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Abstract 29 

Here we report a ~2000-year sediment sequence from the Fortescue Marsh (Martuyitha) in the 30 

eastern Pilbara region, which we have used to investigate changing hydroclimatic conditions in the 31 

arid subtropics of northwest Australia. The Pilbara is located at the intersection of the tropical 32 

Indian and Pacific Oceans and its modern rainfall regime is strongly influenced by tropical cyclones, 33 

the Intertropical Convergence Zone (ITCZ) and the Indo-Pacific Warm Pool. We identified four 34 

distinct periods within from the record. The most recent period (P1: CE ~1990–present) reveals 35 

hydroclimatic conditions over recent decades that are the most persistently wet of potentially the 36 

last ~2000 years. During the previous centuries (P2: ~CE 1600–1990), the Fortescue Marsh was 37 

overall drier but likely punctuated by a number of extreme floods, which are defined here as 38 

extraordinary, strongly episodic floods in drylands generated by rainfall events of high volume and 39 

intensity. The occurrence of extreme floods during this period, which encompasses the Little Ice 40 

Age (LIA; CE 1400–1850), is coherent with other southern tropical datasets along the ITCZ over 41 

the last 2000 years, suggesting synchronous hydroclimatic changes across the region. This extreme 42 

flood period was preceded by several hundred years (P3: ~CE 700–1600) of less vigorous but more 43 

regular flows. The earliest period of the sediment record (P4: ~CE 100–700) was the most arid, 44 

with sedimentary and preservation processes driven by prolonged drought. Our results highlight the 45 

importance of developing paleoclimate records from the tropical and sub-tropical arid zone, 46 

providing a long-term baseline of hydrological conditions in areas with limited historical 47 

observations. 48 

 49 

  50 
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1. Introduction 51 

There is increasing interest in using climate fluctuations over the last ~2000 years to place recent 52 

multi-decadal trends in the context of long-term change, including exploring the relative role of 53 

natural versus anthropogenic factors as drivers of change (e.g., Masson-Delmotte et al., 2013; 54 

PAGES 2K Consortium, 2013). However, determining the direction of change in the hydroclimate 55 

has been challenging in regions where there is a relative paucity of records and high spatial and 56 

interannual variability in rainfall. The situation is particularly acute in the Southern Hemisphere 57 

(Neukom and Gergis, 2012; Palmer et al., 2015). Paleo-studies and synthetic analyses have 58 

nevertheless identified significant and largely coherent shifts in tropical and sub-tropical 59 

hydroclimates during the late Holocene across Africa (e.g., Verschuren, 2004; Verschuren and 60 

Charman, 2008; Tierney et al., 2013), Central and South America (Haug et al., 2001; Hodell et al., 61 

2005; Bird et al., 2011; Cuna et al., 2013), the Pacific (Sachs et al., 2009) and globally (Graham et 62 

al., 2011). Although sub-regional variations in tropical hydroclimatic trends have been recognised 63 

(e.g., Stager et al., 2013; Burrough and Thomas, 2013; Woodborne et al., 2015), there is a 64 

remarkable global coherence in hydrologic shifts for some periods, suggesting changes in the 65 

Intertropical Convergence Zone (ITCZ) (driven by Northern Hemisphere latitudinal temperature 66 

gradients) and/or the El Niño Southern Oscillation (ENSO) may play a role (Sachs et al., 2009; 67 

Graham et al., 2011; Schneider et al., 2014). 68 

 69 

Strikingly, one of the most consistent features of synchronous changes in the tropics is associated 70 

with the cooler temperatures of the Little Ice Age (LIA) in the Northern Hemisphere (NH), defined 71 

here as a chronozone between CE 1400 and 1850 (PAGES 2k Consortium, 2013). A NH summer 72 

cooling is thought to have caused a southward shift or poleward expansion in the ITCZ and 73 

associated tropical rain belt (Broccoli et al., 2006; Yancheva et al., 2007; Sachs et al., 2009; 74 

Mohtadi et al., 2014). It has thus been hypothesised that the northern and southern tropics and sub-75 

tropics experienced antiphase shifts in hydrology during the LIA: with drier (wetter) conditions in 76 
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the north mirrored by wetter (drier) conditions in the south (e.g., Haug et al., 2001; Verschuren, 77 

2004; Sachs et al., 2009; Cuna et al., 2013).  78 

 79 

Recent reviews of the Quaternary records from the Australian tropics and interior arid zone, 80 

including marine sediments off the northwest coast that have been used to reconstruct relative 81 

aridity and monsoonal dynamics during glacial and interglacial periods (van der Kaars and De 82 

Deckker, 2002; van der Kaars, 2006; Stuut et al., 2011; De Deckker et al., 2014), surmising 83 

increasingly arid conditions during the late Holocene (Fitzsimmons et al., 2013; Reeves et al., 84 

2013a, b). However, the resolution of these reconstructions is not sufficient to allow comparisons to 85 

more recent hydroclimatic variation (e.g., Proske et al., 2014). A recent synthesis based on 86 

Australasian records and modelling has proposed rainfall patterns over the Australasian tropics 87 

followed a different trajectory to other continents during the late Holocene (Yan et al., 2015). 88 

Unfortunately, the dearth of Australian terrestrial paleohydrological records with sufficient (sub-89 

centennial) temporal resolution is extremely limited, preventing the testing of hypothesised 90 

asynchronous change in rainfall across the region and more broadly, the Southern Hemisphere 91 

(Neukom and Gergis, 2012). In northwest Australia, for example, rainfall delivery today is 92 

dominated by synoptic weather systems associated with the ITCZ, particularly tropical cyclones 93 

(TCs) and monsoon lows (McBride and Keenan, 1982; Berry et al., 2011; Lavender and Abbs, 94 

2013; Ng et al., 2015). The few published reconstructions, however, have had limited success in 95 

extending the regional hydroclimate record. For example, speleothem δ18O records from the 96 

northwest coast spanning the last 1500 years have suggested the lowest level of cyclonic activity 97 

over this period to be since 1960 in marked contrast to the weak observed relationship between 98 

speleothem δ18O and rainfall volume (Haig et al., 2014), observational trends (Shi et al., 2008; 99 

Taschetto and England, 2009; Gallant and Karoly, 2010) and inferences over the last 150 years 100 

from tree ring records from locations further inland (Cullen and Grierson, 2007; O'Donnell et al., 101 
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2015). These contradictory findings clearly demonstrate the urgent need for further reconstructions 102 

from terrestrial environments across the region. 103 

 104 

In this study, we report a new sedimentary record of climate variability for the past ~ 2000 years 105 

from the Fortescue Marsh, inland Pilbara (northwest Australia), a site known to capture regional 106 

hydroclimatic change resulting from flash surface flooding (Skrzypek et al., 2013; Rouillard et al., 107 

2015). Our objectives were to (i) improve the temporal resolution and spatial coverage of late 108 

Holocene hydroclimatic variability in the northwest Australia and (ii) elucidate shifts involved in 109 

hemispheric circulation dynamics and associated patterns of rainfall that may relate to the LIA 110 

chronozone. 111 

 112 

2. Methods 113 

2.1. Regional settings and site description 114 

The eastern Pilbara is located approximately 400 km inland of the northwest Australian coast (22°S 115 

119°E; Fig. 1). The seasonal variability in rainfall is summer-dominated (Fig. 2), and interannual 116 

variability is one of the most extreme in the world (van Etten, 2009). The majority of rainfall is 117 

delivered over 1–5 days events by TCs and other closed lows. In contrast with South American and 118 

continental and west African Southern Hemisphere (SH) subtropics, the contribution of TCs to 119 

annual rainfall in the eastern Pilbara (30–40 %) is one of the highest globally (Dare et al., 2012; 120 

Lavender and Abbs, 2013; Ng et al., 2015). Evaporation rates in the catchment (~2800–3200 121 

mm·yr−1) are up to ten-fold the average annual rainfall of ~290 mm 122 

(www.bom.gov.au/climate/data/).  123 

 124 
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 125 
Figure 1: a) Topographic (1 Sec. SRTM Derived DEM-H v.1; Geoscience Australia) and 126 
(intermittent) river network (Geoscience Australia) map of the Fortescue Marsh catchment (i.e., 127 
Upper Fortescue River catchment), including the present study site (14 Mile Pool), and frequency 128 
of inundation of the Marsh (modified from Rouillard et al., 2015); b) 40 cm resolution ortho-photo 129 
(July 2010; Fortescue Metals Group Ltd) overlaid by maximum 1988–2014 floodplain (solid white 130 
line; Rouillard et al., 2015); c) aerial photograph taken on Feb 2012 (A. Rouillard) showing the 131 
coring location of replicate cores FOR106C2 (C3) and FOR106C3 (C3). 132 
(2-COLUMN FITTING IMAGE) 133 
 134 

The Fortescue Marsh (hereafter referred to as the Marsh and known as Martuyitha to indigenous 135 

peoples) lies in the Fortescue Paleovalley, which is flanked by the Chichester and Hamersley  136 

ranges. The Marsh acts as a terminal basin for the Upper Fortescue River catchment (30,000 km2; 137 

Fig. 1a). The Upper Fortescue River catchment, including the Marsh, is not hydrologically 138 

connected to the Lower Fortescue River catchment (Skrzypek et al., 2013). The Fortescue River 139 

drains 56 % of the Upper Fortescue River catchment where it reaches the Marsh (Fig. 1a). Gauging 140 

stations in the catchment are limited; however, a continental-scale classification of stream and river 141 

flow regime based on <20 years of discharge records in the region described flow as being ‘variable 142 

summer extremely intermittent’ (Kennard et al., 2010). This flow regime class is the most extreme 143 
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on the Australian continent and is described by the highest number of zero flow days (>250 per 144 

year), lowest baseflow index, highest variability and skewness of daily flows, and in the timing of 145 

maximum flows, highest rise and fall rate (up to ~20 and 5 ML day-1 day-1, respectively). This 146 

extreme regime also has predictable high flows (>1st percentile) with daily volumes in excess of 147 

15 ML day-1.  148 

 149 
We extracted sediment cores from 14 Mile Pool, a relatively large pool located on the eastern 150 

boundary of the Fortescue Marsh (Fig. 1). The generally shallow (< 2 m) pool represents a terminal 151 

reach (~2 km long) of the Upper Fortescue River at the head of the Marsh (Fig. 1a), 14 Mile Pool is 152 

the most frequently inundated and perennial water feature of the Marsh and receives most of the 153 

flow that subsequently progresses west across the floodplain (Rouillard et al., 2015). The hydraulic 154 

gradient along the Upper Fortescue River between Newman and 14 Mile Pool is 0.0007. To the 155 

north, 14 Mile Pool drains a section of the Chichester Ranges (hydraulic gradient of 0.006, and 156 

0.003 over the immediate 15 km), which represents only 3% of the pool’s total catchment area. 14 157 

Mile Pool was selected after an extensive coring survey across the Marsh and along the major creek 158 

lines upstream in the Upper Fortescue River system; at other sites surveyed, sediment sequences 159 

were either mixed vertically (fine particles, silty clays in claypans on the floodplain) or clearly 160 

scoured by high energy flash floods (i.e., coarser particles, sandy and gravelly beds of pools higher 161 

up in the ranges).  162 

 163 

The bed of the pool at the coring location is ~75 m wide (~405.5–406 m a.s.l.) and overflows on to 164 

a 1400 m wide floodplain (407–407.5 m a.s.l.) during short-lived flooding events (Fig. 1b). The 165 

inundation regime at the Marsh over the last 100 years has been strongly dominated by TC-166 

generated, high-volume summer rainfall events resulting in flash floods (Rouillard et al., 2015). 167 

Between 1988 and 2012, surface water on the 14 Mile Pool and floodplain typically receded to the 168 

pool’s bed and became isolated from the Upper Fortescue River within a month of flooding, but on 169 

average remained connected to the other downstream sections of the Marsh for 3–4 months every 170 
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year. During large wet years (>300 km2 inundations), which occurred about once in 10 years over 171 

the last century, downstream connectivity of 14 Mile Pool with the Marsh persisted for up to 10 172 

months (Rouillard et al., 2015).  173 

 174 

Water chemistry measurements taken between 2010 and 2012, including quantification of 175 

evaporative loss using water stable isotopes and ionic concentration of salts, show that 14 Mile Pool 176 

experiences large shifts in volume (i.e., depth, width and length) in response to flooding and 177 

seasonal or prolonged supraseasonal drying rather than being sustained by groundwater (Skrzypek 178 

et al., 2013). Fresh, slightly acidic, softwater and nutrient poor conditions brought by flooding 179 

progressively develop into brackish (total dissolved solids = 60–6000 mg·L-1), alkaline (pH=6.6–180 

9.9), hardwater (HCO3
-=23–308 mg·L-1) and slightly enriched in nutrients (total filterable 181 

phosphorus = <0.01–0.2 mg·L-1; total filterable nitrogen = 0.4–4 mg·L-1) over time as water 182 

evaporates. Daytime water temperature varies between 13–36˚C. Turbidity of the pool is at its 183 

highest within the month following flooding (10–240 NTU), and during the dry winter season when 184 

the pool is most shallow. However, the water column clears very quickly once flooding subsides as 185 

clays settle to the bottom of the pool enabling algal and macrophytic growth.  186 

 187 

14 Mile Pool is flanked by a narrow band of riparian vegetation on both banks dominated by large 188 

Eucalyptus camaldulensis and E. victrix trees (Fig. 1c). Beyond the riparian corridor, salt-, drought- 189 

and inundation-tolerant succulents (Tecticornia and other chenopods) dominate the floodplain 190 

vegetation (Beard, 1975). Early cadastral maps (Fig. A.1; Dept of Lands and Surveys, 1892, 1894, 191 

1899, 1905a,b, 1909, 1919, 1921, 1924, 1952), aerial photographs (1957; Edward de Courcy Clarke 192 

Earth Science Museum, UWA) and high-resolution ortho-rectified imagery (2004, 2006, 2010, 193 

2012 and 2013; www.landgate.wa.gov.au) indicate that there has been no major change in the site 194 

location (1892) and morphology (1905) of 14 Mile Pool since at least this period (i.e., coverage of 195 



 10 

the earliest cadastral map available for the area showing the position of a watering point at current 196 

location; Fig. A.1). 197 

 198 

 199 
Figure 2: a) annual rainfall (shading), proportion (%) of average annual rainfall that falls in Jan–200 
Mar (isohyets; www.bom.gov.au) and locations of published terrestrial paleohydrological records in 201 
tropical and subtropical Australia with sub-centennial resolution discussed in the text, including (1) 202 
Fortescue Marsh, present study; (2) Juna Downs (Cullen and Grierson, 2007); (3) Hamersley Range 203 
(O’Donnell et al., 2015); (4) Cape Range and (8) Chillagoe (Haig et al., 2014); (5) Black Springs 204 
(McGowan et al., 2012); (6) KNI-51 (Denniston et al., 2013; 2015); (7) King River (Proske et al., 205 
2014); (9) Bromfield Swamp and (10) Mount Quincan (Burrows et al., 2014); overlaid on Upper 206 
Fortescue River catchment (black line); b) April true colour MODIS composite image (Blue Marble 207 
Next Generation with Topography; www.visibleearth.nasa.gov/view.php?id=74318) and isohyets of 208 
the correlation strength (R2) between summer rainfall and Hamersley Range tree rings growth 209 
(modified from O'Donnell et al., 2015), and c) interannual variability in rainfall (www.bom.gov.au) 210 
and 1979–2012 TCs tracks (Tropical Cyclones Database; www.bom.gov.au/cyclone).  211 
(1-COLUMN FITTING IMAGE) 212 
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 213 

2.2. Core collection and processing 214 

Two 0.6 m replicate sediment cores (codes FOR106C2 & FOR106C3; 22˚33’20.4”S 119˚51’40.9”E 215 

& 22˚33’19.2”S 119˚51’42.3”E, respectively) were extracted 50 m apart below 1.8 m of water 216 

(bank full) in November 2011 from the deepest section of 14 Mile Pool (Fig. 1c) using a modified 217 

percussion corer activated from a floating platform. To select the coring location, we surveyed 218 

satellite imagery over the 1988-2012 period (Rouillard et al., 2015) to observe seasonal drying 219 

sequences of the 14 Mile Pool and to determine the most frequently and most persistent inundated 220 

section of the pool. Briefly, all the captured imagery from the Landsat archive over our study site 221 

was compiled and analysed, with episodic coverage between 1972-1988 and nearly fortnightly 222 

resolution between 1988-2012 (see Rouillard et al. 2015 for further details). We also conducted 223 

seasonal field surveys over the 2009-2012 period, including quantification of evaporative loss using 224 

water stable isotopes and ionic concentration of salts, which confirmed large variation in water 225 

volume of the pool (i.e., depth, width and length) in response to flooding and seasonal or prolonged 226 

supraseasonal drying and that only the location chosen for coring remained inundated. Bathymetric 227 

assessment confirmed that cores were obtained from the deepest section of the 14 Mile Pool 228 

(Sep. 2011). We also conducted a second coring survey in November 2012 in the same section of 229 

the pool (at the location of FOR106C3), where two percussion cores (to compacted base layer; ~60 230 

cm) and two hand pushed cores (~20 cm) were taken from the floating platform in only 50 cm 231 

water depth. These cores confirmed a coherent longitudinal lithology in the section that was 232 

consistent after a major flood event. In summer 2012, TC Heidi (Jan 11–13) generated up to 233 

184 mm of rain overnight in the Upper Fortescue catchment that we estimated, based on data 234 

collected from newly installed piezometers across the Marsh, resulted in >400 GL of water to the 235 

Marsh. However, the sequences extracted before (Nov 2011) and after this large flood (Nov 2012) 236 

had the same apparent lithology, including distinct, sub-cm horizontal layering in the top 5 cm of 237 

the core.  238 
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 239 

Despite multiple coring attempts, longer sediment profiles could not be retrieved due to an 240 

underlying cemented layer. The 5-cm diameter cores were split lengthwise in the lab using a 241 

rotating saw and stainless steel wire and the texture, layering and colour of the split cores were 242 

characterised visually. One half was wrapped in plastic and aluminium foil and preserved at 4˚C as 243 

a reference. The other half was sub-sectioned in 1 cm thin slices. Subsamples from the centre 244 

portion (diameter ~ 3 cm) that had not been in direct contact with the PVC piping were placed in 245 

aluminium foil and used for dating and isotope analyses, while the outer portion of the 1 cm 246 

sections were bagged and used for microfossil and granulometric analyses. All discrete intervals 247 

were frozen at −20˚C directly prior to freeze-drying for measurement of moisture content. 248 

Mineralogy was established using X-ray diffraction (XRD) on random powder using a Philips 249 

PW3020 diffractometer at depths 8, 46 and 57 cm (FOR106C3). 250 

 251 

2.2.1. Particle size analysis 252 

Particle characterisation was made on FOR106C3 using a series of phi stainless steel sieves. Prior 253 

to sieving through a 1 mm mesh sieve, the sediment was screened for macrofossils and the > 1 mm 254 

fraction analysed for particle size. An aliquot (~0.5 cm3) of the <1 mm fraction was analysed in 255 

Calgon (Na6O18P6) using a Malvern Mastersizer 2000 with Hydro2000G light scattering laser 256 

counter. Measurements were made in triplicate and average values were used to build a frequency 257 

histogram. GRADISTAT v.4.0 software (Blott and Pye, 2001) was used to calculate the statistical 258 

grain size parameters (mean, median, sorting/standard deviation, sand, silt, clay and gravel 259 

percentages) on the integrated >1 mm and <1 mm fractions using the method of moments with 260 

geometric scaling. 261 

 262 

  263 
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2.2.2. Total C and N and stable isotopic signatures 264 

Total C and N (%) contents and stable isotope signatures (δ13C and δ15N) of the <1 mm fraction of 265 

every 1-cm interval (FOR106C3) were obtained using a Thermo Flush Elemental Analyser coupled 266 

with a Delta V Plus Isotope Ratio Mass Spectrometer (Thermo Fisher Scientific, Bremen, 267 

Germany) at the West Australian Biogeochemistry Centre at The University of Western Australia 268 

(www.wabc.uwa.edu.au). All samples were freeze-dried, ground and homogenized prior to analyses. 269 

Sediment organic carbon (OC) content and δ13C were also determined for every other interval of the 270 

60-cm long profile (FOR106C3). Following standard protocols, app. 100-150 mg was pre-treated at 271 

room temperature overnight with acid (4 % HCl) to remove carbonates (Brodie et al., 2011). 272 

However, acid pre-treatment for the removal of inorganic carbon (IC) commonly introduces biases 273 

in δ13C and C estimates beyond instrumental precision (e.g., 4 ‰; Brodie et al., 2011). Given the 274 

very low total C content of our samples and the low variability they showed in δ13C (generally 275 

<1 ‰), the removal of IC for determination of bulk OC content and δ13C values was considered 276 

unreliable. Thus, we report our findings as non-acidified. All stable isotope analyses have been 277 

reported in permil (‰) after multi-point normalization to international scales using NBS19, 278 

USGS24, NBS22, LSVEC for δ13C and IAEA-N1, IAEA-N2, USGS32 for δ15N (Skrzypek, 2013), 279 

with combined analytical uncertainty of <0.10 ‰. Correction of total content of C and N was 280 

applied to account for the proportion of the weight of the <1 mm fraction. 281 

 282 

2.2.3. Subfossil analysis 283 

Where present, ostracod shells were systematically sampled from the full core for every 1-cm 284 

interval of the loose freeze-dried sediment for identification (FOR106C3). The extensive iron oxide 285 

coating was individually removed from the shells in a sonication bath of deionised water (10 286 

seconds). After a coarse resolution (10-cm) analysis for microfossils, pollen of Chenopodicaeae, 287 

Poaceae, Myrtaceae and Asteraceae families were identified. Overall pollen concentrations were 288 

found to be very low (averaging ~5000 grains·cm-3; Shulmeister, 1992), however, and no pollen 289 
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was found in the basal samples. Preservation rates were also very low, with <20% non-deteriorated 290 

grains per interval in the majority of cases. Deteriorated grains were primarily crumpled, most 291 

likely reflecting mechanical damage resulting from compaction, inwash or sediment disturbance 292 

through, for example, rewetting and subsequent drying of the sediment cracking clays (Cushing, 293 

1967; Lowe, 1982), which also corresponded with the results of preliminary diatom analysis. Given 294 

the low concentrations coupled with high levels of deterioration evident in the sequence, it was 295 

determined likely that the non-deteriorated microfossils would represent types more resistant to 296 

decay, rather than past assemblages per se. 297 

 298 

2.3. Developing a chronological framework 299 

A geochronological framework for the sequence was established using 210Pb, 137Cs and accelerator 300 

mass spectrometry (AMS) 14C radioisotopic techniques (Appleby, 2001; Björck and Wohlfarth, 301 

2001). 210Pb and 137Cs activities were measured on ~2 cm3 freeze-dried sediment from 18 intervals 302 

of replicate core FOR106C3 using gamma counters at the Paleoecological Environmental 303 

Assessment and Research Laboratory (PEARL, Queen's University, Kingston, Ontario, Canada) 304 

following Schelske et al., (1994). AMS 14C dating was performed at the STAR facility at the 305 

Australian Nuclear Science and Technology Organisation (ANSTO) at Lucas Heights, NSW 306 

Australia (Hua et al., 2001; Fink et al., 2004) and Waikato Radiocarbon Dating Laboratory 307 

(Hamilton, New Zealand). Given the consistent lithologies between replicate cores FOR106C2 & 308 

FOR106C3, eight terrestrial plant macrofossils (fresh and charred) and six bulk samples were 309 

extracted from both cores for AMS 14C analysis: depths from FOR106C2 were converted to 310 

FOR106C3 depths by linear interpolation between distinct lithological sections. Radiocarbon ages 311 

were calibrated to Common Era (CE) years using atmospheric bomb 14C data for the Southern 312 

Hemisphere (SH) Zone 1-2 (Hua et al., 2013) and extended back in time by the SHCal13 calibration 313 

curve (Hogg et al., 2013) and OxCal v. 4.2 program (Bronk Ramsey, 2009). Unless explicitly 314 

described otherwise, ages mentioned henceforth are quoted in CE years. 315 
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3. Results 316 

3.1. Age-depth models 317 

The three dating techniques employed (210Pb, 137Cs and 14C) provided coherent chronologies for the 318 

sequence. As might be expected for such arid and extreme hydrologic conditions, sedimentation 319 

rates were not linear and the sequence is likely discontinuous (Figs. 3; 4). 210Pb and 137Cs activity 320 

concentrations, used for the most recent history of the sequence, were both low (values below 100 321 

and 5 Bq·kg−1, respectively) but comparable to other lacustrine sediments from the SH (Gell et al., 322 

2005; Leslie and Hancock, 2008). Total 210Pb activity for the 13 samples analysed generally 323 

declined with depth but several inversions from this trend were also evident (Fig. 4a). Below 40 cm 324 

depth the unsupported 210Pb activities were too low to be used in the dating calculations, whereby 325 

total 210Pb activities were not significantly different from supported 210Pb activities, estimated (i.e., 326 

averaged) to be ~30 Bq·kg−1. In the top 40 cm of the core, the lower unsupported 210Pb activities 327 

(‘low activities’ sample series; Fig. 4a), were not used either as these activities may represent older 328 

sediment materials from the catchment being re-deposited over more recent materials during large 329 

floods (‘dilution effect’; Appleby, 2001) or some level of re-suspension and mixing at the sediment-330 

water interface. This interpretation of the irregular depositional pattern is supported by the 331 

lithological layering, where we observed an abrupt horizontal colour and grain size change in this 332 

section of the core (Fig. 3). Additional variability in the supported 210Pb activities (background) can 333 

also be seen from the uneven 214Bi profile (Fig. 4a). Thus, only the five top samples (8 to 33 cm) 334 

with higher unsupported activites (‘high activities’ sample series; Fig. 4a, b) representing ‘non-335 

flood related depositions’ were used in the chronology reconstruction.  336 

 337 

 338 

  339 
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 351 
Figure 4: Gamma counting results from 14 Mile core (FOR106C3), including a) total 352 
210Pb (with error bars) of all analysed intervals, including the selected ‘high activities’ 353 
(blue shading) and discarded ‘low activities’ (red shading) sample series for the age 354 
calculations and 214Bi activity (i.e., a proxy for supported 210Pb; open circles); b) 355 
unsupported 210Pb activity (with error bars) included in age-depth Model 2 (see Sect. 356 
3.1 for details of selection); and c) total 137Cs (with error bars). 357 
(1-COLUMN FITTING IMAGE) 358 
 359 

Based on these five selected samples, the Constant Initial Concentration (CIC) and 360 

Constant Rate of Supply (CRS) models provided close agreement on 210Pb age 361 

determinations (i.e., within analytical uncertainties); the CRS was ultimately selected 362 

as it was better suited to the variable accumulation rate of this core (Appleby, 2001). 363 

For verification of sample selection in the top 40 cm of the core, we also calculated 364 

age estimates from the discarded ‘low activities’ samples as an independent series but 365 

found no difference in estimates between series (Fig. 4a). The highest 137Cs activities 366 

were measured between 16.5 and 19.5 cm, delineating a depth range for the peak 367 

nuclear testing of 1964 in the SH (Fig. 4c) and supporting the calculated CRS model 368 
210Pb chronology (Leslie and Hancock, 2008). The onset of 137Cs was identified at 369 

28–29 cm, which should correspond to the early detection of 137Cs fallout from 370 

nuclear testing (CE 1954–1957) (Leslie and Hancock, 2008).  371 

 372 
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Two age-depth models were constructed for the sequence (Fig. 3). The surface was 373 

assigned as CE 2012 as the date of coring as it immediately followed a major flood 374 

event (Rouillard et al., 2015). The first age-depth model (Model 1) was based on the 375 

eight radiocarbon dates of terrestrial macrofossils (Fig. 3; Table A.1; A.2). Bulk 376 

samples yielded older 14C ages compared to those of terrestrial macrofossils at the 377 

same depths, possibly reflecting a hard water effect as a result of carbonate bedrock 378 

(Björk and Wohlfarth, 2001) and/or transportation of older (reworked) material from 379 

the catchment. However, the offset that could be attributed to the reservoir effect was 380 

not constant through time, ranging from 240 to 2483 yr (Table A.1). Considering the 381 

high level of biological reworking of organic material that takes place in arid 382 

environments, it is likely that the bulk-dated organic compounds were highly 383 

recalcitrant terrestrial compounds transported from the surrounding catchment during 384 

flooding and/or preferentially preserved with depth mixed with a variable amount of 385 

organic matter (OM) produced in situ (Battin et al., 2008). Thus, bulk samples were 386 

not used for the age-depth models (Table A.1, A.2).  387 

 388 

We used two approaches to estimate the age of the sediments from 14 Mile Pool. 389 

Model 1 was built using the Bayesian P_Sequence model in the OxCal program v. 4.2 390 

(Bronk Ramsey, 2009) with a low k value of 0.7 to allow flexibility in the model 391 

(Fig. 3). The overall agreement index of the model was 59 %, which is very close to 392 

the accepted level of 60 % (Bronk Ramsey, 2008). The second age-depth model 393 

(Model 2), which includes 14C (8), CRS 210Pb (5) and 137Cs (2) age estimates, was 394 

performed in CLAM (Blaauw, 2010) using smooth spline fitting with a goodness-of-395 

fit of 15.11 (Fig. 3). The main differences in the outputs of the models are in the age 396 

estimation of the P3–P2 boundary and the early onset of the profile; Model 1 places 397 
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these boundaries at ~150 and 800 years later than Model 2, respectively. Given the 398 

sequential but likely discontinuous depositional patterns of the system (intermittent 399 

sedimentation and transport) and the effect of sub-aerial drying on the sequence 400 

(weathering, wind deflation), these age-depth models have been applied here to 401 

provide age estimates of the boundaries for key hydrologic periods (described here as 402 

P1–4) and sedimentation rates (averaging between models). More detailed 403 

implications of sequence discontinuities and the differential between models on 404 

boundary estimates for paleohydrological interpretations are discussed below for each 405 

period. 406 

 407 
3.2. Multi-proxy paleohydrological reconstruction 408 

All age-depth models identified several inflections in sedimentation (Fig. 3). Four 409 

stratigraphic units (P1–4) were identified from shifts in sediment accumulation rates 410 

and other sediment properties (i.e., particle size distribution, moisture content, 411 

oxidation state, macrofossil abundance and C and N content and stable isotopes) 412 

(Fig. 3), which most probably indicate different hydrological conditions in the four 413 

periods. These different hydrological regimes may either reflect the catchment 414 

hydroclimatic history, shifts in catchment processes affecting runoff and erosional 415 

patterns from land use (post 1860s) or a morphological shift in the river channel 416 

position through lateral displacement or an avulsion event (Jones and Schumm, 1999). 417 

Avulsion events (when the old river channel is abandoned and a new river channel is 418 

formed) are well documented elsewhere on low gradient floodplains in the arid zone 419 

(e.g., Ralph et al., 2011; Donselaar et al., 2013). However, they are unlikely at 14 420 

Mile Pool given the local geomorphological conditions described above (topography, 421 

soil type, stability of long-lived vegetation on banks) and the consistency in the 422 

observed mineralogical profile (Figs. 1, 4). The mineralogy of the sequence was 423 
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dominated by alumina-silicate clays (‘cracking clays’) with a smaller proportion of 424 

iron oxides and consistent with depth (i.e., the mineralogy was almost always mainly 425 

kaolinite and quartz with moderate amounts of illite (hydromuscovite), goethite, and 426 

hematite). The strong relationship between rainfall variables and surface water 427 

hydrology at the Marsh over at least the last 30 years also suggests these processes 428 

would have a relatively low influence on runoff in comparison to the hydroclimate 429 

(Rouillard et al., 2015).  430 

 431 

3.2.1. Stratigraphic changes over the last 2000 years  432 

3.2.1.1. Period 1 (P1)—CE 1990 to present: A perennial water hole in the desert 433 

The uppermost sediments (<19 cm) clearly capture a relatively fast (i.e., the highest in 434 

the record), sequential but irregular aggradation of alluvial sediment (0.3–0.6 g· cm-435 
2· yr-1) in a perennial, aquatic environment, encompassing the last ~20 years (average 436 

age of 18-20 cm transition from models 1 and 2 = 1991). The dilution pattern 437 

identified from the 210Pb chronology (Appleby, 2001) suggests high-energy flooding 438 

of the pool contributed transported sediment from the upstream floodplain to the 439 

sequence (Fig. 4). The anoxic muds (inferred from the oxidation of the sediment once 440 

in contact with air), relatively high moisture content (>50 %), abundance of well-441 

preserved ostracods and presence of plant and other macrofossils combined with 442 

smaller grain size (<1 mm) and relatively high nitrogen content (mean = 0.12 % dry 443 

wt; range = 0.06–0.17 %) all suggest that 14 Mile Pool received regular inflows of 444 

water of small to high energy during this period (Fig. 3). A sedimentary water content 445 

of ~70 %, however, is rather low for recent subaqueous lacustrine deposits but not 446 

unexpected considering the very low organic content (Verschuren, 1999; Bessems et 447 

al., 2008). 448 
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 449 

The slight depletion on average in both δ15N (−1.4 ‰) and δ13C (−1.3 ‰) in this 450 

period compared to the remainder of the profile further indicates a change in 451 

biogeochemical processes in this period. The low total C content detected in the 452 

Fortescue Marsh sediments (<1 %) was similar to modern Pilbara soils and typical of 453 

sediment of dry stream beds (Ford et al., 2007; McIntyre et al., 2009a, b; Siebers et al. 454 

2015). Lower δ13C values of the bulk sediment (−24.4 ‰) compared to the remainder 455 

of the core (−23.0 ‰) as well as higher C content for this record (mean = 1.4 %; 456 

range = 0.8–5.6 % wt; Fig. 3) suggest a relatively higher organic input (or lesser 457 

inorganic input, i.e., carbonates) compared to the typically more enriched carbonates 458 

(Finlay and Kendall, 2008). Alternatively, this change may reflect a lower input of 459 

OM with more positive δ13C signatures such as C4 grasses (−6 to −23 ‰) as opposed 460 

to C3 plants (−23 to −34 ‰) (Schidlowski 1987). Higher organic content in the 461 

sediment is consistent with relatively wetter conditions, where autochthonous primary 462 

production increases as a result of more frequent prolonged clear and fresh water 463 

phases (Coianiz et al., 2015). Wetter conditions may also result in: (i) increased 464 

production and transport of terrestrial OM from the catchment to the site through 465 

increased runoff (Battin et al., 2008); (ii) better preservation of OM under persistent 466 

anoxic conditions and limited sub-aerial oxidation of the clay-rich sediment 467 

(Verschuren, 1999); or (iii) a combination of these mechanisms. Bulk δ15N data 468 

should always be interpreted along with other evidence as sediment sequences are 469 

complex and may be influenced by diagenesis and anthropogenic depositions 470 

(Brahney et al., 2014). Consequently, the lower δ15N values in this context may 471 

reflect (i) the fixation of atmospheric N2 by cyanobacteria or (ii) diagenetic microbial 472 
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processing of in the sediment that would be favoured under perennial conditions 473 

(Brenner et al., 1999; Gälman et al., 2009). 474 

 475 

Ostracods were only recovered from the top 19 cm of the core (with single valve 476 

found at 24 cm), corresponding to the period of ~1990 to 2012 (P1, Fig. 3). This high 477 

level of preservation in P1 also suggests limited drying during this period. Though the 478 

clay-rich sediment form a relatively impermeable streambed, prolonged drying would 479 

have caused any valves that may have been deposited previously to be gradually 480 

dissolved by slightly acidic rainwater occasionally percolating through the dry 481 

sediment. The two dominant ostracod species identified (Candonocypris 482 

novaezelandiae, Baird, 1843; Cyprinotus kimberleyensis, Karanovic, 2008) in the top 483 

15 cm of this period (Fig. 3) are freshwater species. The presence of male specimens 484 

of C. novaezelandiae in particular indicate more permanently inundated conditions 485 

because male offspring are only produced in favourable conditions (Radke et al., 486 

2003). The presence of the resting stages of Cladocerans (i.e., epphippia) also 487 

suggests limited seasonal drying as these are micro-crustaceans that are generally 488 

absent in systems where droughts longer than 6–20 years occur (Jenkins and Boulton, 489 

2003). This finding suggests that either annual summer inundations were large 490 

enough to maintain the aquatic habitat until the next rain season through significant 491 

recharge of the shallow river alluvium, or smaller pulses throughout the year 492 

contributed to the persistence of the surface water. The inundation extent at the Marsh 493 

over the last century (Rouillard et al., 2015) suggests a combination of both of these 494 

recharge patterns contributed to maintain the aquatic habitat. The coherent age-depth 495 

profile of P1 (Fig. 3) further indicates that any of the extreme flood events over the 496 

last ~20 years (Rouillard et al., 2015) were of insufficient energy to scour the 497 
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sediment down to the bed of the pool. The onset of P1, however, may have been 498 

abrupt, as indicated by the presence of several land snail shells at the transition (18–499 

20 cm) that were also found along the flood margins of the Marsh floodplain 500 

following the large inundation related to TC Heidi (Jan 2012). 501 

 502 

3.2.1.2. Period 2 (P2)—CE 1600–1990: Extreme floods 503 

Period 2 (CE ~1600–1990; 19–40 cm; Fig. 3) is most remarkable due to an abrupt and 504 

major change in sedimentology that reflects a much higher energy environment and 505 

likely more variable hydrology than P1, P3 or P4. This period (P2) is characterised by 506 

a heterogeneous particle size matrix as well as the coarsest material in this record, i.e., 507 

fine to coarse (up to 2 cm) pebbles (Fig. 3). Virtually no microfauna were preserved 508 

in the sediments of this period. Total C (mean = 0.6 % wt; range = 0.2–1.1 % wt) and 509 

N (mean = 0.03 % wt; range = 0.01–0.06 % wt), while less than in P1, were also 510 

higher than either P3 or P4. Extreme flooding (i.e., much higher energy than P1) 511 

would have been necessary to carry the coarser bed load materials during this period, 512 

especially since the site is on a low gradient that should cause the erosion threshold to 513 

be relatively high (Powell, 2009). Coeval 14C age determinations for the oldest part of 514 

this period (Table A.1) as well as the lower sedimentation rate for P2 (0.07–0.1 g· cm-515 
2· yr-1) compared to P1 further suggest that extreme flooding might have occurred 516 

within a narrow time window as opposed to over the entire period, each event causing 517 

some degree of scour-induced hiatus(es) and mixing of the sediment (Fig. 3). 518 

Scouring of the sequence, specifically of the most recent portion of P3, could also 519 

explain the apparent abrupt in sedimentation rate between P2 and P3 (Fig. 3). 520 

Sedimentary water content as low as 30-40 % (Fig. 3) can only be explained by one or 521 

more episodes of prolonged drying (i.e., greater than current period) during the 522 
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deposition of units P4-P2. Sub-aerial oxidation during those dry episodes explains, at 523 

least in part, the extremely low total C and N (Fig. 3; Verschuren, 1999), although 524 

both C and N contents in soils of the surrounding catchments are also invariably very 525 

low (Ford et al., 2007).   526 

 527 

Given the low hydraulic gradient (i.e., 0.0007 over 100 km along the Upper Fortescue 528 

River to the east and, of lesser significance, 0.006 over 30 km to the north) of the 529 

pool’s upstream floodplain and because relatively higher volume and/or more intense 530 

events would have been necessary to generate the shift in sedimentary patterns (i.e., 531 

pebble-sized particles, scouring) observed in P2 compared to the other periods of this 532 

record including documented very intense and high volume floods in the last 100 533 

years, we describe these flooding events as ‘extreme floods’. System memory or 534 

water storage has also been shown to significantly influence runoff and wetland 535 

inundations at the interannual level in arid environments worldwide (Reaney, 2008; 536 

Shook and Pomeroy, 2011). Here, the high energy floods during P2 would be 537 

consistent with more severe and/or intense rainfall events that likely followed 538 

prolonged periods of drought and resulted in supraseasonal-inundated conditions on 539 

the Marsh (Rouillard et al., 2015). In arid landscapes where soils are dominated by 540 

relatively impermeable clays, drought conditions cause vegetation cover to become 541 

sparser and can increase overland flow and flash runoff response (Sutfin et al., 2014). 542 

This interpretation would explain why the more perennial conditions of the pool 543 

during this period did not enable major scouring to occur, despite the multiple 544 

documented severe inundation events post-1990 at the Marsh (Rouillard et al., 2015). 545 

Owing to the large size of the material transported and deposited in to the 14 Mile 546 

Pool, we hypothesise that the size of these flood events in P2 were also likely larger 547 
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than any observed over at least the last two decades (Rouillard et al., 2015; Fig. 3). 548 

We suggest the more intense floods captured by our multiproxy analysis in P2 549 

compared to the remainder of the profile were caused by one or more episodic heavier 550 

and short-lived rainfall events, within an overall background of drier conditions. 551 

 552 

The Pilbara has undergone relatively little change in catchment land use until the 553 

advent of mining in the region in the 1960s. Nevertheless, localised cattle and sheep 554 

grazing and the introduction of invasive grass species, as well as shifts in burning 555 

practices, might have influenced sedimentation rates of the 14 Mile Pool over the past 556 

century, as has been extensively documented elsewhere in the arid zone (e.g., Adair 557 

and Burke, 2010; Dunne et al., 2011; Eldridge et al., 2012). For example, pastoral use 558 

of 14 Mile Pool as a water point for sheep and cattle started in the late 1870s (Western 559 

Mail, 1917), and a stocking route went along the Fortescue River on the floodplain 560 

~20 km upstream of the Pool (Fig. A.1). Stocking numbers peaked around the 1930s 561 

in the area (www.trove.nla.gov.au; McKenzie et al., 2009). Increased erosion along 562 

floodways was also reported in the Pilbara along with changes in vegetation in the 563 

early 1920s (McKenzie et al., 2009). Similarly, the invasive grass Cenchrus ciliaris 564 

was well-established in some areas of the catchment by the 1960s. However, the 565 

significant shift in sedimentation history recorded in the core at 14 Mile Pool does not 566 

occur until several decades after the most intensive pastoral disturbances (Fig. A.1, 3). 567 

 568 

3.2.1.3. Period 3 (P3)— CE 700–1600: Lower interannual variability 569 

Accumulation rates in this period (49-61 cm; Fig. 3) were likely at least ten-fold 570 

slower than P2 (i.e., 0.01 vs 0.07–0.1 g· cm-2· yr-1). When considered together with a 571 

finer particle size (<2 mm), these findings suggest 14 Mile Pool experienced flood 572 
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events with relatively low to moderate energy that provided an ephemeral but 573 

relatively reliable seasonal hydrology between CE 700–1600 (P3, Fig. 3). δ13C of 574 

total C was on average higher in P3 (+2.3 ‰) than in P2 although C and N contents 575 

were not significantly different than from those of P2 (Fig. 3). The inclusion of 576 

terrestrial plant and aquatic invertebrate (e.g., tadpole shrimp remains) macrofossils 577 

for this record at ~ CE 700 also suggests a less dynamic environment than P1 and P2 578 

and low primary production in the aquatic network and terrestrial catchment, or 579 

transport of materials through regular runoff (Gayo et al., 2012). Our multi-proxy 580 

record shows that these conditions persisted at the site until at least CE 1600 (Fig. 3).  581 

  582 

3.2.1.4. Period 4 (P4)—CE <100–700: Megadrought 583 

The heavily compacted, homogeneous and dry silts of the sediment profile were 584 

underlain by a hard layer in the earliest section (48–61 cm), suggesting very low but 585 

steady accumulation rates that are consistent with prolonged droughts, in the order of 586 

decades to centuries (Fig. 3). Sediment total N and C contents were near or below 587 

detection limits (0.01 and 0.4 %, respectively) during this period. Very low organic 588 

matter (<0.4 % C) during this period indicates limited production, transport and/or 589 

preservation of materials in the pool and catchment. This low OM and N content also 590 

suggests the highest level of sub-aerial oxidation for the record, which we interpret as 591 

indicative of regular and prolonged drying (Fig. 3). 14 Mile Pool at this time would 592 

thus have been an episodic, clay pan-like system with a low-energy inundation regime. 593 

The absence of suitable macrofossils for dating precluded estimation of the onset of 594 

the core; tentative dating of bulk sediment samples also yielded incoherent age 595 

estimates. We thus conservatively estimate the arid conditions inferred in the Upper 596 

Fortescue River catchment to have spanned between CE <100 and 700 in the record 597 
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by extrapolating the age-depth models from P3. However, the age estimate 598 

extrapolated from Model 2 (Fig. 3) goes back as far as BCE 500, and together with 599 

the very dry, fine and compact lithology suggests that this record could be 600 

significantly older than estimated here. In addition, this period is likely to have been 601 

the most strongly affected by deflation creating hiatuses in the sequence due to the 602 

extremely dry conditions (Verschuren et al., 1999; Bristow et al., 2009), which could 603 

push back the onset even further towards the mid Holocene. 604 

 605 

4. Discussion 606 

4.1. Climate and environmental changes over the last ~2000 years 607 

4.1.1. Period 1 (P1)—CE 1990 to present  608 

The perennial aquatic depositional environment that we have reconstructed from the 609 

sediment indicators in P1 (post-1990) is consistent with regional instrumental rainfall 610 

data (Shi et al., 2008; Taschetto and England, 2009; Gallant and Karoly, 2010) and 611 

paleoclimatic reconstructions of increased rainfall (Cullen and Grierson, 2007; 612 

O'Donnell et al., 2015). Increased hydrological persistence of the 14 Mile Pool over 613 

the last 20 years could be explained by a wetter and more reliable (less variable) 614 

rainfall regime resulting in limited supraseasonal droughts. In particular, this pattern 615 

of wetter conditions is consistent with the significant increase in annual hot and wet 616 

extremes and decrease in cold and dry extremes over the last century in northwest 617 

Australia (Gallant and Karoly, 2010).  618 

 619 

At the larger scale, current moisture delivery in the Australian tropics and subtropics 620 

is influenced by several different interacting modes of interannual climate variability 621 

(Risbey et al., 2009; Fierro and Leslie, 2013; Fredericksen et al., 2014; Fredericksen 622 
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and Grainger, 2015). Increased rainfall in northwest Australia in the late 1900s and 623 

early 2000s compared to the last 100–200 years has been attributed to shifts in 624 

cyclonic activity and tropical lows (Hassim and Walsh, 2008; Goebbert and Leslie, 625 

2010; Lavender and Abbs, 2013; Kossin et al., 2014), and more broadly to an 626 

anomalously positive Southern Annular Mode (SAM) (Fierro and Leslie, 2013; 627 

Hendon et al., 2014; O’Donnell et al., 2015), enhanced La Niña conditions (Fierro 628 

and Leslie, 2013) and also to the warming of the Tropical Western Pacific Warm Pool 629 

(Lin and Li, 2012).  630 

 631 

The southern annular mode (SAM), also referred to as the Antarctic Oscillation, has 632 

been anomalously positive over the last 60 years (Villalba et al., 2012; Abrams et al., 633 

2013). A positive phase of the SAM usually results in drier conditions in southwest 634 

and southeast Australia (Risbey et al., 2009); however, a positive phase of the SAM in 635 

summer and autumn can also drive wetter conditions in the subtropics, particularly 636 

northwest Australia. For example, Hendon et al., (2014) recently described the role of 637 

positive phases of the SAM during summer and autumn in driving ‘eddy-induced 638 

divergent meridional circulation in the subtropics’ and a poleward shift of the 639 

subtropical dry zone, resulting in higher precipitation in the subtropics. The 640 

significant link between the positive phase of the SAM and increased TC activity in 641 

the northwest of Australia was attributed to enhanced humidity and ascending 642 

motions (Mao et al., 2013). Interestingly, a recent tree-ring reconstruction from the 643 

Pilbara has also revealed strong correlations between the SAM and tree growth as 644 

well as with regional precipitation in summer and autumn (O’Donnell et al., 2015; Fig. 645 

2b, c). Thus, a possible mechanism for the shift from P2 and P1 identified in the 646 

sediment record is a more positive SAM in this period; we would also infer that this 647 
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influence of SAM was not as dominant in the previous 2000 years at least in the 648 

subtropical northwest. 649 

 650 

4.1.2. Period 2 (P2)—CE 1600–1990 651 

Collectively, the sedimentary evidence from the 14 Mile Pool suggests the P2 period 652 

was punctuated with one or multiple extreme flood(s) that would have been of much 653 

higher energy than any other period in the last ~2000 years. However, an overall 654 

increased rainfall for this period when compared to the most recent record (P1) is 655 

unlikely. Most of the events with sufficient intensity to cause the extreme floods are 656 

likely to originate from summer cyclonic rainfall (Rouillard et al., 2015). Hence 657 

conditions/drivers that would increase the genesis of TCs making land fall in the 658 

Pilbara likely peaked during at least one or more years. The onset of this period (P2) 659 

coincides with the onset of the LIA chronozone, where colder temperatures were 660 

recorded by high-resolution proxies between CE 1580 and 1880 in Australasia 661 

(PAGES 2k Consortium, 2013). Because the NH was colder still during the LIA, this 662 

period has been associated with a southward shift in the summer position of the ITCZ 663 

between CE 1400 and 1850 (Yancheva et al., 2007; Sachs et al., 2009; Tierney et al., 664 

2010; Bird et al., 2011).  665 

 666 

Under such a scenario, the rain belt of the ITCZ was likely pushed south of its modern 667 

position and many northern equatorial sites record extensive drought at that time (e.g., 668 

Sachs et al., 2009). The Pacific ITCZ is suggested to have been southward by as much 669 

as 5˚ during the LIA (Sachs et al., 2009). In the subtropical Pilbara, southward shifts 670 

or incursions might have been a primary force in bringing more intense TC rains in 671 

the summer (i.e., more southern location of TC genesis) that could have resulted in 672 
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the extreme floods recorded here. During the peak LIA, southward shift in the ITCZ 673 

was inferred from ‘wet’ conditions observed south of contemporary summer 674 

latitudinal position in Africa (e.g., Verschuren, 2004), South America (Haug et al., 675 

2001; Bird et al., 2011), the Pacific islands (Sachs et al., 2009) and (Indo-Pacific) 676 

eastern Australia/Australasia (Tierney et al., 2010; Burrows et al., 2014) while 677 

becoming drier northward. Though the influence of the ITCZ on rainfall has also been 678 

suggested for other cool periods of the late Quaternary for these regions, spatial 679 

inconsistencies in the African records have been identified from meta-analyses, 680 

highlighting the complexity of climatic systems and non-linearity in the 681 

environmental responses to hydroclimatic change and likely non-stationarity on 682 

millennial timescales (Stager et al., 2011; Burrough and Thomas, 2013; Singarayer 683 

and Burrough, 2015). 684 

 685 

Most TCs that landfall in the Pilbara are formed off the coast within the ITCZ thanks 686 

to favourable conditions brought together in the summer (Ramsay et al., 2012). 687 

Extreme floods during the LIA might have also been caused by the interaction of a 688 

more southern ITCZ (monsoonal trough) and strong La Niña events (Yan et al., 2011), 689 

also associated with tropical cyclogenesis and particularly wet summers in the 690 

northwest and northeast regions (Risbey et al., 2009; Goebbert and Leslie, 2010; 691 

Ramsay et al., 2012; Chand et al., 2013). However, recent evidence suggested that the 692 

MJO may have a more important role in TC genesis for this region compared to the 693 

ENSO than previously recognised (Hall et al., 2001; Leroy and Wheeler, 2008; 694 

Ramsay et al., 2012; Klotzbach, 2014; Klotzbach and Oliver, 2015). In particular, the 695 

positive phase of the MJO has been associated with increased TC activity in the 696 

southern Indian Ocean basin and along the northwest coast (Klotzbach and Oliver, 697 
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2015). In other basins, including the southwest Pacific, the MJO effects are typically 698 

overcome by the ENSO, but no strong relationship has been established of the 699 

combined effects of the MJO and ENSO on TCs for southern Indian Ocean basin 700 

(Klotzbach and Oliver, 2015). This evidence suggests that while particularly intense 701 

TCs in eastern Pilbara forming within a more southern ITCZ over the northwest coast 702 

may have caused the extreme floods of P2, the role of interannual large scale drivers 703 

of regional moisture delivery like the MJO may be underestimated. 704 

 705 

Potentially contrasting evidence for our interpretation of P2 comes from the overall 706 

drier conditions during the LIA chronozone compared to the last ~1000 years inferred 707 

for a limited number of terrestrial records from the Australian tropics during the LIA 708 

chronozone, which have recently been attributed to shifts in the ENSO rather than 709 

migration of the the ITCZ (Denniston et al., 2015; Yan et al., 2015). Assuming peat 710 

humification records indeed respond linearly to regional hydrological change rather 711 

than local conditions (Burrows et al., 2014; Fig. 2), mean climatic state in the 712 

northeast tropics of Australia may have been drier during the LIA chronozone (Yan et 713 

al., 2015). Nevertheless, Burrows et al.’s study (2014) identified at least one 714 

regionally coherent wet shift during this period that could have been registered in the 715 

Fortescue Marsh record as extreme floods. Very few paleoecological records in 716 

northwest Australia have detailed information for the last 1000 years to enable further 717 

comparison (Yan et al., 2015; Fig. 2). Major peaks in fluvial activity on the millennial 718 

scale have also been recorded for the last 300 years in the Black Spring sediment core, 719 

collected inland in the Kimberley region (McGowan et al., 2012). The δ18O-based 720 

speleothem record from the Kimberley coast suggests that during the Holocene, the 721 

Indonesian Australian summer monsoon (IASM) was at its lowest intensity (less 722 
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monsoonal rain) between 2000 and 1000 years ago, and has been strengthening in 723 

intensity since (Denniston et al., 2013). In parallel, the ‘mud layers’ from the same 724 

speleothem sequence have been associated with extreme rainfall events brought by 725 

TCs suggesting reduced activity during CE 1450–1650 (Denniston et al., 2015). A 726 

significant hiatus in these two speleothem records during the LIA chronozone 727 

captured by the 14 Mile Pool core makes it difficult to assess further if reconstructed 728 

hydroclimate variables reflected a mean climatic state for this period or the 729 

occurrence of extremes such as the extreme floods. Our inferred extreme floods for 730 

the CE 1600–1990 period (P2) would be, however, consistent with a period of 731 

relatively high TC activity—with strong multidecadal variability—reconstructed 732 

between CE 1600–1800 from a speleothem δ18O record at Cape Range (northwest 733 

Australia) and Chillagoe (northeast Australia) (Haig et al., 2014). The speleothem-734 

based index for TC activity developed at these locations was however, not correlated 735 

to rainfall and showed the lowest values for the respective records post-1960 (~P1).  736 

 737 

High spatial variability in hydroclimatic conditions both at present and in the past 738 

across the vast tropical and sub-tropical region of Australia could also explain the 739 

differences in interpretation among records (Risbey et al., 2009; Singarayer and 740 

Burrough, 2015). For example, O’Donnell and al. (2015) showed that annual rainfall 741 

patterns in the last century from the Upper Fortescue catchment were not strongly 742 

correlated to the coastal rainfall regime of the Pilbara (i.e., Cape Range), nor with the 743 

broader tropics (Fig. 2b). Similarly, the development of additional late Holocene 744 

records of hydroclimatic conditions in summer rainfall dominated Africa is 745 

suggesting a higher spatial heterogeneity than previously thought (e.g., Stager et al., 746 

2013; Woodborne et al., 2015). This disparity between periods and records in the 747 
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northwest could also be explained by summertime rainfall being influenced by spatial 748 

shifts (i.e., more inland) in the tracks of the landfalling TCs and of other synoptic 749 

weather patterns (Berry et al., 2011; Ramsey et al., 2012), and/or that regional 750 

moisture delivery and dominant sources are influenced by the interaction between 751 

multiple large-scale forcing mechanisms discussed previously (Frederiksen and 752 

Grainger, 2015).  753 

 754 

4.1.3. Period 3 (P3)—CE 700–1600 755 

The relatively less intense but less variable hydrology (although drier overall than P1 756 

and P2) from circa CE 700 in P3 is consistent with records showing a shift to 757 

decreased aridity at the onset of this period from the mid-Holocene between CE 700–758 

1100 in the tropical north-west of Australia (McGowan et al., 2012; Fig. 2). As 759 

previously discussed, the relatively ‘wet’ conditions in the tropical north of the region 760 

during this period have been attributed to a progressive strengthening of the IASM 761 

post ~CE 1050 enabled by a weakening of the ENSO (Denniston et al., 2013). The 762 

weakening of the ENSO was consistent with TCs increasing, which could explain 763 

higher rainfall in the system (Nicholls, 1992). However, the monsoonal system acting 764 

as a primary mechanism for the delivery of moisture over the Pilbara at that time—as 765 

opposed to TCs—is consistent with the more northern position of the ITCZ 766 

(Yancheva et al., 2007; Sachs et al., 2009; PAGES 2k Consortium, 2013).  767 

 768 

Our results show that CE 700–1600 (P3) was a prolonged period characterised by less 769 

vigorous but regular flows, episodically inundating a more ephemeral aquatic 770 

environment. Sediment at a site ~1000 km to the northeast of the Fortescue Marsh in 771 

the eastern Kimberley region (#5, Fig. 2a), also revealed a rapid increase in fluvial 772 
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sedimentation around CE 650–850 concurrent with a more progressive increase in 773 

woody vegetation characteristic of the modern composition (McGowan et al., 2012). 774 

Recent analysis of speleothems from the Kimberley region and from Indonesia also 775 

shows that relatively wet conditions during the late Holocene was established 776 

following a relatively sharp transition between CE 750–1050 (Denniston et al., 2013). 777 

Consequently, the onset of relatively wetter conditions in the late Holocene from P3 778 

at the 14 Mile Pool may have been linked to a change in hydroclimatic regime 779 

affecting the tropics and subtropics similarly. 780 

 781 

This shift in regional climate of the northwest from ~CE 700 further appears to have 782 

been quite widespread in the Australian arid zone. For example, in central Australia 783 

(Northern Territory), extreme floods at the Ross River were recorded to have been 784 

more frequent during the late Holocene (i.e., CE 450–1250; Patton et al., 1993). 785 

Lower dust emissions (i.e., less dry) from the Lake Eyre Basin at CE 1100 were also 786 

attributed to a decrease in climate variability (decrease in ENSO activity), though 787 

concurrent change in aridity was not clear (Marx et al., 2009). Climatic amelioration 788 

and enhanced growth of vegetation in the arid zone is also reflected by a wealth of 789 

evidence from the archaeological literature supporting models of increased regional 790 

occupation between ~CE 500–1000 (Smith and Ross, 2008; Smith et al., 2008; 791 

McDonald and Veth, 2013; Williams, 2013; Williams et al., 2015). 792 

 793 

4.1.4 Period 4 (P4)—CE <100–700 794 

The hyperarid conditions inferred in P4 appear quite coherent throughout the 795 

Australian arid zones from ~5000 calibrated years before present (cal yrs BP) (Marx 796 

et al., 2009; Denniston et al., 2013; Reeves et al., 2013a, b). The analysis of a 6500-797 
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year long record of combined pollen and aeolian dust from the Kimberley region 798 

revealed a ‘megadrought' (~1500 years long) had been ongoing in the Australian 799 

northwest since 2400 cal yrs BP/ CE −450 (McGowan et al., 2012; Fig. 2). Less 800 

frequent and shorter-lived wet shifts were identified in the northeast tropics from peat 801 

humification records prior to ~ CE 500 (Burrows et al., 2014). These studies support 802 

conclusions from early work on the formation of cheniers and sand dunes from 803 

northern Australian tropical rivers, which also identified a particularly dry period 804 

during the 2800–1600 cal yrs BP/ CE −850 to 350, with suggestions that this could be 805 

as early as 3800 cal yrs BP/ CE −1850 (Lees 1992; Shulmeister and Lees, 1995). The 806 

evidence included wide-ranging declines in effective precipitation, lake levels 807 

(Shulmeister and Lees, 1995) and fluvial discharge (Lees, 1992). Increasingly arid 808 

conditions from the mid-Holocene to ~1500 years ago in the northwest were also 809 

recently corroborated from a multi-proxy investigation of deep-sea sediment off the 810 

Pilbara coast (De Deckker et al., 2014), coastal Kimberley sediment (Proske et al., 811 

2014), and from multiple Australasian speleothem records (Denniston et al., 2013), 812 

confirming that drought was widespread across the region. This aridification across 813 

northern Australia has been linked to particularly strong ENSO cycles and related 814 

failure of the monsoonal system, resulting in enhanced climatic variability (Denniston 815 

et al., 2013; De Deckker et al., 2014). 816 

 817 

5. Conclusions 818 

This study provides the first sedimentological evidence from the Pilbara revealing 819 

major hydrological changes have taken place in the arid subtropics of northwest 820 

Australia over the last 2000 years, including phases of extremely wet conditions 821 

(resulting from extreme floods) as well as an extended drought more than 1000 years 822 
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ago. The paleolimnological reconstruction for the most recent ~20 years is consistent 823 

with the instrumental record, with 14 Mile Pool—the most regularly inundated pool 824 

of the Fortescue Marsh today—becoming near perennial for what appears the first 825 

time in the record. Importantly, the sediment stratigraphy reveals that extreme floods 826 

occurred in the period CE 1600–1990, which is broadly synchronous with the LIA 827 

chronozone. The results from our reconstruction are consistent with other records of 828 

wetter climes or at least of high intensity wet peaks for the SH that have been linked 829 

to a southward shift in the ITCZ and/or more pervasive La Niña-like conditions, but 830 

may also be more specifically due to the influence of other regional hydroclimatic 831 

drivers on tropical cyclogenesis such as the MJO. For the earlier sections of the 832 

sedimentary sequence, we show that the eastern Pilbara responded until circa CE 700 833 

to a megadrought pervasive in most of the Australian arid zone and originating in the 834 

mid Holocene, which was followed by climatic amelioration likely related to 835 

weakening of the ENSO and strengthening of monsoonal patterns. The results suggest 836 

that the dominant forcing mechanisms of moisture delivery on the arid northwest 837 

Australian landscape have not been stationary over the last 2000 years.  838 

 839 

Overall, we show that the increased seasonality of rainfall over the last 2000 years 840 

was experienced in the Marsh with the catchment becoming ‘wetter’ (increasing the 841 

recharge), demonstrating the importance of establishing the variability of a system 842 

and not just its long-term average climatic conditions. We suggest that the increased 843 

difference among paleohydrological records from the northwest, northern tropics and 844 

northeast tropical and sub-tropical Australian regions during the late Holocene may 845 

have been due to non-stationarity in the strength of large-scale forcing mechanisms on 846 

TC genesis location, direction of tracks, frequency and intensity (through ITCZ, 847 
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ENSO, MJO and/or SAM). Further work developing paleohydrological records from 848 

the Australian tropics and sub-tropics is crucial for refining our understanding of 849 

these competing modes of variability and their likely behaviour under future scenarios. 850 

By providing a baseline of hydrological change, the findings from our study have 851 

implications for exploring past and potential future changes in the drivers of moisture 852 

in subtropical drylands. These results also provide a window for appraising how 853 

water-limited ecosystems that have proved resilient through significant shifts in 854 

hydrology over the recent past might cope with increasing land-use pressures and/or 855 

altered hydrological variability in the future.  856 
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Table A.2: Modelled ages provided in calibrated Common Era years (cal CE yrs) corresponding to 1325 
AMS 14C dated samples using Bayesian P_Sequence Model 1 (OxCal v. 4.2; Bronk Ramsey, 2009) 1326 
and Smooth Spline Fitting Model 2 (CLAM; Blaauw, 2010), with respective 95% confidence 1327 
intervals. 1328 
 1329 
Depth (cm)  Modelled Age (cal CE yrs) -  

Model 1 OxCal  
Modelled Age (cal CE yrs) -  
Model 2 Clam 

  Median max95% min95% Best max95% min95% 
8–9  2008 2007 2010 2005 1999 2009 

18–19  1999 1987 2004 1986 1981 1992 
23–24  1981 1962 1982 1980 1974 1987 
31–32  1786 1742 1806 1908 1886 1922 
35–36  1739 1694 1782 1778 1729 1821 
39–40  1696 1672 1725 1548 1453 1645 

49–50*  772 633 911 691 520 971 
53–54*  672 533 839 335 120 683 

Note: Depths corresponding to ages obtained from FOR106C2 have been provided as FOR106C3 equivalents 1330 
*Linearly extrapolated 1331 
 1332 
  1333 
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 1334 
Figure A.1: Historical land use surrounding the 14 Mile Pool (1892–2010) from a) a public plans 1335 
series ortho-rectified for the purpose of this study using landmarks (Dept Land and Surveys, 1892, 1336 
1894, 1899, 1905a,b, 1909, 1919, 1921, 1924, 1952) overlaid with the Fortescue Marsh floodplain 1337 
(shaded blue area; modified from Chapter 2; USGS) and b) recent satellite image (Dec 2006; 1338 
SPOT–5) showing the 14 Pool bed (darker linear shape), with the Fortescue Marsh floodplain (solid 1339 
black line) and roads (solid white line). 1340 
 1341 
2-COLUMN FITTING IMAGE 1342 
 1343 


