event at ca. 8.5 + 1.0 ka. This coincides well with the
termination of the rapid component of post-glacial transgression (e.g., Larcombe et al., 1995).
For the two younger events there is a shift in their peaks, in both cases making the peak
slightly younger than the OSL based peaks. For the Freshwater (ca. 4 + 0.5 ka) and Station Hill
(ca. 1.5+ 0.5 ka) emplacement phases, the revised ages are clearly younger than the sea-level
rise they are interpreted to be associated with. This is sensible as the dune ages reflect the
timing of sand burial, hence dune emplacement. New dune activation ceases when sea-level
rise stops but the dunes that are active, can remain active for decades to centuries after the

initiation process has stopped (e.g., Levin, 2011; Houser et al., 2015; Levin et al., 2017).
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Figure 4.7: The combined K’gari and CSM dune fields PDF from predicted (dark grey) dune
ages compared to local sea-level curves from Lewis et al. (2008) and Larcombe et al. (1995).
Note, there is a break in the relative sea-level axis so that both curves could be displayed on
the same graph. | observe four emplacement phases (vertical teal areas) that are closely
associated with the termination of the rising limb of sea-level events. The addition of the
estimated ages permits me to better constrain the timing of dune emplacement (Ellerton et
al., 2020) which has been associated with mapped dune units (Ward, 2006; Chapter 2): Cape
ca. <0.5 ka; Station Hill ca. 1.5 + 0.5 ka; Freshwater ca. 4 + 0.5 ka; and Triangle Cliff ca. 8.5
1.0 ka.

The most recent dune emplacement event (Cape) occurred within the last 0.5 ka
which does not correspond with increased sea-level. This phase has been ascribed to
increased human activity (Aboriginal fires and European clearance and fires) (Cook, 1986), but
it has also been proposed that sea-surface temperatures (SST), specifically the intensification
of ENSO and the Interdecadal Pacific Oscillation (IPO) may account for this activation (Levin,
2011). While very little is known about the long-term history of the IPO, its direct effect on
beach processes in this area has recently been confirmed (Kelly et al., 2019) and it is
associated with a change in incident wave direction and effective wave height (McSweeney
and Shulmeister, 2018). More positive IPO conditions in the last few centuries may account
for this increased coastal dune formation. There is one caveat. Coastal blowouts are formed
continuously and are a function of local storms, fires and other disturbances as well as

regional events (Levin, 2011; Hesp, 2002). The large number of very young dunes may well
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simply be a reflection of stochastic process, where these dunes have little long-term
preservation potential.

It is important to note that | observe little evidence to support the hypothesis that
climate is the major control on widespread dune activity, as proposed by Young et al. (1993)
(Figure 4.8). It has been inferred from paleoclimate records that there was an intensification
of ENSO during the mid-Holocene which may have led to increased storminess and climate
variability (Shulmeister and Lees, 1995; Moy et al., 2002; Donders et al., 2006; Conroy et al.,
2008; Barr et al., 2019) resulting in widespread dune activity. However, this is unlikely in these
dune fields. Pollen studies have shown that vegetation type in the dune field was not modified
by climate change in the Holocene. In fact, dune vegetation was remarkably consistent.
Instead, any impact of ENSO will be through interactions with the IPO on wave climate and

on enhanced sea-surface temperatures, triggering more frequent or stronger storms.
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Figure 4.8: Paleoclimate records through the Holocene from Laguna Pallcacocha in southern
Ecuador (Moy et al., 2002), Swallow Lagoon in eastern Australia (Barr et al., 2019), and El
Junco Lake in the Galdpagos Islands (Conroy et al., 2008) compared to timing of major dune
emplacement phases at K’'gari and the CSM. Climate appears to have little direct link to dune
emplacement.
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4.5.4 Surface roughness (oc)-age model application

In this chapter, | have demonstrated that the surface roughness (oc)-age model is a
potentially powerful tool for applying in dune settings. The advantage of this approach is that
it produces systematic dune ages and only requires high-resolution elevation data and a
limited number of constraining dune ages. It also has the ability to detect previously non-
identified map units. Dunes can be placed in clusters of similar octo help infer the number of
emplacement events and their relative sequence even when dune units are not contiguous
and/or age control is absent. Furthermore, reasonable age estimates can be obtained for
these undated events. These analyses can be used to target and direct future sampling
strategies to ensure all events are confirmed and sampled for dating, while avoiding areas of
reactivation so that a robust chronology can be constructed.

In contrast to dune ages, high-resolution elevation data is becoming increasingly
available as unmanned aerial vehicles (UAVs) and other remote sensing techniques are being
extensively employed to capture topographic information. Indeed, the sensitivity analysis
highlights that a wide range of DEM resolutions can produce robust age predictions, the PDFs
of which correspond well with previously described emplacement events. | determine that oc
calculated with DEM resolutions of between 3 and 20 m produce similar results. Beyond this
range (i.e., finer or coarser resolution), the relationships deteriorate (Supplementary Table
A.4.3 and Supplementary Figure A.4.4). Additionally, it is important to recognise that not all
elevation models are equal, and researchers must use their own discretion to determine if
their data adequately describes the dunes surface at the necessary resolution. For example,
areas with dense vegetation and/or canopy cover, Light Detection and Ranging (LiDAR) should
be considered because of its vegetation penetrating abilities (i.e., bare-earth DEM) rather
than a photogrammetry derived DEM which may not capture the ‘true topography’.

| expect that my oc-age model will be applicable in many other dune settings. The
model has three major assumptions: initial landforms are formed with significant surface
roughness, landscape evolution is time dependent, and only diffusive hillslope processes are
active. These suggest that all dunes within the same system will have identical evolutionary
trajectories (oc—age regression) and their topography will only smooth with time (decreasing
oc). Within K’'gari and the CSM these assumptions are known to be valid and is clearly

demonstrated by the strength of the model in both locations. Similar to K’'gari and the CSM,
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many coastal dune systems have relatively stable base-levels in the mid- to late-Holocene,
well defined and stable wind fields, and have uniform, well-sorted, and unconsolidated
material. These boundary conditions apply on the Oregon coast (Peterson et al., 2007) and
Great Lakes of the USA (Hansen et al., 2020), Northern Ireland and Scotland (Wilson et al.,
2004; Sommerville et al., 2007), the SE Brazil coast (Giannini et al., 2007), and Israel (Levin et
al., 2008), amongst many others.

Despite superficial similarities, each of these dune systems vary dramatically in climate
and biota which may lead to changes in the rate oc decays with time between sites. As
discussed by Booth et al. (2017) and Chapter 3, the rate of decline for the regression is
controlled by soil diffusivity (which is the combined effect of all environmental factors
influencing the efficiency of sediment to move downslope). As a result, there is no one dune
field oc—age regression that is applicable at all sites. A new model calibration and validation
is critical in each case. Nevertheless, the decline in oc with time and its value can help infer
transport processes, characterise dune evolution, and place tighter constraints on dune field
development with respect to regional climate/sea-level models.

The key limitation of the method is when non-diffusive (advective) processes such as
knickpoint erosion also affect dune evolution. For this reason, applications of the method
should initially be limited to Holocene dunes and avoid sites with significant fluvial reworking
and/or rapid base-level change. My intention is to adapt the model to Pleistocene sections of
the CSM and K’gari dune fields in due course, a process that will involve developing a model

that incorporates the effect of base-level changes into the evolving oc.

4.6 Conclusions

Determining age control for landforms is important within the earth sciences for
several reasons, notably for providing the rates of processes driving landscape evolution.
However, acquiring the volume of ages necessary to develop the complete record of dune
emplacement events for a field area is challenging and, in most cases, not feasible. This is
mainly due to sample availability, time, cost, and methodological constraints, but may also
arise from environmental degradation caused by sampling and travel in sensitive areas. The
K’gari and the Cooloola Sand Mass (CSM) dune fields are ideal locations to validate this

approach as within the Holocene most major factors contributing to landscape evolution can
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be measured and constrained. | apply an exponential fit to the dune surface roughness (oc)-
age measurements and this relationship can be numerically explained through conservation
of mass equations. K’'gari and the CSM provides a field site where greater than 700 dunes
spanning the last 10 ka are preserved and which can be readily compared with paleo-records
of climate, sea-level, and vegetation. Despite numerous dating campaigns, only slightly over
20 luminescence dated Holocene dunes are reported (Tejan-Kella et al., 1990; Walker et al.,
2018; Ellerton et al., 2020; Koéhler et al., 2021). This only accounts for <3% of dunes preserved
and <1% of the total land area (Chapter 2). To fully understand the spatial and temporal
relationship of dune emplacement, many additional ages are required. Utilising a roughness-
age empirical model, | provide the first high-resolution coastal dune chronology. Its
application gives a more robust insight on coastal system evolution than can be derived from
limited chronological constraints.

This model provides realistic estimates for every Holocene dune which is not only
useful in understanding where dunes of certain ages are located, but it also adds significance
to the timing of major dune emplacement events. For instance, when only OSL dated dunes
are utilised, the timing of these events are broad and poorly defined. With the addition of the
predicted ages, the time constraints on the events narrow and peaks are more pronounced
(e.g., the Triangle Cliff dune unit being reclassified from ca. 11 to 6.5 ka by Ellerton et al.
(2020) to ca. 8.5 + 1.0 ka event). At K’'gari and the CSM, my results confirm that major phases
of dune activity are governed by sea-level fluctuations. In addition, the age pattern allows me
to demonstrate that their spatial distributions are controlled by changes in swash/drift
alignment of the coast. The oldest Holocene dunes are concentrated near headlands that act
as pinning points for coastal rotation and are less erosion prone. These observations highlight

the power of the method to yield new insights on landform evolution in a coastal dune field.
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Chapter 5.

Reconstructing Holocene fire records using dune foot-slope
deposits at the Cooloola Sand Mass, Australia

This chapter is in preparation to be submitted to Quaternary Research

Patton, N. R,, Shulmeister, Hua, Q., Almond, P., Rittenour, T., Hanson, J. M., Grealy, A., Gilroy, J., & Ellerton, D.
(2023) Reconstructing Holocene fire records using dune foot-slope deposits at the Cooloola Sand Mass,

Australia. Quaternary Research, 1-23. https://doi.org/10.1017/qua.2023.14.

Preface: This chapter evaluates the utility of dune foot-slope deposits to record intact,
stratigraphic fire records. In this chapter, | excavate soil profiles at the base of four different
aged dunes in the CSM, Australia. Charcoal concentrations are determined for predetermined
sample depth intervals for three size classes. | generate high-resolution age-depth models to
place charcoal accumulation rates (CHAR) in the context of time and compare the results to
other more traditional records (i.e., lakes and bogs) locally and regionally. The outcomes of
this chapter highlight a previously unrecognised deposit that can be used in both coastal and
continental dune systems as a means to evenly distribute geomorphic (erosion and
sedimentation) and ecologic (fire) records globally. Additionally, the findings add supporting

evidence for Chapter 3 that fire is an important disturbance in the dune fields.
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Abstract

In this study, | assess charcoal records from aeolian deposits within the Cooloola Sand
Mass, a subtropical coastal-dune system in eastern Australia, to determine whether they can
be used as a proxy for Holocene fire history. | excavate four profiles in depositional wedges
at the base of dune slipfaces (foot-slope deposits) and calculate charcoal concentrations for
three size classes (180-250 um, 250-355 pm, and 355 pm-2 mm) at predetermined depth
intervals. Age-depth models are constructed for each profile using radiocarbon
measurements (n=46) and basal OSL ages (n=4). All records appear intact with little evidence
of post-depositional mixing as demonstrated by minimal age-reversals and consistent trends
in charcoal concentration and accumulation rates (CHAR) amongst size classes. Combining all
four records, | generate a ca 7 cal. ka BP terrestrial fire history that depicts distinct peaks
representing periods of increased local fire activity at <0.3, 1.1-0.4, 2.2-1.6, 3.4-2.6, and 6.7-
5.3 cal. ka BP. My findings parallel regional records and highlight the utility of dune foot-slopes
as ecological and sedimentary archives. As dune fields are much more common than wetlands
and lakes in semi-arid and arid areas, these deposits have the potential to increase the spatial

resolution of fire records globally.

5.1 Introduction

Wildfires are prevalent across much of the world; however, fire records are primarily
limited to regions with abundant aquatic archives (e.g., Power et al., 2008; Harrison et al.,
2022). As a result, identifying a potential sediment deposit that are commonly found within
these areas, such as drylands, would provide a valuable target for paleoclimate studies and a
means to evenly distribute fire records globally. The goal of this study is to assess the utility
of dune foot-slope deposits to reconstruct fire histories. As a case study, | focus on stabilise

Holocene dunes at the Cooloola Sand Mass (CSM) within the southeast (SE) Queensland dune
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fields (Figure 5.1). The dunes are well dated (Walker et al., 2018; Ellerton et al., 2020; Chapter
4), their evolution is well-understood (Levin, 2011; Chapter 3), and there are several aquatic
records which can be used for comparison and validation (Donders et al., 2006; Mariani et al.,
2019; Hanson et al., 2023). Specifically, the main objectives were to (i) assess whether sites
contain stratigraphically intact units with preserved depositional charcoal for developing a
fire record; (ii) evaluate the sensitivity of the records to charcoal size classes; (iii) place the
spatially aggregated charcoal records into the context of other records found in the SE
Queensland dune fields; and (iv) consider improvements to the data gathering and/or
interpretation techniques. The outcomes will aid in the development of charcoal records from
areas where fire is a rare event (wetlands/lakes) into regions where fire may be the dominant

geomorphic and ecological process.

5.1.1 Fire in the Australian landscape

Fire is one of the most dominant landscape disturbances on Earth (Hennessy et al.,
2005; Bowman et al., 2009; McLauchlan et al., 2020). This was clearly demonstrated in the
2019-2020 ‘Black Summers’ bushfires in Australia, which burned ~240,000 km?, destroyed
over 3000 houses, killed an estimated one-billion animals, and displaced thousands of people
(Figure 5.1) (DAWE, 2020; Filkov et al., 2020; Richards et al., 2020; Gallagher et al., 2021;
Canadell et al., 2021). Fire activity (both frequency and severity) has been projected to
increase due to changes in land use and climate (McKenzie et al., 2004; IPCC, 2021). It is
therefore imperative to understand the role, frequency and intensity of fire in Australia as it
is one of the world’s most fire-prone landscapes (Bradstock et al., 2002; Russell-Smith et al.,
2007; Bradstock, 2010; Van der Wef et al., 2017) and one that has a long legacy of both natural

and anthropogenic fire occurrence.
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Figure 5.1: (a) Total area burned in Australia during the 2019-2020 ‘Black Summers’ (red area)
(DAWE, 2020) and the locations of sediment cores (white dots) used to generate Late-
Quaternary fire records in Mooney et al. (2011). (b) Satellite imagery of the SE Queensland
dune fields and location of fires during the 2019-2020 with yellow outline representing the
‘Fraser Fire’ and ‘Freshwater Road Fire’ on K’gari and the Cooloola Sand Mass (CSM),
respectively. The orange star marks the field site for this study, whereas the white stars
indicate fire record locations compared in this research. Images of the (c) the Kings Bore
Wildfire, (d) the Thannae Fire, and (e) the Freshwater Road Fire are provided as examples of
wildfires that occurred within the SE Queensland dune fields during the ‘Black Summers’
(photo credit: Michael Ford Panel c and Erin Atkinson Panels d and e).

Prior to the arrival of humans ca 70-65 ka, evidence of fire in sedimentological records
is intermittent and sparse, and is presumed to be of minor importance in Australia (Singh et
al., 1981; Moss and Kershaw, 2000; Clarkson et al., 2017). After this period, the subsequent
substantial increase in fire activity is commonly ascribed to indigenous arrival (Kershaw, 1986;

Turney et al., 2001) due to their frequent use of small, low-intensity fire across the landscape,

81



Chapter 5

aka ‘fire-stick farming’ (Russell-Smith et al., 1997; Bowman, 1998). However, more recent
studies have suggested little evidence of variations in fire regimes after human arrival, instead
ascribing increased fire activity to changes in climate (e.g., Mooney et al., 2011).

The relationship between humans and fire is difficult to address in sedimentological
records because the timing of initial human arrival is not precisely known and there are
autocorrelations between climate, vegetation, and fire (Bowman, 1998; Archibald et al.,
2013). Not until European arrival and a shift to fire suppression and cessation in the last 200
years, do | see a clear anthropogenic signal (Moss et al., 2011; 2015; Hanson et al., 2022).
Indeed, the transition from traditional fire management to fire suppression is inferred to be
responsible for not only increased fire severity, but also a shift in vegetation structure,
boundaries, and community composition (Thompson and Moore, 1984; Pyne, 1998; Fletcher
et al., 2021; Mariani et al., 2022; Stone et al., 2022).

Regardless of its origin, the role of fire in controlling Australian ecosystems and
landscapes is widely accepted as significant (Bowman, 1998). There are large and growing
paleofire datasets (e.g., Marlon et al., 2015; Gross et al., 2018; Hawthorne et al., 2018;
Harrison et al., 2022) but the records in these databases are strongly biased towards wetland
areas and consequently, for Australia, there is a strong emphasis on the SE region (Figure
5.1a). To broaden the coverage of fire histories there is a need to extend records beyond peat
bogs, swamps, and lakes; however, much of the Australian landscape is not suitable to sustain
long-term organic records (Bridgman and Timms, 2012; Chang et al., 2014; 2017) and
therefore, finding suitable sites for the preservation of sedimentary charcoal is challenging
(e.g., Leys et al., 2018). As a result, there are spatial discrepancies in data coverage across the
continent, particularly in the interior and in the tropics and subtropics. A means to extend fire
histories to the continental interior, where fires may be the dominant ecological process, is
needed. In this study, | examine dune deposits as potential archives of fire history within the
SE Queensland dune fields because these landforms are abundant within the interior and
along the coastlines of Australia (Lees, 2006; Hesse, 2016), and many parts of the world

(Lancaster et al., 2016).
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5.1.2 SE Queensland dune fields vegetation

The SE Queensland dune fields (aka the Great Sandy Coast) in Australia (24.4°S —
27.5°S) include the three largest sand islands in the world: K’gari (Fraser Island), Minjerribah
(North Stradbroke Island), and Mulgumpin (Moreton Island), and the Cooloola Sand Mass
(CSM) on the mainland (Figure 5.1b). These dune fields have existed since ca 800 ka (Ellerton
et al., 2020; 2022). They are composed of large parabolic dunes, which contain the world’s
largest rainforest and unconfined aquifer on a sand island and are home to rare flora and
fauna (UNESCO, 2021). Their vegetation structure follows a climax succession moving inland
from the coast (Walker et al., 1981; 2010). Biozones change from coastal pioneer
communities, through dry sclerophyll forest (e.g., Eucalyptus, Casuarina, and Banksia), to wet
sclerophyll forest (e.g., Satinay (Syncarpia hillii), Araucaria, and ferns), and rainforest
landward, with heathlands and coastal wetlands on the western (inland) side of the dune
sequences (Queensland Herbarium, 2021).

While this shift in vegetation structure and composition is inferred to be reliant on
nutrient and water availability (Walker et al., 1981; 1987; Thompson, 1992; Thomas, 2003),
fire plays an important role in shaping this landscape (Thompson and Moore, 1984; Walker et
al., 1987; Spencer and Baxter, 2006). For example, heathlands and dry sclerophyll forest often
require frequent, low intensity fires at a minimum spacing of 8-years to reduce ground cover
and canopy shading, and to incorporate nutrients into the soils (Keeley, 1995; Bowman et al.,
2014; Queensland Herbarium, 2021).

Wet sclerophyll forest (composed of tall sclerophyll trees, with relatively dense
understory vegetation such as ferns) is characterised by less frequent fires occurring in SE
Queensland at a minimum of 20-year intervals (Queensland Herbarium, 2021). In these areas,
fires are generally suppressed by the forest moisture content. Even wetter are the rainforests,
or more accurately, notophyllous vine thickets, that typically avoid burning in all but the driest
and most extreme conditions. Local patches of rainforest within the dune fields are associated
with the low-lying dune swales that are perennially wet and when fires penetrate, they are
usually low intensity; however, these systems are extremely sensitive to fire (Collins, 2019;

Queensland Herbarium, 2021).
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5.1.3 SE Queensland dune fields fire history

The oldest fire record from the dune island of Minjerribah, c. 160 km south of the CSM,
has preserved fire activity for at least the last ca 210 ka. There are documented indigenous
traditions of frequent, low intensity burning on these dune fields (Fensham, 1997;
Mulholland, 2021). The oldest archaeological site on Minjerribah is at Wallen Wallen Creek
and is dated to 21 ka (Neal and Stock, 1986). Dated archaeological sites on K’'gari and the CSM
are much younger with the oldest published age at ca 5.5 ka (McNiven, 1991), but it is likely
that these areas have been inhabited at least as long as Minjerribah.

More recently, indigenous land management has been absent from the dune fields
and replaced by a fire suppression regime that dates to the expansion of the timber industry
ca 1870 AD (Hawkins, 1975; Spenser and Baxter, 2006). The consequent shift to less frequent
fires is easily identified in palaeoecological studies (e.g., Moss et al., 2015) and has led to the
transition of wet sclerophyll forests to rainforest through local fire exclusion (Krishnan et al.,
2018). It is also linked to rare, higher intensity fire events. For example, in late 2020 AD, the
‘Fraser Island Fire’ burned over 50% (~870 km?) of K’gari (Figure 5.1b) and is believed to have
had a devastating effect on the biota of the dune fields and may be responsible for an
acceleration of dune migration (Mulholland, 2021).

Indeed, fire plays a critical role in transforming the landscape (Figure 5.1c-e). It is well
documented that fire may lead to the formation, acceleration, and/or erosion of dunes (Levin
et al., 2012; Shumack and Hesse, 2018; Ellerton et al., 2018; Chapter 3). Ellerton et al. (2018)
discovered that the most recent activation of the Carlo Blowout in the CSM was initiated by
fire and posited that this was unlikely to be a one-time occurrence. As | discussed in Chapter
3, fire is one of the primary factors creating the necessary conditions to destabilise steep dune
hillslopes. | found that the burned sections of the 2019 ‘Freshwater Road Fire’ (Figure 5.1e)
induced dry-ravel and sheetwash (similar to sand avalanching) but was limited to the
youngest dunes (Figure 5.1b and Supplementary Figure A.5.1). | hypothesised that this was
due to changes in sediment transport styles associated with hillslope gradients after fire. This
study aims to help elucidate the effects of fire on dune erosional and depositional processes
over multi-millennial periods, and how these changes may influence our interpretations of

charcoal records.
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Landscapes such as the SE Queensland dune fields, with high fuel loads and proximity
to consistent winds, are prone to wildfires (Filion, 1984; Thompson and Moore, 1984;
Srivastava et al.,, 2012; Shumack et al., 2017; Ellerton et al., 2018); however, dune
environments are rarely targeted for paleofire reconstruction. This is most likely because they
are regarded as too ephemeral or too difficult to extract reliable multi-millennial
environmental records. There are few bogs in the CSM so there are no fire records
documented within the immediate dunes despite the inferred importance of fire in
maintaining the local environment. This is in contrast to the other SE Queensland dune fields
(i.e., K’'gari and Minjerribah) which have multiple charcoal records (e.g., Donders et al., 2006;
Moss et al., 2013; Barr et al., 2013; 2017; Atahan et al., 2015; Schreuder et al., 2019; Mariani
et al., 2019; Kemp et al., 2021; Maxson et al., 2021) from bog, lake and fen settings. The
closest records from the CSM dune field are from the Rainbow Beach patterned fen
complexes approximately 10 km north-west of the dune field (Figure 5.2) (Moss, 2014;

Hanson et al., 2023) which provide local records to compare with records from the CSM.
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Figure 5.2: Site location. (a) Satellite imagery of the Cooloola Sand Mass (CSM) with areas of
interest, and the Rainbow Beach patterned fen complex (white star). (b) Close-up of the four
dunes used in this study (dashed lines) and locations of the depositional foot-slope sites
(stars) found on each dune’s North-facing slipface. The dunes selected in the research
represent each of the four major Holocene dune activation/stabilisation phases (Chapter 2;
Chapter 4; Ellerton et al., 2020) (see Supplementary Figure A.5.2) (c) Conceptual diagram of
sediment transport (sand and charcoal) and deposition on a dune’s slipface. Charcoal particles
are produced on the dune’s surface during fires (small black dots), transported down gradient,
and deposited in the foot-slope position as disseminated charcoal or charcoal layers. |
hypothesise that charcoal analysed in this study remains in stratigraphic order and is
produced locally because sediment is retained within the CSM’s basins (Chapter 3) and
charcoal particles are large (between 180 um and 2 mm). The red box indicates the location
that soil pits were excavated to obtain a fire record for this study. A sand auger was used at
the base of each pit to determine the depth of the underlining dune surface (i.e., maximum
deposit thickness) which is inferred to represent the initiation of sediment deposition (i.e.,
dune age). (d) Soil profile looking up to crest on the 10 ka dune.
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5.2 Methods

5.2.1 Site selection and sampling design

The CSM in SE Queensland, Australia is positioned approximately 150 km north of
Brisbane and immediately south of the sand island K'gari. The dune field has an area of 240
km? and is composed of large parabolic dunes with crests up to 240 meters above sea-level.
They are comprised of >98% well-sorted siliceous sands (180-250 um) (Thompson, 1983;
1992; Tejan-Kella et al., 1990). The freely drained soils and the humid subtropical climate with
warm, wet summers and mild, dry winters (MAP 1500 mm) (Peel et al., 2007; BOM, 2019)
promote podsolisation. Sediments are retained within inter-dune and foot-slope positions
due to the lack of fluvial and aeolian erosion following stabilisation by vegetation (Chapter 3).
The land-surface stability coupled with high porosity and permeability lead to the unabated
development of giant podsols (Thompson, 1981). Changes in dune-form age correspond with
systematic changes in soil and vegetation development. The dune field has been extensively
dated (Tejan-Kella et al., 1990; Walker et al., 2018; Ellerton, et al., 2020; Chapter 4; Ellerton
et al., 2023) and mapped (Ward, 2006; Chapter 2).

Most dunes initiate near the coastline from disturbances such as sea-level rise, storms,
and/or fires (Levin, 2011; Chapter 4). Their path inland is maintained by the nearly limitless
sediment supply from the longshore drift system (Boyd et al., 2008) and consistent SE winds
(Coaldrake, 1962) until they are ultimately stabilised by vegetation (Levin, 2011). The timing
of dune stabilisation is penecontemporaneous with the initiation of dune sediment erosion
and deposition (i.e., the transition from aeolian to colluvial processes) (Chapter 4). These
processes have been occurring for at least 800 kyr, resulting in one of the oldest and most
complex coastal dune sequences in the world (Ellerton et al., 2020; 2022).

In this study, | sampled depositional wedges at the base of four closely adjacent
Holocene parabolic dunes with emplacement (stabilisation) ages of 0.44 + 0.10 ka, 2.14 £+ 0.27
ka, 4.89 + 0.45 ka, and 9.82 + 0.98 ka, hereafter referred to as the 0.5 ka, 2 ka, 5 ka, and 10 ka
dunes, respectively (Figure 5.2b). The age of each dune was determined by optically
stimulated luminescence (OSL) dating from dune crest positions and represent each of the
four major Holocene dune activation/stabilisation phases (Chapter 2; Ellerton et al., 2020;
Chapter 4) (Supplementary Figure A.5.2). Sample sites were chosen from depositional settings

at the base of the lee-side slipface of each dune (Figure 5.2b). All sampled soil pits have a
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similar upslope source area (a planar hillslope length of <70 m to the dune crest) on a north-
facing dune slipface (Figure 5.2c-d) and are located in ‘dry’ sclerophyll forest with similar
vegetation types and canopy cover. The dominant taxa include Pink Bloodwood (Corymbia
intermedia), Scribbly Gum (Eucalyptus signata), Forest-oak (Casuarina torulosa), Black She-
oak (Casuarina littoralis), Banksia (Banksia serrata), and Blackbutt (Eucalyptus pilularis) with
a canopy cover between ~60-80%.

Each site was hand excavated to a minimum depth of 1.75 m (Figure 5.2d).
Additionally, | augered at the base of each pit to determine the depth of the underlying dune
surface (i.e., deposit thickness) which was identified by the presence of buried horizons
(Figure 5.2c). This depth is inferred to represent the initiation of sediment deposition and the
timing of dune stabilisation (i.e., the transition from aeolian to colluvial sediment transport);
therefore, | utilised the OSL ages collected from dune crest to reflect the maximum basal age
of dune foot-slope deposits (white dot in Figure 5.2c). The profile face was cleaned and
described using standard soil description protocols (i.e., Schoenberger et al., 2002).
Descriptions included characterising soil horizons, grain size, boundaries of horizons, rooting
depths, and soil structure. All charcoal layers and bioturbation features (e.g., ant burrows,
nest construction, root growth and decay, and/or evidence of tree-throws) were recorded.
Charcoal fragments visible on the exposure face were sampled, labelled, and saved for
radiocarbon (**C) analysis.

For each soil profile, sediment samples and bulk density cores were extracted (~2000
cm? and ~260 cm?, respectively) at predetermined depths with highest sampling density near
the surface. Samples were extracted contiguously across the profile face at 0.05 m intervals
from 0-0.1 m and then at 0.1 m intervals to 1.5 m after which intervals of 0.25 m were used.
In this study, | assign the mid-point for each sample depth interval when placing them in the
context of depth and time (e.g., a depth range of 0.1-0.2 m would be reported as being at
0.15 m). Bulk density was measured using the short core extraction method (Blake and
Hartge, 1986), which involves driving a core into the pit face and carefully removing it with a
flat edged soil knife. All samples were collected from the bottom of the profile upward to
avoid contamination. The sampling was not initially designed with a fire record in mind and

limitations created by the sampling design are discussed later.
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5.2.2 Sediment sample preparation

All samples were dried for 48 hrs at 50° C. Dried samples were passed through a 2 mm
stainless steel sieve to remove the coarse fraction (CF). Very little CF was present (average
0.34 £ 0.73% by mass) and only consisted of root and charcoal fragments. This is not surprising
in an aeolian sand deposit. Coarse charcoal particles in the CF were handpicked and saved for
radiocarbon dating. The remaining fine fraction (FF) (<2 mm) soil samples were saved and

labelled to be later sub-sampled for charcoal counting.

5.2.3 Bulk density

Bulk density cores retrieved from the field were oven dried for 48 hrs at 105 °C to
remove all moisture and then weighed. A 2 mm sieve was used to partition soils into CF and
FF and weighed (Mcr and Mg, respectively). The volume of the CF (V¢r) was determined for
each core by dividing the Mcr by the density of the CF, which is assumed to be a constant 0.5
g cm3 (EQ.5.1a). This density value was selected because charcoal and fine roots range
between 0.4 g cm™ and 0.6 g cm3 as determined through water displacement. The V¢ was
subtracted from the bulk density core volume (V1), ~260 cm?, to obtain the FF volume (V)
(EQ.5.1b). Finally, FF bulk density (BDre) was calculated by dividing the mass by the volume
(EQ.5.1c) of the fine fraction.

MCF/O'S == VCF (EQSla)
Ve = Ver = Vir (EQ.5.1b)
Mgg/Ver = BDgp (EQ.5.1¢c)

5.2.4 Charcoal counting

Charcoal retained in sedimentological records has been used as a proxy for fire activity
and regimes (e.g., Whitlock and Larsen, 2001; Marlon et al., 2016; Hennebelle et al., 2020).
Most traditional aquatic archives, such as lakes and bogs, utilise micro-charcoal particles (e.g.,
<125 um) that are associated with distal sources through either airborne fall-out (generally c.
1-2 km) and/or by inlet streams from the surrounding catchment area (Whitlock &
Millspaugh, 1996; Whitlock and Larsen, 2001; Higuera et al., 2007). As a result, these records
typically represent broad, regional fire signals that may include an amalgamation of

vegetation type and biozones (Marlon et al., 2006; Vachula et al., 2018). In this study, | focus
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my analyses on larger macro-charcoal which represents local (in-situ) fire production
originating within c. 100 m of the dune soil profiles (e.g., Clark et al., 1998; Gavin et al., 2003;
Higuera et al., 2005; Sanborn et al., 2006; Iglesias et al., 2015; Itter, et al., 2017; Leys et al.,
2017; Morris et al., 2017). | analysed charcoal >180 um because smaller fragments are more
susceptible to eluviation processes (the vertical transport of particles through the soil profile),
due to the homogenous (180-250 um) and well drained (600 mm hr!) dune sands (Reeve et
al., 1985).

Fine fraction (FF) soil samples for all depth intervals were homogenised, sub-sampled
using a riffle splitter (~5 g) and if necessary, treated with 15 mL of 10% HCIl for 24 hrs to
remove any sesquioxide coatings on sand grains (i.e., samples collected from well-developed
B horizons). Each sample was sequentially wet sieved at 355 pum, 250 um, and 180 um. Care
was taken not to damage the charcoal fragments. Under a dissecting microscope (2-20x
magnification) all charcoal was counted (#) in the following size classes (180-250 um, 250-355
um, and 355 um-2 mm). Charcoal counts are converted to charcoal concentration by dividing
the charcoal count by the sub-sample volume (V). The volume is calculated by using the initial
sub-sample mass (M) divided by the BDgr from the appropriate depth interval (see EQ.2). This
was completed for all samples for each profile and results are plotted against depth.

Additionally, | compare charcoal concentrations between each size class.

Charcoal concentration = ([M/:—D]) = ([i—]) (EQ.5.2)
i FF

5.2.5 Charcoal selection and preparation for radiocarbon (*%C) dating

Even in regions with homogenous geomorphology and ecology, it is necessary to
acquire a large number of dates to adequately resolve fire history. To build a chronological
framework for each depositional profile, | selected charcoal samples to be radiocarbon (*4C)
dated by accelerator mass spectrometry (AMS). My primary targets were >2 mm diameter
charcoal fragments picked directly from the profile face of known absolute depths (n=24). |
supplemented these samples with charcoal within the coarse fraction (n=22) and although
these charcoal samples have inherently higher uncertainty with regard to depth (i.e., they
come from intervals of 0.05 m to 0.25 m), they provide a means to evenly distribute

radiocarbon dating across all profiles.
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Radiocarbon samples were dated at two laboratories, with 46 samples dated in total.
Twelve samples were dated at the Waikato Radiocarbon Dating Laboratory in 2019 and 2021.
A further 34 samples were dated at the Australian Nuclear Science and Technology
Organisation (ANSTO) radiocarbon laboratory in 2021 and 2022 (Fink et al., 2004). At both
laboratories, the charcoal samples were pre-treated using the standard acid-base-acid (ABA)
protocol before being combusted and graphitised (Hua et al., 2001). Sample graphite was
then loaded into aluminium cathodes and measurements were determined by AMS. The
results were reported in conventional radiocarbon age or percent modern carbon (pMC) (see

Table 5.1).

5.2.6 Age-depth model and combining charcoal records

For all profiles, age-depth models were created using the ‘rbacon’ package (Blaauw
and Christen, 2011) in R (R Core Team, 2022) with the calibration data being the Southern
Hemisphere calibration curve (SHCal20; Hogg et al., 2020) extended to the recent time using
the post-bomb atmospheric calibration curve for Southern Hemisphere zone 1-2
(Bomb22SH12; Hua et al., 2022). All the modelled ages were reported in calibrated years
before 1950 (cal. yr BP) at 95% confidence interval (Cl). Additionally, | set the surface age to
2019 (i.e., -69 cal. yr BP; date of sample collection) and the basal ages to the OSL-dated dune
ages collected from dune crest (Figure 5.2c). | attributed the age for each sample to the mid-
point of each sample depth range. Charcoal records are evaluated by plotting sample depth
to charcoal concentration (particles cm3). | normalise for changes in sedimentation rates
within and between sites by calculating charcoal accumulation rates (CHAR) expressed in
units of particles cm? yr! (Long et al., 1998). Charcoal production can vary amongst sites due
to local conditions (i.e., moisture content, fire intensity, and biomass); therefore, | rescaled
each record to range from 0-1 by dividing by the maximum CHAR value (Power et al., 2008).
Once normalised, records were combined and plotted against time to establish a composite
master charcoal record for the Holocene dune field. For each dune and master charcoal
records, CHAR peaks were identified visually.

Our results were compared to published charcoal records from a nearby patterned
fen complex (Hanson et al.,, 2023), and two lake records with similar forest types and,

presumably, similar fire histories (Donders et al., 2006; Mariani et al., 2019) (white stars in
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Figure 5.1b, Supplementary Figure A.5.3). Additionally, | compared the results to Mooney et
al. (2011) and Williams et al. (2015) subtropical high-pressure belt (25°S — 45°S) record of
biomass burning. The purpose of this cross-site comparison is to assess whether my master
charcoal record depicted reasonable local trends and/or evidence of broad regional fire-

regime changes as compared to those derived from more traditional (aquatic) archives.

5.3 Results

5.3.1 Field observations and soil characterizations

Soil profiles were excavated to a maximum depth of 2.75 m and were classified from
youngest to oldest as an inceptisol, rudimentary podsol, podsol, and podsol (Figure 5.3). As
expected, all soils have uniform grain size distributions concentrated between 180-250 um.
The younger profiles from the 0.5 ka and 2 ka dunes have minimal pedogenic development
and charcoal is dispersed throughout the profile; however, distinct charcoal layers (CL) are
observed. The 0.5 ka profile had one layer (CL1: 0.2-0.3 m) and no charcoal was observed >1.5
m. All sediment below 1.6 m was classified as primary dune sediments due to its lack of soil
development and absence of organic material. The 2 ka profile had four charcoal layers near
the base (CL2: 1.20-1.30 m, CL3: 1.70-1.80 m, CL4: 1.90-2.10 m, and CL5: 2.20-2.40 m). In
contrast, the oldest profiles from the 5 ka and 10 ka dunes have distinct transitions between
the pedogenic horizons, with the exception of the boundary between the A and E horizons,
which is diffuse. Charcoal was disseminated throughout the profile with elevated
concentrations at the base and near the surface. Additionally, several months after pit
excavations the ‘Freshwater Road Fire’ (Figure 5.1b and e) burnt all site locations. The fire
removed vegetation and deposited charcoal at the surface, but only induced a ~0.1 m sand
ravel deposit on the 0.5 ka dune foot-slope (Figure 5.3a and Supplementary Figure A.5.1). This
deposit was not included in my charcoal analyses and is only utilised as a point of discussion.

For all sites, root growth and decay are the most prevalent forms of post-depositional
mixing. This activity is greatest at the surface and rapidly decreases with depth, such that
most roots are confined within the A horizon (<0.5 m depth). Unexpectedly, | observed little
evidence of other common forms of bioturbation (i.e., ant mounds, rodent burrows, tree

throws, and/or nest construction). This is in stark contrast to the upslope, eroding positions
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at the CSM where all these processes are commonly observed, and where | visually estimated

up to three ant colonies per m2 along the hillslope surface.

5.3.2 Charcoal concentrations

Charcoal at all sites was well-preserved (black, angular and opaque). Concentrations
were consistent across all the sites and all size classes depicted similar trends with depth
(Figure 5.3, Supplementary Figure A.5.4). The 180-250 um size class contributes
approximately half of the cumulative charcoal concentrations for each depth interval,
whereas the larger size classes (250-355 um and 355 pum-2 mm) each contributed about a
guarter of the cumulative charcoal concentrations. For this reason, | simplify my results by
only reporting aggregate charcoal concentrations hereafter. Combined charcoal
concentrations from all size classes (i.e., combined charcoal counts from 180 pm-2 mm) are
measured from 0 to 49.4 particles cm with the highest values found near the surface. Out of
the 78 sampled depth intervals, only three samples lacked charcoal (not including samples at
depths >160 cm from the 0.5 ka dune which constitutes the original dune deposit). The
average charcoal concentrations for each profile generally increased with dune age from 3.9

+5.7, through 5.8 + 2.8, and 14.5 + 16.6, to 13.9 + 11.6 particles cm™.

5.3.3 Radiocarbon (**C) analysis and age-depth modelling

Radiocarbon results from 46 charcoal particles produced ages ranging from 0.01 to
7.125 cal. ka BP (Table 5.1). Twelve, 14, and 17 radiocarbon samples from the 2 ka, 5 ka, and
10 ka dunes were analysed, respectively. The 0.5 ka dune had few radiocarbon targets and
only yielded three ages. Due to my sampling strategy, 52% of the total dates are less than 2
cal. ka BP. | observe consistent trends with depth, with only four age reversals (> + 20) (Figure
5.4). The ages of the sampled intervals represent a range of ages owing to the contiguous
sampling design, see Supplementary Table A.5.1; however, | find samples from the same
depth interval within sites yield similar ages (e.g., Samples 33 and 34; Samples 44 and 45 in
the 10 ka dune). Sedimentation rates are the highest where charcoal layers are present (i.e.,
the entire 0.5 ka dune and below 1.20 m on the 2 ka dune). In general, rates decrease moving

up the excavated profiles, towards the surface.
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(a) 0.5 ka Dune (b) 2 ka Dune (c) 5 ka Dune (d) 10 ka Dune
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Figure 5.3: Charcoal concentrations for the (a) 0.5 ka, (b) 2 ka, (c) 5 ka, and (d) 10 ka dune depositional sites. For each depth interval (width of
bar) charcoal was counted for all size classes 180-250 um (dark grey), 250-355 um (grey), and 355 pm-2 mm (light grey). Charcoal layers identified
in the profile face are indicated with a band of black dots and labelled (CL#). Samples collected for radiocarbon analysis are indicated with an
orange star or an orange circle whether they were collected at a discrete depth or from a sample depth interval, respectively. Charcoal layers
only occur on the two youngest dunes and were incorporated in multiple sample intervals due to predetermined sampled depths. Note, the
Freshwater Road Fire severely burnt and deposited fresh charcoal at the surface of all sites (dashed lines labelled ‘Freshwater Road Fire’) after
pit excavation and sample collection, but only produced a 0.1 m charcoal rich dry-ravel deposit at the 0.5 ka site. As a result, no charcoal
concentrations were recorded for this interval. For more information on each soil profile see Supplementary Figures A.5.4 — A.5.8.
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Figure 5.4: Bayesian age-depth models generated for the (a) 0.5 ka, (b) 2 ka, (c) 5 ka, and (d) 10 ka dune depositional sites. For each site, | set
the age of the surface (0 m) to the date of pit excavation (vertical orange marker), and the basal age to the OSL-dated dune age collected from
dune crest. All cal. ages are obtained through radiocarbon (*C) dating of charcoal fragments using the Southern Hemisphere calibration curve
(SHCal20; Hogg et al., 2020) extended to the recent time using the Post-bomb Atmospheric calibration curve for Southern Hemisphere zone 1-2
(Bomb22SH1-2; Hua et al., 2022). Graphs were produced using ‘rbacon’ (Blaauw and Christen, 2011) in R (R Core Team 2022). The calibrated
year probability distributions estimates are shown as blue and aqua markers for *C and OSL ages, respectively. The red dashed line bounded by
the grey dotted lines represents the age-depth model best fit and the 95% confidence intervals, respectively. Note, the y-axis only extends to
2.75 m, which covers all sample intervals, and does not include the complete age-depth model that extends to the base of each deposit (original
dune deposits or onlapped topography). Additionally, samples collected from discrete depths are labelled with an orange star.
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Table 5.1: All ages used to produce age-depth models in this study from woody macro-charcoal (}*C) and primary dune sands (OSL) are reported
in years relative to 1950 (Figure 5.4). Lab numbers beginning with ‘Wk’, ‘OZ’, and ‘USU’ were analysed at the Waikato Radiocarbon Dating
Laboratory, ANSTO, and Utah State University Luminescence Laboratory, respectively. Age calibration was performed using the Southern
Hemisphere calibration curve (SHCal20; Hogg et al., 2020) extended to the recent time using the Post-bomb Atmospheric calibration curve for
Southern Hemisphere zone 1-2 (Bomb22SH1-2; Hua et al., 2022), and modelled ages were produced using ‘rbacon’ (Blaauw and Christen, 2011)
in R (R Core Team 2022).
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OSL ages Conventional '*C ages Calibrated ages (95% Cl) Modelled cal. ages (95% Cl)
Sample # Lab ID Depth (m)

(ka + 10) (yr BP + 10) (cal. yr BP) (cal. yr BP)
0.5 ka Dune
- Surface 0 - - -69% -69 (-66 - -72)
1 OZAF02 0.20-0.30 - 102.61 £ 0.32* -5(0--9) 11 (49 - -4)
2 OZAF03 0.40-0.50 - 170+ 25 116 (278 - -3) 59 (102 -17)
3 OZAF04 1.40-1.50 - 220+ 25 192 (298 - -4) 266 (300 - 178)
- 1usu-2283 1.60 0.44+0.10 - - 292 (344 - 205)
2 ka Dune
- Surface 0 - - -69% -69 (-66 - -72)
4 OZAE96 0.20-0.30 - 335+ 25 389 (448 - 300) 398 (463 - 299)
5 Wk-52211 0.35 - 718 + 18 628 (666 - 565) 575 (598 - 512)
6 OZAE97 0.40-0.50 - 625+ 25 604 (635 - 535) 608 (633 - 555)
7 Wk-52212 0.60 - 640+ 19 608 (636 - 545) 644 (673 - 613)
8 OZAE98 0.60-0.70 - 980 + 30 852 (924 - 771) 680 (712 - 639)
9 Wk-52213 0.75 - 882 +21 745 (793 - 683) 703 (751 - 680)
10 Wk-52214 1.05 - 960 + 19 852 (907 - 768) 780 (814 - 745)
11 2Wk-50298 1.20-1.30 - 1017 £ 26 857 (930 - 798) 820 (855 - 791)
12 OZAE99 1.70 - 955 + 30 834 (917 - 740) 895 (928 - 864)
13 Wk-50299 1.95 - 1023 +24 859 (955 - 800) 945 (981 - 908)
14 0ZAF01 2.25 - 1080 + 25 944 (1047 - 908) 1031 (1082 - 957)
15 Wk-50300 235-241 - 1166 + 24 1013 (1062 - 960) 1060 (1169 - 1002)
- 3Usu-3021 *5.10 2.14 £ 0.27 - - 2373 (2679 - 2109)
5 ka Dune
- Surface 0 - - -69% -69 (-66 - -72)
16 OZAE83 0.2-03 - 270 £ 25 285 (322 - -4) 354 (456 - 184)
17 OZAE84 0.3-04 - 1350+ 25 1225 (1285 -1177) 1203 (1282 - 1085)
18 OZAES85 0.4-0.5 - 1815+ 25 1662 (1747 - 1590) 1425 (1661 - 1282)
19 OZAE86 0.5-0.6 - 1535+ 20 1367 (1411 - 1314) 1502 (1811 - 1361)
20 Wk-50296 0.7-0.8 - 2397 + 26 2381 (2671 -2179) 2056 (2211 -1732)
21 OZAE87 1.0 - 2290 £ 25 2225 (2341 - 2143) 2253 (2343 -2148)
22 OZAES88 1.20 - 2410 £ 25 2401 (2684 - 2332) 2406 (2489 - 2336)
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23 OZAES89 1.30-1.40 - 2585+ 25 2626 (2753 - 2493) 2523 (2605 - 2410)
24 OZAE90 1.65 - 2665 + 25 2752 (2845 - 2718) 2717 (2767 - 2570)
25 0OZAE92 1.75-2.00 - 2695 £ 25 2769 (2849 - 2737) 2783 (2854 - 2741)
26 OZAE91 1.90 - 2795 + 25 2848 (2946 - 2772) 2796 (2868 - 2760)
27 OZAE93 2.10 - 2630+ 30 2734 (2777 - 2516) 2858 (2979 - 2805)
28 Wk-50297 2.25 - 2624 + 25 2733 (2767 - 2518) 2932 (3076 - 2840)
29 OZAE94 2.45 - 2760 £ 30 2818 (2920 - 2754) 3059 (3246 - 2922)
- lysu-2284 15.30 4.89 +0.45 - - 5716 (6328 - 5197)
10 ka Dune

- Surface 0 - - -69% -69 (-66 - -72)
30 077591 0.20-0.30 - 560 t 25 - -

31 077592 0.20-0.30 - 365+35 392 (487 - 309) 421 (493 - 308)
32 OZAE76 0.40 - 1905 + 25 1792 (1875 - 1725) 1752 (1824 - 1611)
33 OZAE77 0.50 - 1955 + 25 1858 (1928 - 1749) 1856 (1924 - 1761)
34 077594 0.50-0.60 - 1950 + 35 1852 (1985 - 1746) 1905 (1998 - 1834)
35 OZAE78 0.60-0.70 - 2275+ 25 2231 (2337 - 2140) 2174 (2271 - 2105)
36 077596 0.70-0.80 - 2160 £ 35 2087 (2298 - 2003) 2284 (2524 - 2225)
37 Wk-50293 0.85 - 3534 +24 3768 (3871 - 3652) 2823 (3699 - 2445)
38 OZAE79 0.90-1.00 - 2860 + 25 2926 (3060 - 2848) 3008 (3960 - 2849)
39 072597 1.10-1.20 - 5040+ 70 5743 (5900 - 5600) 4982 (5358 - 4285)
40 OZAES0 1.30 - 4815 + 25 5522 (5590 - 5334) 5381 (5570 - 5074)
41 Wk-50294 1.75 - 5305 £ 26 6062 (6183 - 5934) 5997 (6152 - 5922)
42 OZAES81 1.75-2.00 - 5485 + 30 6240 (6308 - 6125) 6123 (6235 - 6011)
43 OZAES82 2.07 - 5495 + 30 6246 (6385 - 6128) 6277 (6385 - 6197)
44 Wk-50295 2.30 - 5648 t 26 6375 (6483 - 6305) 6455 (6602 - 6359)
45 072598 2.25-2.50 - 5880 £ 35 6659 (6778 - 6502) 6553 (6688 - 6442)
46 07Z599 2.90 - 5995 + 35 6788 (6895 - 6670) 7124 (7393 - 6834)
- 1ysu-2285 4.50 9.82 +0.98 - - 10,215 (11196 - 9414)

*— Indicates a modern sample, whose measured *C content was reported in percent modern carbon (pMC) instead of conventional C age.
*— Depth indicates the maximum depth of each profile and basal ages obtained from OSL ages.
§— Surface date in cal. yr BP. ! — Date from Ellerton et al. (2020), 2 date from Chapter 3, * date from Chapter 4. OSL ages were collected from dune crest and were used to represent the basal

age of each subjacent foot-slope deposit.
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5.3.4 CHAR records

Charcoal concentrations are converted into charcoal accumulation rates (CHAR) using
accumulation rates derived from the age-depth models. | find that all CHAR values ranged
from 0 to 11.6 particles cm™ yr'! and each record shows distinct peaks in CHAR that are
detected amongst sites and size classes (Figure 5.5 and Supplementary Figure A.5.4). The 0.5
ka dune has one peak at the surface whereas the 2 ka dune has a peak between ca 1.1 and
0.4 cal. ka BP. The 5 ka dune record has two peaks. The most recent occurred within the last
0.3 ka and the earlier peak at ca 3.4-2.6 cal. ka BP. The 10 ka dune has four peaks at ca 6.7-
5.3 cal. ka BP, peaks between ca 3.0-2.6 and 2.2-1.6 cal. ka BP, and the most recent started
ca 0.5 cal. ka BP. When combined into a composite master record | observe five peaks
occurring between ca <0.3, 1.1-0.4, 2.2-1.6, 3.4-2.6, and 6.7-5.3 cal. ka BP (vertical orange
bars in Figure 5.5e) regardless of including or excluding CHAR values associated with episodic
sediment transport (white line or black area, respectively). In general, CHAR peaks increase
in frequency after ca 3.4 cal. ka BP with the highest values in the last century.

Not all CHAR peaks register as visible charcoal layers in the soil profiles. Charcoal layers
(CL1-CL5) are only observed within the two youngest sites (Figure 5.3a-b). These differences
are due to the relatively coarse and contiguous sampling intervals and that not all charcoal
used for radiocarbon dating were from discrete depths. This caused charcoal layers to be
incorporated in multiple samples (Figure 5.3), including those with low charcoal

concentrations, which result in a smoothed CHAR record.
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Figure 5.5: Charcoal accumulation rates (CHAR) and the inferred timing of increased fire
activity (peaks - vertical orange areas) for the (a) 0.5 ka, (b) 2 ka, (c) 5 ka, and (d) 10 ka dune
depositional sites. Locations for all samples are marked with dots, such that white dots
indicate episodic sediment transport (sheetwash or dry ravel) associated with the first 1.5 ka
of sediment deposition, while black dots indicate slow and continuous sediment transport
(soil creep). Charcoal layers (CL) found in profile faces (Figure 5.3) are indicated by a band of
black dots and labelled (CL#). For more information on CHAR for each size class and the
locations for all CL, see Supplementary Figure A.5.4. (e) A composite master charcoal record
was derived from all four sites by dividing each record by its maximum CHAR value and then
plotting the normalised CHAR with time. The white line represents a record composed of all
CHAR values (n=77) whereas the black area represents samples that only experienced
continuous sediment transport (n=48).
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5.4 Discussion

5.4.1 Charcoal preservation within dune foot-slope deposits

Previous studies have successfully used charcoal records from paleosols in blowouts,
deflation basins, and swales to understand dune activity with respect to changes in climate
and fire regimes (e.g., Filion, 1984; Seppala, 1995; Kayhko et al., 1999; Mann et al., 2002;
Arbogast and Packman, 2004; Carcaillet et al., 2006; Matthews and Seppala, 2014). This study
represents the first attempt to systematically target dune foot-slopes (depositional wedges
in front of dune slipfaces) to reconstruct a fire record. | propose that dune foot-slopes are
appropriate targets for paleofire reconstruction. Foot-slopes at the CSM are depositional
systems that produce sequences of locally derived sediments. Most or all inorganic sediments
produced on the adjacent hillslope (dune front avalanche face) are inferred to be deposited
and preserved with little disruption or mixing. Short-term hiatuses are likely present, but field
observations demonstrate only minor physical post-depositional mixing of particles >180 um.
These are limited to the near surface through root growth and decay. The lack of physical
mixing is supported by intact and distinct soil horizons, consistent charcoal concentrations
amongst size classes, and consistent increases in age with depth. Only four age reversals are
observed in my records, and they likely record minor reworking in upbuilding soil A horizons
(Almond and Tonkin, 1999) (Figure 5.4).

Fires are common in the dune field (e.g., Mulholland et al., 2021) and charcoal is
present throughout the profile of the colluvial foot-slope deposits. As the sites are located
within a c. 2 km radius from each other, the similarity of the records is expected and indeed
necessary, if these types of sites are to be used to produce reliable fire histories. As depicted
in the 0.5 ka dune (Figure 5.3a), there is no evidence of macro-charcoal (>180 um) found
within the original dune deposit (>1.6 m depth) which suggest charcoal in these depositional
profiles must be incorporated after dune emplacement (stabilisation). In fact, my previous
studies indicated no evidence of charcoal in the primary aeolian deposits from my sampled
Holocene dunes (Ellerton et al., 2020; Kéhler et al., 2021; Chapter 4). The absence of charcoal
from primary dune sands within the CSM likely reflects the limited area for fire to initiate in
the up-wind direction (i.e., the Coral Sea) and the challenge for fire to penetrate into active

dunes due to their limited woody fuel loads (Figure 5.2b).
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My local records indicate wildfires that occurred within the CSM’s dry sclerophyll
forest impacted most dune slopes. Perhaps the best evidence for the preservation of paleofire
records are that CHAR peaks are traceable between the different profiles (Figure 5.5) and the
trends are consistent regardless of charcoal size classes (Supplementary Figure A.5.4). For
instance, the 0.5 ka, 5 ka, and 10 ka deposits identified the same ca <0.3 ka CHAR peak, the 5
ka and 10 ka foot-slope share the CHAR peak at ca 3 cal. ka BP, and all sites had fresh charcoal
deposited on their surfaces from the Freshwater Road Fire (Figure 5.3).

An important observation is that | observe minor variability between my records. Fires
can be extremely localised and confined to specific sections of the dune field due to the
direction of fire propagation or naturally occurring firebreaks (i.e., low-lying swales with high
humidity and/or barren sand patches). Indeed, this may explain the differences between my
depositional records, especially when episodic sediment transport dominates (within the first
ca 1.5 ka of sediment deposition). However, it could be the result of my sampling design,
which lacks the necessary resolution to capture all changes in charcoal production and/or
events (Figure 5.5). For instance, the 2 ka dune depicts one CHAR peak, which incorporates
four charcoal layers (CL2-CL5) from ca 1.1-0.4 cal. ka BP, which did not register at the older
sites despite being positioned windward of those sites. This is inferred to be the result of the
coarse sample size which incorporated both periods of low and high biomass burning within
the same sample, thereby obscuring potential CHAR peaks (see sample locations - dots in
Figure 5.5c-d).

Alternatively, the discrepancies could reflect variations in charcoal production or
preservation between sites. Cohen-Ofri et al. (2007) demonstrated that oxidising conditions
may degrade charcoal structure thereby lowering charcoal preservation potential, like those
found within the CSM (<5 pH). The charcoal found within my depositional foot-slopes are
large, woody, and are structurally strong (slightly hard to hard consistency). Moreover, | find
that average charcoal concentrations between the oldest and youngest sites are nearly four
times greater despite having been exposed to acidic conditions longer. Although my coarse
sampling design prohibited me from addressing this concern, | believe that chemical
degradation of charcoal into fragments smaller than my analyses (180 pm-2 mm) is minor and
thus not affecting my interpretations. Nevertheless, future studies should consider the

preservation potential of charcoal in acidic soil conditions when constructing a fire history.
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5.4.2 Sedimentation inferences from the age-depth models

In my previous work, | characterised the first phase of dune hillslope development as
occurring through episodic sediment transport (dry-ravel and sheetwash) induced by
disturbances such as fire on the steep initial dune gradients (Chapter 3). These perturbations
resulted in rapid topographic adjustments (increased foot-slope sedimentation rates). |
discovered that once dune gradients are lowered below their angle of repose (0.65 m m™ or
33°) which occurs ca 1 kyr after dune stabilisation, a second phase of gradual hillslope
evolution with steady and continuous sediment transport (soil creep processes) begins.
Indeed, my geochronological and sedimentological data in this study support these
assertions.

The age-depth models from the four deposits yield similar trends of increasing age
with depth (Figure 5.4) and indicate no substantial break in sedimentation or evidence of
erosion (truncated horizons), which support the idea that these dune positions are
consistently depositional (Chapter 3). Additionally, | find that sedimentation rates decrease
with dune age which is to be expected due to the ‘Sadler Effect’ (Sadler, 1981) which may
lead to biases in sedimentological records if not accounted for (Vachula et al., 2022). | attempt
to account for this effect by averaging the median sediment rate in 100-year intervals for each
foot-slope deposit and find that sedimentation rates decrease with age from 0.34 + 0.17,
through 0.16 + 0.13, and 0.05 + 0.05, to 0.03 = 0.02 cm yr.

When plotting my sedimentation rates for each sample interval as a function of time
since dune stabilisation, | find a distinct transition at ca 1.5 ka (Figure 5.6a). Interestingly, the
abrupt shift in sedimentation rates coincides with the presence or absence of charcoal layers
found within the excavated sections of the foot-slope deposits. For example, the ca. 1.5 ka
transition occurs at 0.35 m depth on the 2 ka Dune which is above the boundary between
charcoal preserved in distinct layers and where the charcoal is dispersed throughout (Figure

5.3b).
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Figure 5.6: (a) A log-log plot of the median sedimentation rate for all sampled intervals (dots)
from each foot-slope deposit as a function of time since dune stabilisation. Sedimentation
rates are initially high (dashed line) then abruptly decrease after ca 1.5 ka (solid line). (b) Box
and whisker plots for sedimentation rates before and after this transition. Boxes are the
interquartile range with the whiskers representing maximum and minimum values. The black
dot is the mean and the horizonal black line represents the median. | hypothesise that the
shift in sedimentation rates reflect the transition from episodic (dry-ravel and sheetwash) to
continuous sediment transport styles (soil creep) and are associated with the presence or
absence of charcoal in layers, respectively. Note that the separation between these two
sedimentation rates occur ca 1.5 ka after dune emplacement which is comparable to the
findings in Chapter 3 where | estimated ca 1 ka for this transition to occur

| find a substantial difference in the average sedimentation rate between sampled
intervals before and after the 1.5 ka transition (i.e., sections associated with either charcoal
layers or disseminated charcoal) with mean values of 0.57 + 0.13 and 0.10 + 0.07 cm yr?,
respectively (Figure 5.6b). My results support the differences in sedimentation rates are
associated with the transition from the dominance of episodic to continuous sediment
transport on the dune hillslopes (Chapter 3) (Figure 5.6). Moreover, these findings highlight
the idea that the change from presence to absence of charcoal layers reflects a geomorphic
process (the transition from dominance of episodic to continuous sediment transport).

In fact, the observed 0.1 m deposit during the Freshwater Road Fire of 2019 (Figure
5.3a and Supplementary Figure A.5.1) onto the foot-slope of the 0.5 ka dune is consistent with
the sedimentation rates during the first phase of sedimentation when charcoal layers are
present. For sclerophyll forest, such as those found on the CSM, fires are estimated to occur
at ca 20 yr intervals (Keith, 2004). Assuming the Freshwater Road Fire is representative of past

fires and that the multi-millennial fire frequency-magnitude relationship is appropriate; |

103



Chapter 5

would expect a fire to deposit ~10 cm of sediment on average within each 20 yr interval
(equivalent to a fire-induced sedimentation rate of 0.5 cm yr?). This estimate is consistent
with the sedimentation rates observed in the 0.5 ka and 2 ka deposits, and reflects the
contribution associated with episodic sediment transport. Sediment will also actively move
downslope even without the perturbation of fire through continuous soil transport processes
(e.g., granular relaxation, rain splash, and biogenic soil creep) which | estimated to be an order

of magnitude lower (Chapter 3).

5.4.3 Implications of charcoal layers in dune deposits

Rates of sedimentation and the presence or absence of charcoal layers (CL) are
intimately coupled with geomorphic and ecologic processes and must be considered when
generating fire records. In the section, | discuss whether CHAR peaks and/or CL in pit faces
represent fire-based events (Figure 5.5 and Figure 5.3, respectively) and provide plausible
mechanisms for their presence within my dune deposits.

It is not straightforward to determine if CHAR peaks or CL represent individual
wildfires. For CHAR peaks, sampling intervals could span more than one fire event and even
where sampling intervals are narrow, these intervals may reflect several centuries of
accumulation. This is particularly true for fire records that lack a strong chronological
framework (limited age constraints) and have charcoal samples with large inbuilt ages which
can make interpretations difficult. Although | am confident in my age-depth modelling due to
my large quantity of radiocarbon and OSL dates (n=50) and small inbuilt ages (ca 10 yrs,
Sample 2 in Table 1) there are always uncertainties in these analyses (e.g., Whitlock and
Larsen, 2001). Therefore, it is inappropriate to claim elevated CHAR values represent single
fire events, such as those found in sections where sedimentation rates are low (e.g., peak at
ca 2.2-1.6 cal. ka BP in Figure 5.5d). | propose that individual fire events cannot be identified
from CHAR peaks alone, but rather should be used to indicate phases of increased biomass
burning (Long et al., 1998; Remy et al., 2018).

Charcoal layers, however, are likely an event-based deposit (Mathews and Seppala,
2014) (i.e., CL1-CL5 in Figure 5.5a-b and Supplementary Figures A.5.5 and A.5.6). As discussed
earlier, layers are only formed before ca 1.5 ka after dune stabilisation, when dune hillslope

gradients are above their angle of repose and perturbations such as fires can induce episodic
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sediment transport near the dune crest. The short (<70 m) and steep (0.65 m m™ or 33°)
hillslopes promote the rapid delivery of sediments to their subjacent foot-slopes (e.g., as |
observed following the Freshwater Road Fire, Supplementary Figure A.5.1). These
observations indicate that long-term storage of charcoal on hillslopes during this phase is
unlikely; therefore, | propose that CL in pit faces are associated with individual fire events.

An important caveat is that not all fires on over steepened slopes induce episodic
sediment transport and those that do, do not induce sediment transport evenly across the
landscape. To initiate dry-ravel and sheetwash (similar to a sand avalanche), soil cohesion
needs to be decreased (Reid and Dunne, 1996; Roering and Gerber, 2005). This can occur by
either the removal of organic matter, reduction of water content and roots, or by the
production of hydrophobic surface soils (Bridge and Ross, 1983; Doerr et al., 2000; Shakesby
and Doerr, 2006). These disturbances to the hillslope are dependent on the severity of the
fire and are unlikely to be consistent between events (DeBano, 1981). This was demonstrated
during the Freshwater Road Fire where episodic sediment transport styles were not observed
evenly across all slipfaces near or at the angle of repose. It is reasonable to assume that only
the largest and hottest fires are likely to be represented as woody charcoal layers across
multiple sampling locations, whereas layers that occur at only one sample site are likely to
reflect local fire conditions.

From my dune foot-slope sites, | find that there is a clear geomorphic and ecologic
record preserved within the stratigraphy. | observe three stratigraphic deposits within my
sites: 1) sand lacking charcoal; 2) sand with charcoal in layers; and 3) sand with dispersed
charcoal. | hypothesise that these records directly relate to the vegetation structure,
composition and the dominant active sediment transport style (Figure 5.7). While dunes are
active or stabilising, woody charcoal producing fire is rare. In this phase, sand is exposed with
only minor patches of vegetation that are composed of grasses and small shrubs (Levin, 2011).
The ability of fire to spread is limited and the lack of woody biomass hinders the production
of charcoal, specifically in those larger size classes | utilised in this study. Consequently, the
sediment delivered from dune crest to the foot-slopes through slipface avalanching and

granular flows is barren of macro-charcoal (Figure 5.7a).
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Figure 5.7: Conceptual diagram of progressive vegetation succession, fire activity, charcoal
production and stratigraphic deposit for an (a) active dune with steep gradients, (b) recently
emplaced (stabilised) dune with steep gradients, and (c) emplaced dune with shallow
gradients. When dunes are active, vegetation is sparse and fires are assumed to be infrequent
and unproductive — panel a. As woody vegetation such as Eucalyptus spp. or Corymbia spp.
becomes established, charcoal production increases (black dots). Charcoal can either be
deposited in the foot-slope positions as layers (black lines — panel b) or disseminated
throughout the profile (grey area —panels b and c). The presence or absence of charcoal layers
is the result of episodic sediment transport processes (e.g., dry-ravel and sheetwash) and
elevated charcoal production on dune gradients that are above the sand’s angle of repose —
panel b. The absence of layers but the presence of disseminated charcoal implies slow and
continuous sediment transport (i.e., granular relaxation and biogenic soil creep) — panel c.

Once the dunes are stabilised, dry sclerophyll forest begins to develop through

vegetation succession (Walker et al., 1981), hence fire becomes more prevalent and woody
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charcoal production increases. | estimate this succession in the CSM to occur ca. 0.3 ka after
dune stabilisation due to the presence of ~1 m diameter Pink Bloodwood (Corymbia
intermedia) found on the 0.5 ka Dune upslope positions that are estimated to be ca 175-350
years old (Ngugi et al., 2020) (Supplementary Figure A.5.1a). Charcoal produced on the slopes
is rapidly transported down gradient through dry-ravel and sheetwash forming charcoal
layers (Figure 5.7b). However, episodic sediment transport only occurs while the gradients
are above the angle of repose of the dry unconsolidated dune sands. Once gradients are
lowered below this threshold, only continuous sediment processes such as granular
relaxation or soil creep prevails (Roering et al., 1999; BenDror & Goren, 2018; Chapter 3). This
transition is estimated to occur ca 1.5 ka after dune stabilisation as indicated by the significant
decrease in the sedimentation rates beginning at 0.35 m in the 2 ka Dune (Figure 5.4b and
Figure 5.6). Despite the potential for fire and charcoal production to remain high during this
phase, the absence of episodic sediment transport results in only the preservation of
disseminated charcoal, with higher and lower CHAR rates representing increasing or

decreasing biomass burning, respectively (Figure 5.7c).

5.4.4 Comparison of paleofire records to the wider region

CHAR values from CL provide useful insights on sediment transport styles and local fire
events; however, these layers should be used cautiously when developing fire records due to
their spatial variability within a small area. Therefore, to compare my findings with other local
and regional records | utilise the composite master charcoal record from CHAR values linked
to consistent sedimentation styles and rates (disseminated charcoal) (black area in Figure 5.5e
and Figure 5.8a) as these deposits should reflect general trends of biomass burning without

conflating geomorphic and ecologic processes.
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Figure 5.8: (a) Master charcoal record derived from only slow and continuous sediment
transport for all sites in this study with increases in biomass burning (vertical orange bars)
over three proposed periods of fire activity (black and white bar). My data is compared to
other (b) local (Hanson et al., 2023), (c-d) regional sites (Donders et al., 2006; Mariani et al.,
2019) as well as (e) a compilation of records from the subtropical high-pressure belt in eastern
Australia (125 sites) (Mooney et al., 2011). Locations of local and regional records are
indicated in Figure 5.1 as white stars. The fire records from the CSM sites are compatible with
those from traditional fire records within SE Queensland (i.e., peats, bogs and lakes). Note (*)
indicates the lack of data.

My composite master charcoal record three major periods of fire activity in the past
ca 7 cal. ka BP that reflect those records derived from lake and swamp deposits in the SE
Queensland dune fields and in the wider subtropical high-pressure belt of eastern Australia
(24°S — 45°S) (Figure 5.8). | observe that the earliest peak at ca 6.7-5.3 cal. ka BP corresponds
with charcoal records from Minjerribah (Figure 5.8d) and a compilation of sites across the

non-tropical east coast of Australia (Figure 5.8e). The Lake Allom record on K’gari (Figure 5.8c)
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registers elevated CHAR values at ca 7 cal. ka BP prior to a hiatus from ca 6.5-5.4 cal. ka BP
(Donders et al., 2006). In the wider region a downward trend in CHAR is observed during this
period (Mooney et al., 2011). The only exception is the ca 4.5 ka charcoal event at the
Rainbow Beach patterned fen complex (Moss, 2014; Hanson et al., 2023) where a local fire
close to the patterned fen is the likely source of the elevated CHAR (Figure 5.8b). This period
of reduced burning was followed by an upswing in fire activity with a large CHAR peak from
ca 3.4-2.6 cal. ka BP with a smaller peak in CHAR at ca 2.2-1.6 cal. ka BP that is observed in all
local and regional records. These late Holocene events are only observed in SE Queensland.
At ca 1.1-0.4 cal. ka BP there is a gradual increase in burning and CHAR peaks at the CSM, at
the Rainbow Beach patterned fen complex, and Lake Allom. Although this peak is absent from
the macro-charcoal record from Swallow Lagoon on Minjerribah (Figure 5.8b), it is present
within their micro-charcoal record (Mariani et al., 2019). All records show a marked increase
in CHAR over the last few centuries between ca 5 and 0.2 cal. ka BP. In summary, the CSM’s
dune foot-slope fire records are compatible with those from traditional fire records found

within SE Queensland.

5.4.5 Causes of the high CHAR periods

As noted in Figure 5.8, the charcoal records in the SE Queensland dune fields can be
divided into three major periods. Period 1, prior to ca 5.3 cal. ka BP shows elevated charcoal
indicating increased local burning, while Period 2 has little evidence of fires between ca 5.3
ka and 3.4 cal. ka BP. This matches records obtained from K’gari and Minjerribah (Donders et
al., 2006; Atahan et al., 2015; Schreuder et al., 2019; Mariani et al., 2019), and across the
subtropical high-pressure belt (Mooney et al., 2011; Williams et al., 2015). The disruption in
biomass burning coincides with increases in total rainfall with lower relative variability
associated with less frequent El Nifio events during Period 2 (Figure 5.9 b-d) (Barr et al., 2019).
An alternative explanation for the transition may be the result of the termination of the post-
glacial transgression (Lewis et al., 2008). Prior to ca 5.5 cal. ka BP the coastline would have
extended significantly seaward from its modern position, which would result in more dune
field (land) being seaward of all foot-slope deposits and increasing the likelihood of fire
reaching the sample sites. These hypotheses are not mutually exclusive and indeed likely are

the result of both scenarios.
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Figure 5.9: (a) Master charcoal record derived from only slow and continuous sediment
transport for all sites in this study (black area). | compare my results to the (b) Swallow Lagoon
precipitation record (Barr et al., 2019), the (c) El Junco Lake in the Galdpagos Islands and the
(d) Lake Laguna Pallcacocha in southern Ecuador records of past El Nifio event frequency (Moy
et al., 2002; Conroy et al., 2008). Lastly, | compare the (e) probability density function for the
timing of dune emplacement at the CSM (Chapter 4).

Period 3 shows that fire frequency has gradually increased over the last ca 3.4 cal. ka
BP (Figure 5.8). This increase in CHAR is observed within many SE Queensland records. K’gari
records indicate that after ca 4 cal. ka BP fire activity progressively increased (e.g., Donders
etal., 2006; Atahan et al., 2015; Schreuder et al., 2019). The elevated fire activity was ascribed

to increased occupation and amplified indigenous burning practices (Schreuder et al., 2019);
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however, this is difficult to evaluate due to the limited archaeological data available.
Alternatively, the increased fire activity is hypothesised to relate to changes in the
hydrological cycle primarily through the intensification of the El Nifilo—Southern Oscillation
(ENSO) (Shulmeister and Lees, 1995; Moy et al., 2002; Donders et al., 2006; Conroy et al.,
2008; Barr et al., 2019) with minor shifts in vegetation type (Donders et al., 2007; Mariani et
al., 2019). Again, it is likely that both intensification of human usage and ENSO affected the
fire records but may also reflect an artifact of increase sampling frequency in these sediment
sections.

At the end of Period 3, there is an increase in biomass burning which is widely
observed in records across Australia and the world (e.g., Kershaw et al., 2002; Power et al.,
2008; Mooney et al., 2011; Williams et al., 2015). This elevated biomass burning in Australia
is inferred to be a direct result of climate change (Power et al., 2008; Mooney et al., 2011)
exacerbated by European fire suppression (Mariani et al., 2022; Hanson et al., 2022).

Climate variability drives vegetation communities and thereby available fuel load and
fire frequency in the dry sclerophyll forest of subtropical Australia (Mariani et al., 2019). In
years with higher water availability, fuel loads increase but fires are suppressed by the
moisture content. Whereas dry years enable fires to occur, but the reduced fuel loads make
them less intense and frequent. In both scenarios, stable wet or dry climates result in
relatively reduced fire risk. In contrast, when interannual climate varies strongly, such as the
SE Queensland dune fields have experienced in the late Holocene (Barr et al., 2019), fuel loads
are able to build up in wet years and cure in the subsequent dry ones resulting in increased

fire activity and intensity (Bradstock, 2010).

5.4.6 Geomorphic and ecologic controls on dune paleofire records

Biomass burning can be primarily ascribed to climate mediated vegetation changes;
however, it is important to consider how geomorphic processes may influence vegetation,
fire activity, and charcoal deposition (Figure 5.7). Across the SE Queensland dune field, CHAR
records closely reflect progressive vegetation succession associated with phases of dune
activation and emplacement (stabilisation) (Figure 5.9 and Supplementary Figure A.5.9). |
observe that CHAR peaks are inversely related to the timing of major phases of dune

emplacement and likely reflects the inability of fire to penetrate through active dune fields.
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The presence of charcoal in the dune foot-slope deposits are partially controlled by the local
composition of vegetation in the windward direction (SE) on the dune hillslopes (Figure 5.7).
The first evidence of charcoal occurs directly after the first phases of dune activation 8.5+ 1.0
ka during the post-glacial transgression (Ellerton et al, 2020; Chapter 4) (Figure 5.9 and
Supplementary Figure A.5.9). As sea-level rose, dunes were active off the coast and migrated
inland (vegetation free landscape) for years to centuries before stabilising (e.g., Houser et al.,
2015; Levin, 2011; Levin et al., 2017). While the dunes are active, they act as a natural fire
break which hinders the encroachment of fire spreading from the windward direction (Figure
5.7a). Not until the emergence of woody vegetation such as Eucalyptus spp. or Corymbia spp.
do woody charcoal bearing fires occur (Figure 5.7b-c). These findings matched those found in
the Nebraska Sand Hills in the USA where fire frequency and pollen abundance were inversely
related to aeolian activity (Schmieder et al., 2013).

An important caution is that dune activation does not influence fire records equally.
Although, dune activation will result in some form of disruption to the vegetation, only the
largest dunes will make a significant impact to the charcoal records. For example, only large
active dunes that extend several kilometers inland would pose a substantial barrier for fires.
Once vegetated with grasses and shrubs, these dunes become highly flammable ignition
sources. These same processes will occur on small dunes but to a lesser extent and under

localised conditions.

5.4.7 Recommendations and future applications

Wildfires are prevalent across the world, but fire histories are limited to where
wetland sediment records are relatively abundant (Figure 5.10). My study identifies dune
foot-slope deposits as a previously unrecognised record that can help explain past fire
regimes and/or provide evidence for how ecosystems, such as those found in Australia, are
adapted or not adapted to fire (Figure 5.10). Although, this study is based on large, coastal
dunes in SE Queensland | believe these outcomes are not unique to this area. Other similar
high-quality records should be present in smaller and older dunes across the world, and |
encourage further exploration and methodological development in these archives. A clear
path of future research would be to target under-represented regions such as drylands where

fire records are sparse. | highlight Mediterranean regions, California and the southwestern
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USA, northern and southern Africa, and central China as likely high value targets for this work
(Figure 5.10a). Below | provide suggestions on selecting sites and sampling strategies in future

studies.
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Figure 5.10: (a) World dryland distribution (orange areas) (Sorensen, 2007) and published
paleofire records (white dots) from the Global Paleofire Database (Harrison et al., 2022). (b)
Close-up view of Australia and the general locations of coastal (yellow) and continental
(orange) dunes (Lees et al., 2006; Hesse, 2016). Note the abundant land area in Australia and
the world that is both covered in drylands and lack fire histories. Dune depositional deposits
present an opportunity to expand fire records from wetland areas into dryland regions which
to this point have been underrepresented in paleofire studies

As developed in this study, a network of depositional sites to construct a fire record is

encouraged but not necessary. A singular site of significant antiquity coupled with a higher
resolution sampling design can provide useful and continuous local fire records. However, |
suggest targeting multiple older, Pleistocene aged dunes that cover similar time periods. This
will increase record length, improve comparison between sites, and reduce biases created by
over sampling younger depth intervals. Moreover, it is critical to avoid dunes that have

experienced recent reactivations, as their foot-slopes are prone to hiatuses and large shifts in
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sediment rates. These datasets are necessary if we are attempting to understand broad scale
shifts in fire regimes over glacial-interglacial cycles.

The largest improvement to this study is to undertake a higher resolution, consistent
sampling regime, like those used on lake sediment cores (e.g., 1 cm samples collected every
2 or 5 cm). This would ensure that CHAR peaks are not obscured, *4C dates are collected at
discrete depths, and age-depth models are representative of each site. Furthermore, it is
important to select samples for fire reconstruction from intervals with consistent
sedimentation rates and styles to decrease the risk of conflating geomorphic and ecologic
processes. As my work highlights, the first ca 1.5 ka of sediment deposition is dynamic and
fire records may reflect extremely localised and stochastic signals (i.e., CL2-5 in Figure 5.5b).
After this point, sedimentation rates are reduced, and the dominant signal is inferred to
represent more regional trends in biomass burning. Determining the timing of this transition
is critical, as this shift from episodic to continuous sediment transport is unique to each site
and relates to the physical properties of the dune sands (Chapter 4). However, the transition
can be easily recognised from the change-over from charcoal layers to dispersed charcoal.
While charcoal layers (CL) do not record regional trends in fire activity, they should not be
discounted or ignored. Their presence in deposits elucidate processes, relative rates, and
indicates local fire events. Moreover, this simple identification of CL in deposits can rapidly

aid in site selection, without the immediate need for 'C dating and age-depth modelling.

5.5 Conclusions

The largest spatial gaps in fire records come from semi-arid and arid regions, which
lack the aquatic records favourable for preserving charcoal (Leys et al., 2018; Harrison et al.,
2022). However, in these regions’ dunes are abundant (Thomas and Wiggs, 2008) and may
provide a useful target for paleofire reconstruction. In this study, | demonstrate the potential
of dune foot-slope deposits as an archive of multi-millennial fire records. | establish that the
sclerophyll forest on the stabilised dunes in the Cooloola Sand Mass (CSM), Australia have
burnt repeatedly and produced abundant charcoal over a ca 7 ka period.

The large charcoal size classes (180-250 um, 250-355 um, and 355 um-2 mm) selected
to represent the presence of local fires, show consistent concentrations and accumulation

rates (CHAR) with depth from all my sites. These findings support the hypothesis that foot-

114



Patton et al., 2023

slope deposits have experienced limited post-depositional mixing and those sites contain
intact and reliable stratigraphic records of fire activity. | find that the dune depositional
stratigraphy reflects one of three distinct phases with respect to charcoal production and

preservation:

1) Absent to sparse charcoal: As dunes are active or becoming stabilised, there is

insufficient vegetation to allow fires to fully develop and penetrate.

2) Charcoal layers: Once the dunes are stabilised by the colonisation of vegetation,

charcoal production increases and episodic sediment transport dominates. This
results in the creation of charcoal layers associated with individual major fire events.

3) Dispersed charcoal: After dune slopes lower below their angle of repose and

transition to slow and continuous sediment transport (at ca 1.5 ka), charcoal
continues to be deposited but is dispersed through the profile. During these times

individual fires cannot be identified but relative biomass burning can be inferred.

| observe five CHAR peaks found within the three major periods that are traceable
between dune foot-slope records. In general, fire becomes more abundant after ca 3.4 cal. ka
BP, which is seen in other records from lakes and swamps in the SE Queensland dune fields
(i.e., K'gari’s Lake Allom, CSM'’s patterned fen complex, and Minjerribah’s Swallow Lagoon).
My findings correlate with earlier inferences that the shift in fire activity is partially due to
changes in the hydrological cycle through the ENSO intensification and its impact on fuel
loads. This increase may also reflect intensification of fire usage by the indigenous people.
However, | also propose an alternative hypothesis that the mechanism causing fire variability
is through vegetation changes in the dune field driven by dune activity itself.

The consistent trends of increasing age with depth and relatively minor uncertainty
make these depositional foot-slope positions ideal targets for paleofire reconstruction. |
propose that other dune deposits will yield comparable findings and that these records can
expand fire histories from areas where fire is a rare event (wetlands/lakes) into the parts of
the landscape where fire may be an important or the dominant ecological process.
Furthermore, this method opens many new regions for paleofire studies and can give new

insights on fire frequency and intensity in regions globally (Figure 5.10).
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Chapter 6.
Conclusion

Preface: In this chapter, | summarise the key findings and scientific contributions with respect
to my research objectives stated in Chapter 1. The outcomes of these objectives are placed in
the context of our current knowledge of the SE Queensland dune fields and offer future

research directions.
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6.1 Key findings and contributions

This thesis aimed to enhance our fundamental understanding of dune fields by
determining the complete evolution of a dune and dune morphosequence unit from its
inception (activation) to maturity (denuded topography). Below | restate my research

objectives and demonstrate how each objective was met by synthesising my main findings.

Objective 1: Produce an updated morphological map of the SE Queensland dune fields utilising
modern remote sensing techniques to classify the dunes based on hillslope process
parameters.
| present the first geographic information system (GIS)-based
morphostratigraphical maps for the SE Queensland dune fields that built upon prior
work from Ward (2006) to address Objective 1. Chapter 2 provides a semi-objective,
gualitative mapping approach based on the fundamental concept that all landforms
are relaxing with time towards their base levels. This assumption is validated in
Chapters 3- 5. Hundreds of dunes were delineated using LiDAR derived elevation data
and grouped into morphosequence units based on the cross-cutting/onlapping
relationships, topographic expression, and soil/vegetation development. My
approach was first developed on the Cooloola Sand Mass (CSM) because it was
thought to have the most complete and continuous dune record compared to the
other major dune fields and sand islands in SE Queensland. This was confirmed in
Chapter 2, Chapter 4, and in Ellerton et al. (2020). | then applied the mapping
technique to K’gari (Fraser Island), Mulgumpin (Moreton Island), and Minjerribah
(North Stradbroke lIsland) (Supplementary Figure A.2.1). My mapping work was
validated with field observations, cross-referencing dunes of known ages, and by
making a comparison with the earlier map created by Ward (2006) (Figure 2.5). The
cross-map comparison highlighted the areas that traditional mapping techniques
failed to capture, because of the complexity of the dune field (e.g., densely vegetated
areas, compound and complex dune structures, and/or dunes of similar ages).
The mapping of the dune field has proven instrumental in driving research
guestions and for identifying ideal targets for OSL-dating (Chapters 3-5; Ellerton et al.,
2020; Gontz et al., 2020; Kohler et al.,, 2021). The main findings from this work
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demonstrate that there are five Holocene (including an active unit) and four
Pleistocene morphosequence units in the SE Queensland dune fields, adding a
previously unidentified Holocene unit. | demonstrated that these units are found on
all the dune fields and despite not being continuous (connected between sites); their
morphological structure and topographic indices (i.e., mean and standard deviation of
slope and curvature) indicate they have experienced similar formation and
environmental perturbations (e.g., changes in climate and base-level). This was
supported by Kohler et al. (2021) and Chapter 4, where | demonstrated that the CSM
was connected to K'gari at Inskip Peninsula and that both dune fields have identical
Holocene emplacement ages. Although morphostratigraphical units are only a
reflection of gross morphology and may not directly relate to chronostratigraphic
units, a first-order age constraint for each dune unit was established using newly
acquired dune ages (OSL-dated and estimated) (Chapter 4; Ellerton et al., 2020; Koéhler
et al., 2021).

Objective 2: Establish whether the SE Queensland dune fields are a suitable natural laboratory

to evaluate landscape evolution.

| address Objective 2 by reviewing and utilising previously published literature
to act as the foundation of my research. The large body of work from the late 1970’s
to the early 1990’s provided the necessary information to help identify the internal
and external processes that control dune evolution. My literature review and field
observations support that the SE Queensland dune fields, specifically the Holocene
dunes with limited anthropogenic disturbances (i.e., built-up areas and mining),
provides an ideal natural laboratory and indeed a premier chronosequence to
evaluate landscape evolution (Figure 3.3). The Holocene sections are composed of
many hundreds of dunes covering an area of 670 km? (Chapter 2). These dunes were
constructed almost continuously in space and time over the Holocene with
punctuated periods of increased activity (Chapter 4). The dunes are composed of
identical sands that are homogenous (>98%) sub-rounded and well sorted, medium-

fine quartz sand from the longshore drift system. The dune fields have been
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tectonically inactive during the Quaternary and only minor eustatic/hydro-isostatic
changes have occurred after the Holocene highstand due to sea-level variability (-0.5
to 2 m). The region has experienced only minor fluctuations in climate, mostly related
to changes in ENSO, the IPO and the position of the sub-tropical high-pressure belt
(Chapter 4 and Chapter 5). Additionally, previously published pollen and
paleoenvironmental records indicate no major shifts in regional vegetation types. The
only minor changes in vegetation are due to localised disturbances such as dune
activity, fire, and/or storms (Chapter 4 and Chapter 5). My observations confirm that
the well-drained, unconsolidated dune parent material coupled with consistent
activation and emplacement mechanisms promote uniform dune landforms (Chapter
3 and Chapter 4). Dunes are initially stabilised with over-steepened lee slopes
constructed >0.65 m m™ (sand’s angle of repose) with shallow stoss slopes dictated by
the antecedent topography onto which the dune onlapped. | highlight in Chapter 3,
that the absence of fluvial incision and changes in soil cohesion with time, generates
a transport-limited system that is as close to a closed-system as you can find in nature
(Figure 3.3). In summary, the dune fields are an ideal natural laboratory because their
chronology, and their initial and boundary conditions are well constrained such that
their evolution is deterministic. This work is critical for this thesis as it facilitates the
use of interdisciplinary methods and establishing the use of sediment transport theory

in Chapter 3 and Chapter 4.

Objective 3: Assess and apply sediment transport theory to a dune system to understand its

evolution once stabilised.

To address Objective 3, | first needed to constrain the initial/boundary
conditions and establish all active transport processes (advective or diffusive) present
within the landscape. As mentioned in Objective 2 and demonstrated in Chapter 3, the
Holocene sections of the SE Queensland dune fields, specifically the CSM and K’gari,
are an ideal natural laboratory to evaluate landscape evolution. Dunes emplace with
consistent structures. The onlapping dunes produce a landscape that increases in age

moving inland from the coast. Their homogenous parent material and high infiltration
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rates restrict sediment transport to purely diffusional processes. All material eroded
on dune crests are transported downslope and deposited in the depositional positions
where it remains — an effectively closed-system. | confirm this inference in Chapter 3
and Chapter 5, by only observing diffusive hillslope processes (i.e., dry-ravel,
sheetwash, soil creep, and granular relaxation) with neglectable fluvial or aeolian
processes acting on the Holocene dunes. Aeolian advection of dust does occur but at
the scale of the dune is sedimentologically unimportant. All sediment is accounted for
in their adjacent foot-slope positions, which preserves both sediment transport style
and tempo.

In Chapter 3, | identified surface roughness (oc) as an easy and effective
topographic variable to measure and define the dune field’s evolution. As mentioned
in Chapter 2, dune units’ landscapes and topographic indices appeared to be
systematically smoothing and decreasing with time, respectively. The optimal index
was the standard deviation of curvature (C) as a measure of oc. In Chapter 3 and
Chapter 4, | endorsed the utility of oc as an ideal variable due to C’s intimate coupling
with landscape change parameters, ability to be normalised based on antecedent
topography, simplicity in its derivation, and it has been shown to be a promising metric
to characterise landscapes. | demonstrate that the oc time series derived from OSL-
dated dunes (n=15) on the CSM depicts a ‘horizontal hockey stick’ that appears to
follow (00c¢)/0t  oc. This ‘horizontal hockey stick’ pattern can be split into two distinct
phases the ‘blade’ and the ‘shaft’. The first phase (blade) is a rapid decay within the
first thousand years associated with episodic (nonlinear) sediment transport. The
second phase (shaft) involves a gradual evolution where only slow, continuous (linear)
sediment transport occurs. | find in Chapter 3 that the break in these two phases,
which | dubbed the ‘transitional zone’, occurs ca. 1 ka after emplacement due to the
internal reduction of dune gradients below their angle of repose (critical gradient —
Sc). This is confirmed in Chapter 3 and Chapter 5 from depositional foot-slope records
that depict a distinct change in stratigraphy (charcoal layers versus disseminated
charcoal) associated with changes in transport styles (dry-ravel and sheetwash to soil
creep processes) between sites. Moreover, and unsurprisingly, in Chapter 5| find that

this transition results in a significant decrease in sedimentation rates.
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| support these findings in Chapter 3 by applying 2-D linear and nonlinear
sediment transport evolutionary models to the CSM. | find that the CSM’s evolution is
explained well by nonlinear sediment transport with a fixed K value of 0.002 m? yr!
and a Sc of 0.65 m m™. Once gradients are lowered below their angle of repose, dune
evolution behaves similarly to linear sediment transport and appears to follow the
(0oc)/0t o« oc relationship such that og < oc is apparent. The application of the model
was confirmed in Chapter 3 and Chapter 4 when the measured OSL-dated dunes
followed similar age-roughness trends on the CSM and K’gari, respectively. However,
| posited that fires disproportionately affect young dunes by temporarily increasing K
values thus altering sedimentation/erosion rates. Although this is yet to be rigorously
vetted, forward numerical modelling supports these claims. The simulated
topography appears to be more closely represented by an initial K value of 0.06 m? yr-
! that switches to 0.002 m? yr? ca. 1.5 ka after dune emplacement (Chapter 3 and
Chapter 5). Nevertheless, it is clear that the application of sediment transport theory

is appropriate and advantageous for understanding dune evolution.

Objective 4: Determine the dominant geomorphic processes controlling sediment erosion,

transport, and deposition and their relative rates.

To address Objective 4, | first needed to use remote sensing to elucidate the
geomorphic processes acting on the SE Queensland dune fields (Chapter 2). The
smooth topography with convex ridges and concave hollows indicated the dominance
of diffusive sediment transport, which was confirmed from field observations (Chapter
3 and Chapter 5). | conducted a series of field campaigns in 2018-2019 throughout the
CSM where | excavated soil profiles along <70 m transects on four Holocene aged
dunes. On these transects biogenic soil creep processes were the most prevalent form
of soil transport. This includes root growth and decay, burrowing, nest construction,
and tree throw processes that are predominately confined to the top 0.5 m of soil (A
horizon) (Figure 3.7). The steepest gradients on the youngest dunes yielded similar
processes; however, dry-ravel and sheetwash processes were present after wildfires

(Supplementary Figure A.5.1). This is in contrast to active and Pleistocene aged dunes
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where advective processes are important contributors to landscape evolution,
dominated by aeolian and fluvial processes respectively. Below, | present the
mechanisms controlling dune evolution from their inception to maturity and provide
sedimentation/erosion rates associated with geomorphic processes (conceptualised
in Figure 3.4, Figure 5.7, and Figure A.4.5):

Active dunes - topographic rejuvenation: While dunes are active (dune

inception), they are dominated by wind advection and deflation that creates sand
ripples in their interior that are void of vegetation (e.g., Carlo Blowout) (Figure 3.1c
and Supplementary Figure A.3.1). This controls their movement near the lee slope
through episodic granular flows and slipface avalanching. The minimum Holocene
dune migration rate is 1.05 + 0.45 m yr'! where dunes are >3 km from the coastline.
As this rate decreases, vegetation begins to stabilise along the trailing arms and
sections furthest from the crest. As sand is entrained within the newly vegetated
patches, local topography emerges; therefore, increasing surface roughness. This
process continues until wind advection is negligible, dunes stabilise, hillslope
processes dominate and surface roughness values are at their highest (Chapter 4).

Holocene dunes — topographic relaxation: On all stabilised dunes, their

topography relaxes (smooths) with time due to hillslope processes. For dunes
emplaced during the Holocene, their topographic evolution can be explained through
two phases of diffusive sediment transport. | demonstrate in Chapter 3, that the first
phase starts immediately after dunes are emplace and is characterised by a rapid
topographic adjustment. The dune hillslopes experience episodic sediment transport
such as dry-ravel and sheetwash processes on over-steepened slipfaces built near or
above the sand’s angle of repose (gradient of 0.65 m m™ or an angle of 33°). |
hypothesis that the primary cause for this response is through disturbances like
wildfires that reduce soil cohesion (i.e., removal of organic matter, water content, and
roots) and produce hydrophobic surface soils. | find that that episodic transport is best
described through nonlinear sediment transport with a fixed K value of 0.06 m? yr*!
and a Sc of 0.65 m m* with an average sedimentation/erosion rate of 0.57 + 0.13 cm
yr'l (Chapter 3 and Chapter 5). This rate is validated by the 0.5 cm yr estimated from

the sheetwash deposit induced by the large and uncontrolled ‘Freshwater Road Fire’
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in 2019. Although episodic sediment transport results in the most apparent
topographic changes during this phase, specifically on steep slipfaces, soil creep
processes remain active. This is supported by the lack of observable episodic transport
on shallow stoss slopes through remote sensing (Chapter 2) and presence of
bioturbation and root growth and decay in slipface soil profiles (Chapter 3 and Chapter
5). For these sections in space and time, nonlinear sediment transport with a fixed K
value of 0.002 m? yr'! is the most appropriate (Chapter 3).

The second phase of dune evolution occurs within the first ca. 1.5 ka after dune
stabilisation, associated with the ‘transitional zone’ (i.e., break in the age-roughness
relationship depicted in Figure 3.6). This zone reflects an internal transition to a
reduction of slope below the sand’s angle of repose suggested in Chapter 3 and
confirmed in Chapter 5. | find that this phase is controlled by slow and continuous
sediment transport processes such as granular relaxation, biogenic soil creep, and rain
splash. Although fires are present on all dune gradients, higher erosion and
sedimentation rates associated with episodic sediment transport are absent because
degraded dunes are resistant to these type of transport styles (validated in Chapter
5). This was confirmed during the ‘Freshwater Road Fire’ where no accelerated erosion
due to episodic transport was present on dunes older than ca. 2 ka. Forward numerical
models indicates that the continuous dune evolution in this phase can be explained
with either linear or nonlinear sediment transport with a fixed K value of 0.002 m? yr-
1and a Sc of 0.65 m m™. In Chapter 5, | estimate the average sedimentation/erosion
rate to 0.10 + 0.07 cm yr, which is an order of magnitude lower than its episodic
counterpart. While in the second phase, sediment transport styles and their rates
become increasingly uniform until no relief remains (dune senescence) or a change in
base-level occurs (i.e., Pleistocene dunes) (Supplementary Figure A.4.5).

Pleistocene dunes — topographic relaxation: The Pleistocene dunes are

dominated by diffusive processes that smooth their topography with time. Similar to
the Holocene dunes in the second phase of evolution, their evolution can be explained
by linear or nonlinear sediment transport with a fixed K value of 0.002 m? yr* and a Sc
of 0.65 m m™ due to their subdued dune relief (Chapter 3). However, in contrast with

the Holocene dunes, the Pleistocene topography has been heavily dissected. This
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provides strong evidence of significant fluvial processes such as stream incision and
knickpoint erosion (Chapter 2). Active streams are sparse which suggests that fluvial
processes are not the current dominant process. In fact, the degraded, smoothed
channels indicate these processes have not been present for some time, at least

during the Holocene.

Objective 5: Investigate whether landscape evolution metrics can be calibrated to determine

dune chronology.

To address Objective 5, | utilised the concept that surface roughness (oc)
gradually smooths with time as identified in Chapter 2 and numerically explained in
Chapter 3. Dunes are initially constructed with uniform, high oc values that decrease
as a function of time and this evolution is deterministic. As long as no advective
processes are active, dune topography experiences diffusive sediment transport
processes that can be simulated using either nonlinear or linear evolutionary models
(Objectives 2-4). A single exponential function was not applied to the oc-age
relationship in Chapter 3 due to the risk of conflating episodic and continuous
sediment transport processes. However, the assumed dominance of linear sediment
transport across 98% of the landscape in Chapter 3 indicates that a singular function
is acceptable when describing this general empirical relationship.

Utilising this assumption in Chapter 4, | built a oc-age relationship using
previously published OSL-dated Holocene dune ages from the CSM. | find the oc-age
relationship is explained well with an exponential function for DEM resolutions
between 3 -20 m. | validate this finding with newly acquired OSL-dated dunes on K’gari
and Inskip Peninsula, which follow the same (0oc)/dt « oc relationship. This finding
supports the idea that these dune fields are controlled by consistent evolutionary
mechanisms and are a part of the same dune system.

Using Holocene dunes from the CSM and K’gari that were first identified in
Chapter 2 and individually remapped in Chapter 4, the emplacement ages were
estimated from oc values and the oc-age empirical relationship. This resulted in a high-

resolution Holocene chronology that includes 103 active and 726 Holocene dunes
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(Figure 4.5). My oc-age model makes it possible to observe patterns in dune systems
that have been to this point been only inferred. My chronology maps reconfirm the
onlapping nature of the dune fields with the oldest dunes located further inland that
become progressively younger moving towards the east coast. The oldest dunes tend
to be larger and less numerous across the landscape, whereas younger dunes (< 1 ka)
are smaller in size but much greater in number (~60% total dune preserved). From my
new observations, | find the main preservation of older occur immediately south of
rocky headlands due to the long-term rotation of the coastline into swash alignment.
Moreover, the new Holocene chronology validates the presence of four major
emplacement phases at ca. <0.5, 1.5, 4, and 8.5 ka. In summary, my oc-age approach
provides a systematic way to predict the age of every Holocene dune and a means to

produce a rigorous dating framework for dune fields globally.

Objective 6: Re-examine the environmental controls on dune activation and emplacement

(i.e., climate change, sea-level, etc.).

The factors controlling the SE Queensland dune fields activation and
emplacement have been strongly debated by Ward (1978; 2006), Thompson (1981),
Young et al. (1993), Lees (2006), Walker et al. (2018), and Ellerton et al. (2020). The
prevalent hypotheses for dune activation are associated with either formation during
cold, dry periods, specifically the glacial maxima, or under rising sea-levels. | address
this long-lasting debate in Chapter 4 by first producing a high-resolution Holocene
chronology (obtained in Objective 5) from the CSM and K’gari. | generate probability
density functions (PDFs) for each dune field. | discover that dune activation and
emplacement appear to be continuous along most of the coastline possibly reflecting
local storms, fires and other disturbances. There were, however, major phases of dune
building at ca. <0.5, 1.5, 4, and 8.5 ka. | compare my PDF results with local and regional
sea-level curves (Figure 4.7) and paleoclimate records (Figure 4.8). My results
demonstrate a strong correlation between dune activation and emplacement with
sea-level variability whereas there is little to no evidence for climate change at these

times. This strongly supports the Cooper-Thom model for dune activity at the CSM and
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K’gari, and consequently the SE Queensland dune fields (Cooper, 1958; Thom, 1978)
as proposed by Lees (2006).

Objective 7: Identify and examine depositional records that might prove valuable in

understanding dune field evolution.

In Chapter 3, | recognised the slopes of Holocene aged dunes are as close to a
closed-system as you can find in nature. All sediment eroded from the dune crest are
transported down gradient to their subjacent foot-slope positions. | theorised that
once deposited, (virtually) all material must be retained in the basins due to the
dominance of hillslope and the lack of fluvial and aeolian, processes; thus, creating an
ideal archive for dune field geomorphic and ecologic evolution that has been
previously undocumented. To address Objective 7, | set out in Chapter 5, to determine
if this is indeed true by evaluating sedimentation/erosion rates and fire histories in the
CSM. | chose foot-slope deposits on four closely adjacent parabolic dunes (i.e., the 0.5,
2, 5, and 10 ka dunes). Their depositional basal ages span the Holocene and have
comparable north-facing slipfaces that are <70 m in length and covered in dry
sclerophyll forest. As a result, these sites make a well-designed space-for-time study
to evaluate this objective.

Dunes that are less than ca. 1.5 cal ka BP are dominated by episodic sediment
transport induced by disturbances. This produces sedimentation rates that are an
order of magnitude higher than older dunes that are governed by slow and continuous
sediment transport (0.57 £ 0.13 cm yrtand 0.10 + 0.07 cm yr?, respectively) (Figure
5.6). | propose these shifts in transport styles coupled with charcoal production are
reflected in three types of depositional stratigraphy: 1) the absence of or limited
charcoal due to the lack of charcoal production on active dunes, 2) charcoal layers
associated with fire induce by episodic sediment transport on steep slopes, and 3)
disseminated charcoal when hillslope gradients are shallow and only continuous
sediment transport occurs (Figure 5.7). To my knowledge, this has not been previously

documented and provides useful environmental insights for dune fields.

126



Conclusion

Utilising these observations along with charcoal accumulation rates (CHAR), |
was able to construct a ca. 7 cal ka BP aggregated master charcoal record for the CSM.
Five CHAR peaks are observed at ca. <0.3, 1.1-0.4, 2.2-1.6, 3.4-2.6, and 6.7-5.3 cal. ka
BP within three major periods of enhanced fire. These findings parallel fire records
regionally and in the wider sub-tropical high-pressure belt in eastern Australia (24°S-
45°S). In general, fire becomes more abundant after ca. 3.4 cal ka BP, which has been
previously ascribed to changes in fire activity associated with ENSO and/or the
intensification of fire usage by local indigenous people. However, | observe in Chapter
5 that my fire record appears to be inversely related to dune emplacement
(stabilisation) ages. As an alternative hypothesis, | suggest that the variations in CHAR
records over the Holocene reflect shifts in vegetation due to successive phases of dune
activation and emplacement in the up-wind direction (Figure 5.9). By answering
Objective 7, | have proven the value of dune depositional positions for providing a
contiguous, multi-millennial record to understand dune field’s ecologic and

geomorphic evolution.

This thesis has expanded our knowledge of dune fields and landforms evolution by
achieving all proposed research aims and objectives. In summary, | confirm the application
and benefits of using hillslope geomorphology evolution theories to better describe and
understand dune systems. | demonstrate that dune form coupled with numerical theory, and
their depositional positions provide a valuable paleoenvironmental archives for future aeolian

research.

6.2 Future directions

This thesis highlighted an innovative approach to understanding dune fields and dune
landscapes by using a hillslope geomorphology prospective. Although key research objectives
were established to understand the complete topographic evolution of a dune field and its
dunes, there are a number of new directions for potential research. Below, | present specific

examples:
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6.2.1 Automating dune delineation

A major contribution of the thesis is the use of morphological characteristics and
topographic indices to map and determine relative ages for dune sequences. These two
findings are powerful because they reduce the subjectivity of mapping and can be classified
within ArcGIS (ESRI, Redlands, CA) or other GIS tool kits. The clear limitation with these
techniques is the necessity for all dunes to be manually delineated prior to placing them into
a morphosequence unit or determining their surface roughness (oc) value. This step is both
sometimes ambiguous and incredibly time-consuming. An obvious next step would be to
transition to a fully automated mapping approach using either using artificial intelligence to
self-delineate dunes or by calculating oc using a moving window analysis for each cell rather
than a delineated polygon. In theory, this should only require training the model with
previously identified dunes and determining the appropriate size window to calculate the oc

values. This would vastly improve model efficiency, reduce time, and limit human error.

6.2.2 Improving the application of ac-age modelling

The oc-age model developed in this thesis provides a means to generate high-
resolution chronologies in relic dune fields. The obvious next step is to apply this technique
to other systems; however, in order to apply this approach to other systems the oc-age
relationship must be recalibrated. In future research, | plan to establish oc-age relationships
across other dune fields. The SE Queensland dune fields are just one of many sets of dune
complexes along the eastern Australia coast. | plan to firstly test and establish oc-age
relationships on all dune fields to the south and north that are supplied by the same longshore
drift system. This would include Myall Lakes, New Castle Bright, and Kurnell in the south and
extended up to Shell Harbour, Shoalwater Bay, Hinchinbrook Island, Cape Flattery, Cape
Bedford, Orford Ness and Shelburne Bay to the north. Next, | would look to apply these
approaches into continental dune fields. If my hypothesis is correct and all oc-age
relationships are site specific, | will be able to identify plausible causes in the rate of
smoothing between sites (i.e., changes in K values due to climate, biology, fires, and/or
lithology). Alternatively, if all oc-age relationships are identical, recalibration for each function

would not be necessary and my model created in Chapter 4 could be used universally.
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As mentioned in Chapter 3 and Chapter 4, the oc-age model is built for systems that
are dominated by colluvial transport where landscape evolution is diffusive. Adapting this
model to include advective processes which cause an increase in surface erosion would be
highly useful as it would significantly increase the opportunities to apply the work. For
instance, the Pleistocene sections of the SE Queensland dune fields have gone through
multiple phases of sea-level rise and fall, which has caused knickpoint erosion to affect dune
evolution. Future research could adapt my surface oc-age approach to incorporate the effect
of base-level changes into the evolving oc. This will be advantageous for refining the
chronology of the Pleistocene section of the dune fields, which make up roughly two-thirds
of the total land area. It would also allow a variant of the model to be developed for other
regions where advective processes are important.

Lastly, the concept of topography smoothing with time is widely observed and should
be utilised in other systems outside of dune fields. Indeed, the original application of surface
roughness-age modelling was generated for landslide deposits. In future work, | plan to target
beach ridge complexes (e.g., the southern limit of K’gari, north of the Mary River/Sandy Strait
inlet). Similar to dunes, these systems have consistent composition, uniform topography and
their initial structures are set by the sand’s unmodified angle of repose. | can build
topographic relationships by using OSL ages and the average profile curvature (change in
slope in the downslope direction) on the beach ridge crest. This empirical relationship can be
calibrated and used to estimate every beach ridge age in a given area, thus providing a high-

resolution beach ridge chronology and local sea-level curve.

6.2.3 Quantifying and describing oc-age transport mechanisms

The observation that surface roughness (oc) records two phases of topography decay
with time has been recorded from ‘sandbox’ experiments but this is the first application in a
dune field. As | demonstrate in Chapter 4, K'gari and the CSM’s dunes develop in a similar
manner but both systems share identical critical slope angles (Sc) which relate to the same
source material. Is this similar in other systems or are the SE Queensland dune fields unique?
My expectation is that the basic model should be robust. What will be different are the rates
of change in oc as a response to local climatic, edaphic and anthropogenic conditions.

Therefore, | encourage the examination of my proposed two phases of landscape evolution
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and its relationship to transport styles, soil transport coefficients (K values) and Sc in other
dune fields.

These systems provide an ideal natural laboratory to observe and measure
geomorphic processes and model landscape evolution. This permitted the estimation of
general oc-age relationships and K values based on 2-D sediment transport models and
observed goodness of fit. Although these findings fall within previously reported K values,
they should be further assessed. In future work | plan to calculate K values from
sedimentation/erosion rates collected in Chapter 5 to assess how values change through
space and time. This would permit me to test whether episodic sediment transport is caused
by a reduction of K on hillslopes above their critical gradient (dunes with high oc). Moreover,
measured K values would refine both the linear and nonlinear sediment transport models and
directly test the inferred (0oc)/0t < oc and o « oc relationships. This could give researchers
a better idea whether a landscape or landform has greater potential to change (erode or

smooth) with time.

6.2.4 Application in developing terrestrial fire histories

| identified dune foot-slope positions as a novel and previously unrecognised
depositional record for ecologic and geomorphic processes, specifically its ability to record
fire histories. Unlike other charcoal records, dune foot-slopes are controlled by a limited set
of evolutionary processes, which reduces the complexities related to charcoal transport and
source. Most charcoal is locally produced on the dunes but still provides records of apparent
regional applicability. As | previously highlight, wildfires are prevalent across the Australian
landscape; however, fire records are limited to the SE corner of Australia where wetland
sediment records are relatively abundant. These foot-slope records would allow the
expansion of fire records into dryland and fully arid regions for past fire regimes and may
provide evidence for how ecosystems in Australia are adapted (or not adapted) to fire. In
fact, fire records are sparse in dryland regions worldwide; therefore, a clear path of future
research would be to target dune deposits to expand fire histories into under-represented
regions across the globe. | highlight Mediterranean regions, California and the southwestern

USA and southern Africa as likely high value targets for this work.
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Conclusion

Although my work focuses on Holocene records, there is no reason older deposits
cannot and should not be targeted. For instance, these records have the potential to unlock
the role climate and/or indigenous peoples had on the landscape from regions where they
are rare or absent. Deciphering these types of questions requires long-term multi-millennial
records that extend beyond the timing of first occupation (>65 ka in Australia) which could be
available with these deposits. It would be exciting to see this work extended into the
Kimberley and the dune areas along the northern Australian coast where human occupation

is likely to be the oldest.

6.3 Summary

In this thesis, | have presented a hillslope geomorphology perspective to understand
dune fields and dune landscapes. | adopt the idea that landscapes smooth with time, which
has allowed for the complete evolution of a dune from its inception to maturity to be
evaluated and measured. My work identifies two previously unrecognised
paleoenvironmental archives. The first are the dune landforms themselves. Although dunes
morphologies have been utilised as a means to identify past wind fields or environmental
conditions, evaluating the changes in their topography after deposition has not been
rigorously assessed. | find that dune fields are an ideal natural laboratory to study landscape
change. Their evolution is analogous to ‘sandbox’ experiments used to illustrate erosion and
deposition because initial and boundary conditions can be identified, and the application of
purely diffusional transport theory is appropriate. | found that a systematic change in dune
topography with time permits the calibration of surface roughness-age models and the
prediction of every Holocene dune age within my field area. As a result, spatial and temporal
patterns of dune emplacement were assessed and the Cooper-Thom model of dune field
activation with rising sea-levels was strongly supported for the Holocene SE Queensland dune
fields. The second archive discovered is depositional foot-slopes. These topographic positions
have been shown to record quasi-continuous sedimentological records that can be used to
indicate both sediment transport styles and rates. | observed that in the CSM, fires play an
important role in dune fields and their frequency can be evaluated from these locations. Both
records can be used independently or together to understand not only dune landscapes but
also qualitatively test the validity of the landscape evolution literature. This thesis highlights
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significant advantages of looking at dunes from a landscape evolution perspective and

provides new lines of research into dune field processes and evolution.
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A.2 Supplementary Material to Chapter 2

Dune morpheseguence delineation of the south east Queansland dune fields, Australia
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Figure A.2.1: High-resolution remapping of the SE Queensland dune fields.
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A.3 Supplementary Material to Chapter 3

Figure A.3.1: Photos of the Carlo Sand Blow near the township of Rainbow Beach, photos
location indicated in Figure 3.1c. (a) Photo taken near the western dune crest towards the
Tasman Sea down the dune’s stoss face. (b) Photo taken in the same location as panel a but
down the dune crest towards the over-steepened lee face and forest canopy. Note the dune
is extending inland through the tops of the open and closed Eucalyptus forest (canopy cover
of 50-80% and >80%, respectively), which are approximately 20-30 m tall, and over previously
emplaced dunes (photo credit: Patrick Adams).
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Figure A.3.2: A visualisation of the grid network depicting the 3 by 3 elevation submatrix
utilised in this study to calculate curvature at the centre node (zs) (Zevenberger and Thorne,

1987; Moore et al., 1991). Here z is elevation and L is the length between nodes used in EQ.3.5
and EQ.3.6.
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Figure A.3.3: 2-D forward numerical modelling of dated CSM dunes. (@) Measured dune age
and surface roughness (oc) (large symbols) highlighting change in its topography every 1 ka
for 10 ka for individual dunes (smaller symbols). The entire CSM evolution is described by
nonlinear sediment transport with a K value of 0.002 m? yr'* and a Sc of 0.65 m m?, utilising a
landscape evolution model from Booth et al. (2017). In reality the simulated topography
appears to be more closely related to a K value of 0.06 m? yr* for the first thousand years of
the dunes development when oc is high (above the ‘transitional zone’, oc values between
0.035-0.045 m?). Only once dune oc is lowered below this point does their evolution switch
to the K value 0.002 m? yr! (not shown here). (b) Using the general evolution derived from
the fix K value of 0.002 m? yr! and a Sc of 0.65 m m, | evaluate dune’s oc relationship with
modelled variability of erosion rate (o). | observe a shift in this relationship coinciding with
the same observed ‘transition zone’ in Figure 3.6, which | interpret as a phase when nonlinear
sediment transport behaves similar to linear sediment transport, such that oc and o become
more uniform with time and their relationship can be described through EQ.3.3, oe « oc. Note
oe and oc are autocorrelated; however, field observations support these modelled outcomes.
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Dune 14 _ #(044ka) Y
i\‘_‘_.
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Figure A.3.4: Slope map of modelled simulation for CSM dunes through nonlinear sediment
transport. Utilising a 5 m DEM and the nonlinear sediment transport model from Booth et al.
(2017) (fixed K and Sc values of 0.002 m? yr'* and 0.65 m m, respectively) | provide dune
topography, relative age, and geomorphic stage (Supplementary Tables A.3.1 and A.3.2)
highlighting the evolution of a 0.44 ka dune (Dune 4). (a) Current dune topography in its
juvenile phase with abundant steep slopes (dark browns). (b) Dune after being rapidly
decayed for 1 ka until the "transitional zone’ has been reached (oc from 0.035-0.045 m™)
depicting dune adolescence with shallower slopes (lighter browns). Once lowered below the
‘transitional zone’, dune evolution mimics linear slope dependent evolution where slow and
continuous sediment transport processes dominate such that dune (c) maturity by 6 ka, and
(d) old age is achieved by 12 ka. This is visually depicted with uniform and consistent slopes
(yellows).
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Table A.3.1: Additional dune data. Age data and supporting information used in Figure 3.1 and 3.6, and Supplementary Figures A.3.3, and A.3.4.
(*) Indicates the area of the dune at the surface. (*) Indicates the distance dune travelled, parallel to trailing arm, from the current coastline
position to its furthest inland extent.

Age *Dune Mean Standard . .
Map Age *Dune .. Hillslope  Evolutionary .
code (ka) error area (km?) length from slopfe deviation ?f oc () stage Dating method Lab ID References

(ka) coast (km) (mm?) slope (mm?)
1 0.23 0.05 0.06 0.53 0.27 0.19 0.083 Juvenile Single-aliquot USuU-2011 Ellerton et al., 2020
2 0.36 0.11 0.14 0.64 0.42 0.21 0.060 Juvenile Single-aliquot USU-2002 Ellerton et al., 2018
3 0.43 0.06 0.02 0.29 0.34 0.16 0.067 Juvenile Single-aliquot USuU-2010 Ellerton et al., 2020
4 0.44 0.10 0.54 1.80 0.34 0.20 0.046 Juvenile Single-aliquot USU-2283 Ellerton et al., 2020
5 1.94 0.28 0.15 0.87 0.28 0.12 0.034 Adolescence Single-aliquot USU-2267 Ellerton et al., 2020
6 3.53 0.38 0.14 1.24 0.30 0.11 0.025 Mature Single-aliquot USU-2012 Ellerton et al., 2020
7 3.60 0.30 0.27 1.45 0.23 0.09 0.020 Mature Single grain Sample Number2  Walker et al., 2018
8 4.20 0.40 0.53 1.47 0.23 0.13 0.025 Mature Single grain Sample Number 3 Walker et al., 2018
9 4.89 0.45 0.48 1.47 0.20 0.13 0.022 Mature Single-aliquot Usu-2284 Ellerton et al., 2020
10 6.96 0.71 0.79 2.48 0.24 0.14 0.019 Mature Single-aliquot USU-2269 Ellerton et al., 2020
11 9.80 0.80 8.19 5.28 0.13 0.11 0.016 Mature Single grain Sample Number5  Walker et al., 2018
12 8.17 0.82 0.80 2.28 0.17 0.11 0.017 Mature Single-aliquot USU-2282 Ellerton et al., 2020
13 9.74 0.90 4.34 3.92 0.14 0.12 0.015 Mature Single-aliquot USU-2748 Ellerton et al., 2020
14 9.10 0.96 0.73 2.40 0.22 0.13 0.019 Mature Single-aliquot USU-2270 Ellerton et al., 2020
15 9.82 0.98 1.86 2.57 0.16 0.12 0.016 Mature Single-aliquot USU-2285 Ellerton et al., 2020
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Table A.3.2: Defining landscapes evolutionary stages. The development of the Cooloola Sand Mass dunes are set by their physical characteristics,
soil development, and their primary and secondary transport processes (Reeve et al., 2008; Chapter 2).

Dune development

Description

Dominant transport processes

Secondary transport processes

Soil development

Inception

Juvenile

Adolescence

Mature

Old age

Dune creation. Active landform constructed with
little to no vegetation.

Newly emplaced dune with vegetation. Some
sections may contain bare sand features. Gradients
are steep, with lee facing slopes near or above 0.65
m m™ (33°). Sharp crest and trailing arms. Episodic
sediment transport the dominant transport
process.

Stabilised dune with vegetation. Gradients remain
steep with sharp crest and trailing arms. However,
all gradients are less than 0.65 m m™ (33° degrees)
and no episodic sediment transport is present.

Stabilised dune with vegetation. Diffuse hillslopes
with rounded crests. Continuous sediment
transport controls the development of the dune’s
evolution.

Lacks many of the dune original structures. Diffuse
hillslope with no episodic sediment transport.
Continuous sediment transport controls the
development of the dunes evolution.

Wind advection, granular
flows, and deflation.

Granular flows, sheetwashing,
and dry-ravelling

Soil creep, rain-splash,
bioturbation, and granular
relaxation

Soil creep, rain-splash,
bioturbation, and granular
relaxation

Soil creep, rain-splash,
bioturbation, and granular
relaxation

Dry-ravelling, granular relaxation,
and rain-splash

Dry-ravelling, granular relaxation,
bioturbation, and rain-splash

NA

NA

NA

No podsolisation

Incipient Podsol
(weak B horizon)

Podsol
(well defined B and E
horizons)

Podsol
(well defined B and E
horizons)

Well-developed Podsol
(E horizon >5 m)
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Table A.3.3: Soil characteristics from the excavated soil profile utilised in this study using standard survey methods from Schoenberger et al.
(2002).

Sample

SDil::e AgD:?Ifa) Depth Hc:S:zllc)n Gr?:lr:ns)lze Sorting Roundness Structure COI:E?S(T)"ry) Cox:??\j\llle 1) Charcoal
Interval (cm)

Dune 15 9.82 0-5 Aq 180-250 Well Sorted Sub-Rounded 1 F Sbk 10YR 6/2 10YR 4/1 Present
5-10 Ay 180-250 Well Sorted Sub-Rounded 1 F Sbk 10YR 6/1 10YR 4/1 Present

10-20 Ay 180-250 Well Sorted  Sub-Rounded 1 F Sbk 10YR 6/1 10YR 4/1 Present

20-30 A, 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 10YR 5/1 10YR 3/1 Present

30-40 A, 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 10YR 6/1 10YR 4/1 Present

40-50 Az 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 10YR 6/1 10YR 4/1 Present

50-60 AE 180-250 Well Sorted  Sub-Rounded 1 F-M Sbk 10YR 6/1 10YR 4/1 Present

60-70 AE 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 10YR 6/1 10YR 4/1 Present

70-80 E 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 7.5YR6/1 7.5YR 4/1 Present

80-90 E 180-250 Well Sorted Sub-Rounded Massive 7.5YR6/1 7.5YR5/1 Present

90-100 E 180-250 Well Sorted Sub-Rounded Massive 7.5YR7/1 7.5YR 4/1 Present

100-110 E 180-250 Well Sorted  Sub-Rounded Massive 7.5YR7/2 7.5YR5/2 Present

110-120 E 180-250 Well Sorted Sub-Rounded Massive 7.5YR6/2 7.5YR5/3 Present

120-130 E 180-250 Well Sorted  Sub-Rounded Massive 7.5YR 6/3 7.5YR 4/3 Present

130-140 BE 180-250 Well Sorted Sub-Rounded 2 M Sbk 7.5YR5/3 7.5YR 4/4 Present

140-150 BE 180-250 Well Sorted Sub-Rounded 2 M Sbk 7.5YR5/4 7.5YR 4/4 Present

150-175 BE-B 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 7.5YR 4/4 7.5YR3/4 Present

175-200 B-BC 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 7.5YR 4/4 7.5YR 3/3 Present

200-225 BC 180-250 Well Sorted  Sub-Rounded 3 M-VC Sbk 7.5YR 4/4 7.5YR 3/3 Present

225-250 BC 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 7.5YR5/4 7.5YR 4/4 Present

Dune 9 4.89 0-5 Aq 180-250 Well Sorted Sub-Rounded 1 F Sbk 10YR 6/1 10YR 4/1 Present
5-10 Ay 180-250 Well Sorted Sub-Rounded 1 F Sbk 10YR 6/1 10YR 4/1 Present

10-20 Ay 180-250 Well Sorted  Sub-Rounded 1 F-M Sbk 10YR 5/1 10YR 4/1 Present

167




Appendices

20-30 A, 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 10YR 5/1 10YR 4/1 Present
30-40 Az 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 10YR 5/1 10YR 4/1 Present
40-50 AE 180-250 Well Sorted  Sub-Rounded 1 F-M Sbk 10YR 5/1 10YR 4/1 Present
50-60 AE 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 10YR 5/1 10YR 4/1 Present
60-70 E 180-250 Well Sorted Sub-Rounded Massive 10YR 5/1 10YR 4/1 Present
70-80 E 180-250 Well Sorted  Sub-Rounded Massive 10YR 5/1 10YR 4/1 Present
80-90 E 180-250 Well Sorted Sub-Rounded Massive 7.5YR5/1 7.5YR 3/1 Present
90-100 E 180-250 Well Sorted Sub-Rounded Massive 7.5YR5/2 7.5YR3/1 Present
100-110 E 180-250 Well Sorted Sub-Rounded Massive 7.5YR5/1 7.5YR 3/1 Present
110-120 E 180-250 Well Sorted Sub-Rounded 2 M Sbk 7.5YR 4/2 7.5YR3/1 Present
120-130 E-BC 180-250 Well Sorted  Sub-Rounded 2 M Sbk 7.5YR 4/2 7.5YR 3/2 Present
130-140 BC 180-250 Well Sorted  Sub-Rounded 2 M Sbk 7.5YR 3/2 7.5YR 2.5/2 Present
140-150 BC 180-250 Well Sorted Sub-Rounded 2 M Sbk 7.5YR 4/3 7.5YR3/3 Present
150-175 BC-CB 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 7.5YR 4/3 7.5YR3/3 Present
175-200 cB 180-250 Well Sorted  Sub-Rounded 3 M-VC Sbk 7.5YR5/3 7.5YR 3/3 Present
200-225 CB 180-250 Well Sorted  Sub-Rounded 3 M-VC Sbk 7.5YR5/4 7.5YR 3/4 Present
225-250 CB 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 7.5YR5/4 7.5YR 3/4 Present
250-275 CB 180-250 Well Sorted  Sub-Rounded 3 M-VC Sbk 7.5YR 6/4 7.5YR 4/4 Present
Not used 2.14 0-5 Ay 180-250 Well Sorted  Sub-Rounded 1 Vf-F Sbk 10YR 6/2 10YR 4/2 Present
::;5:[% 5-10 Ay 180-250 Well Sorted Sub-Rounded 1 V£-F Sbk 10YR 6/1 10YR 5/1 Present
10-20 Aq 180-250 Well Sorted Sub-Rounded 1 V£-F Sbk 10YR 6/1 10YR 5/1 Present
20-30 Ay 180-250 Well Sorted Sub-Rounded 1 Vf-M Sbk 10YR 5/1 10YR 4/1 Present
30-40 Ay 180-250 Well Sorted  Sub-Rounded 1 Vf-M Sbk 7.5YR5/2 7.5YR 3/4 Present
40-50 ABy 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 7.5YR5/2 7.5YR3/4 Present
50-60 BwC 180-250 Well Sorted Sub-Rounded 2 F-M Sbk 7.5YR5/3 7.5YR 4/3 Present
60-70 BwC 180-250 Well Sorted Sub-Rounded 2 F-M Sbk 7.5YR6/3 7.5YR 4/3 Present
70-80 BwC 180-250 Well Sorted  Sub-Rounded 2 F-M Sbk 10YR 5/4 10YR 4/4 Present
80-90 BwC 180-250 Well Sorted Sub-Rounded 2 F-M Sbk 10YR 5/3 10YR 4/3 Present
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90-100 BwC 180-250 Well Sorted Sub-Rounded 2 F-M Sbk 10YR 5/4 10YR 4/4 Present
100-110 BwC 180-250 Well Sorted Sub-Rounded 2 F-M Sbk 10YR 5/3 10YR 4/3 Present
110-120 BwC 180-250 Well Sorted Sub-Rounded 2 F-M Sbk 10YR 5/3 10YR 4/3 Present- Layers
120-130 Cy 180-250 Well Sorted Sub-Rounded 2 F-Co Sbk 10YR 5/4 10YR 4/4 Present- Layers (dated)
130-140 C 180-250 Well Sorted Sub-Rounded 2 F-Co Sbk 10YR 5/3 10YR 4/3 Present
140-150 C 180-250 Well Sorted Sub-Rounded 2 F-Co Sbk 10YR 5/3 10YR 4/3 Present
150-175 Ci-C, 180-250 Well Sorted  Sub-Rounded 2 F-Co Sbk 10YR 5/3 10YR 4/3 Present
175-200 C 180-250 Well Sorted Sub-Rounded 2 F-Co Sbk 10YR 5/2 10YR 3/4 Present- Layers
200-225 C 180-250 Well Sorted Sub-Rounded 2 F-Co Sbk 10YR 5/3 10YR 4/3 Present- Layers
225-250 C, 180-250 Well Sorted Sub-Rounded 2 F-Co Sbk 10YR 5/3 10YR 4/3 Present- Layers
Dune 4 0.44 0-5 Ay 180-250 Well Sorted Sub-Rounded 1 F Sbk 10YR 7/2 10YR 4/2 Present- Layers
5-10 Ay 180-250 Well Sorted Sub-Rounded 1 F Sbk 10YR 6/2 10YR 4/2 Present- Layers
10-20 Ar-A; 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 10YR 6/2 10YR 4/2 Present- Layers
20-30 A-ABw 180-250 Well Sorted Sub-Rounded 1 F-M Sbk 10YR 5/3 10YR 4/3 Present- Layers
30-40 ABw 180-250 Well Sorted Sub-Rounded 2 F-M Sbk 10YR 5/4 10YR 4/4 Present- Layers
40-50 ABW 180-250 Well Sorted Sub-Rounded 2 M Sbk 10YR 6/4 10YR 5/4 Absent
50-60 CBw 180-250 Well Sorted  Sub-Rounded 2 M Sbk 10YR 6/4 10YR 5/4 Absent
60-70 CBw-C 180-250 Well Sorted Sub-Rounded 2 M Sbk 10YR 6/4 10YR 5/4 Absent
70-80 C 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 10YR 6/4 10YR 5/4 Absent
80-90 C 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 10YR 6/4 10YR 5/4 Absent
90-100 C 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 10YR 6/4 10YR 5/4 Absent
100-110 C 180-250 Well Sorted  Sub-Rounded 3 M-VC Sbk 10YR 6/4 10YR 5/4 Absent
110-120 C 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 10YR 6/4 10YR 5/4 Absent
120-130 C 180-250 Well Sorted  Sub-Rounded 3 M-VC Sbk 10YR 6/4 10YR 5/4 Absent
130-140 C 180-250 Well Sorted Sub-Rounded 3 M-VC Sbk 10YR 6/4 10YR 5/4 Absent
140-150 C 180-250 Well Sorted Sub-Rounded Massive-original dune 10YR 6/4 10YR 5/4 Absent
structure
150-175 C 180-250 Well Sorted Sub-Rounded Massive-original dune 10YR 6/4 10YR 5/4 Absent
structure
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Table A.3.4 Accelerated mass spectrometry (AMS) radiocarbon dating results. One sample collected from the 2.14 ka depositional soil profile
was obtained from a charcoal-rich layer. The sample was prepared using the acid—base—acid (ABA) protocol and dated at the University of

Waikato Radiocarbon Dating Laboratory. Ages were calibrated at two-sigma error using OxCal v4.3.2. (Ramsey, 2017) and the SHcal13 calibration
curve (Hogg et al., 2020).

Lab ID Depth Interval (m) Material AMS measurement results (yr BP  20) 20 calibrated date range (cal yr BP)

Wk50298 1.2-1.3 Charcoal —wood/twig 1017 + 26 800-940
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A.4 Supplementary Material to Chapter 4
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Figure A.4.1: Equivalent Dose (Dg) radial plots for the eight (n=8) OSL samples used in this
study.
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Figure A.4.2: (a) Dune frequency for active (n=103) and emplaced Holocene aged (n=726)
dunes with 0.5 ka bin intervals. (b) Box and whisker plots depicting maximum distance travel
from the modern eastern coast (not including dunes that originate on the western coast
(n=15). Horizontal bar is the median value whereas the black dot represents the average. In
general, younger dunes are more common but on average do not travel far inland. In contrast,
the oldest dunes which are less frequent are reported to travel up >10 km. Note, bin interval
varies to help account for sample size.
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Figure A.4.3: Comparison between probability density functions (PDFs) produced from OSL
(dashed line with white area) and predicted (solid black line with grey fill) dated dunes within
(a) both dune fields, (b) K’gari, and (c) the CSM.
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Figure A.4.4: Sensitivity analysis on PDF outcomes by varying original DEM resolution and bin
interval. (a) PDFs generated from all modelled dune ages (n=726) (assuming normally
distributed age estimates) using 0.05 ka bin intervals for 12 ka (240 total bins). Each line
represents a PDF from a surface roughness (oc)-age regression, derived at different DEM
resolutions (1-50 m) (Supplementary Table A.4.3). Solid black lines are all PDFs that have oc-
age relationships with a RMSE value <1.1 ka and a r? value >0.90 (3-20 m? resolution). The full
range of these PDFs are shaded in grey. The bold black line represents the PDF used in this
study (5 m). All other PDFs are represented by grey dashed lines. An important note, besides
the PDFs derived from the finest (1 and 2 m) and the coarsest resolutions (45 and 50 m), all
PDFs show remarkable consistency in peaks when compared to the known dune
emplacement events (vertical teal areas). (b) | evaluate the influence bin intervals have on
modelled PDF outcomes on identical predicted ages (derive from 5 m DEM). As bin intervals
increase (dark to light lines) the youngest peak (<0.5 ka) becomes increasingly subtle and by
a bin interval of 1 ka, is completely removed.
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Figure A.4.5: Conceptual diagram summarising changes in dune age, geomorphic processes,
and surface roughness (oc), modified from Chapter 3. (a) The Cooloola Sand Mass (CSM)
contains thousands of dunes that have remarkably uniform evolution. When dunes are active,
they have steep lee faces above or near the angle of repose (0.65 m m™ or 33°) and shallow
stoss faces that are controlled by wind advection processes which prohibit the colonisation
of vegetation when winds are high. Consequently, dunes are initially constructed with smooth
topography (low oc). As winds dissipate (either from the increase distance from the coast or
a change in wind regime), dunes begin to become stabilise by vegetation. The competition
between wind advection and vegetation stabilisation increases oc. The roughening of the
topography continues until dunes are completely stabilised (dune emplacement) and oc is at
a maximum. Emplacement marks the onset of dune relaxation where sediment transport is
only active through hillslope processes (no wind advection) which causes oc to decline
exponentially with time. Here, processes such as biogenic soil creep, rain-splash, and granular
relaxation cause the lowering of crest and filling of adjacent foot-slopes decreasing local relief
and oc. Examples of this process are observed on active and emplaced dunes and highlighted
in (b) satellite imagery and (c) gradient maps. Note the exact relationship between oc and
time for dunes stabilisation is not examined in this study but will be addressed in future
research.
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Table A.4.1: Soil descriptions of all sites containing newly acquired OSL samples used in this chapter.

Map ID: 4

Date: 13/10/2017

Dune number: 4

OSL lab number: USU-2742

Sample name: FRAS131017-13

Site description: Crest of parabolic dune.
GPS coordinates (Latitude, Longitude): -25.16°S, 153.27°E

Horizon Depth (cm)
0} -1-0
O/A 0-16
16-32
32-38
38-50
50-62
62-74
74-76
76-88
88-99
99-113
113-123

>
b S
(@)

OO0 0O0O0O0O0O0OO0

Structure

Texture

Colour

Slightly decomposed Eucalyptus leaf litter at surface

Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand

Medium sand
Medium sand
Medium sand
Medium sand
Medium sand
Medium sand
Medium sand
Medium sand
Medium sand
Medium sand
Medium sand

10YR 4/1
10YR 5/4
10YR 5/6
10YR 5/6
10YR 6/6
10YR 6/6
10YR 7/6
10YR 6/6
10YR 6/6
10YR 6/6
10YR 6/6

Boundary

Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth

Notes/special features

Fine roots throughout

Dose rate.
OSL sample.
Dose rate.

Map ID: 5

Date: 13/10/2017

Dune number: 5

OSL lab number: USU-2743

Sample name: FRAS131017-14

Site description: Crest of parabolic dune.
GPS coordinates (Latitude, Longitude): -25.19°S, 153.26°E

Horizon Depth (cm)
0} -2-0
O/A 0-17
A/C 17-33
33-42
42-57
57-72
72-85
85-99
99-116
116-124

OO0 0O0O0OO0

Structure

Texture

Colour

Slightly decomposed Eucalyptus leaf litter at surface

Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand

Medium sand
Medium sand
Medium sand
Medium sand
Medium sand
Medium sand
Medium sand
Medium sand
Medium sand

10YR 5/3
10YR 5/3
10YR 6/6
10YR 6/6
10YR 6/6
10YR 6/6
10YR 6/6
10YR 6/6
10YR 6/6

Boundary

Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth

Notes/special features

Fine roots throughout

Dose rate.
OSL sample.
Dose rate.
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Map ID: 6

Date: 10-10-17

Dune number: 6

OSL lab number: USU-2730

Sample name: FRAS-101017-1

Site description: Crest of parabolic dune.
GPS coordinates (Latitude, Longitude): -25.60°S, 153.08°E

Horizon Depth (cm)
0} -2-0
O/A 0-17
17-34
34-45
45-57
57-69
69-83
83-93
B/C 93-108
108-120
120-134
134-146
146-160
160-172
172-184
184-197
197-224
224-232

oW wWwww >

OO0OO0O0O0O0O0O0OO0

Structure

Slightly decomposed Eucalyptus leaf litter at surface

Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand

10YR 5/6; 10YR 7/4

Boundary

Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Abrupt smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth

Notes/special features

Fine roots throughout

Dose rate.
OSL sample.
Dose rate.

Map ID: 11
Date: 09/04/2019

Dune number: 11a and 11a’

OSL lab number: USU-3020 and USU-3021

Sample name: EFBR17_190-205 and EFBR17_388-407
Site description: Crest of parabolic dune.

GPS coordinates (Latitude, Longitude): -26.01°S, 153.13°E

Horizon Depth (cm)

0] -1-0
Al 0-25
Al 25-50
A2 50-55
AB 55-62
B 62-89

Structure

Slightly decomposed Eucalyptus leaf litter at surface

Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand

Texture Colour
Fine sand 10YR 4/2
Fine sand 10YR 4/2
Fine sand 10YR 5/2
Fine sand 10YR 6/3
Fine sand 10YR 5/4
Fine sand 10YR 5/4
Fine sand 10YR5/6
Medium sand

Medium sand 10YR 7/4
Medium sand 10YR 7/3
Medium sand 10YR 7/4
Medium sand 10YR 7/4
Medium sand 10YR 7/4
Medium sand 10YR 7/4
Medium sand 10YR 7/4
Medium sand 10YR 7/4
Medium sand 10YR 7/4
Texture Colour
Fine sand 10YR 5/1
Fine sand 10YR 5/1
Fine sand 10YR 5/1
Fine sand 10YR 5/1
Fine sand 10YR 5/4
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Boundary

Clear smooth
Clear smooth
Clear smooth
Abrupt smooth
Clear smooth

Notes/special features

Fine roots throughout
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B 89-102 Apedal, single grain sand Medium sand 10YR 4/4 Clear smooth

B 102-113 Apedal, single grain sand Medium sand 10YR 4/6 Clear smooth

BC 113-132 Apedal, single grain sand Medium sand 10YR 5/6 Clear smooth

BC 132-146 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth

CB 146-166 Apedal, single grain sand Medium sand 10YR 6/6 Abrupt smooth

C 166-176 Apedal, single grain sand Medium sand 10YR 7/6 Clear smooth

C 176-190 Apedal, single grain sand Medium sand 10YR 7/6 Clear smooth Dose rate.
C 190-205 Apedal, single grain sand Medium sand 10YR 7/6 Clear smooth OSL sample.
C 205-215 Apedal, single grain sand Medium sand 10YR 7/6 Clear smooth Dose rate.
C 215-232 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth

C 232-247 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth

C 247-271 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth

C 271-276 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth

C 276-292 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth

C 292-306 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth

C 306-320 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth

C 320-338 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth

C 338-349 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth

C 349-363 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth

C 363-378 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth

C 378-388 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth Dose rate.
C 388-407 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth OSL sample.
C 407-412 Apedal, single grain sand Medium sand 10YR 6/6 Clear smooth Dose rate.
Map ID: 12

Date: 24/24/2016

Dune number: 12

OSL lab number: USU-2397

Sample name: Fras-062416-14

Site description: Crest of parabolic dune along the road, migrating from the coast.

GPS coordinates (Latitude, Longitude): -25.13°S, 153.25°E

Horizon Depth (cm) Structure Texture Colour Boundary Notes/special features
E/AL 0-20 Apedal, single grain sand Fine sand 10YR 6/1 Clear smooth Fine roots throughout
E/A2 20-40 Apedal, single grain sand Fine sand 10YR 6/1 Clear smooth

E/A3 40-50 Apedal, single grain sand Fine sand 10YR 7/2 Clear smooth

E/A4 50-65 Apedal, single grain sand Fine sand 10YR 7/2 Clear smooth

E1l 65-85 Apedal, single grain sand Fine sand 10Y7/1 Clear smooth

E2 85-100 Apedal, single grain sand Fine sand 10Y 7/1 Clear smooth

E3 100-115 Apedal, single grain sand Fine sand 7.5YR 8/1 Clear smooth

E4 115-130 Apedal, single grain sand Fine sand 10YR 8/1 Clear smooth

ES 130-150 Apedal, single grain sand Fine sand 7.5YR 8/1 Clear smooth non-coherent mottles
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7.5YR 8/1; 10YR 7/4
10YR 6/4; 10YR 7/6

10YR 8/1; 10YR 5/3; 10YR 7/6
10YR 8/1; 10YR 5/3;10YR 3/2; 10YR 7/6
10YR 8/2; 10YR 5/3; 10YR 6/3

10YR 8/1; 10YR 5/3
10YR 4/3; 10YR 5/4

10YR 8/1; 10YR 5/2; 10YR 3/1; 10YR 7/6

10YR 5/4; 10YR 6/4

Abrupt smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth

Supplementary Material

non-coherent mottles
non-coherent mottles
non-coherent mottles
non-coherent mottles
non-coherent mottles
non-coherent mottles
non-coherent distinct mottles
non-coherent distinct mottles
non-coherent distinct mottles
non-coherent distinct mottles
non-coherent mottles
non-coherent mottles
non-coherent mottles

Dose rate.
OSL sample.
Dose rate.

B1 150-170 Apedal, single grain sand Medium sand

B1 170-185 Apedal, single grain sand Medium sand

B2 185-200 Apedal, single grain sand Medium sand

B2 200-210 Apedal, single grain sand Medium sand

B2 210-220 Apedal, single grain sand Medium sand

B2 220-235 Apedal, single grain sand Medium sand

B3 235-250 Apedal, single grain sand Medium sand

B3 250-265 Apedal, single grain sand Medium sand

B3 265-280 Apedal, single grain sand Medium sand 10YR 4/3
B3 280-295 Apedal, single grain sand Medium sand 10YR 4/3
B4 295-305 Apedal, single grain sand Medium sand 10YR 5/3
B4 305-320 Apedal, single grain sand Medium sand 10YR 5/3
B4 320-335 Apedal, single grain sand Medium sand 10YR 5/4
B5 335-350 Apedal, single grain sand Medium sand 10YR 5/4
B5 350-365 Apedal, single grain sand Medium sand

B5 365-380 Apedal, single grain sand Medium sand 10YR 4/4
B5 380-390 Apedal, single grain sand Medium sand 10YR 4/3
B5 390-405 Apedal, single grain sand Medium sand 10YR 5/4
B5 405-415 Apedal, single grain sand Medium sand 7.5YR 4/3
B5 415-425 Apedal, single grain sand Medium sand 7.5YR 4/3
B/C 425-440 Apedal, single grain sand Medium sand 10YR 5/4
B/C 440-450 Apedal, single grain sand Medium sand 10YR 5/4
B/C 450-470 Apedal, single grain sand Medium sand 10YR 5/4
Map ID: 17a

Date: 22/06/2016

Dune number: 17

OSL lab number: USU-2390

Sample name: Fras-062216-7

Site description: Crest of transverse sand wave.

GPS coordinates (Latitude, Longitude): -25.04°S, 153.24°E

Horizon Depth (cm) Structure Texture Colour

Oi -2-0 Slightly decomposed Eucalyptus leaf litter at surface

Ahl 0-20 Apedal, single grain sand Fine sand 10YR 4/1
Ah2 20-40 Apedal, single grain sand Fine sand 10YR 5/2
Ah3 40-60 Apedal, single grain sand Fine sand 10YR 8/2
E 60-80 Apedal, single grain sand Fine sand 10YR 8/1
Bs1 80-95 Apedal, single grain sand Fine sand 2.5Y7/6
Bs2 95-110 Apedal, single grain sand Fine sand 2.5Y6/6
Bs3 110-125 Apedal, single grain sand Medium sand 10YR 6/6
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Boundary

Clear smooth
Clear smooth
Clear smooth
Abrupt smooth
Clear smooth
Clear smooth
Clear smooth

Notes/special features
Fine roots throughout
Substantially lighter than Ah1 and Ah2

Substantially lighter than Ah1 and Ah2

50% darker non-coherent mottles, 10YR 4/4 dark
yellowish brown
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Bs4 125-135
Bs5 135-150
Bs6 150-165
Bs7 165-230
Bs8 230-245
Bs9 245-275
Bs10 275-290
Bs1l 290-315
Bs12 315-330
Bs13 330-345

Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand

Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth

5-10% non-coherent lighter and darker mottles
50% non-coherent lighter and darker mottles
Dose rate.

OSL sample.

Dose rate.

Sample site: 17b

Date: 22/06/2016

Sample number: 17

OSL lab number: USU-2389
Sample name: Fras-062216-6

Site description: Crest of transverse sand wave
GPS coordinates (Latitude, Longitude): -25.04°S, 153.25°E

Horizon Depth (cm)

Oi -2-0
Ahl 0-20
Ah2 20-40
Ah3 40-60
Bsw 60-80
Bsl 80-95
Bs2 95-110
Bs3 110-125
Bs4 125-140
Bs5 140-170
Bs6 170-190
Bs7 190-250
Bs8 250-265
Bs9 265-305
Bs10 305-315
Bs1l 315-335

Structure

Boundary

Slightly decomposed Banksia and Eucalyptus leaf litter at surface, some Xanthorrhea stems and needles

<10 % soft very friable fine

subangular blocky peds

Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand
Apedal, single grain sand

Medium sand 10YR 5/6
Fine sand 10YR 7/6
Fine sand 10YR 5/6
Fine sand 10YR 7/6
Medium sand 10YR 7/6
Medium sand 10YR 6/6
Medium sand 10YR 5/6
Medium sand 10YR 5/6
Medium sand 10YR 6/6
Medium sand 10YR 7/6
Texture Colour

Fine sand 10YR 4/1
Fine sand 10YR 4/2
Medium sand 10YR 6/2
Medium sand 10YR 6/4
Medium sand 10YR 6/6
Medium sand 10YR 7/6
Medium sand 10YR 6/6
Medium sand 10YR 7/6
Medium sand 10YR 7/6
Medium sand 10YR 7/6
Medium sand 10YR 7/6
Medium sand 10YR 8/6
Medium sand 10YR 7/6
Medium sand 10YR 7/6
Medium sand 10YR 7/6

Abrupt smooth

Abrupt smooth

Gradual smooth

Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth
Clear smooth

Notes/special features
Fine roots throughout

Some fine roots
Still enough organics for Ah3 rather than E horizon

10% friable distinct mottles, darker in colour
50% non-coherent distinct mottles, darker in colour

Dose rate.
OSL sample.
Dose rate.
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Table A.4.2: Radioelement chemistry, water content, and grain size information.

Map ID Sample ID number Lab number H':(;S(i;j)+ Gr?:lr:ns)ize (;:)t Rb (ppm)* Th (ppm)* (ppum)* (g:;::;i:)g
4 FRAS131017-13 USU-2742 3.1 180-250 0.06+0.01 2.9+0.1 3.9+0.4 0.5+0.1 0.17+0.02

5 FRAS131017-14 USU-2743 3.6 180-250 0.06+0.01 2.9+0.1 0.9+0.2 0.2+0.1 0.19+0.02

6 FRAS-101017-1 USU-2730 1.7 180-250 0.07+0.01 3.3+0.1 1.940.2 0.3+0.1 0.15+0.01
11a EFBR17_190-205 USU-3020 3.8" 180-250 0.130.01 5.3+0.2 3.1+0.3 0.4+0.1 0.15+0.02
11&’ EFBR17_388-407 USU-3021 48" 180-250 0.14+0.01 5.6+0.2 4.040.4 0.5+0.1 0.12+0.01
12 Fras-062416-14 USU-2397 4.7 180-250 0.03+0.01 1.30.1 1.0%0.2 0.2+0.1 0.12+0.01
17a Fras-062216-7 USU-2390 3.9 180-250 0.06+0.01 2.740.1 1.1+0.2 0.2+0.1 0.13+0.01
17b Fras-062216-6 USU-2389 43 180-250 0.06+0.01 3.1:0.1 1.4+0.2 0.3+0.1 0.13+0.01

T Assumed 7.0 + 2.1% for all samples as moisture content over burial history, unless otherwise noted.

*Radioelemental concentrations determined using ICP-MS and ICP-AES techniques. Dose rate is derived from concentrations by alpha, beta, and gamma conversion factors from Guérin et al.
(2011).

§ Contribution of cosmic radiation to the dose rate was calculated by using sample depth, elevation, and longitude/latitude following Prescott and Hutton (1994).

T Assumed 5.0+2.0% for all samples as moisture content over burial history.
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Table A.4.3: Relationship between surface roughness (oc) and all dated dunes (n=22) at
varying resolutions to assess optimal and available DEM resolution to utilised the oc-age
model. (t) on dune resolution size indicates best-fit based on RMSE and r? values.

Resolution . . Root Mean Square 2
(m) ac-age relationship Error (ka) r
1 Dune Age = 10.41 * EXP (-3.960 * oc) 3.16 0.18
2 Dune Age = 69.45 * EXP (-52.50 * oc) 1.36 0.84
3 Dune Age = 54.82 * EXP (-89.84 * o) 0.97 0.92
4 Dune Age = 34.97 * EXP (-97.62 * o¢) 0.88 0.93
5 Dune Age =32.12 * Exp (-108.9 * o() 0.84 0.94
6" Dune Age = 27.02 * EXP (-106.9 * o¢) 0.84 0.94
7 Dune Age =26.57 * EXP (-112.7 * o¢) 0.85 0.94
Dune Age =26.57 * EXP (-118.2 * o¢) 0.85 0.94
Dune Age =26.82 * EXP (-124.1 * o¢) 0.85 0.94
10 Dune Age =27.04 * EXP (-129.6 * o¢) 0.86 0.93
11 Dune Age =27.45 * EXP (-135.9 * o¢) 0.88 0.93
12 Dune Age =27.92 * EXP (-142.3 * o¢) 0.89 0.93
13 Dune Age =28.06 * EXP (-147.6 * o¢) 0.89 0.93
14 Dune Age =28.58 * EXP (-154.5 * o¢) 0.92 0.93
15 Dune Age =28.83 * EXP (-160.5 * o¢) 0.94 0.92
16 Dune Age =29.18 * EXP (-167.1 * a¢) 0.96 0.92
17 Dune Age =29.58 * EXP (-174.1 * o¢) 0.99 0.91
18 Dune Age =29.65 * EXP (-179.6 * oc) 1.03 0.91
19 Dune Age =30.01 * EXP (-186.8 * o¢) 1.05 0.90
20 Dune Age =30.55 * EXP (-195.2 * o¢) 1.09 0.90
25 Dune Age =32.19 * EXP (-234.5 * o¢) 1.33 0.85
30 Dune Age =33.36 * EXP (-276.8 * o¢) 1.60 0.79
35 Dune Age =33.53 * EXP (-318.9 * o¢) 1.86 0.71
40 Dune Age =32.27 * EXP (-358.1 * o¢) 2.13 0.62
45 Dune Age =30.93 * EXP (-402.6 * o¢) 2.45 0.50
50 Dune Age =25.43 * EXP (-396.9 * o¢) 2.61 0.44
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A.5 Supplementary Material to Chapter 5

%

Figure A.5.1: Evidence of increased sediment accumulation at the base of dune slipface after
fire. (a) Episodic sediment transport initiated by the ‘Freshwater Road Fire’ on the 0.5 ka dune
looking up to dune crest. (b) Close-up image of the 0.1 m deposit with camera lens for
reference. (c) Charcoal particle obtained at the deposit.
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Figure A.5.2: Site location. (a) Satellite imagery of the Cooloola Sand Mass (CSM) with areas
of interest. (b) Close-up of the Holocene dune mapped dune units from Chapter 2 and the
four dunes used in this study (white stars). Note, a slope DEM was placed above the dune
units at 70% transparency to help highlight dune the topography.
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Figure A.5.3: Images of the locations used as a cross-site comparisons in this study, see Figure
5.1b for exact locations. (@) The CSM dry sclerophyll forest near my dune foot-slope deposits,
(b) Rainbow Beach patterned fen complexes on Cooloola, (c) Swallow Lagoon on Minjerribah
(North Stradbroke Island) and (d) Lake Allom on K’gari (Fraser Island). Photo credits: (b) Kevin
Welsh, (c) John Tibby, and (d) Queensland National Parks Service.
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Figure A.5.4: Charcoal accumulation rates (CHAR) for size classes 355 um-2 mm (solid line),
250-355 um (dashed line), and 180-250 um (dotted line) for the (a) 0.5 ka, (b) 2 ka, (c) 5 ka,
and (d) 10 ka dune depositional sites. The x-axis for the panels differs so that variability in
CHAR trends with age can be observed. Charcoal layers identified in the profile face are
indicated with a band of black dots and labelled (CL) and shaded areas are the inferred timing
of increased fire activity identified in Figure 5.5. An important note is that trends are
consistent between size classes and sites.
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Figure-A.5.5: Summary figure of dat-a collected in the 0.5 ka Dune.
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Figure A.5.6: Summary figure of da'Ea collected in the 2 ka Dune.
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Figure A.5.7: Summary figure of data collected in the 5 ka Dune.
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Figure A.5.8: Summary figure of dat-a collected in the 10 ka Dune.
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Figure A.5.9: Macro-Charcoal records (black areas) and micro-charcoal records (grey areas)
from (a) the dune foot-slope deposits on the CSM, (b) Lake Allom on K’gari (Donders et al.,
2006), and (c) Swallow Lagoon on Minjerribah (Mariani et al., 2019) versus major phases of
dune emplacement (orange areas) (Chapter 2; Chapter 4). The same four Holocene dune
emplacement phases have been mapped along the coastline of the SE Queensland dune fields
(Chapter 2) and their ages have been determined through OSL dating and empirical
relationships (Chapter 4; Ellerton et al., 2020). | observe that the timing of dune emplacement

is inversely related to CHAR peaks, which may reflect the inability of fire to penetrate through
active dune fields.
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Table A.5.1: All modelled ages used in this study generated from age—depth models, see Table
5.1 and Figure 5.4. In this study, | utilise the median age for the mid-point of each sampling

interval when placing charcoal concentrations and CHAR with time.2

192

Sampled depth Modelled cal. age ranges for Mid-point Modelled cal. ages (95%
interval (cm) each sample interval (cal. yr BP)*  depth (cm) confidence interval) (cal. yr BP)
0.5 ka Dune

0-5 -69 to -55 -2.5 -63 (-69 to -50)
5-10 -55to -37 -7.5 -47 (-64 to -17)
10-20 -37t0-3 -15 -20 (-49 - 18)
20-30 -3-23 -25 11 (-4 - 49)
30-40 23-46 -35 34 (6-75)
40-50 46-68 -45 59 (17 - 102)
50-60 68-87 -55 77 (30 - 125)
60-70 87-106 -65 96 (45 - 147)
70-80 106-126 -75 116 (60 - 169)
80-90 126-146 -85 136 (76 - 189)
90-100 146-166 -95 156 (93 - 210)
100-110 166-188 -105 177 (109 - 229)
110-120 188-209 -115 198 (126 - 248)
120-130 209-231 -125 220 (143 - 266)
130-140 231-254 -135 242 (161 - 283)
140-150 254-274 -145 266 (178 - 300)

2 ka Dune

0-5 -69-3 -2.5 -40 (-67 - 13)
5-10 3-107 -7.5 47 (-38 - 173)
10-20 107-309 -15 211 (45 - 356)
20-30 309-494 -25 398 (299 - 463)
30-40 494-592 -35 575 (512 - 598)
40-50 592-619 -45 608 (555 - 633)
50-60 619-644 -55 631 (593 - 662)
60-70 644-692 -65 680 (639 - 712)
70-80 692-718 -75 703 (680 - 751)
80-90 718-745 -85 732 (698 - 774)
90-100 745-770 -95 757 (720 - 796)
100-110 770-791 -105 780 (745 - 814)
110-120 791-810 -115 801 (765 - 836)
120-130 810-828 -125 820 (791 - 855)
130-140 828-845 -135 837 (806 - 873)
140-150 845-862 -145 853 (822 - 890)
150-175 862-904 -162.5 882 (850 - 916)
175-200 904-957 -187.5 927 (894 - 964)
200-225 957-1031 -212.5 991 (937 - 1038)
225-250 1031-1117 -237.5 1058 (998 - 1163)
5 ka Dune

0-5 -69to -1 -2.5 -42 (-66 - 22)
5-10 -1-93 -7.5 39 (-43 - 185)
10-20 93-263 -15 180 (30 - 347)
20-30 263-834 -25 354 (184 - 456)
30-40 834-1308 -35 1203 (1085 - 1282)
40-50 1308-1462 -45 1425 (1282 - 1661)
50-60 1462-1627 -55 1502 (1361 - 1811)
60-70 1627-1911 -65 1765 (1521 - 2060)
70-80 1911-2104 -75 2056 (1732 - 2211)
80-90 2104-2187 -85 2148 (1875 - 2275)
90-100 2187-2253 -95 2221 (2039 - 2323)
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100-110 2253-2333 -105 2296 (2178 - 2392)
110-120 2333-2406 -115 2370 (2263 - 2461)
120-130 2406-2484 -125 2445 (2358 - 2533)
130-140 2484-2553 -135 2523 (2410 - 2605)
140-150 2553-2613 -145 2582 (2459 - 2673)
150-175 2613-2746 -162.5 2696 (2555 - 2752)
175-200 2746-2828 -187.5 2783 (2741 - 2854)
200-225 2828-2932 -212.5 2868 (2811 - 2990)
225-250 2932-3106 -237.5 3009 (2889 - 3180)
250-275 3106-3336 -262.5 3218 (3031 - 3446)
10 ka Dune

0-5 -69-15 -2.5 -36 (-66 - 52)
5-10 15-131 -7.5 60 (-36 - 265)
10-20 131-327 -15 239 (56 - 406)
20-30 327-861 -25 421 (308 - 493)
30-40 861-1752 -35 1364 (789 -1722)
40-50 1752-1856 -45 1806 (1685 - 1880)
50-60 1856-2037 -55 1905 (1834 - 1998)
60-70 2037-2235 -65 2174 (2105 - 2271)
70-80 2235-2513 -75 2284 (2225 - 2524)
80-90 2513-2911 -85 2823 (2445 - 3699)
90-100 2911-3392 -95 3008 (2849 - 3960)
100-110 3392-4472 -105 3929 (3269 - 4666)
110-120 4472-5123 -115 4982 (4285 - 5358)
120-130 5123-5381 -125 5273 (4775 - 5500)
130-140 5381-5547 -135 5480 (5158 - 5655)
140-150 5547-5677 -145 5615 (5341 - 5805)
150-175 5677-5997 -162.5 5839 (5641 - 6010)
175-200 5997-6220 -187.5 6123 (6011 - 6235)
200-225 6220-6415 -212.5 6312 (6230 - 6425)
225-250 6415-6689 -237.5 6553 (6442 - 6688)

2 Age calibration was performed using the Southern Hemisphere calibration curve (SHCal20; Hogg et al., 2020) extended to
recent time using the post-bomb atmospheric calibration curve for Southern Hemisphere zone 1-2 (Bomb22SH1-2; Hua et
al., 2022), and modelled ages were produced using rbacon (Blaauw and Christen, 2011) in R (R Core Team, 2022).

b Median ages for the minimum and maximum sampled depth interval, respectively.
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A.6 Chapters 2-4’s original publications

A.6.1 Chapters 2 — Journal of Maps
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High-resolution remapping of the coastal dune fields of south east Queensland,
Australia: a morphometric approach
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Thee sand kilands and shore-atisched dune fiekds of south east Queernland form e world’'s  Reoesend 18 ey 2079
oldet and Lingest cosmtal sand dune system. lere we present updated mophological maps  Fried & Jone 2019

for the dune baied on lopographic mpeeson ard geomonphlc eelationships,  ACoEed B iy 206
indrvidual durss weie delinsabed wevation data and wens gropped -

e morphobegueencess  based  on devation, dréinage characterstics  and  slope Parsball derees:
charapevtics of the indévidual dunes. The slope charsctensnics fooussed on high resclution Pl b il
durived dope-oarvatore and skape-slvation parsmestery were micgnhed  gramorpholagy gesterman:
freem arad relaghve position in the dure held Owr method was e Sy,
developed o the Coodooly Sand Mass and then o Fraser kland, Moreton kland and TEITNE BEFETN]

1. Introductian

The dunefselds dmﬂiﬂ:ﬂwnﬂmmprhrn[
one of the largest coastal sand dune systems in the
workd, incorporating Morth Stradbroke { Minderribah ),
Maoretan (Monrganipin), Bribée snd Fraser (K'gari)
Ilands amd the shore-affached Conloola Sand bass
[Adiot da Sika & Sholmeisder, 2006 Wand, 2004}
They imchede the world's largest sand island | Fraser
Eedand — 1820 ken”} and are sssociated with the longest
downdrift sand scoumalation svsiem in the waorld
{Figure I). The net northward longshore sand rans-
port s approximately 00,000 mfyear, with the snd
soairond froan the rivers of contral New South Wals
more tham 1000 km sowth of Frase [dand {Boyd
Buming, Goodwin, Sendstrom, & Schrider-Adams,
2008; Roy & Thom, 19811 The duie felds, especially
the Coolloola Sapnd Mass, have been the target of
mish pesearch, primarily on the sedls asd biota, The
glant podecds of Conboola ase meganded a5 some of the
thickess and most developed solls In the wordd
(Thompson, 1981, 1983} The dune felds have been
previowsly mapped by Ward (2006) who produced a
map of all the mapor dune sequences. His naps were
hasad on aerlal photographs and extensive foebd-map-
ping. More recently, the dune fields have become the
focus of remewed  peochronological (eg  Brooke,
Pietsch, Olley. Sloss, & Cox, 2015 Walker, Lees,
ey, & 'I'Impmn. 2008) and paleoenvironmental

investigations (eg Barr ef al. 2013%; Cadd & al, X018
Chang et al, 2015 Levin, 2001; Levin, fablon, Fhinn,
& Collins, 27 Moms, Tibby, Petherick, MoGowan,
& Barr, 2013 Pethersck, Molowan, & Moss, 2008),
Previous imestigations of the souh esst Queensland
dune felds have defined dune buibding phases by the
sl lanadscapes (Chen & al, 2015; Thompsan, 1981),
ke perbods of active depositbon (Tefan-Kella et al.,
1951} ansl meorpho-stratigraphic relatienships (Ward,
Zofwi}l. Here, we use geomarphic propertses along
with these previously used chasacterisiics 1o describe,
bdenify and muap the duine morphosegquences of coastal
soigth east Crueenslars]. This sthady has taken advantage
of the mproved remsely sensed imagery that i now
availabde far the entire dune fclds, most notably com

plete LIDAR coverspe which has permitted & significant
refinemend of the previous mapping,

Remaote sensing has long been an invaluable toal for
stunbying dume helds and bas provided researchers wilh
i mazans o map the global distribution ol dune felds
{McRee, 1979), stusly the inferaction between sediment
supply and wind direction (Roskin, Katra, & Blumberg,
1Y Wasson & Hypde, 1983} and quantify dune
mophodynamiks (eg Ewing & Kocurek, 2010
Hugmhalte & Barchyn, 2000 Mose recently, LEDAR
crshles dats resolutbons down to sub-metre scales
amd permits the recognition of smaller sale geo-
marphic fatures. In the case of sand dunes, & faxili-
tabes the recognithon of rpples and oiher small-scale
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Figura 1. Paned a i the kcation map of the south sast Queenslind dune fickds with the eastem Awstralian lorgshore driff system
aned mapor rivers along the coast, Satellite images of Fraser Island, Cooloola Sand Mass, Moreton Island, and Stradbroke Bland am

presented i panels b theough e

structures on dune surfaces and can be used to rack
ithetr gradual disappearance with increasing age. We
took advantage of such lealures to examing surface
rovghness patberns booakl i the individual dune map
ping at a much finer scale than was previously possible
This enabled ws 10 distinguish areas of similar geo
mnrphin.' charmcteristics within the dune beld at a
finer scale, therehy enabling us 1o distinguish ke
Hobocene units that appear kdentical on gross mor-
phology. The technigue presented in this study pro
vides the foundation for ftare work o map and
quantify phases of dune activity within stable dune
fiekds as well as investigate bow dune landscapes evodve
through time,

2. Study site

The samnd islands of south esst Queensland form an
exlensive semies of coastal sand dune helds thal inclade
M oreton lsland {Moorgumpin] snd North Stradbroke
lsland {Minjerribah) to the south and the Great
Sandy Hegion o the north which comprises of the
Conloeda Sand bSass ||1rn.|,:n1]:,' aitached o the maln-
tand) and Fraser lsdand (K'gari) {Figure 1). MNorth
Stradbroke lsland, sitwated olfshore of Brisbane at
=2745 forms the southern extent of these dune

systems while Fraser Island forms the norhern extent
at ~25.5°5, The dune hicdds are large, with the Cooloola
Sand Mass, Morcion lsland and Stradbroke Island
reaching kengths of approsimatedy 40 km and widths
of approximabely 12 km, Fraser lsland s sigmificantky
larger with a length of approximately 120 km and an
avemge wikdth of 24 km, The totad bnd area of the
dune fields is ~2350 knt™ and elevation ranges up o
285 m above sea bevel,

The entire region has a humid subtropical climate
{Kippen classification Cfa) with warm, wel summers
and mild and dry winters {Peel, Findayson., & McMa-
b, 207 Mean anmeal precipitation varkes from
= [ 3H] to = I 700 . February and March are the wet
test mvodiths, South easterly winds persist yvear round
with a more southerly component during the winter
months and north-easterly winds ooour during the
spring [BOAL, 20070

The dune felds are motable for containing the
workl’s largest area of rainforest on tall sand dunes
| Fraser Isdand) (Ceomiz ef al, X5 Wardell-lohnson
el al. 2015). Vegetatbon along the coasial exstern mar-
gin ol the dune felds comprises of coastal shrubland
and grasses that canm tolerate strong winds and salty
cornlii o, M.m'ing inland, kow open woodland Ei'l.'-l.‘:'i
wiy Lo Lall open and closed forest with notophyllows
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wine forest in the swale areas, Along the western lanks
of the dune helds, vegetation s domimied by open
shimibland and heath communities (Domders, Wagner,
& Visscher, 2006; Goniz et al., 2015 Longmore, F957;
Longmore & Heijnis, 19949),

The dune fickds are composad predeminantly of
slable parabolic durses with kocalised blowoaits amd sev-
eral small active transgressive dune sheets. The sadi-
ments of the dune fields are homogenous, well soned
and roanded slicems samls dermived (rom granites and
Miemoenic moasediments from the tabldands of eastern
Mew South Wales (Pye, 198% Roy & Thom. 1981;
Thompson, 1951). Bedrock exposures are limited 1o
small rocky outcrops that mostly make up heasdbarads
al the northern ends of the dune fiekds All of the
dune fiehd deposits have formed over successive phases
of dumne :rrlph::'m-ml thai have oocurred since al least
the middle Plastocene (Pye, 1983 Thompson, 19815
Ward, 206}, The dune emplacements have farmed a
series of olapping dune units thal increase in age -
ing away from the present coastline, Ward (2006) recog-
nised nine perieds of dune building based on soil
development and mcrphalogical characteristics, More
recently, Walker et al. (H018) identified 10 units 1 the
Coolosla Sand Mass and used single grain optically
stimulated Juminescence (081} dating 10 identify
periods of activity, They found that the oldest units at
Conlowsda date s ohout 725 ka, |:|:l1.Fr|11.i.r|! carlier work
by Tejan-Bella o al (19%90) and they also absepved
that dune enmplscement has continoed oplisodically,

Soll devddopment across the dune fiekds ranges from
weakly devdoped  podrols 10 well-devdoped  giamt
humis podzols that are primanily composed of silicesus
samids with <% hesvy mimerals, induding zircon, rutkle
and ilmenite [ Thompson, 1983), This omposition
reflects the sand ddivered 1o the coast by the longshore
drift system along the east Australian Coast, Marine-
derfved sands extend o tems of metres below modem
sea level (Ball, 1924), Mean grain size ranges between
180 amd 200pm and have high porosity al
»600 mm bh™" (Reeve, Thompson, & Fergus. 1985
Thompson & Moore, 1984). Marked increases in soil
development oocur across the dune sequences with
thick A2 and B horizonsd developed in obder dunes
bocated farther indand (Thompson, 19811 Thompson
{1981} saggested that there is litt be indication of large cli-
matic, biotic, o lithobogical shifis within the dune Gdd
as indbcated by the consistent shape of the dumes and
the lack of deviation from podzol soll-fermeng themds.

3. Materials and methods
3.1. Mapping assumpilons and workilow

Here we assume that all the south esst Queensland
codstal duine bekls ane part of the same depositional sys-
fem  and  experience 3 similar  fosmation  and
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evidutionary history (Thompson, 1983% Ward, H06),
All changes im the charcter of the morphosequences
are time dependent such that younger dunes will experi-
ence similar perturbations as okder dunes, with the
lemgth of time since emplacement controlling the overall
degree of erosbon. This results in a unique erosional and
depusitional hstory for eadh dune morphosequence. [n
addition, we propose that each dune b systematically
maving lowards a steady state after it emphcemens
that is, topography becomes increastngly uniform or
‘srmocther” with time {Bawnetti & Fl.rrpnnl.-u.. H17; Mon-
tpoamery, 2001), Based on these assumplions we use
changes in dune morphological characieristis sup-
ported by dune anclllary dharacteristics to map the
dune fields (Figure 2). The Cooloola Sand Mass was
the optimal location o establish this methiod because
it conlgins the mosid u'rrnpll.'lz dune seduerice [ Lpes,
20ksh, the most ancillary (e soll, chromnalogy) infor-
mation smd has experienced Fitle human disturbance,

3.2 Individual dune defineation

We utilise high-resolution elevation data, sabellite ima-
gery, and historical aerial photographs 1o identify indi.
vidual dime. Prncipally, we used a 5m digical
chevation madel (DEM) derived from Light Detection
and Hanging (LIDAR) and 1:5000 digital orthophoto
imagery data, Elevation datasets for all aress of interest
were obtained from the Dhgital Hewtion  Maode
(DEM) 5m Grid of Australia created by merging 234
datasets collecied between 2000 and 2015, Accuracy of
elevation data me the Australian 1C5M LIDAR Acgui-
sition Specifications with the vertical and horieontal
data having an accuracy of no worse tham #0050 m
and 2080 m (5% confidence), respectively,

Cmhophote magery was aoquined throwgh Queens-
land Globe (QGlehe), with a pixel rescletion of 025 m
and an .Irnntrd't'l..l:l m. In addition, historical aerial
photographs were obtained throsgh Cusensland Ima-
gery ((lmagery] o determine any recent anthropogenic
disturbamoes that may have altered the onginal topogra-
phy, such as mining or logging, and provide kcations
amd characteristics of provioushy visible dunes.

Where bike o no anth ic  dsurbances
oocurred m the Ramdscape, we Klentified ndividuesl
dunes through large dune morphological featares (=
10 m° ) such as crests, trailing arms, and the dip face
of the depositbonal bobes, An examiple of this process ks
provided in Figure 3. In ArcGIS 106 (| ESRL Redlands,
CA) we delineated each dune at the base of their ridges
ard crests iilising elevation and sbope rasters For all
polnis, slope was calculated uskng chamge in devation
in downhill direction which is presented here as degree
slope. Curvature was obtained by the rate of change in
:ll:lpr.. at a fived position in all directions and mLﬂti'Fv]i.nI
by — IOk f0 pemonve the egative curvature convention
{i.e, Patton, Lohse, Godsey, Crosby, & Seyfried, 20081
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Fegure 2. Schematic flow chart of the mapping and validation promedunes for dune monphosequence delineation.

1.3 Dune morphosequence delineation avd
supporting evidence

Fellewing individia] dune delineation, we cabegosised
dunes into separate morphosequences utilising cross-
cutting and geomorphke relationships. The Cooloala
Band Mass forms a classic onlapping dune sequence
wihere dune units becomse increasimgly older from the
coast (east] moving imlamad (weesth | Lee=, 2006 Walker
of gl I8, In ooaxtal dune felds, ﬂn].lpp.ing_ relation.
ships alliw us vo determdne the relative age sequence of
the dune ﬂr:]'.llum:ms as WHINPET dunﬂ Foip l.up-rri.'rn-
poscd on older units. To exemplify this, we measined
the shories! mean distance from the Furthest inland
dune crest o the coast and the mean elevations for
cach morphosequence.

Where qm-cutl:iua sunmnrphl.; n:h'l.i-rrmlupl are
nol castly determined due 1o landscape complexity,
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we mtilise small (<10 m) internal dune features o
help delinsate each morphosequence by using the
topographic expresion to ‘fingerprint’ each dune
emplacement phase. The surface characteristics of the
landscape can be defined by the relative surlface texture,
draimage patterns and landform elements present, The
topographic Amgerprint is best observed by combining
and nur:l:pul.llin; alevation, ::ll:rpt and curvaiure ras
ters. This was achieved by overlaving a 70% transpar-
cnl slope raster with a white o black (low 1o high)
gradient on an elevation raster with a continuows
brightness colour ramp (Figure 4). Similar to elevation,
wie combined o transparent slqs-: raster on o cErvatare
raster with a diverging colour ramp. Due to the normal
distributson  of curvature around planar  surfces
(OBm™'} a diverging colowr ramp wtilising quantile
Iiris, is best suited (o cmplasise changes from conver-
gent {hollows and valleys) ta divergent {ridges and
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Frgure 3. Visual sequence of dune ddineation using part of North Smadbroke lsand & an eample. Panel a shows clevation from
the DEML Panel b sharms the derved dbops map from che DEM. Panel ¢ B a0 air phobo of che same srea with dums cuthess ovedaid. It
higphiights (e aneas of hunas disturbande [mamesg). Panael d i an examiple of historical air photo that aBoss uS 10 map aneas our-

renitly disturbed and modem dunes,

noscs) topography (Flgure 41 In combdnation, both
rasters &t as visual aids o identify the onigue finger
print of each deposidonal phase,

This approach allows a siniple visual comparison
between mach individual dane, permitiing them o bhe
deineatad into seprarale :||'m:|'|:||‘1l.l-.-|.'v|.|ucm-|:' units; how
ever, some discrepancies may still ocour, Where Intermal
dumee features are limitad or dilficult o interpret due 10

deposthonal complexity, dhanges in base level or proxi-
mity bix I1|.H_|:n:'r eneTiy envirnments {swch as Tin Can
Bay, Moosa River or the Tasman Sea) (see Figure 1)
we psed the available soil I'.I'h-rﬂ:npmn, 19H3E, vegetation
{Cseenshand Herbariom) and -quu-_q(' directbnn data o
Lwnp]nrlm'l:l arid suppor] our mlerprelalns. ol -
mation helps provide a reative age sequence of ithe
dunes based on the mcreasing degree of podogenesis
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JOUSHAL OF MAFS (a) SE3

Slope-Elevation

Figure 4. This figuee demorstrabes the methadalogy used to generate the spegraphic expressions as seen in the slope-eloatin
and slope-turvature layers. In sach case o dope raster wad dupedimposed ot a 7% transpaency on the elevation and cursabane
layers 1o gemesate e lopographic expresson. These mopographic expresdens were then applied to disoiminste betwsen

P P HEEqUENCES.

wiilhy time (Chen et al., 20050 Faeld data was also ased o
confirm the onlapping relationships of cach dune mar-
phesequence (Our unpublished data).

W lave opted 1o wse the naming convention of
Ward (2] for the dume morphosequences. We
use this convention rather than the numerical con-
vemtion emphoyed by Thompson (1981) and Walker
ét al. {2D1R), as u.\iqq a namber bassd syslem can
lead v imswes il & new unit is adentified or an exiss-
ing unlt & eliminated, a5 happened in ouwr new
LA P,

3.4, Mopping validation dnd supporting
evidence

To vabdate oor approach for delincating dune field
mierphosequences, we focus on the Coploola Sand
Mass. Validation was achieved by cros referencing
each dune morphosegquence with available unpub-
lished chromological data and Walker ei al, (20UR),
This was done to confirm the age relationships of
each WFFI'ID'S-EI:II.E'HEE 1.|.':i|1.“ the w:ighled miean ol
the OSL apes. Esch morphosequence was plotied as
the explanatory variable agains mean distance from
codsd, mean clevatbion and extracted topographic imdi-
ces. The topographic indices for each dune morphe-
sequence wene  determimed  from ArcGIS  zodnal
statistics a8 the mean and standand deviation of
dope and the standard deviation of curvature. To
climimate amy discrepancies that may have abesed

the original topographic expression, portions of the
landscape such as anthropogenic disturbances (eg
roads), rock oulcrops, and free-standing waler were
identified and removed from the analyses. along
with an additional 10 m bufler.

A complementary aweament of our  fEpping
efforts involved a comparison 1o the traditional, inde-
pendently derived geommrphological map by Ward
[ B0k6). Hig study primarily used aerial imagery, sod
data and ficld ohservatiors o map the Coolools
Sand Mass and extrpolated his ndings across the
remalning south east Cueensland dune felds, We
evaluated and compared each makching moarphose-
guence between the studies. We acknowledge that
this s by mo means o true valikdation, however, oom-
parsons of cach map provide novel insight into the
twn techmbques. To achieve this, Ward's map was
digitized in the ArcGIS georeferencing tool and we
report  the percent  similarity of matching dune
modphosegquences

1.5, Mopping extrapolstion

We extrapolated ouwr approach to the adjacent dune
felds. In all dune field:, we delineated ndividoad
durses and then groaped nto the appropriate monphao-
seqquences based on the same topographic expression
and ﬁamrplu-: r:!al:hn:l'l.lp: geen ot the Coalools
Sand Mass,

199



Appendices

584 (a) KR PATTON ET AL

f m | }I;E.':I:.' ‘I' ==

==

Loms Lo Dnpeogs Caod g Domew Deogrmeeos Ol Dl [ VBLL bpmal il l\i-“"l!.'l-mll:-a—\.llq

§

Ak Dhaap

Farkas tach
AR

Slopa [%]

!m
il

Curvaiurs (m"}

: e
(L]

==xa

Figure 5. Cooloola Sand Mass monphosequences and thelr validation. Parel a is the derbved slope-cursature raster. Panel b s the
final monphosequence map of the Coodools Sand Mass. Panel ¢ is the digitsed verion of Ward's [2006] map. Mobe the strong simi-
laricy between panels b and ¢ Im 0w final map we have added an exira Holooers unit (Freshwater but eliminated a Mestocens unit
of Ward (08 fGaawongeral, Panel d diplays slope-tunatuse, siope clevation and satelise images for each of the mophose
quences. The heavy black line separating Triangle Cliff from Bowarrady marks the boundary befween the Holocene and Pletsiocens
morphesequences Note that the dune wnits becore mone diffise and less well defined with inreasing age. The units feam the

Coolopla Sand Mass weee then appled to the sand slands,

i}, Results

d. 1. Coolooly morphosegqirence delineation and
v il oy

We recognise nine dune marphossquences af the Coal-
oala Sand Mass composed of five Holocene (Modern,
{:;pe, Station Hill, Freshwater and Tri..:.ngl:' CIEE and
four Pleshixene uaniis -|I'l-||-.1.'.1rr:|d:,-'. Yankee Jack

Awinya and Cooboola) see main map (Figures 5 and
&), This study recognises an additional Holocene unif
that was not mapped by Ward (2006}, which we have
named Freshwater, We have abo removed one of
Wanl"s Pleistocene units, Garawongere, which was
nad (ound in this stody. Holocens maorphosequences
are characierised h[r' decrrases i chest ﬂurpm:n ad
surface m-uﬂ1 IWeRS,  INOreases in pqrdn:n]iﬂl'in.'n,
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Figure & On the left-hand side parels a—d disphay the Bral maps for sach of the dune fekds. Panel & Frater [iland, Panel b: The
Coolools Sand Mass, Panel © Moreton Island, Panel ot Mo Stradbrckee 1sfand, Dune fields are not to scake, Panel & containg six
geaphs showing [§) percent land asea for each unl®; () mean distance: from ooast, 08} méan elevation, {iv) mean shope; (v) standand
dieviation of shope; (W) standand diméation of cunature, The black ling repeesents the mean values Sor all dune fields. Nobe cthat in all
dhune fekds the parametens follow the same tends. Aloo note that for geomorphic charameristics there s a general progression from

yolimsgest to aldest mphasequendes,

elevation, and distance 1o coust with increasing age.
They display litthe 1o o stream incision. Meistocens
umnits exhibit similar tremds but all show eddence of
increasing  fluvial  incision and  decreasing  crest
clevation with age (Tabl: 1).

Our results are consistent with the independent
chronology of the Cooloola dune fiekd based on O5L
ages from both Walker et al, (2008} and our unpub-
lished dataset, The weighted mean and standard error
age for Cape, Station Hill, Freshwater, Triangle O,
Yankee Jack and .ﬂ.wirl:ﬂ writs are 0.4 # 004 ka, 0.8 +
0.1 ka, 4.1 2024 ka, TH+0.30 ka, 132239 |, 648+
32 ka, respectively, It should be noted here that OSL

dates the kst timse sand grabns were exposed o sanlight
arsl these ages likely reflect the fnal phase of dune
developnent rather than the time the dune was first
initiated. It is Bkely that the time of initation pre-
dates these sges. The Modern dunes are dunses that
are currently active or were visibly active in historical
imagery as shown by bare earth (lacking vegelation .
The lek of original dune morphology suggests that
the Coaloola unit has been extensively reworked, bot
is odder than the Awinyva unig (=~650 ka), The Bowar-
rady unit is recognised in our mapping bul no age con-
irod |5 available for this dune morphosequence. Based
on its morphostratigraphic position, emplicement
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occurred between the Yankee Jack and Triangle Cliff
unkts and based om bts morphology. the wnit is cheardy
Pleistocene, as suggested by Ward (2006),

We observe that $0.35% and 97.8% similaricy of our
Holocene and Memiocene mapped unils, respectivey,
when compared 10 the Holocene and Plestocene
boundaries of the original mapping by Ward {2006,
Direct comparisons of cach monphosequence ane com-
pflnladhlhdm? in the number of units but we
observe 5.3% Modern, 57.6% Cape, 21.4% Station Hill,
0% 'I'ri.:.nﬂ;l: (R 0% Bowarrady, 713% Yankee
Jack., TO.7% Awinya, and 98.2% Cooloala
between our study and Ward's (2006). The new map-
ping af the Cooloala dune fdd agress well with ihe
chronalogy of the dure systems and is largely consistent
with past mapping dfoms but provides increased resol-
uthon, cspecially in the Holocene dunie units

4.2. Mopping extrapolation

Like Ward (20061, we extrapolated our morphose-
quence units across the south east Cueensland coastal
dupe fields. When plotiing ihe topographic indices
and geomorphic characteristics against each morpho-
seaquence undl, we observe similar landscape relation-
ships between all stsdy sites {Figure 6], The Cooboala
Sard Mass contains all of the morphosequences recog-
nised at other dune fields while none of the other dune
fields contain the whole sequence. This confirms that
the Coolools Sand Mass is the most complete dune
field sequence in south east Quesnsland and feinforces
thie teed for conservation of this dase feld

5. Discussion

5.1. Geomorphic evolution-foundation of this
appraach

Char mapping is based on the fundamental concept that
all bapdfiorms are evolving lowards atopographic sieady-
state, where the balance between processes which create
tapography amd the processes that destrov it are equal
mdhnﬂm‘u‘ummﬂgﬁ\ﬂ_hm‘d}!hhﬂlhﬂ:
beved [ Wilkett, ﬂi.rl-ﬂ;cﬂa.rul.-&Hmdm L This
assumpibon can be problematic in dune ficlds as dunes
can be eaily reworked following a perturbation {Hugen-
holiz & Wolfe, 2005, Tsoar, 2005}, cspecially in coastal
envigonments (Hesp, 2002} The coastal dames of
soaith east Crseensland show eddence of lng term stab-
ility despite the deep podsolisation, extensive incision
and great antiquity of the Plestocene undts {Loes,
H006; Tegan-Kella ef al, 1990 Walker & al,, 2008}, Fol-
bowing the carliest dume bullding evemts, subsequent
phases of sctivation have pot fully overran and
revarked provious depesits due o the high elevation
and steep slopes of the antecedent topogmphy, It ks
very lkely that there have been periids of reworking



{Walker of al, 2018), however, we argue thai this has
been modfe bocal and has nol lead to tse complete
destruction of previses units. The patterns that we
abserved from our morphometric analyses al the Coal-
oola Sand Mass, indicates that these asumptions are
rexsionable and that, specally m the Holocene dune
sequences, the apprsich allows s a better discrimi-
nation of dune units than was previowsly possible
{Figure 5). Comsistent with the Coolools Sand Mass,
we observe the same topographic pattems across the
south cast Queendand dune fidds, mdicating that our
asumptions are reasorable and that all the dune felds
are part of the same depositional system (Figure 6).

The previous mapping effen by Ward (2006) success-
fully delineated dune units based on cross-qutting
relalmnships and lange-scale fmtures, This can be sem
in the simiarity of the Holooene and Mestocene bsound-
aries n both snsdies {Figure 5 pands b and ¢), Where
dune units are separated by a significant gap in ime
{eg Awinya and Yankee Jack) he was also sble o aco-
rately distinguish between the units. However, limitations
with his map occurred in areas with complex lermin,
derse vegetation oover andfor where dune units were
very smilar in age. Where these conditions occurred his
maps became ks reliable. Our approach bdps to improve
uncl update the geomarphic mapping. For exanmple, along
the moeth castern boundary of the Cooloola Sand Mass
where significant dune ondapping amd demse vepetation
ocours, Ward mapped the entire area as Cape and Sation
Hill, whereas we ware sble o individmlly delineate all
Hulocens morphosequences i this area

With respect to limitstions of this work, the main
constraints ane apound the manoal psbore of dune defi-
neation which makes the procedure quite time-con-
suming. There are specific challemges in arcas of
complex topography because the mapping requires
the operator to Klentkfy individieal dupes, In arcas of
heavy drainage dissection or complex dune inter-
a:r'l.iu-n.l.,'lhii.rrn.'!.' ik Hl“':,'hbrﬂl.l.l:liEll‘l;' ﬂq:h:ﬂdl.
on the Eamiblariyy of the operator with the dune
foemms. l‘.lnlffa.‘:w amall aress of the dune field are
affected by this phemomenon.

In order to apply this method s other systems,
high-resdution  elevation data are needed along
with an understanding of the processes dominating
the bmdscape. How changes to base level, climate
and antecedent topography  have  infloenced  the
depositional and erosional history 5 important to
understand the patierns observed. An example of
ihis is ihe role of pre-exisiing topography on dune
wnil extent. In aress where hla_h dunes are p.rr:n:n-ul.
(g The Coodoola Sand Mass) vounger dume anits
are compressed, as they need energy 1o migrate up
and over the okler systems. In contrast. in north-cen-
tral Feaser Island, early Holooone dumes propagatid
onko a lower opography and succeeded in migrating
many kilometres W the west
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&. Conclusion

Here we have presented a novd method 1o interpret and
delineate dune morphossquences acnoss the coastal
dune fields af south cast Queersland, Australia basad
on wirk from the Conloola Sand Mass, This study com-
bined traditional approadees with the camption that
landscapes are syaematically smocthing throwgh time.
We used two primary parameters o undertake this
work, lopographic expression and geomorphic relation-
ships 1o define the morphosequences, The mapped units
were validsied wing chromology, topographic indice
and field observations. Using these parimelers we
have been able 1o suwcoessfully sub-divide the dumes
e five Holocene and four Pleistooaene units.

The mapping appeoach presented in this study has
advantages over visual mapping of the dune morplsose-
quenices in that it s (a) semi-ohjective and (b} could be
automated, Based on our anadyses, it B likely 10 be
manre robust than traditional mapping Future coastal
dune fickd stodies can use the technigques we provide
here as a first-order approach to delineate landforms
based on relative age, In addition, we were able to
eutrapolate with confidence across the entire south
cast Cueensland dune felds into areas with link to
no previous chronological information, The mapping
will help underpin ongoing paleoclimate amd geomar-
phodogical rescarch in the south east Queensland dune
Fighds,

Software

ESR] ArcGIS 1006 was used 10 geoselerence magery,
digitise, extract data using zonal datistics and generate
the mofphomettic map. Queensland Globe (QGlolbe)
and Queenslamd Imagery (Olmagery ) was utilised for

viewing arthophoto imagery and historic photographs,
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stapes wimally pueserved. Mevertheless, studies ailice space-for-
fime sefatilutions for ther expermendal desips (eg. Rodenbloom

The ides of the gromorphis cycle it embedded in our undes-
waning of lissheape evolution (Devis, 1B0E; Gilberr., 1509 The
mnderpinning concept is that gravitationally driven Irensport pro-
ortaey dnd condeguential erodion and depotilion, rela lendscapes.
fowards Eheir basedevels while redacing meas local relief [Carson
and Kirkby. 1973 Montpomery, 20015 Howsever, it is diffscult o
measiure and desribe the complede process in a maberal seffing
Thiz is doe do the Tact that landscape evolution typically ooours
ovier grdogical Eme saled [Fernandes and Dietrich, 1797) and few
ipitema hve adegeate dating controll over The [l duratson of eng-

* Cmeiuading stho o] Sl of Eath sl Fevieosmest. Univeily of Cas
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and Anderon, 1994; Seolar et al. 2007; Hilley and Asvowsswth,
208 Fryirs of al. 3002 Micallel et al. 2014}, However, fecionic,
lighobogic, bdclogic and climatic forcings that coniribube 80 Land-
scape change are rarely uniform in time amd space and camnot
be accurately constrained nor can critkcal assumptions be verified
[Mckean of al., 199%; Wiepple, 20011

As highlighted by reviews across the geosckences (eg, Tudker
and Hamoock, 2000; Minasny et al, 20015 Pawiik and Sameonil,
16 Jercmack and Daniels, 7015 Richter et al, 2000 hden-
tifying landscapes thar can facilitate the we of Enerdisciplinary
methads i viol for undersasding earth syilems” processes. In
this study, we frst highlight that the Coolools Saed Mass (C5M)
e fickd i Ausiralia provides a true fime-for-space suebatilution
to evaluabe landscage evolution. see Fig. 1. Here we nobe that this
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piies ed black dolmi, irspetierly ) | ohsiied Frosn YWl r of 8 i w3l DL o Mol 51 5F awad 577 Mo, oofed sl il v oplieind on & dueie of &
prebveirury ape of -1 ki wn red uiiliced B oar lepographe saalnes [whsle trimgle wilh Hack d0il A fopegraphis el slipeed paealie] io e Soreirasi sl dieciiea
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et b il e i ewimiidy opliond denos dcaliag evnt-derpeied bor Boei se Frpaeer 51 (e slarfertetien of He ool i D Fpuin i Ui ey 1 iefediod b Lhe
web verson of S anick.

dunie Bield offers The closes real workd Jpoamisnatian 10 s
madels and the applicaisn of puiely dfTudional |5afiparm -
ory is appropriate (2 commondy wed Liboratory baced aralogee to

LT, Srudy evd: ihe workls preceler chronaisgumor

The Coolooda Sand Mass (CSM) in soutbess Queensfand, Aus-

iHusiraie erosion and deposinon]. We ithen demonsirete this evo
|utton ds well charsoienzed by surface rouphness, as defined by ihe
standaed deviation (me } of curvature (), dee io curvabere™s mechs
anestic and empirical relacionship wwth lasdscape drvess. Laacly,
we vasdare pur inderences winh sedimenielogical recosds and by
simulating dwes evelution using o two-dimesissaal memetical e-
lutemiary fiddel

bralia containy ooastal dumes that extend back nearfy 500 ka (Elier-
bom et all, 2000} [Fg. 1L The Holooene dunes congeise -303%
of the meal area contiinieeg = 190 parabolic dunes (Patbon of al
M), which were creabed aned evolved under wmslar comditiona.
The dunes are composed of wndi deried lrom oo of Ehe wesld's
longest keagihore deiff sy@esns (- |5 km) which kas generated
a nearly ligwlless supply of Bonbcgenced paienl material that is
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=98% medium-fine quarce samd (Boyd e al, P00EL The C5M has
been necronically imacthee Sarieg b peresd and experienoed only
G custatic/Ihda-isamaic chasges in kacal elevanion [sea-level]
#nce e Holovene sea-bavel Bagharand [ Lewis of al, 2008} In sddi-
thes, the regonal climane has Been stalide and pollen)palysclogicsl
precy recont ndicate o najee cRanges in vegelanon Types (6.
Bar e al. 32007: Schreuder e al. 2019L

Consisten! dune sclivation and emplaemsent mechanismd peo-
miobe remardkably enifoirn mophology. [nitating near the Coral
Sea coaslime, duned advance inlind by the prevailing wisd (dune
inceplion] [Mhempson. 10811 The dunes migrate through @ands
of tail (20-30 m in height}) open and closed Eucalyprus forest
(canopy cover of 50.-300 and - BOL, respectvelyl Their path in-
lamed pradually steepend, leniting chew progress and permilizing
rapid colonizanice of veperanon oo the haee hillslopes, Iereby
cenplicisg dunes amd preserving older dumes, The buniressing of
hillslopes and rapid grosth of veperakon enible dunis o have
anver-sotepined bee Tapes built near of abowve the semels unmodi-
fied angle of sepose |gradient of 065 m m~" of an angle of 337
(see Figure 51% As a resulr, the ealipping dune sequentes Create
& landsckpe Thall incréased In afe while decresting I Epagriphis
variabilicy mowing inland lrom the coast (RE 23

[une eaplicement marks the onddl of lopographic relaxabion
(revenile thoough old-apé staged]. The C5M dunes evobe by the
reduction of local seliel with time under a Rmited st of sediment
[3cdl] trandport procesies. The smaoth, undisected topography me-
Mects the absemce of Bwvial transport. which is sepeeetsed by high
soil infiltration rates (=600 mm k") (Reewe ot 2l 19851 Ther
is consequently 4 domimance of diffuee graen-by-graen procesees,
Snce the dune sands and the wols they penerate are virtually iden-

necall wiith regand no asEperrabilicy (Le. similar bull densiny, grain
size, and scrochae) the landscaps i nol defined and/or lerdned
erﬂﬂ|m:mﬁ—lmw
limiced systerme The lack of hillslope-scale water-driven transporg
and the presence of dune onlapping. Emits sediment removal from
incernal basins, sfectrvely making the Holocene dunes a cdiosed
sdem A @ el mas i donserved wilthin the Boondanes of
thee CEMY such that all sediment evoded (koas of elevation) i Erans-
poried only throwsgh gravitibomal Bllslopss processes and can be
socointed for in depoational locations adjscens 8o the dune ridges
& gais of elevation (Fag 1L This, vhe O5M paesents & s Space-
Tor-tise substitubon and ilumisales (he ealulion of an inical
mpographic form by purely hillilope proceddes, The duned felain
the depositional legacy of those processes in inlind basins, al-
Ioeing process seyle and temmpo 1o be ieferred. Because of rhese
condickns, we can apply oofdervation of mass equations to this
landucage.

1.2 Capstwring andecape ovoalslon with surface roghsess

On shailow hillshopes. soil transpodt B comenonly described by
4 linear slope-dependent ranipont Loy wkene soil fux is sobely
gradient dependend. In this circumstance, sedimend fhux (g, ) per
unif width & propestional 1 hillilope gradiest (Le, ¥a) (i
1BO2; Gilbert, §90%:

= —KVE, il

whete K is the el irasmpedt coefMicient, Here enoban ranss [E), can
be determined by the dvempence of q,:

208



PR Poteom, | S e, £ @ o el

=) E

Fig 1. Wenalined

Supplementary Material

Pl nd Mesirary Scbrmnr Leams Sl 007 11 76E

Cooloola Sand Mass
Holocene dunes

H i
..#cﬂ

Regngrapiy. Chromsioqurce; Sed MEiApr prisormes of Colests Fond Mis OCFM]. Australls. (2] The M- dusey mwon e from G oan rom
aravoRdeR (pography |l e | wani wind ipeess derranr and dunes ereplacs aabiliae | With mey tebeegesl S A

1epography pradenis

incirane iherefide dooiniang e dodadc dofcs um-ﬁ{hlimﬂmdﬁhﬁmum.m of erinb, shopimiiios bl Py s of
wreerw L Oy e billiegss 2 omaeed below ibeir aaghe of epear (psdeme o 08 m m '.'.I.-'lr.l"l'l: | = peast ihet rembrerar exdorenl irempert offests Beooems
merghgphie. Bkry cndy diflsy Bililogr peooruiey aer sotny amd sl eedimere revsovnd from o asd ridgea o b sorousied b in otk Solewn s valboyn |3 clesard
Frilem ) B4 B progreeie dge biwrd gl edioad B dpduoeg Pelbdopy pradetils Gl e iela ieiei sl @i Opi el el Cambeand w bypedlsesee &

ot drneess 0 oooEm, Sepoyition ind S ey s e

E=V-gy=-KP = KT, 2

smch that cursabere (C) {972, wisere 2 i elevation] b proportional
o eroabon rane (EJ (Hurss et al, 30031 As 2 resulr. where only dif
fusive hillilope processes st the smoothiog of the Lindscape will
depend on surlice eghness, expressed Bn terms of sandard de-
wiation of Clogk

o = —Kor (V¥z) = —Kn, i3

wiliere ap caphenes the spatial wanabilicy of ¢redson rates (g such
that oy o o, However, when gradiends are steep, 4, responds mon-
Essarly 0o pradient (nonlinear slope-depesdent oranspon | (Rosrieg
o al. 19995

g = _uh[l_{¥}ll-.. i)

woch thar g, becomes nfinite 23 a hillslope's gradient appenaches
a crigical gradient or theeshold slope (%), which b associaced with
the angle of repose (Roenng et all, 1990% In this circumstance, E is
ma longer lineary related o O showing instesd greater sensitivity
at higher gradients.

Despite this appaent theondical Bmitation oa seeper slopes,
ieoenl fPudies Bunie highlighted suifice roughneéid 58 & promidieg
Ml 1o empincally measure and characterize landscape forem.
I shives condetesd relaionships [ emslon ranes and proceEbes

im Lindscapes where diffusional processes act. While evalaating
carthment-wide soil thicknesses, Pateen ot al [2015) found that
across diverse sites, catchments with broad C disributions | kigh
sarface rougheess ). relate to a general increase in cacchment £ soll
ghickness wanability and sedienent (raspert styles [Leo sodl creep
fo lamdiBides). even when landscapes are sbeep and supsed mon-
Enear trsmpedt (Eg. (1) oF By (4]} Moneower, it Bus. bben ohsrved
o lendalide depoaing, thar changes in suface moughniedd can be
weed to define landform ages and chis svolution is best desorided
through nonlinear sediment trensport [Booth et ad, 20107; Labaen
el al, A Combined. the resulls of these studies and others
[eg. Korzenbowika of al. 2015; Berif ef al. 2013), suggess that
waiface Poighheid I8 an éidintia]l meephormsic peol 10 measune
amnd defiew a Lindscape’s Sage of geomorphic avalation, We -
pothesize sorlace rougheess [oc ] to have enhanced wtiliog in the
CEM wiere transport i purely diffisdonal {jevenile through old age
afagei} because of 1B linear eelabtionihip bebween E and . except
wrhiere slopes approach 1he angle of repose, which only comprises
= 2% of the CSM's sotal Ll Sied, s8¢ RE 4

L. Mrihosds
21 Duse seleation and 051 dating cveviaw
W Tocus on 15 Holodehe sectiond of the Doolooli Sand Mass

[m=" S a5 mapped HWMI?M]MFIWEH-INIEI}M
acquired all preveoatly potdabed small aliquot (Ellemon & al
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AT ad danghd grain (Walked e al. J0IEL Oprically Stisulited
Lumimescence [(O5L) aged [rom emglaced Holooeme danes wilhin
thie T (jieenile theroagh mahste dunes) Dages represent the mme
off dane emplatmend el cosdequenily e initlacion of duné -
Laixarion. We choose o select ages sicher Erom dune aperes or along
the crest of the mailing ridges 1o ensure primagy asolian depo-
stion. |l dunes have multiple apes, we preferentially select dafes
obtained af deme crests and from sratipraphically lewer positions.
In potal, 15 dunes mef cur ciferia amd were uiilizesd 6 produce
the ape-roughness relafionship, see Table 51

22 Dune delineotion

W ude high resolution efevarscn daca, sanellte wmagery and a
seried of feld campaiges to slentily and validate oar mapping -

Torts, Principally. we used publicly svailalle 1 @ resddation Jiginal
ehrvation model (DEM) derived rom Light Detection and Banging
(LDAR] 1301) (uessiland LIMWE dacs] and Orthopiols |[Sugery
[ R5000] scquieed through (uesndland Clobs, Dared dunes ang in-
divedually defined as pobgons = ArcMAP and delineated af the
base of crests and trasling arms, Each dune was allocated ingo & ge-
omorphic stage acoordimg b definitbons given in Table 52, A mane
detaifed ewplanation of our mapping procedunes can be found in
Patton et al {200 %a)

23 Foot-slope excovation omd deposriomol characrerirankn
We atilize deposibonal foot-slope posithons from  paribolic

duned ranging in sge and darface rowghesis o) to evaluile and
characterice recordy of sedimsent branspont and erodion. Sies are

210



WU Moo, | Pemiekee O SwTeed & ol

melecied with simalar aipects and killiops lengtha (parallel 1o oo
teenporary sediment ranspor dirsction] Ar esch site. we idenidy
anid record deposichonal and ercskonal featares (scanps, lobes, bur-
FowvE; pits and mounds) so BeElp infer active sedimsent transpoit
ayles (Lndsliding, sheet-washing, biegenic soll creep, ol Soll
profiles (0 m By 2 m] are excavated o a3 depth =175 m amd
described wsing standard field protoccks [Le, prain size. soming.
roundness, bedding structures, Munsell color and eexiute)l

24, Selecrion of mpegraplss indices

In this stedy, we have evaluated the application of commes
marplometnc varisbles such a3 elevation, dope. sad cusvatune for
all delineared dunes, Uliimarely curvarure (CL and mare specifl-
gally the sramfand deviarion of Corvatung (ol &6 3 Eeakurement
of sarface roughness was chosen for our sudy for S main reas
O

1} Cariatiie grerns the comeergence and dcerpence of sed-
mend. transport hence infleences water Mowy pathe (Bogaart and
Troch, 2006}, putrsent reciaribution (Richie et al, 2007; Panon et
al, 2006b) and soil characyeviscics [Mimasny and McBratney, 2016
These consequently affect landscape evolution. In partscular. C has
been used as a surogate for mobile soil (regolith) thickness (Dt
mich ot al. 1995: Catani et all, 2010: Patton et al.. 215) and bn the
derwation of soil producton functions and eidion rates (Heimaath
et al,, 15957: Hurs er al, 2003 Gabet o1 4L, 2071; Sruble and Boer-
g JOTLL This makes C 2 logical candidate i Sedcribe landscaps
Eyltion.

I C and op mormalize for antecedent opography on which
dunes were emplaced and dlow s B0 compare dunes of varying
ages across the whole dene feld. Curvateee is the spatial race of
chafge af gradieal Mo 5 Bied posite in 48 directions ahd hende
B inseasitive o pradiem Bases introduced by brood-scale topogers-
vy, Despite imdtiad similansy inomoo regpects, ansecedent IDpogra-
péer plays a role in contredling inial slope condizions, Dunes thar
Furve advanced over & Nat plain havwe inbernal basing with dfferent
[lwer) stopes than those that have advanced theough previooshy
emplaced dune wequendes (Fig. 7 and 11 & deiicable Teature of C
i that all landforms’ curvalure dislribiliond are ciilered 80 ferd
[Parion e al. 201 8), wivich makes it possible o make sradghoion-
wiand companoed bemvecn daeres’ op values

T} op folbaws Hanl et al's (2011) recomensndations Tor ideal
morpbometne variables. bn shon, o peovides unigue values that
are independent of rofatices or trapslations, discrimenaies bebween
varying surfaces [Le. amplitudes, lreguencies, and oorrelalions],
describes inmate pioperlies of ihe landscape srlated fepresents
fecal [nen global | meansrements, is physicaly meaningful, and ey
1o derkve.

4} More complex methods have been used o desonbe topo-
grapiic wariability (eg, root mean squared-hased models, two di-
merdiondl varogrars, aod wavelet ifting schemeslc however, the
dflerence between each naethod's cuboome is Biely insipnificant
and larpely e specific, soe Bemi ot al, [2017] for 3 @Eucussion on
this,

25 Colmwlerion of currsdure and surfece riagphyess

Curvature (C] was caloslabed using the equation derived From
devenbergen and Thorne [1957) and Moone e al. [1991) in Ar
o A% (version 10.8.1) spatial anahysis tools. This calculstion utilizes
a ¥ by 3 matix aroundd a central node (20) (Fpee 5T and fE
a surface (2] 10 i surrcsnding sne nodey USing 3 meving wis-
[ =

= Aty b By 4 Oy 4 Da? o Ey? o Pay & Cxs Hy &1,
7]
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AP S PR S LTS SR [0 17 Reel

witter 1B nine cocflicients (& through 1) ar;
A=1zy 423+ T +-Ta) + 4 — I3+ Ty +Zg 4 75) = 24 2g + LY

(54)
B=lizy +2y— 27 —2pb =4 — igy —zgh = 2] = L7 {5h]
l'=||,—:|+Ij—:r+nl+4+un—l’;]+1|+l' 5]
Dm 2y +2g) 4 2 = 25] = 1 (5d)
E=[ifz + 0§+ 2 —0s] = ¥ (51
Foi=2y 42y + 27 — 23} - aL? {57
G | =2y 2d) = A [5g]
H=izz —2g1 + 2L i5h]

| P 1 5]
Currsiure is caloulated froen che above squations:

T =C=2p0+EL (B8]

The original equation by Zevenbergen and Thome | 1567 and
Moore et al. [1997) differentiates the slope in percent rather thas
the atoml gradient, and reverses the sign, 50 o compute Curvatee
walued in umits 1 m—'; we reenoved - 100 from (heir agoation. Thiz
makes positve valued represend concavity |hollows) and negative
walued repreient convexing (ridpesienestl

We clected 10 resarmiple the oiginal DEM using bilinear inter-
ipolation o 2 5 mresolution o dampen topographic noise, remove
IDERS arcefacrs, decrease roughness scoooiated with dense wepeta-
tion {Berti et al. 2015; Paton et al. J1%a) and b help place
omar curvabare values in the comtext of previows work [Pation et al,
POEEL Surfsce doughness (o] was determined by caloulalssgy the
wandard deviation of C e the defined polypos of esch dune. Al
areas peesentcly undesgoing active local reactivation, recently dis-
Turbed (&5, SIFeers, mises, and Mlmhmlmmqlﬂfﬂ'
afected (eg. lakes and swamgs) were removed and not mcluded
within our statestical amalysis. MNote, € and op are extvemely sen-
sitive to the guality of the original elevaion model or changes o
bespndlary conditions (e, extent of the DEM andlor shape and sace
which itatistics e cakulsied) methodiodogy. andior proteies.
Minor varisbelity s absolute walues may ooour; hewever, everall
Tpeet PEmRdin CONSisenL,

26 Two-dbmremional dime cedolion sl

We utilized nwo-dimensicnal (2-0) sediment (reaport modeks
10 proside a generdl explanation of landscape evelwtion for the
dune field and o examine the ability of surface rooghness (oc]
o chamge with time We applied the 5 m DEM foom the C56 and
ran kinear and honlinear landscape evolution with K valued {ipan-
ning from 0001 e’ yr-' %o GUID0 m? wr " coverg a range of
previceidy feponed values (Hursn er al. 20013]) far 3 model Tiee of
10 ka,

The linear simulaged land ssface evolved by solving Bqg. (2],
wsing a forward finite difference scheme with yearly e stops. At
each fime step. € and E were calculated and E was then mulgiplicd
by the time dSep o compuie land surface lowering [evosion) or
i (deposition). For nonlisear evolution, we wtilized a2 2-0 model
freen Booth o al (2017} which used By, (4] Semilis ta the linear
model, we make multiple demulations with different paramseler-
rations of the physical properties of the dune sands. We used a
selecred & walue of 065 m m™) m represent the angle of re-
pase of the original dune matenal, We performed simulabons and
caloulabed ep and the standard deviation of E (o) for esch dune
ey | ki We selectid K values and chase one (based on chdened
godness ol Bt with all of our msbadesed duse op L Nole, simulsted
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PR | 120 o Tt S W effer Ui piricnor of Bheic Liyers @ sl od il G idutrd - mevrrrend |dep fivebig s ahor] - misding | wheon dunes e
young afad Lne ey siopat A s progeria el eadvmas ks el chaxcosd leyen becoimer e @i e semoaslly beoome dinimeingsd hivaghot U

palls, Thtie: hoighvy e 1 1t

dune valution B wilizad 1o produce general Ape-roughness eli-
tionships, such that (%o /@ o o and modelled op ooy cam ke
evaluated

L Reules

Four [f=d} deposimonal sodl profiles M the Base of --70 m Wl
shopes wiere excaeated [rom deses ranging is oo (from 0045 10
096 m~ ") amd agec (from 044 1o 982 ka) o =175 m im depth,
Fig. 5 and Talde 53 All siees contain cuidence of il ofeep pro-
Oeddes (burrows, pol Jnd mounsdi, dnd rodf prowth sl deca ]
wherrens, only the youngrsl dure daplayed svidence ol mass-
mirvement with a 10 om sheetowah deposst from a recent fire
event. Al soil piofiles buve abundant charcoal records with the
highest concenicaions medr he varface. The oldest bwo sles (480
ka and 9H2 ka) have chanccal evenly diazeminaied chroegh the
full excavared profile, In comease, dse ~2 ka i hay Seseminansd
charcoal within the top L1 m; however. below this depth {mark-
ing the first thousand years of sediment deposition, Tables 53 and
540 chascoal @5 present o disnso byers, The youngise site (044
ka) only containg one chanooal Liver mear (he fusfade

In iotal. 15 051 daded dunes were used in this study, Table 51.
All C56 dunes exhibit normal distributions of © of mesn 0 m™"
and thesr gailface roughness [op ) declinees by 4 Liclor of aboul 5
{Teom 0LOAT 100015 m~") a8 duned incresse in ape and decresie
in kocal relief and belbhdope pradienss (Fig. Sa) The dme sevies of o
depicts a "horizontal hockey shick™ wirh rwe distiney phases: 1) an
initial rapid decay within the Grif thoudand years alter dune em-
placement; 2] Bransitioning 1o 4 phase of graduad decline between
a ap ol 0L035-00045 m L (R BBL We deling hid meddased o
interead as the <transicional moe™ whene the priience of episodic
masz movement B no longer chserved 2 dunes increase in age
(walues betwern Dunes 4 and 51

Fimia K Ciddife g Bl (TS [T o i el

The evelation of serlace feughness (oc] Tor the eative CSM &
best explained by nonlinear sediment transport with a fixed K
value of 0002 m* yr" and 3 % of 065 m m~". In realicy, =m
ulated ropography appears 1o b more ckoely repeeiented by an
initial K vahee of 006 v yr ! thes switching se 0002 m? 5! a
the “transickeal rome® near <1 ka (Fhpesre 53 and 541 Our selecied
K walues are comparable 1o ocher valses denved froem irenspoet-
limedted ystemns and sand pile experimsents (g, Hurst ot all 201]
aned Roering of al. 2007k Al ssmulated dane topography confin-
ues fo have nofeally distibuted © with means cemtesed on 0
m ", amd disiburices that gradsally naeow with time. Begand-
less of the transport mode (linear or nondinear), dune op has &
positve momscboric relationship with s modelfed variabilicy of
efodion fate (op L and This felaionship continues & duned pelax
|Figurne S3h}

4. Briscunsion
d.1. Parent mateniol conirols on dime eeofubion

Our mesults indicate that the midsured break o topographic
decay & the iransitional zone meflecis a shilf in dominant irases
port styles associaced with 3l transport effickency (KL Booch et al.
[ B0 T observid & similar aphd decoy in suiface mughnes willds
thie firs! 1Bousansd vears on Landslide depoiits, They saggeited his
phase charge was lkely due oo higher Kk salues dunng e ni-
cial emwglscement Bnked o shifis in climace asad vegeranon In the
CSML climage and vepetation ae sable (hrougbout this pemod, o
we propose this break reflects an inlermal fransition o a redoction
ol abope bl s critkeal gradiemt [ScL Ts Gen, this sopegraphic
sdjusiment has been dersonncraned i andbos experiments ded
modelled a3 the ransition bebween episodic o continuous sedi
ment transport processes (Roensg et al. 2001 The ramssional

212



AU Porvem. . Sreaisrsren; 1 IXeTrea 1 ol

(a),, |

a3 01 L] ai oy
Curvatura (C) (m)

Supplementary Material

Foni ol Moseary Soemcr D S84 D8I ) TR

il ]
Dune age (ka)

g & Mrsmrag Lo emlecs ihreagh tme sl e Tooisals s Mans (O8I ab Ooae el rareanend O Suritare. fod foadn Hekeenet Gl ofer Pl i
dhwver &8 e 5kl Mofie Wi pormal dedeibndioem of [ conternd s plarar Esegraphy |0 om ') the plsiss narrseng of dnlnbobem, si® D (dask 0 BeS Fregeenoy
) Messaredl darer s (with o bare, + U | wiih wrisce meghrest (o) Pwhily cisdies] s ocbanand dommirand trasspon apbe Al dune with meevaed il poiles
i with Bk done AddaioraBy e -1 ke dore wath et srseaind! il paofiie (mee urdied o ooun iopegrapin; syl i egerended by ther sl wriesghs
Ertialty. Susrs e omgliond with e sbevpened bllisiope o ov sbove B orimal gradernd (5L Dwrieg, e phuiser, There s domiassr of rptods s @wemremd dry
wmeel anad shert-sash (rellL parple dashed B, NS dune's o Jop ksevred Do § “aasitiensl rose” (s - N kv, enky siow aned oomdiveous sod manTpon oonun il
ereep ime i1 pnk e TR brboves colmers el remaen boe s U Fiesdooener danes | gy diaresst. aol ischsted i e dnsinis |

Fone vale i el by i phasical progereed oF the duse sandi (L.,
suiface roughned valoes ssaived with the pretenoe of sbsence
ol pradiesns greates MH“I-HEIH‘E'WTHHIM"H‘
measured Eransition Tone is specilic o the C5AL

The ety phase of evebation ol the youngest dunes, which ne-
AN SEEEp Shope, Correiponds wilh the period wihen eplsodic mass
ATl o Eeeper slopes 5 aegnifcas [purple dashed ling
Fig. 6BL When hillslope gradients ane below the 5c, sdow conkini-
o cel creep peevails aed a simple firs order relanicealip of the
Forwn (g ) 00 o0 eg IS appadent (pink lbse RE Gl In as phae,
Al dune erosion fales Become indreasingly aniform and thew o=
luthon Befarves in a lincas slope dependent way |(Fgure 3301 These
esules Tollow our field chierdations that younger duses expetienis
a wider vaety of sedimsent transport styles that are Bth dis-
oonlEmuous B inequency and magniteds companed 1o older dusss,
W inler that disturhanes, Such & buisng or slofmd, swilch 1he
dunes from eosendially siow conlineoes: sodl Transpor o cpisadis
mass mvemend, buf mass movement is only manfested an the
yousger, decper duned wilh higher suffsce moughness [increased
ap ) valoes,

4.2 Field adiermalrons dnd irnalographls recofdy

Field observations suppon the presence of o phases of dune
evilution (Feg 5 and 7L On active dunes baill above their 5,
Fpiadic madd movement (L. diy raelling and dsee-washisdg|
obrgrved, After emplacement, epistdic muss mEsement continues
i pperabe 45 3 reiel of disharbande events, modtly fres. Rres fem-
pararily genere surface soals and isongade local soil
Traspait elfictensy (K) (Bridpe and Rosi, 1083}, thesely ot ng
rapid lowering of reliel. Afthough fires ocour with constant Fre-
gquincy and soross duned of all apes [Moss of Al 20130, higher é9o-
sion and Mux cates caised by epidodic mass movement are linied
o the Bre thousand years of duse developmend (Rg. 5b) Adver
The dupes’ geadiests ane redoied bebow the 5S¢, pradudl Triscpon
regimes conrolled by sofl creep dominate (e grasular relaxation,
bicturbagion, and rain splash) and podiclization is well ex pressed,

A & pidalt, chide degraded dusés s Medirant o Eplendic Fidd
e emenl.

A mmajor fire event in 2009 anly shows evidence of mass mee-
mend on yoanger dunci, instisting on over-siptpened. bee e
nedt dune crests, Thowgh short-lived, the landscape wid efficiently
smcmthed by lowering bocal highs and filling lecad lows [hrotsna
and Hall 19697} [Fg 7] and wichin just theee monid the de-
turbed portions of the landscape were stabsliced by nisw vegelation
gristh,

These types of didurhance events aee feconded in depositional
[ool-dopes (g 51 (Roeving ind Gecber, 20051 Within the early
stages of dune evelution, sedisnestary infills are charscterized by
stranified lavers of chascoal, associared with emsodic mass e
men. As lime progresses, these layers become more difuse and
eventually charcoal is disseminaged thiough the profile due 1o the
afluiir off dw conlinuadd Braniport Snd mrasag Thide rededdd
of dual Eraniport reginees are found o8 all excavated look-slope po-
sifions and demoesdrabe the consistency of the lindicape fo icin-
sition freen andsliding 10 w6l oreep profeides.

5. Canchmians

That Hisdocdne dursss in e Cooliooby Sand Mass [C5M) provide &
hkghly fesobied space-loe-tne subksbiution whete medl major Lc-
bors conEributicg 1o landhucipe evolulion are known. The Bdelity of
ehie Lisdieips b0 pieserad dunis [poim Bsepion i opegraphie ma-
Eurily muakes il poiable o demonstrale hiny DRANIport processes,
encidon. and depodilion it on Wopograply Bo relax Lindicapes. The
domdnance of diMusional profeises and the assumsgtion of wnd-
iend fadd balince [ram erosiongd inbo depoiibenil positesd s
valid, whereas this B3 ot demonsivabie in medd Lodscapes. A3
A et the dunet topographic and wirstigraphic moomls yal-
date 1he prisenor of dusl 30il Iriedpon reginses. The early phase
of dune developmént evelves through epocdic mass movemaent
wihich is Facilicared by wiildiees on over ibeepined gradients. Onoe
lowvered below their S¢. the [ater phase of coatinuous so1l creep
processes persists. This ransitien i preserced a3 infSll at all feob-
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[Bj deprvareen 't} Comemen mid-dicps soil peoliie on 2 ledooone ape derer Rughbpsiisg the shandfunce of Scgynie disiorbed wul neur dbe wirlxce in nbwr &-bonron, wheons
o B mraisgly dabde mening dowa prabls = nbown By the isisct [- ard B-Borione Typiesl proisrBanon iscode sasl prewth aed Secey, [d] trew dhrss (€]
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shope posithons and confirms chat variations in sadiment delleveny
mn depostional areas ae due 1o changes in bellshope mieepness and
mot 4 skl in climate.

Adopting € as a sumogaie for landscape change, we cvaluate
dened’ © distnbition (o) &8 4 meddsde of surfsce roughnedd and
capuure the CSM's full meephological evolution. When © disoribs-
nons A beosd (larper ap valuid) eosion ahd depodition fanés
reacth mone exireme walues with a wider vanety of ranspon sryles
compared o narrew dismibucions [smaller o values) Onoe gra-
dienty are lowered below thelr 5 and sodl creep domimates, the
landscape cam be samerically explained itheough processed-baved
pordervalon of mass equationd (Bg. (VIR The maiked shift
of @ coinckding with rhe trancites benveen Lnduhding o ol
cfetp provides evidenor (har evaluaging oy with rime can high-
light changes in geomesphic processes andfor thedr rates [Paston
et al, 208AL Our Andings reveal (he complete ewolutkon of J dene
sequemsce and identify these systems as an ideal nafural labsors
pory 13 understand Rindscape change. We demonstrate that -
vedid Fumerical madels genecite ouldcened Thal Sosely parallel (ke
evilunion of the CSNL The plocical properies of O onginal dune
FitErial dv the priman conieel o6 how e dune svobies and B
o value associaied with the renshional zone. Consequeniy, omr
phservations walidate lassdcage svolution inferences from sandbo
micsdelling (eg. Roeving et al. 2001} and support the coupiing be-
Fateeii gramali; makerial phyalcs asd landscape chanpe (eg. Deils-
pande et al., 2021}
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Using calibrated surface roughness dating to estimate coastal
dune ages at K'gari (Fraser Island) and the Cooloola Sand Mass,
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1 | INTRODUCTION

Couritsl doned A mponsd  erdronmentsl dyiterma thil s
foand gobaly aroursd both sean and koes (lanceqer et al. 200&
Wiatines & Pefy, 2004; ¥an £ B 305 and peovide a0 rich

Thin. . =0 ofen e wticks ke B ferres of e Crests Coommoms

rouided Be origine work b propeSy cied.

Absirach

Hene we present a nowel application of landscape smoothéng with time to generate a
detailed chvonology of a large and compley dune field. K'garl (Frager bland) and the
Coodenla Sand Mags (C58M) duna liekts howt thousands of emplacod frelcl) and active
crdapping parabolic dunfies that dpan BOO D00 yies i age. While 1he e Tkt
Fave & dating framevwork, their sheer size (1730 k) malees high-resolution dating
o the entire syses desiible, Lewmgng newly scquimed (n o= 8] and prorvdiously
prablished (n = 3 cpticaly stimulabed bominescence (CFL) ages Prom K garl and the
Gk, wee estimate the ape of Holooene dunes by buliding a srface roughness (o3-
age relationshin model. In this study, we defire o as the standand deviation of topo-
graphic curdatuee for 3 dune area ard we demmongirate an eporential rebitionship
i = 942 RMSE = DD bl bobawin o Sl timing ol dune srslicement on the
TS, This riskalisnbeg 5 waldabed wiing aped trom Kpad. We ciltulste o wlilining b
5 m digital elevartion model and apply our moded fo predict the ages of 724 individu-
ally debneated Hobocene dunes. The timeng of dune ampbcement events s assevsed
b photting cumulative probatility density fumctioes derhved froam both mesuamd and
prodcbid dune apes. We demonstrabs thad both durs felids had four mager phases of
dune emplacesenl, pesking M <05 <15 -4, snd <05 ke We shisrve that sur
prodicted dune apey did nol creafe of remose major meenls wwhen comgared b the
Ol -cabed seguence. but instead reinfonced thess pattema. Our tudy Righlights that
we=age modeling can be an easily applied rettive or atmolute dating ol Tor dune
ficids globally, This sysbematic approsch can fill in cheonclogical gags using only high-
resolution dievation data §3-20 m resolstion] and a Bmited set of dune ages.

EIVWoRDE
e Chimeasiogy, durs emplacament, dune sishdirnion. Holoose, (5L dating. pasaholic duone,
mudrrray, s-brerl change

Undhona & Betsler, DO Fulten o al, 3032 Pye 1983
Swriey, DIOL Wells & Cofl, K0Tl Mowes, rcovering and
dciphidng the indomatdon fion théld hyabesl & challehgiog
e dhey B gl Pe inberfece of temesiial apater, and Fime-
bk procesies, which vary o decadal 8 milenniadl trmeecaie
Pye, 17830

Lbrarma, wihich

O D The Aurber Tamh Safocy Proceysss s Landinrm pubslivhed By Jabn 'Wiey & Sora Lid

(o Searf Frooos lodfoeen. X021 <18
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PETTON i me

* IwiLey-ETN

Tha Bimieg snd medansms of dune-feld sciation and corme-
querk wiabilipaticn (dune emplacement hereafter) are aacribed B0
charges In cimate and sediment supply, wiich siect vegetation.
shorminess, fire fregquency, sea-weface temperatures, and 58 level
leg Hanoet al, 3021; Shosodk & Heeee, 2018, Viegsse ot ol 2071
Wan & Baai, 7). Thise inberpretabions havw liepely Been demon-
shrafed on active andlor recenily emplaced sections of dure fields.
wiame phyiical meduaremeniy o repeal aetialfwabelite imagery are
saallable feg Levin et al, 2017; Marin et ol 2005 Teow, 20051
Thiss =i haniis have been @xltorded 10 emplsoed dusd dyRisim
hrarerver, 1he direct Lincheape- procesy. relatiormbin b unknown aod it
Is difficult o infer these procmaes wndess o strong chronological
frameveork bs established.

Coasiall dune Nedds emponal relaiorships sppead chaotic, and it
iy diPfoult §o delarmine whilher emgleied duned wite Once BCbv
smilareonly of ayyrchmooously aoioss the dune field Stochastic
|ranscicem] dne activity can be iedicative of local perturtations but not
relabed 1 pegacnal churis i ermilonmental coedilion, Becase
dures can shmadiareousdy be aciive and emglace under the sarme Con-
ditiora (vizhog of al, 20071 b6 cormimil mass sctivation of seplace-
ment of entine dune flekh may provide dues aboil reglonal
ewironmental forclgs feg. Lees, 2004 Whie the direct dating of
dhfeirh, £ B SPdieemd wrpiing; SpUcally i Brvdaled Rimineioence |0SL)
aralfor FSocarbon diing, thele tachnigoes e cosily and findng
suitable dating tarpels for radiocadon i often chalenging Ta olfiet
thess lmitations. it B common o ether establish pechotanical
chromosppesnoed [mvphological, hologhicl, o pedolagicl wsls)
g Swdmistad & Lewri, 1992, Thimgaon, 158 1), o date oegane -rch
N B 0 MgaCEN] POt a5 & means 15 help plice the duned
i 3 chionosegeroe [BE Wikon, JOODL In both soenanios, {hese
etimates often have Wpe spabad and bemporal uncertainty. v n
locagons where ere e Ofd sgusnoel Of onlapping  dunes
g Lows, 2006 Swatey, 2000 ). Conseguntly, dure fequences. thal
we compased of b of v ey of indiadual dures e Bypi-
cally seoured by cely 5 Farsiul of ages. with wide age comgraints that
can lead fo mésinienpretation (eg. Wand, 2004

Wi cschir 1 walilale spe leroaes, ol hends e cur nder -
ilancding of fafmir dure sibvalion afd stabdizalion, a owens of
metending dure ages bo ol |or most) denes within a dune fleld would
b 3 vl Bosol. i Ehin paper. we eaplore the implications of recently
observed relationships bebween dusnes S0 208 mughness [»: ) and dune
g Do paplain Landecag Amothing with lime, We tisl whether Biis
presvides 3 hasi for diting dures where high-reschation devation dila
ol 3 masgh peoctorodogical framework ane in place.

2 | BACKGROUND

21 | Surisce roughness os & prowy for
landfiorm age

In Mot seclisn relddch, defade ughesas chiraceins the fea-
surface mwiesmioghtal boundary lyer over dunes. 25 2 means to
undersiangd srfoey  and  sedlimenl  trerapor (g Gilstte &
Sheckion, 1989; lercbmack o al, 2013 Lencadter & Bada, 1998 Levin
o Al J008; Pelletisr, 2003 Raupach of al, 1993 Wiggs o al, E994].
For #hin sy, durfae roughness i wied B midsume snd deline 3

e Eoprpaphic dewriopement (colhreial ot seolian progeism] Sus.
face roughnes has been defined a3 3 meirs of topographic waeablsy
focal  relief] within & defissd spaSal awa or  window
g Kovrendowaia of ol 20180 its applcaticen has been uilned acrms
eaith wieres deciphined o 8 Mol 1o dentify and mag spatial pat-
Berrr and ds 5 durrog sle b Bl eenpincal relaticmbsips (Smeth, 20040,
i important application of ac b s bty a8 2 prosy o relabive age
This relatipmdip by been edomirantly applied (o comatesin the
mikng of Lncklide deposition jep Bel et ol 2012 Boobh et sl 2008,
7 Glen at Al 2006 Goelr o al, 20E4; LaHisen of &, 2000
Mckioan & Roering. 20041 nd hos sho bemn used on allreial T
[Franked & Dolbm, 2007, sarth fioes (Schanz & Colee, in reviewl. and
planetary surfaces [Pommerol et ol 2015,

Surfale moughness gradualy smooths due to 0 s Hocesss
of siediment Irerigon (Booth of ol 2017 Paiton & &l 20021 The
bande principhe i that locall el meduces with ime due o seathering
andl eroakon, wech that features smooth (Adpes erode and valleys 100
on wefaces thal am red alfecied by atvecive  procaiss
leg sediment baecport by waber-dbiven processis]l  LaHusens
ol ol 2020 wllived this principls fo Bkl & - age relstionihip feoam s
mirdmull sed of dufed Linchlide depois and prediched - 1005 age
I the Pacifc Mo, IUSE. The willity of this moded was not only
Huil g coubd b pladited bl mofs padicilidy Bl peiviioly
undsted Loy could be placid o B oonbed of Pegonal
mcengh of climate and Lindcaps change. Consiquintly, thary detes:
mined Bhat raintall, rod earthoguake sctiety, was the major driver of
Eniteloe aaotivation inkered of ths Cacaidia Suboaction Zone.

42 | Surface reughness in dune systems
Suface roughiess has been wied 10 mop dune Leedforms
[ Wosrpenicavilis of ol J00EE horwrwnt, the spplication of s b4 e
indemtod of leeddiorm bim (np-age relatioenhip) han nat el B
applled and teted in & dune wyetem A recent sbudy by Patton
et al (202 highlighted the willity of oy within the Cooloola Sand
Plags (S0 | i Faehdl ok 0y B0l MaRnic, Sl B0 SR RC Lo ol
deflien the itage of peomdrphologic development of dude Torms, They
demonsirated that dune A, @ messared by tandard dedation of or-
vabare for o piven dure arsa, cold be relabed B0 sediment transpoet
ey, Thay found that dures e indtlally eeplaced with remacicbly
uriilarm ST a0 fou ghid, which smosths with ties, and th avwshi
Son can be smylsted iking 8 comBinadion ol non-linesr ard Erear
sechment braraport models Flpore 1L

In thesir shady, Sy determined that dures ewolve i beno: distingt
phages (Fipere 1o, The first phase ooours withis 1 by alter dune
emplicemant and is implined thidugh ron-lirsss shdmnl andpon,
Thiz s 3 posiosd when dune gradienty and o e bepe, ermalon and
depoaition raies ane more i, and thers 5 3 wider vanety of irans-
porit styles. During Bhis Inklal pericd, done-nrice paflents e
ermered o & nelel of daberbanoe-diven perburbaions such as fres
o gloemd. Thiss dhiBeluncis miy Hemow wagelilion, ncreiss
ldrophabldty, and comeguently increase the sol’s elfidency o
e Soweradone, promnting dey ravel and sheetwash processe [
lar Bo anailan hivg and grain Resn abaareid an sEie dune dip D],
Thit pluse contimse Uil dune reliod is lewored and = vales raach
e “bracaitional fone’. a4 seen in Fipune T0. Thel fore wir dafined by
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FIGURE 1 Concepbul diagram and risull samsmsry Irom Pation ot ol (3000 bitwesn surfacs roughneis b o doss ige within (he
Coolonks Sand Mass (CSM) dure field, Aamtolia, (1) &n idealized elevation profie of the C30 dune Seld. The dusnes mose inland from the ooast
thaeangh. scler o] finesl st oo setecadent Bopsgagitey (dinded Lo wls the derminacs wouth-mavtirdy winad. Do ane arglated sdher wird
s divrease o vegetation Wabilizes Se dure surface. With ssery sultesshe dune smplacemend, arcoeded mpography prafents
genraly ntnine, endry dooressing the distance dunes e inkand wihilil preening oider dunes. Consegunily, Most dune iRCease in ape
whie decreasing In sy movdng awary from the cosst. &) Conce phusd disgram of hilskope positions = defined by cunvabure | C) and the conirastion
o @ncdin, depotilinn, and P [sice of wingwl All dselimind demdveid Trom eresl can B secounbsd fof i e Tood -dopen (3 closed fyifem ). Ad tim
progresses ridpes wer arad holicres, @8, reducing hilblope padionts v e mooie meand mindmum curvabure valees, s decreasiog dune ng,
) The: gevasral felatarp betvridn dune ape furf e Foughneis, and sedimend (et phuses. Duoss with bigh o [phose 1] ane best
espldned through non-Inear wediment transport where eplodic procesves such as. dry raveling and sFeet vwarhing loompanible to gram fioss.
anedfor avalanching ocowr, Onoe dune gradeents e owend below their angle of repose igradient of 065 mm 'ﬂl‘rdﬁ'imﬂd‘lﬂhﬁ
the defined transfional sone’, sediment transpor ks Beited o siow and contincioe processes [phase 1) where Ehelr evolofion can be explained

it Sifeie’ sndfiearinl (Fansport

an oivereed shift in dominant transpont stybe and the abeence of g-
denty groater tham the sand’s angle of repose (337, or gradients o
Oa5mm °). Once gadents am lowered beyvond this zone, i -
o plane of dune evchition begink. wheosin wedisen ranport B
proportioral o Rilslogs gradient e sedimend transport), Doring
nhid peiod, durie o B amall aned sedimend PPt B edbed 1o ko
and contineous processes (g bogenic soll creep, rale-splath, and
grareder reliasSon) wheto eroscn soours ol 1he dune cemty and wedi-
el W deposited within the adacent foot-dopes. Figure b, The
maschanske b inlermed B continoe unbl ol relef | sther removed or
ey dhoas |0 dher ociiva o o Sacbiseod Tall

Patbon of al (3002 aBuded 10 an apparent eponenial ek o
Al betwaity i o W0l a0 howeed, thiy chods sl b prasirits
a wingle function o explsin e durse fisds voluton, Iesbesd, they
wectiend o petadn the two disting erosonad phors e 60 ensre sedlment
iraiapor precested wire et conflabed Despite this deckion, they
anpueed thal bcspn B dune fiekly Poee Bmited hilidopes Rt
axcded |ha sngle of repose and & dominance of lnesr wedisesn

trans poet, dune o vl smooth with time and asoibing a sngle expo-
nential it is appropiate.

T gosal ol £hes wludy is 0o el and, il appropiale, Jpply o--age
rracheling to a pair of adjacent coastal dure: Melds, the: C5h and Ky
{Fraaer Istand) in southesst GQueersland, Thewe Lege and once con-
necled Sylees are dominabed by actve and emplaced parabolc
durss. At the C5M, many of these dones haee boen dated and the
o g paraleshe sedquences ipan the Mid- 1o Lale Holooowss, Once
emplaced, the evalution of the dunes (ensalon and deposition) is con-
trobed by a lmited sed of brown dffusiorall proceaes ghal ane mor-
phologically wrackable Meough Gme We fist estiblsh 3 oc-age
relathorakip o the CSM and test s vty on Kgarl I Bhe ool
i b e wddidilad Por e daled Sunerl v vl UliESS il Bo @il
mate e ages of the remaining Molocene-age dunel i both dune
fhebds. Alshoasgh our shady focuses specificaly on bwo iDcations, the
rorianch prowides irdights on the evolution of onepping oaastal dune
syiberes aned 2 s o produte & omere complele clvonsiogicsl
frammisark for milll-phase Sune Aok gobaly,
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PATTOM ot s

FIGURE 2 (al Sapelliie wmag oy of K gad [Foaner Eland)l and ihe Cooloola Sand Fams (C5M], wiach maks o b nosthem secteon of s
soustteead Oueensland | SECH dune Seld in fptrala The dune sediments are devived Brom the longshore drift system (deshed line and smow] Shat
i tdelired B0 P coanl By thi dominas foutBeaastaly wind (imall serowsl, &) Closg-up imuggery of th coditlivg snd dunis on Kgad, Phoin

credi; Jingen Wallstabs

23 |
Mass

Site descrigtion: K'gasl and Cooleala Sand

The soureast Queensland (SECH dune fickly in Austrola Figure 71 are
compoted of Kpa [Frner ldandd and the muinland-aitsched C5%4
wrumaeciabedy fo e souihy, Thee dune Teles havee Bee e oo veloping for oeer
BOD beyw (ENewion 0 &1, 2000 WAl of al, 2018) Thiss duné Syslinns
are aarendy weparaied by the entrence bo the Grest Saochy Siral and
thee: beeikip Penirausl. but recent work [Kohler et al. 2071 has demon-
sirated ol this Separation dabes back onby 10 1he ek’ Mid-Holooene.
Shrefiching for mane Pan 200 km of coasiline (2417 -24.81° 5] theoe
s il Coseer & coamlnrand D aeen ol - 1930 ke, wlth st of
e dhune Tielhy on K. Thay oorain s of the longest snd most com-
plete coetal dure field sequence in the world (Thompeon, 1781) and
ke o POD Holoosnie duniss [Pabion ot al, 2005 Wrd, I00E] ooy
evinng roughiby £40 ki, wehich ane the dneun of thiy dudy

Bath dure fidds Punee mearly Emifess sodimen supply, with an
estimated SO0 000 m" of smfment transporhed ywarly alorg e
regional longuhone deift system [Bopd ot al. 2008 Patieson &
Pamerson, 19831 The pawenl matedal b 4 undosm 580 medum 10
Fisr cpiarts s | 180- P50 e that iy well sortied and b-roundsd in
wiiaraziid (Thasmgricn, 39920 The mufority of onlapping durey ane pars
balic with bocall transgressive Gune waves, which travel Plnd wnder
thes influence of @ve domenant sousth-rasherty winds [Coaldrake, 1762
Ellirtion &t &l , 20001 Ths figiom Pud Babi tectorscally nacdtive By &
Thioms, TRE1L with only mingr varadilty i local base level betwen
=2 gl -DFm dined (he Holotens sea-livel highstand |Lewi
et ol 200E), The vepetation commonitess have besn melatively stabls
feg. Athan of o, 2015 Mo et al, 2013 wath tall opentchoe
echeropind tonesl making ug e Moty of D inland vigrlatos wnd
cosmbsl oubland dominating the eaterm sde of the dune hieklsy
@iarrold ot al, 19871 Addalonaly, the dimabe has remained sub-
trogical {oFa ) during this perod iDonders ot ol 20041

3 | METHODS

31 | Dune mapping and remote sensing

It shudy, vee ind vitually remap the Holeene and modem duness
fowr both the K gan and the TS50 Danees were idenbfied waing a 1 m-
il gl el ivation modsl IDEM] deifeid Mhos LIDAR (pulscly
maailable from: Gecacience Antralix Femer Comeal Progect. 1:5000
orthophoty mageory relneved from CQueessland Dlobse, and Pastd
pliersations. Each chird wiad doliestatiodl by hasdl iy AFOGES (i iion
104 f the bone of skp faces and aling v, and defined 20

[y

32 | Calculating surface roughness

Sarface rosaghingss i caleuliied by dirtadmining du slnreladd dediation
of curvabure i Tor mach mapesd dune ares, defined by & map polly-
pore This calculation of Ay |5 eiliced becare C dasributions are
cerired af O [Fagion ef ol , 20718, making i possibie 100 oemgas duie
without bisses infroduced by Beoad-icaly fopography (6.5 varksioos.
i iriial swrphology ok Trom the slecadent logegrapiy] Patban
et al, 20N, Curvabure vwais penerabied in fecPlap, which utiliz e sopes-
tons from hdoore o al (1771} and Jevenbergen and Thorne (1987
thai caboulaie ourvaline from the sl a5 4 percentpe and A
the §ign [negative curvalure corwmmiion) Therefore, we divide
At Plap™s garvitons cotyad by — 300 dschs gt pordteve valuerd e

sent concarety thobows) foot-slopes] arad negative walues mepresent
mmadty (Adpes/ otk see the onlne Supplementary Infommration
e Figure 31 0t s imporant 0 hghight Bhat - values 5ia et
b methodology and howundary conciticns and/or rocevies. Minor
vatlablities In pp valees moy ooown, but overall trends remas
sk
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Pricr o the o calcubition, we chose to reample the oigral
DEM wring biinesr inlerpolateon (0 5 m resolation. The reducten in
resclution dompered noss and lowered devabion wecenianty by
pemaing DEM jrocsialig stelect aod vigetsten elfects (Beti
et al FH while preserving done madphology (Paiton of al, 2070
O assumption In clbrating 3 s age relabiormblp was thad dune
o wallhidl decling mOnclonacaly with dune s, Henoe we Bmilid
ou ares of calibration and applcation B0 whene Gageer pIOCERIES
Shdl sl Schvictive proceiies (eg. wind snd firdal raeapodt, which
can oreae relief and roughnesy pevalied Addiionally, ol water
[waber bodess. bogs coastal chitfs, eic ) andfor anifeopogenic modifi-
epinng (rondi, bl -up oneas, mining. oic] were sia aluded. s
ranaved, the “monal shaligtes” poal in Srcap was aned b deber:
i o,

33 | Optically stimulated luminescence dating
Q5L daling provides an age ntimate of the e dece quarli graina
were laaf expoeed bo sunbght fourtall (Huntey &1 ol 1905): theredoee.
051 dates repeenl timeng of dune empioment [Lancater, 20080
For pach dune, OSL iasysked were collectnd 88 dune oreits ulilning a
sand auger with a 15 om bchet Dune stratigraphy was describesd
wning sandard fiek] protocoly (e prain siee, sorfing. moundneis, bed.-
ding smactures, Mursell colow, and tedurel A0 D51 sampling bhead
vl abtmched wath o sl neert o once the Lamiphs v
ricoamred, hi bk vl capped, tealed, e stored for Liter snakrsis
Dose e and molsture condend samples. were collected from Bhe
auger wenples sbowve ard beliow the O wampls depth, Eight samples
weere pollecied. dating sl dunet. On bao dunes, wae collscted rsitiple
051 sarmphis b incruads confideros in meadored ages Gnd feld nber:
pretatiom. Cne done bad samples from the same super hole and &
Eefleved 1o be equivalent in age. The other dure had samples col-
lectesd on separate paralld ridges on 8 raragrevsve wave, and thess
ages may wary skghily. These ages are wed 1o supplement those pre-
wisialy coledisd ahd repoded By Elevian & &l (2020, Hibei
et al (300 ), and Wisllker ot o, (200}

Al OSL wamples were processed and analysoed af the Lish
wilizing snglo-abgucd regensiaiive dove (SARD analvis of smal
shguots of quarts wnd Poeray & Wintle 000 Musey
et al Ml Samples were anabveed wing small aligeot |- 50 grakea)
analysh to reduce scatber cawmed by grsn-bo-grain varkaddler in
daii Fabé [mbro-dodlmatdy) (Bg Elates &1 Al 2000 Gadlie
of ol, OIS, Sample prepaation Toflowed sDended Mmineioons
profocol e Winkks, 1997]

Al dose rates wore determined Uting representative su b-wenples
that weere analvied aning WOP-MG and ICP-AES teciwdgues 1o deber
i e concinieations of K Ry, Th, and U in the sediment. Moyl
ool [ iRu] wik Calouaed by 6l samples 1T thee masdioed valod
wary below 55, we avmmed awalue of § & 35 which regrments the
averape mokiure hibcry Ellerton o o, 30000 Dose rabes are deber:
i Troin SRl Chislry, SOl oy CONiPBLton, Jfed wilar
content [Aken, 17FE: Aken B Xie 19900 wiing comverion Batan
from Gudrin et al. (30110 The contritastion of cmmic radition to bhe
done rate was caloulated waing ample depih, devation, and |atitudey
longitude Pollowing the caloubtions. of Prescott and Hutton | L)

221

E-wiLey.l

Optical measrements vwere performed on el aliguot |1 mm
dimster, ~ 10 graans per diskd) samples using Rise TLADSL Mode DU
20 readers with boe- green Bght-emiting diodes (LEDs) (470 + 20 ranl
w wEmletion source. Thi hisis e Upal was Miscrd Foh
TEmm wiravickst fibers (U300 ower S0-805 (350 channeld ag
128°C with LED dicdes st 70-50% power {-+45 miwiom”] and cafos-
vt by swibviracting thee awverage of the st 5+ Dackgroond sgeall from
e first 07 5 Mour channels) of the signal decary curse. The lumines-
cinbe digrali show rapsd decay dormindted by B Taal (ompanent of
the signal {bumay & Wintle, XTH. For those samples with «f Gy
eouivalend  dose (D) doscvesporse Cuves were lited Bready
[iftwaiin Ered BTG S050 Il Fepoaled Fepitimlive doses. R of &
priheal plileal dose-netovery [PP-DR] st (AGivie B Murray, 2004]
sgieat thal & 200°C prehesd for 504 produces the besd realls for
samipiey i this sthudy. O walues werne cafoslabed using the Cenbral Age
Model (CAM) of Galbrath and Roberis 2017 ming at leat
14 secigiod alauoli of Guarts wand Alguol wind iejecSid @ they Fad
ewdanoe of feldipar contamination, a recyding it Beyond 20K of
ity |08 of =1.3) recugeration =1 Gy, or Aakisral D grester than the
highest regerevative dose givere Emors i Oy and age estimoies are
rEpleted af 15 sndard emer andl inckde s relabed 10 nglmumeni
chlibwntion snd dose rabeeguivilend doti caloulition, Ermom werne ol
culated in quadrature using the methods of Ritien and Aldeed (1972
anedl Gusrin et ol (20011

34 |
dunes

Criteria for utiizing previously O5L-dated

Wiie utAne he Tolicwang Sampliing cibevia for dune 2ges from prev-
iy pulshihed itudes (1] Dales must reflect the age of the dune
surface marphology e Bhe vppermoat dune uni] Bhat forms the -
face mosphology was datedl (3] Cuney meet be emplaced
iLe. siabilied, not activel. Lasthy_ |1 ages meat be collected from dune
apioes o B oresd of the trading ddges and in physiclly Bile ahered
[BAC, T, il puarwiil iwuilirisl] sl Boiisani. Thide efledil vwive 8 ba
e that age represerbed primary seolisn depossSion,

15 | Surface roughneds-age analysis and age
extrapolation

klﬂmﬂrﬂudﬁmwmiﬂiw
dhfui wAEIN T CSML W Diygestiiiine (3wl Bath B OS50 aind K
durer Mty o posvermed by iderdical mechanisns coniraling dune
siivation aed evohition, beomne they were once pam of & connecied
dhune: Bt (®ihier et 3l 2001 and hawe been mapped a8 pard of the
saam e Teslem Pabion o al, 2019 Ward, 20051 Ay 3 el we
i Ul w cn Sy the i o< age delitiornhip M both Wte.

Fowr ot in The o -aggi mmod el bnd valdaton suliet, whens dunel
haree multiple dates, we prefermtially selected apes that were ol
lecind nearest bo e dune crest andfor from sand with mendmal pedio-
penic MLealions IC-horizon) Ay 3pe Bl sl s aamplng oitera
bt wre ol wnsd in the model are reconded. A1 OSL-daled dunen
fromm hae 50 were ulilosd bo build our A--ape mocel [mosdel st}
The remaining Q5L-dated dunes from the Inukbp Peninuela and Kigad
ae el aa valldabhon ssbsel We Nl or a--ape dala with an
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exponential curve, given that rebed lowers theough ditfusional pro-
s with time (Booth st ol 2017 LaHusen ot ol 2020 Paflon
ef al, 2007 We demorstiabe pur moded output by predicbing dune
s R s vl Mt bt e ihing) vinkeced majid -dsis e
won we (ompare the deps of e preciicied veres meriored dune
ages o 1.

A g of estimiled dursk 3PS 5 Foctucnd weg our no-age midd
b oAt dne o B0 Bime sinie dune oeplacemnl. Mlappesd dune
pofypi e reclissifed bo thir eitimaled st Ghei thai the o -Sge
relaticrship B constructed bom dunes that aee emplsced, we do not
preschct ages o acthve sectors ol the dune feld, bat rather assign them
abicduti et of O ki, Allve Soctioon aro et ifend by sl imgory
laradfoimms condlructed with Bk B Do veEpsiaton nd ieep e Taes
with praciients » 0L&5 mms 7 hiepe = 3T, which i ol or sbove the
angle of reposel Al e presdously removed during e caloibation of
e ep soronm of dures with waler bodees. or anSvopogenic disiur
langusl ane ncofporsied Back it B U Sl 10 Shaew D ull @atinl
ol the dune feldh and produce the frol peediciie age map, Bt ther
wurl e roughnss 4 fol incorporabeed bn Bhe reiukis

446 |
time

Determination of dune emplacement through

To evaluabe the fregency of dune emplscement through bme we
Kigan, CSM, and combined Hiloters dune Fehds inot including sctee
secthoral, We caloulate sepaate POFs for Ofl-dated and modelied
dhre ages with D05 kyr Bin intenals for 12 kv G140 folal bns) acd
Hsigme That the age timates repiesent the median valse wath
ey SiiriBuled aTer Al 8 fSErvaiVe aslinule ol eives, e
wlilize a condtant 10% relative standard error [RSE) for prefictie
age, wihich |5 fregeently appled for 051 dating My et al, 22101
Wi nomalioe sach POF by foted rember of dunes wned o generabe
the curve. Additionally, POFs peoduced fom predctie e ane alio
recwrrulired by dure sres (dune She divided by 1obsl Holssne dune
area—nat inchsding acfive done areal This is bo remove bias bowandh
vounger dunes caited by the presereation of ramesois swall, youn-
et duned. Wt vitually comgne FOFL amd saees dune el cememi
g iy,

TABLE 1 OS50 resulls and s oabion

A7 | Sensitivity anabysis

We calculate ne Tor ol map dune polygors at a reege o DEM resolu-
Bond [1= 50 ml For sl fidoldin, b o= hie hiiseihip B producsd
ared ite ¥ and RPASE sre recorded, W predict 38 dune ages and pen-
mrate cumulstive PDFs utiizing these relatiorahips and their respec-
i DIER mgolubacind. W compans ol POF 0 e OGL -deviwed PDF,
Alicaagn the latiey D0es RO pros el & guaniitabive assessmen of owr
arakyi, it dows oflir A sema of undeflainty and & foundalion o
Enamineg hive enhanced restliption and bin intberval mray inflosnce our
ivierpretations.

4 | RESULTS

41 | O5L results and previously reported O5L ages
The eight newly souired OS50 agey from sl indeacusl dunes are
shoran in Table § and Figors 1 For ssch ssmple, wpporiing informa-
Bon such a woil descriptions, geachemisiry. water confent. and ower-
diepesrnioen e Mound wilhen the onling Suppkementany nformadiom
Fagure 52 Tabbes 51 aed 520 From prinionly poibliibed work,
20 L ages met our sample critena, dafing 16 dures [specifically
Elierbon et oll, SO0 Kohler of al, 2031 Walker &t d. 2000] (Table 2,
Flgure 31 Al dunes with mlbple ages wem comsistent with owr
ExpeciaEon. Sampls collecied Trom b same augel hole wdicee
wgavalent apey (g, Dune 11) whenss samples froes Siferent loca-
Bons from the same dune plebded spes that incressed consitendy,
mervlng towards the diane’s inland Rmik [eg Danes 18 and 17). In okl
neswly acodred and peevionly published), 18 OSL apes et owr
erifesa, fdating 37 duned. All g Bhal e our aempling critenia but
wene nol prsfemed are denaled by alicined bext in Table 2.

42 | Surface roughness-age relationship
The dene calibration ages [n = 16} span Bom 00FD & Q05 ka to
BHZ + 0% ka with weface roughness declining from 0088 Lo

DS e " veih age b Tabla 7). As exporeniial regression §ts ouw
datn veell dume age = 321 * oxpl- TOAF * g, with F = 0942,

e

Cmember 0 locaton  Depthiml Lk oumber  aligeots’ L 4 labat
4 ] Kigari 1-1.13 ULl T 2 ] QA9 & g Qa7 & QT A% 4 Qo
5 H] Kgari =138 ST 1435 034 0 3 OLRE b Qs OAT & QB0
[ ] Kgari 1.97-2.34 LT Ta 2 iy 4 iy 051 0 Sl 13T 4 GEs
11 11a [0 1.90-2.04 LS L0000 g 1] Q54 & Do 141 £ 0E) 281 & 033
11 1l [ IBRE-A07 WS- folari] G + (gl L1+ Q) 214 + o27
12 12 K o804 50 USL-23RT 1731 025 + a3 100+ @14 405 + 083
17 17a Kl 215-330 USLE230 134221 I3 & Dy i+ 0r 586 + 083
i7 1M Kgari :I.l]i-!.il.i LSLL-ZIE9 an I:ISE-.H?J.:H g.{:n:.r | -.t. ﬂ.'iI:E:_

5L age anahysis iaing the single-abpuoi regererative dove procsiuse of My ard Winils C20000 0 1 e smal abguots of quarts sasd Member of
sl aned in age caloolaion and eoeiber od dinises anakaed i paned heses.

ot e SopprmrrarnLicy Wil st fin (e hotope Gl s of wnouidog snBoeenl e foee g corfnbalesn B deie calr

‘Erpaaabenil diviet [0, ) coicuated using the Ceniral Ape Mlode (Gailbwaith & Roberts. 20071
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FIGURE 3

Laeg- o gl Crfl ~chataixdl chumed s in i sludy, Dunis uiEnid in gur o age relalionship ae mpresented by grey dols, whisaas

diureed usid in chee valdaresn subet are white. For dunes with redtpds dabes, vee prefereniially soleched apes rom ore-w anddor siraggraphecally
lowver positions. Samples tfat met our selection criteria bat were rot med in owr model 20e madkosd with an 0

FMSE = QUEFD ka, ofd povalus @ D001 [Fgune 44l Our walidision
subsed brom dunes on Kgar and inskip Pendrsla i = &) Ealls within
the precfotiong of our mods e and derongirabes the predective
pwr al this malel, with 5 dogsd of QB0S (Figere 48 Sisilir Bo
pard  shudies, bgh o assooubed whth oonger duress  rapedty
decremes widhiln the first 1000 veors, ard after this period = vabees
decraarks more pradually, svhich o st describad by & negative s
mawvbial hunction (Boolh of 8. 2037 Lalkmen et g, PO Pantion
et al, 2032

43 | Predicted dune ages and their spatial
relationships and characteristics

In fhis study, vee remcbely mapped %3 and 11 acfive dunes Bodal
I3 and 535 and 1Y1 emplacsd HMoosns dunes botal 720]) on
E'gard and the 58 respecively, covering & otal anea of &40 lm® -
I3 of Both durs Nkl bofal e es Lhlizing e o« af Mo
tion sbove, we eifisate e emplaement age for e Holooers
dunet. Gereraly. the cidest dures fossest swrfaoe rosghness) s
locabind Boriharr inkend, dedpile hoving lafps weothon onligpaed By
il dorer omplioemenl [Fgum 531 Duies [eooss eogr
vvely yarge mowing lowards the ewd coosd (et to el
(Figures 5 and 530 The oldest dumes tend io b= larger and bess
s Erand Thie Liralor deies, wilssieir vonrg i dhoreri aie sl
In e but preafer in pumber [Figure 53 Onlapping rebtiormbips
reveaked By the roughness aralysis obey e principle of soperpos
tion, comistentdy sbowing younper dines supEimposed o older

it

dd | Temporal frequency of dune emplacement
Drrll thede i good winnl cormesponcksnde hotwein POF peals
Froam She 0650 age conbiod ard pradficbel dune apes [Fguie & vl
teal arvors]l Utiliong daied denes and ther measurement eror
In = X2 POFs deplct fowr major peaks that ooour ot 0.5, -2 -4,
s ~F5 ha When separting the OS50 ages inte bwo usique PDFs
Far otk lessations, we abaere umilar french Bebween Kgad o< 8
and the 58 (0 = 1681, wuggesting our sampling =ffors. phred con
shelers asmplaciThiind invenls despils hardegg Rimeted OSL dabes fwiite
PO i Figures §5b anedl o, repeciively]

Uiing precicied apes deviesd bom the a--age medsd not
induding active dunesl 0= 7260 we poduce POF: for cune
pmplicement PDF desead Triom nofendemakbeg | etimaded done
agrs depiclt one mogor significar peak o8 -0 ka that rapidly
decreases with increasing dune ape [Figuee &bl This b obsorved Tor
both the combined and =eparated POFy and 5 3 reflection of the
abiindant nusbs ol mappiad dunes [~60% oaglaced didng 1hi
Lt 1 by (Figere 530l When sccounting for dure s the com-
rasd noemnalired PDF fos fowr peaks cendned af oS 1% -4,
Sl - B8.5 ka [Figure &cp, The Lene peaki e Coimeen 1o Ehe PO
pEneated Fow The Twad Gida wlieh (Peddod wopirstely [Fguied S8
gl £

45 | Sensitivity anabysis

Surtace rooghress-age melationships lor a mnge of DEM sesoluiions
1150 ml ad thisr nsociating ¢ wed BMSE we repasitind in Table 53
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TABLE X AN wilh By loostiong (Faguie 3 sad 3ged u iEmed in this study, Noto: o wukcined fowd mdicila this O5L Sgis thal &6 not
i i tha - g emardied and walidation sefs and are indicated with an 5 i Flgure 3

10

iX
1
12
RES

14
1%
1%
16

i
17
18

18

18

1w

e find that a wide orge of resolSors provdde a good fit (-0 mlL
ety > 050 and RISE « 14 ka with Bhe best resolubion Bssing
5 amd &m We oberee the pooret! reateonshin (i F and g
BMSE]} for the Bighet and kel resolutiona (1 and 50 ml Generally,
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FIGURE 4 Cakulsted o -ape relatiombip from measuened OSL-datied dunes, (1) Do o depicts o stroeg expenential relatiorshin with ape
[+ 1n} Pdawh ] b etk vy 9 5% £onlidend s mbervali W hadid o) withen te TS0 ared K gaik doess Tiadids. Qs Calite ot kg (e dold O

froum he L5 [ =

10}, wheres the remaining dabes ved a5 3 vabidation subaet fwhibe dots) come from iecsid and K gar (o

&, (b Moot

yalednibor using predsied verens e suned dung ag et and B aitociaied Bt i e [ Black Ginel wiing seduoed mogod - od regeesaec Lo @oonumi
o inerianty in both varabies companetd s 11 Dne fsobd Slack dashes] binef

FIGURE 5
Vot et ol pudiin® B eeihetey g, O] dcirtPeeim K, el [d) OS50

3 | DISCUSSION
51 | Dunesurface roughness and evolutionary
processes

While dures ane active. they are dominated by veind adveciion and
dellyiion ihai control iher movement new the keesiope shp feoe
[Heegm, 2O02; Py 19820 The migrating dunes’ surfaces o hareen of

gt e e ouilieer Vhael pEbaE i el e i e it Binie ol

225

Frediched Holooone dune ages wsing o -age model. (a) Acrlal imagery of Kpan to the north and the 58 o the south wath

that sie ricoth oy mp | Thee dirs £oilinies 6 i while wigetaln
g 1o siabioe urer wpments dong the irelng arr el Ao
frowms e ot sicEion | (L, 209 1: Van & Bliss, 201 T Topograph:
varlablity beging b0 emevpe 35 1and i entrained within andor fored
dind wgilation palchil TS S kel D6 rolsf, roughirsg 1ha
dune periace snd resuling In an incresas in o This peogresses untll the
vepetation has fully covered and stabilized the dune's surface, marking
the oeaet of dune emplscemant and the hiphest recommed o vl

[P 34] D olvirviticng e b (e sisin b ot dure Gabaim
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(a)

L

FIGURE & Mormalired probabiity density
Tunstions (FOF ol the combined K g and C5M
b b desrived oo (al D50 -dabed dunes and
B} predicied ages. k| Predafeod ages nonmalized
by vk e anea. Vertical beal aeeas highlight
phrases of dure emplacesent. By fr the lrgesd
rranbier of duess b sl coadisl blermouls, bl
purmglatieely Ehete dunes repreten] wery Bigke ling
aiad afd e of nly loecal ggrificanoe. Area

oo by the durnees is aritical s during magor

R ke ek, Dhowoils Coubtsn e musch
Lwper parabolic and Erareserse dune feld

g Harign, SO0, Pollsetior of o, 2009, Stalin. & Paroer, 000, incicat-
g Ehat dune smplacement through 1o the siage of wegetation stablic-
T 5 & Mt that eoughens Topogmpln.

e dhunes. e pmplcid, their pogaphs swoldion can be
dhendribad by dfbniive dedirant irnpor] ey, which inchides. b
phumes of smoothing (deoreasieg o with time] (Patton et al, 20220 The
Feat phase ol rap maoiPeng & inducod by requent episod ransport
from diry rireel and shawtwash procersses. This perdity engil all siope are
lowened beloe thelr angle of repose This s followed by the seoond
phunse, which is Sominsted by skow and COPILO EENSROT BCEse,
i  eoturhation and granular relioton. We ypothesins Bl thia
walll EisnSre @l ercrion rabis lower and Bhe shyles of |rampon begoms
Incresbngly undform untll no reliel remaing se - O Fgure 54 This
ereil ekilion B appoited by o Geld abearvaliong tal sleeg
ks pe it G you g dunest <1 kal, peamormibic processis ane ool
T om Kjgar, seed tha valicafion submet ity well

52 |
story

Teming of dune emplacement and regional

Thewie or-= i Pltioerihip colfeated from thin C5M aoourtely pradecis
the sges of the O5L-dated dunes on K gard. The findings suppon he
e thart MMMHﬂidhmmm
Tl ekl divilognant wilh dilingd emplicement faki
im she Hokcene jeg Dlerdon et sl 3000 Patton et ol 2008
Woard, 2004) Critically, we are shie to predict the age of every
emplaced Molocene dune In the dune fesld, wiech sgnificanthy
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aemphfary our sbdity (o sctial chrondlogical agnaby frism dune fisldh
that have, to this point. been limitod,

Do aprocch dlloes s 00 observe pattem s withis dee cures fiskds
Hhat windd cthervwing be absture. Forexsmpls, the aklest of the Holg-
i arigalatirrnd phusel ot Bhe CRM and Bigan i e so-called Tri-
angde CRA" umit [Patton ot al. 2018 Wierd, 208 This is comprised of
large parabofic dunes, and mone locally, (e Farsverse dune waves.
Thiv uni wai mapped uniformily sross the dune feldy (Palton
et al, 2019 Ward 2008 suggsting that the entire mastine wa
sl ianeously BN duning the early Holoceng. This & CondEtent
vt B pxpeciation Bal the dune liekth vweould gorerally be Jotve
during the main posl-gheial framsgeeision beg Cook 1986
Lews, H0& Pye 19700 Pye & Bowman, 15704 Shulmeater &
Liws, 1992 Tham, 1578; Thapsan, E981) Hoesrenr, the age s
mabes. mdicate a dighdy differend patbem: we obannve Bhe maas pres-
mrvation of thes older FHolsome dunes immediately withie - 30 km)
muth of rocky headlancs (e Double Eand Point ono the C5M;
Tukhps Wieres [ses brdfisn Head] sed Woddy Poinl s Kpwi]
[Figure 51 We hypotfesine that thess headiands act 35 pinning: poingy
foer the eaches and long-term rotation of the oosstine inln swash
akgrment south of the keadands, which has resulied in enhanced
miogian and the cordquentisl ki of ol Hologos dunes in the
srthem parts of Both dune felds Stephera et adl, 19814 In addion,
eroded sedienesn bewds 0o acoumolabe wouth of the Peadlands. a5 can
Bar dpliirwnel frlifed Trons Tullois Svorion, The g eadeplion is fesd
e southamn mil of Kprl whee e noethvard migration of The
Mlary River lendy Sirsit inkel during tha Mid- to Lae Holooens
[Moshber &t al_ 200 Y] has increased bocal sediment supply, promoting
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coantal sccretion [Figure 5| Thin his conspquantly presened wame
Wig- Hislooens parabolc dures befing beach-ridpe complees.

Palecemdpmmental interpretationd from dure fields e oon-
strabned By dure chronologies and e often baved om a handful of
ages it Shulmeister & Leos, 19971 I fact, mary of the ounrent inber-
retationg fof the caavial dune Relds o Fram spane datssats which
are bmbed to indemed koy events, for esample. the onsed/
inbervdfication of the £ Mg Scothern Cacillation NSO o even the
pont-glacial tramgression. Our method prowides @ sysiematic and
P eTaE A 00 Rulalantialy expand thie cheonologes. and a
iy U incrpais Thee foluifneis of inbirpeetations by oading realis-
e ages for 3l the dunes in the dene field. The enhanced dwonoiogy
B impariand betane pabtercs of dune sctivalion snd emplicemsnt
are oirmphe and Moy Eoepass. signficand. region-dependent. time
lags and kcal signads (Lancaster &t al, 2008

53 | Dune emplacement ages and sea-level
varability

Crvmrall, the preccbind agey mppon previcis inferences sbod the dune
ks, Whether the SEC) dure fislds, Inchading the T3 and Kgar, have
m:mhmmummmmmw
leg Bleton et al 2000 Thompson 1980 Waller et al, 3018
Wi, 1978 Young @ al, 19900 butl P as that the masin dune-
fonmang. events were asocinted with the glacial mussmum hu beoome
emibeckied In the pogulsr berahore (mg. the Eting for the Fraser Isand)/
Kpar Workd Heritage Areal The most comprehemive dhrondiogy comes
from Blirton et al (2020}, wha oorstrained the ages ol the mopped
Peistocone and Holecens duee units and rebied Seue eemglecment
a0 wed el bn their sludy, They aobed that saa-keel rie s loeky
the: main driver inducing dune activity owing 1o the eroskon of and fom
the cnast aind mearstione, ad ConseguETt Rewor kg of sedh e indo the
e Thedds (0 ooper- Thom moded [Cooper. 1758 Thom, 197HL

W e dng s Inpolbess by comparng oul POF rults
e the a—age model with local sed-level cunes Trom Larcomis
ot ol (1999 and Lewks et al, (20000 Similar to Blerton et ol 20201
o Finings Support the Coopes - Tham micdel. VWe chasve [our maor
inales iri e Holotans 52 ~005, 1.5, 4, and <85 ks Bl we prirmar-
Wyt N - bl oty [Fagiing 71

FIGURE 7 The coshired " parl redl G50
dune fiebd POFs from predectesd |dank peey] dune
ages compared bo ool sea-leeel Gunees Trom
Larroamibe &1 al. {197 5 and Liwis & ol {200
Hobe that Ehere i a break bn the rebribve sea-levd
05 #0 that both curss oould be displsyed on ihe
same graph. We chasnye four emplisement
Pl heartaeal ial aread] thal e chosoly
ansndistind with the erminstion of tha ming lmb
of sea-bevel everas. The addition of our estimated
ages permits us-So betier constrain the Being of
dine emplacement [Elerton et ol 20500 which
thas Bsreny inicsiated] withs mapped dune wnily
Paitnon et al. 2019 Ward, 2006} Cape <005 ka:
Sisgan Hl ~15 + 05 b Frashaater

-l £ 08 o Trlangls CEH RS = 100k

M- wiLEyl »

The clew sdveniage of oo methed compired wilh Ol
penerabed POF i that e peaks. are much better defined, This b par-
ticularfy trus for the b older svents. which s lecger and mane pro-
nownced, while this B not the cee for the O50-derived POF
[Fgure & To maiefain consislensy with (e paers, we use
names of dure unin 1o represend phases of dune emplacemeni
[Herton o al. W00 Pafion et al, J00% Ward, 20080 The oldest
onplicement phone (Trismgle CEF) chanpes froe o poorly dafined
period between 4.5 and 11 ka (Blerion ot al, 70300 1o a tighter-
defisd dver at 85 = L0 k. This cosnchdes vwill with the Tenmanation
of (he ragid component of ponit-glacisl Famgession leg Lacombs
e al, 1995, For the bwo younger events theve s 3 3l i thelr peaks,
in bath caes malking the peak slightly younper than the 051 -baded
peais. For the Fresheoter (-4 + 08kl ond Station Ml
[~L5= 05 kal emplapemend phated, the revistd ages ame Clearly
younjer has the sa-lewel rie they aoe ingepreeied o be st
withe This by seraible aa the dune ages reflect fhe iming of send busial,
hine dune emplaoement. e dume activabion cemees when sea-lovel
rise shops. bt ihe dunes that e actie can remain acthee for decades
I CEfuies alter e nibation pooEs hal Wopped (65 Houmer
™ al, 2015 Levin, J001; Levin et o, 204 71

The most recesd dune emplacement event (Caped oooursd
wilhdn the last 05 kyr, which does nob correspond with ireoreased
se Bewel This phase has been ascribed Bo inoregmed haman ac bty
[Abgrigingl fes wnd European Choiecs wd fees) (Cook, 1784],
st it han abs boen propousd But ses-miface iemperatune (55T],
specifically the interaification of ENSO and the Inmterdecadal Pacific
Cudiation [IPOI, may account for Ehis adivation [Lewn, 20110,
While wary Bitle is krosvn about the beg-tem hisiory of the PO,
s et #Me0l on beach processas in this #ea has meoently Been
eonfirmed [Welly #1 ol 2009 snd & B sssociabed with 8 change in
Incident wave directicn and effective wave height Mcbwemney &
Shulmeiicr, 20180 More posithe PO condiions in e Lt Tew
emunes may aocoumb o s increed cosstal dune formaiion.
There H o Casral. Coastal Blyaouls s onmaed contsdnnly ol
prw o furction of kocal viormi fire, and otfer difurhance, o well
= reglonal events {Mesp, 3002; Levin, 30111 The lage number of
WEPY oiang duniss mury vl wamply B 3 relection ol SAochasbic
precevi, where thew dunes hove fife longterm prewration
perlerrial
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It i nponiant b nobe that vee olaerye bRl evidenoe 10 support
tha hygotbsii that dimate B the rogss contngl on widsigeosd Sune
vty ah peopoed by Young of al. (1993} Fapare L IC e Boen
inferred om paleos imate records fhat there was an interaificafion of
ENSD duning the med-Holoome, which may have bed o incesed
wslomsireid and cheate sweialdity (Barr ot 6l, J00% Coreoy
et al, 2000 Donders ot ol 2004 Moy et al. 200F; Shulmeither &
Lees, 19951 resulting in widespread dune activity, Howewer. this i
mhmmm&.kﬂnﬂmmmmm
T Dygst i Uhe dhuired Biehd v nol modifed by dimate change i the
Holccene. In fact. cdure vepetafion was remadiably consiviend.
Irbead, vy impact of ENSO will be Bwough isteractions with s IPOD
o wave Chimate ared on enhanced 5T, Wiggerng meore froguent or
siroeger slonm.

34 | Surface roughness-age model application
I thes shady vee have demcrairated that e = -age mode| i3 poben-
Haly porrTul ool I apply i dune sethings. The Jdvanlage of s
approach i Bhat il prodces syibematic dune sgi andl only neguires
highrresolution clevation data and » Fmited number of consiraning
e apes. IE ake has the abity o SEecl previously Hon-denifiod
e units. Duned can b placoed W chators of Smile o 1o hidg in her
the rpmbeer of emplacemend ewents snd Peir relatien segquencs, evm
wyhars dumne units are not contigeous andfor age control i abeent, Fur-
Thering,  redrkonalds e eRlimaled can B oBRained Ao hess
walaiod evenis Thess sobyes can be used bo larget and @imsct
fuitume wampling strategie bo ensure sl eepety ane onfirmid s wam-
ped Tor dating. while svlding areas of reactivation so that & nobast
chnnology can be corminalnd

In congrast [o dune ges high-retolution slevaSon dats iy becom-
g Inoemsingly avafable a wneanned aedal echickes and otber
remhe seneng Techniques are being emplored exderahety o capbare
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topographic informaton. ndesd. oW sensbivity analyse highbghts
B 3 widhe mnge of DEM pedchutions <o prosfucs fobuisl s predsc-
Eaen, thee FOFs of which comeipond vell with previoualy discribed
emplcemend everds. We deferming thad o calculsed wish DEM res-
oduthons of bebween 3 and 20 m produces similar rewstts. Beyond this
mnge lis, finer o coanir crschion] (ke melationhign deteriorals
(Tabie 53, Figere 551 Additionally, it is important bo recognioe that nok
all edewation models are el andd reseanchers must we thesr own
dhiscretion o detemning iF e dats adepmatehy describe the dune sur-
lacw Sb the neciiddry Fesclulion. For exmple, Tor e with dems
wegetation ardor canopy cover, LIDWAR should be considensd becaus
of iLs g tation-penctrating aleltes j.e bare-eartdy DEM] rafer than
a phoiogrammetry deried DEM which may mod captie the irue
e ragdy,

We expect Bab oo ac-agpe model will be applicbls i many
ofher dune weitings. The model has Beol magy ssumplior: wnitial
ndiormed ane formed with siphificand surface roughnes, o
ewolition b5 Bme dependent. and only diffusive Bilklope processes are
active. These supged that o dunes within the same systom will Fave
oleniacal Sy oluThonany e ECionss fre-age regressian] and thes 10pog
raphy will only smocth with time |decreasicg o Within Kgad and
e C5, thewe aasampiions ae known o be valid and are clearky
deninslrated by th Sreng® ol cuor model in Both kecataons, Smiler
o Kgawi and the CS5M, many coastal dung 5yl hav reativily st
Bl By lerveels i tha b= fo Late Mologens, well-defined and skabile
weing figkdy, arad Fave uniform, well-sored, and unconsobd ated made-
il Thewe beundary conditions apply on the Cregon ol [Peberon
e al. O and Grest Lakes of the United Seates [Hansen
ot al, PP, Morthern Insland and Sootland | Sommersilie of o, J007T;
Wilson et al, 2004, the seutheast Bracd moast (Glannind et al. 2007
and ksl fLann 6 al, J00E, aongil Saimy ol

Drespite superficial smdtarities, sach of these dune petems vary
dramabically in dimate and baota, which may kead 1o changes in the
e af which 7 decays with bme bebween sites. As deoussed by

"fufm 108 yr'}

FIGURE 8§ Paledimade reconls
thigugh M Helooona Tneem Liguna
Palicacocha in southenn Doadon Moy
ot o, OO, Sanalcr Lot in 63aBeT
Aumtoaiiy (Barr et ol 2019 and B Jurco
Ladess i the Galbpages [sands [Coreoy
et al, 00 companed fo tiedng of major
ihare smplicevnen] pluied o8 Kgan and
e ChL Chimaie sppears §0 have §be
dired ik o dune eeplsemenr

El Junen Lake % Sand
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Booth et 3l (007} and Pation &1 al (2023, the rate of decine for the
regrEssion B ooontrolled By sodl diffisdvity Omhidy B the combened
eflect of all envirormendal actoes Influencing the efficency of sedi-
el B e dowvrrlope) A o resull B oo one dune Seld o
age msgreniion thad b applicable a8 ol siten. A new model callboion
andd validation s cniical s sach case. Nevertheless, the decline in s
w th Dl ainid FE5 vialies Com Bl iPeT DRSO Prodedis, ¢ hararlivine
g @wolution and place tighler constraims on dure-Seld deselop-
rel withs gt 1o e gional elirmale. s -lreel mosdsh,

The iy limitation of the method s shen non-diffusie [adeec-
tive} processes wich as kndchpoint ercalon ako atfedt dune evolu-
i For Wi rukcen, apicationg of the mmeibad dbsold iisly e
Emeked 1o Holooers dunds amd Jv0ed Shes with sigrificant fivial
irarnr kg shdlor gl Buner-leonl chargn Cur infenticn b to adagpl
the meodel o Pestooore wecbons of the M ol Kgani
dona Tields In due coumnse, 3 pocess that will involee developing,
wgiled that incorgorsted the effect of besebnasl changed wdo the
emperbeng wp

COMCLUSIONS
Detemiedrg ape contmd Jor landioms & sportam within the aath
SNt for several reirons, feliliby provicing the e of procevey
idiving. lLancicaps evolation. Mowerser, atquiring the woleme of ages
ey o dowlop the complste record of dune espbcemeant
events for o fickd area is chalerging and, in most caset. not feaskie.
mamunmm.m.mnmm-
ol conglrsinti, bof may aba o Fross ermvincnimenial degradation
camed by sampling and travel in senaitive sroos. The Kpar and CEM
dhona Fipldh am ideal locations fo validaie this approsch o within
the Holooere most mogor Echors contribubing to landicape
e olition can B e anined and consirmsned. We spply an esponential
Rl B i e o be ediarimenti, and Ihi felidisedhin dan
e ramerically auxplained through conservation of mass squations.
Kigar s the CIM provide 3 field site whens »T00 duress, ipanning
tha kst 10 keyr are presereed. and wihich can readily be compared with
k- do ol ol clesaie, S beeel G wirgelaion Desple o
dating campaigni. only slightly ower 20 humir dited Haloone
dunes are reported [ESerton et al, 20200 Kohler ot al. 2021: Tepn-
Foslla e al, 1990: Walker of al, 2018 This only acoounts for <38 of
dhanes preserved and < 1% of the toiad land area (Fatton et al. 2019
Tar Plly wetorstand the spatisl wod tempond relitionship of dune
emplicemend, many  addional apes se requirgd Lislsing a
rughres-age empinical model prosides the fiest high-resobuticn
coanial dung dheonology. L applicalion ghwes & more robust inssghi
on ooaslal syiem evolutRon thae can ber derived from Bmeed
£hi kg sl caraly s

This maode prosddies resligic estimatey for every Holooons done,
which i not only sefiul in understandng where dunes of cerlsin ages
A loobed, Dl sl a0 ugnilicaee (o the Gmeng of major dune
omplaoemend eeents. For eoample, when only O5L-dabed dunes are
witifizod, tha timing of thedr roerds i biced and poorly defined. With
the adelition of the predicted apes, the Siee consiraings on the eventy
T, and poaks are more roncunced g the Trisngle Tl dune
it i Peclasufied from ~&5-11 ke by Blerton ot al (20200 1o an
B o 10 ka event] A KCpai and Bhe CSML cor resslty gondirm ehal
g phused ol dune scthaty are gosvenme by s leel Puchiston.
I addition. the age paktem dlovws e (o demonsirade Bt Ehelr spakial
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distributions are conrolied by dhanges in swash! diift aligrerent of the
coasl. The ohlet Holooens dunes ane condenaied mear heaadlands
that act a5 plendng points for cosstal eotatbon and are less ercalon
prone, Thiss oheercatisrd hghlsghit e pores’ of e s b el
e Enights o oo evolution in a coaskal duees feld,
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