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Abstract
Uranium (U) isotopes are useful for constraining the timescales of weathering and erosion processes. The (234U/238U)
activity ratio (parentheses denote activity ratio) of ﬁne-grained detrital minerals is proposed to record the time elapsed since
mineral grains were reduced to <63 lm in size, i.e. the comminution age. Comminution ages of river sediments theoretically
represent the sum of hillslope storage and alluvial transport/storage in a catchment, i.e. the sediment residence time. Calculation of comminution ages requires knowledge of the (234U/238U) at comminution (i.e. in the parent material at t = 0)
and the fraction of 234U recoiled out of sediments (direct-recoil fraction). Furthermore, it is assumed that recoil is the only
process fractionating 234U and 238U and there is no aeolian input. Here we infer comminution ages for river sediments from
seven large catchments draining to the Gulf of Carpentaria, northern Australia. The initial (234U/238U) was constrained by
measuring the (234U/238U) of visibly ‘‘unweathered” rocks collected from catchment headwaters and the direct-recoil fraction
was constrained for each river sediment by surface area analyses. The (234U/238U) of rocks ranged from 0.795 to 1.011, suggesting that rocks undergo U isotope fractionation prior to comminution into sediments. For several river sediments, the estimated direct-recoil fraction could not account for the measured (234U/238U). Therefore, we adopted a modiﬁed comminution
age equation to account for preferential leaching of 234U following comminution, thereby relaxing the assumption that recoil
is the only process fractionating U isotopes. Monte Carlo simulations were used to account for the uncertainty in input
parameters and median comminution ages inferred without and with leaching parameters ranged from 18 to 650 ka, and 4
to 98 ka, respectively. Sensitivity analyses show that inferred comminution ages are highly dependent on the choice of the
238
U leaching rate but the ratio of the 234U/238U leaching rates is less important. For median sediment residence times inferred
without leaching parameters, there are inverse correlations with mean annual rainfall (R2 = 0.71) and vegetation cover
(R2 = 0.52), and a correlation with the rainfall seasonality index (R2 = 0.64). However, these relationships are not observed
for sediment residence times calculated using leaching parameters. This questions the validity and/or the inputs of the
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modiﬁed comminution age model with nuclide leaching parameters. This study addresses some of the major sources of uncertainty regarding comminution dating and provides insights for estimating sediment transport timescales in hillslope-ﬂuvial
systems.
Ó 2018 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION
The breakdown of rocks at Earth’s surface provides
material for chemical weathering, regulating atmospheric
carbon dioxide (CO2) levels on geological timescales
(Berner et al., 1983; Gaillardet et al., 1999; Kump et al.,
2000; West et al., 2005). Mountainous areas have high erosion rates and provide the majority of sediment delivered to
the oceans (Milliman and Syvitski, 1992; Syvitski et al.,
2005). However, sediments eroded from high relief regions
undergo minimal chemical alteration since weathering reactions are kinetically limited ( Stallard, 1985; West et al.,
2005). In contrast, weathering in low-relief areas with lower
erosion rates is typically transport limited, and silicate minerals may undergo more complete weathering (West et al.,
2005; Lupker et al., 2012; Frings et al., 2015). If weathering
reactions continue during intervals of temporary storage
(Bouchez et al., 2012), this has implications for global
CO2 drawdown as the magnitude of sediment exchange
between the channel and ﬂoodplain can exceed the annual
sediment ﬂux in large ﬂuvial systems e.g. the Amazon River
(Dunne et al., 1998). The average residence time of sediment in hillslope-ﬂuvial systems is therefore key to determining the relationship between silicate weathering,
climate, and CO2 drawdown.

Sediment grains can be transported through hillslopeﬂuvial systems by multiple pathways, termed the
sediment-routing system (Fig. 1) (Malmon et al., 2003;
Phillips, 2003; Allen, 2008). The total duration of sediment
transport at a given location is referred to as the sediment
residence time, which accounts for the time spent by sediment in each temporary reservoir from the formation of
<63 lm grains at the soil-bedrock interface until longterm sequestration e.g. in a sedimentary basin (Malmon
et al., 2003; Allen, 2008). Modelling sediment transport as
a ﬁrst-order diﬀusive process suggests that sediment residence times in large ﬂuvial systems could be up to 1–
2 Ma (Métivier and Gaudemer, 1999; Castelltort and Van
Den Driessche, 2003). Empirical measurements of cosmogenic nuclides (26Al, 10Be, and 21Ne) indicate extremely
long sediment residence times in some regions, e.g. 1–
3 Ma in the Southern Piedmont region of the southeastern U.S. (Bacon et al., 2012), 1–3 Ma in the Amazon
River (Wittman et al., 2011), and 0.2–4.0 Ma in stony soil
hillslope mantles in arid central Australia (Fujioka et al.,
2005; Struck et al., 2018). Estimates from uranium-series
(U-series) isotope disequilibria (see Chabaux et al., 2003;
Dosseto et al., 2008a, 2008b for comprehensive reviews)
also indicate long sediment residence times, e.g. 40–60 ka
in tropical Puerto Rico (Dosseto et al., 2012), >100 ka in

Fig. 1. (A) Sketch depicting the sediment residence time (Tres) of a hillslope section with the potential pathways of sediment particles (stars)
from incipient bedrock weathering, soil production, and creep during regolith storage (Tregolith); (B) Sketch (oblique view) of the ﬂuvial system
depicting potential routes (dashed lines) of sediment particles during ﬂuvial transport including alluvial storage (Talluvial), and deltaic storage
(Tdelta) (modiﬁed from Malmon et al., 2003).
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the Amazon River (Dosseto et al., 2006), and >200 ka in
temperate south-eastern Australia (Dosseto et al., 2014;
Suresh et al., 2014a, 2014b). The eﬀect of grain size has
been demonstrated in the Ganges River, Himalayas where
coarse and ﬁne-grained sediment yield residence times of
>100 ka and <25 ka, respectively (Granet et al., 2010); however, this may reﬂect sampling biases (Chabaux et al.,
2012), or downstream variations in sediment mineralogy
(Bosia et al., 2016).
Comminution dating is an application of U isotopes,
which focuses on ﬁne-grained sediment (<63 mm), and aims
to constrain the time elapsed since sediment particles were
reduced to <63 mm in size (DePaolo et al., 2006). The
approach is based on the loss of 234U (via the short-lived
234
Th) by direct recoil during the alpha-decay of 238U, originally postulated by Kigoshi (1971). This depletion of 234U
is only measurable in ﬁne-grained minerals with high
surface-area-to-volume ratios, typically <63 lm in size
(DePaolo et al., 2006). Comminution ages (t) can be calculated using the following equation:


1
A  ð1  f a Þ
ð1Þ
ln
t¼
k234
Ao  ð1  f a Þ
where A is the measured (234U/238U) activity ratio (parentheses denote activity ratios), A0 is the initial (234U/238U)
of the parent material (e.g. bedrock or grains >63 lm in
size), k234 is the decay constant of 234U (in a1) and fa is
the direct-recoil fraction. The latter represents the fraction
of 234U (via the short-lived 234Th) nuclides lost by direct
recoil from the solid phase to the surrounding medium.
The direct-recoil fraction can be estimated from the geometric (DePaolo et al., 2006), or surface area properties
of sediment grains (Maher et al., 2006; Bourdon et al.,
2009). The parent material is typically assumed to be in secular equilibrium where (234U/238U) = 1 since this state is
achieved in systems that remain closed (no weathering reactions occur) for approximately four half-lives of the daughter nuclide (Chabaux et al., 2003). The half-life of 234U is
245,250 ± 490 a (Cheng et al., 2000), and thus, the parent
material will be in secular equilibrium if undisturbed for
1 Ma. By extension, the limit of the comminution dating
technique is 1 Ma since a new equilibrium will be established accounting for the loss of 234U by direct-recoil.
Comminution ages ideally represent the time elapsed
since the breakdown of bedrock to form <63 mm grains at
the soil-bedrock interface. It is assumed that further comminution is not signiﬁcant once particles become <63 lm,
which is consistent with ﬂume experiments that show the
abrasion of the suspended load in ﬂuvial systems is limited
(Attal and Lavé, 2009). Comminution dating has been
applied to a marine core from the North Atlantic
(DePaolo et al., 2006), permafrost in Greenland (Ewing
et al., 2015), and palaeo-channel deposits in south-eastern
Australia (Dosseto et al., 2010). In temperate southeastern Australia, Dosseto et al. (2010) inferred shorter
palaeo sediment residence times during more arid glacial
periods and longer residence times during more humid
interglacial periods. This was attributed to catchments

eroding young soils during arid glacials due to reduced hillslope vegetation cover, and alluvial reworking dominating
during interglacials. Comminution dating principles have
also been applied to ice cores in Antarctica to infer the time
elapsed since ice was deposited and did not require the
assumption that particles were initially in secular equilibrium (Aciego et al., 2011). However, some studies of alluvial deposits inferred comminution ages that were
generally lower than depositional ages (Lee et al., 2010;
Handley et al., 2013a, 2013b). This suggests a systematic
issue in comminution dating models since ages integrate
sedimentary storage and transport. A major source of
uncertainty is the common assumption that the parent
material (bedrock and >63 lm sediment) is in secular equilibrium. This is because 234U can also be lost by preferential
leaching from lattice sites damaged by recoil during the
alpha decay of 238U, which can be a rapid process
(<200 a, Fleischer, 1980), and has been illustrated in laboratory experiments (Andersen et al., 2009). Unweathered volcanic rocks are generally in secular equilibrium (Wilson,
1997; Sims et al., 2008; Handley et al., 2011; Chabaux
et al., 2013; Pelt et al., 2013; Dosseto and Turner, 2014).
In contrast, 234U depletion has been measured in visibly
‘‘unweathered” sedimentary, metamorphic and granitic
rocks (Rosholt, 1983; Landström et al., 2001; Bourdon
et al., 2009; Dosseto and Riebe, 2011; Handley et al.,
2013b). Therefore, the U isotope composition of rocks from
catchment headwaters should be assessed before applying
comminution dating to river sediments.
Here we infer comminution ages for eighteen river sediments from seven catchments draining to the Gulf of Carpentaria (GoC), northern Australia. Large shield basins,
such as the GoC drainage basin, are expected to have long
sediment residence times (Métivier and Gaudemer, 1999;
Castelltort and Van Den Driessche, 2003). Such catchments
cover a large proportion of Earth’s surface and may buﬀer
variations in Quaternary weathering ﬂuxes, which appear
to have been relatively stable (Willenbring and von
Blanckenburg, 2010; Von Blanckenburg et al., 2015). The
GoC drainage basin is an ideal area to study the eﬀects of
climate on erosion timescales since it is low relief and tectonically stable. We hypothesise that wetter catchments
should result in longer sediment residence times than more
arid catchments due to increased hillslope vegetation cover
and the higher proportion of sediments sourced from alluvial reworking. River sediments were collected at various
points within catchments to determine downstream variations in comminution ages, and from seven catchments with
mean annual rainfall ranging from 400 to 1700 mm to compare comminution ages in diﬀerent climatic zones. Uncertainties in comminution age input parameters were
accounted for by (1) constraining fa for each river sediment
by surface area analyses to avoid assumptions required in
the geometric approach, e.g. shape parameters, and (2) collecting a range of rock samples from catchment headwaters
to test the assumption that A0 = 1. Finally, Monte Carlo
simulations were conducted to consider these uncertainties
in input parameters and inferred comminution ages.
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Fig. 2. Spatial data for the Gulf of Carpentaria drainage basin including: (A) Major channels (5th order streams and above) and labelled
drainage basins (areas shown in pink); (B) Digital elevation model (Jarvis et al., 2008) with labelled sediment sampling sites (yellow stars); (C)
Catchment lithology with labelled sampling sites of bedrock (black stars) (Raymond et al., 2012); and (D) Mean annual rainfall (BOM, 2009).
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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2. STUDY AREA
The GoC is a large, epicontinental sea in tropical northern Australia straddling the Paciﬁc Ocean to the east and
the Indian Ocean to the west (Fig. 2). Regional denudation
rates in the GoC drainage basin are slow as measurements
of cosmogenic nuclides (10Be, 26Al) on bedrock surfaces in
northern and central Australia indicate erosion rates of
<4 m Ma1 (Bierman and Caﬀee, 2002; Belton et al.,
2004; Jansen et al., 2013; Struck et al., 2018), and
catchment-wide erosion rates of 15–20 m Ma1 are
reported for streams draining to the Coral Sea in northeastern Australia (Nichols et al., 2014). The only available data
for our study catchments are derived from dating of basalt
surfaces in the Flinders River, which yield comparable rates
to cosmogenic nuclide approaches of ca. 20 m Ma1
(Coventry et al., 1985). Another study of basalt surfaces
in central Queensland estimated the soil production rate
to be 0.30 m Ma1 (Pillans, 1997).
Seven large catchments draining to the eastern shores of
the GoC were sampled (340,000 km2 in total), namely the
Archer, Mitchell, Staaten, Gilbert, Norman, Leichhardt
and Flinders Rivers (Fig. 2). Catchments were deﬁned as
N or S according to whether the latitude of the river mouth
was above or below 16.5°S. This is a useful marker since the
N catchments generally drain east to west and the S catchments below 16.5°S drain to a northerly direction. Much of
the landscape is regolith mantled, even in the uplands
(Fig. 2). The vegetation is mainly Eucalyptus and Acacia
woodland, and pollen evidence suggests the current vegetation in the region was established by 7.5 ka (Shulmeister,
1992). Rivers are generally sand-dominated, low sinuosity,
and anabranching, with channels ﬂanked by extensive
ﬂoodplains comprising overbank muds and muddy sands
(Nanson et al., 1991). Floodplain deposits in the Gilbert
River are generally Late Quaternary and units reﬂect alternating wet interglacial and dry glacial intervals throughout
this period (Nanson et al., 1992). These deposits comprise
coarse sands from ca. 120–85 ka, muddy sands from 65–
50 ka, muds at 50 ka, and sands at 21–0 ka (Nanson
et al., 2005). In the Gilbert River, indurated alluvium that
is mainly calcrete/gypcrete has produced local rapids,
waterfalls and gorges (Nanson et al., 2005).
Catchment lithology varies greatly due to the complex
tectonic history of North Queensland that commenced in
the Proterozoic Era (Withnall and Cranﬁeld, 2013). The
Archer River drains the metamorphic rocks of the Coen
Inlier. The most common rocks are the Palaeozoic Sefton
Metamorphics (predominantly schist, quartzite, limestone,
marble and calc-silicates), and the high-grade metamorphic
rocks of the Palaeoproterozoic Yambo Subprovince
(Withnall and Cranﬁeld, 2013). The Mitchell River drains
the Hodgkinson Province of the Mossman Orogen, which
comprises predominately Carboniferous sedimentary rocks
(quartzo-feldspathic arenite and mudstone), with granitic
intrusions (Champion and Bultitude, 2013; Withnall and
Cranﬁeld, 2013). The Staaten River drains the Neogene to
Quaternary Wyaaba Beds, which are a mix of poorlysorted clayey quartzose sand, sandstone, conglomerate
and interbedded sandy claystone. The upper Staaten River

drains Mesoproterozoic meta-sedimentary rocks of the
Staaten Metamorphic Group (Raymond et al., 2012). The
Gilbert River and Norman River drain the respective eastern and western sides of the Georgetown Inlier (Raymond
et al., 2012). This is dominated by variably metamorphosed
Proterozoic sedimentary and volcanic rocks with granitic
intrusions (Champion and Bultitude, 2013), with a high
proportion of basaltic rocks from long (up to 160 km)
Cenozoic lava ﬂows in the uplands (Stephenson and
Griﬃn, 1976). The Flinders River catchment mainly drains
Cretaceous sandstones and shales of the Galilee Basin, with
a small number of Cenozoic basalt ﬂows in the uplands
(Withnall and Cranﬁeld, 2013). The Leichhardt River
drains the Mount Isa Inlier, which is a complex series of
fold belts, and felsic/maﬁc intrusions into Proterozoic basement rocks (Withnall and Cranﬁeld, 2013). Typical rock
types are granite, quartzite, gneiss, schist, amphibolite,
phyllite, limestone and shale (Raymond et al., 2012).
Fluvial megafans are developed in the lower portions of
several catchments indicating that such areas predominantly function as long-term sediment sinks. These are
especially well-developed on the Mitchell River (<200 masl)
where a large (31,000 km2) fan has formed as a result of
variations in sea-level and climate change from the Pliocene
to present (Brooks et al., 2009). There is also a large fan in
the Gilbert River where the lowermost 200 km consists of
anabranching channels and associated deltaic deposits
(Nanson et al., 1991).
Rivers ﬂow in response to monsoonal rains, which are
generally from December to March (Reeves et al., 2008).
A strong rainfall gradient spans the study area from the
north (>2,400 mm a1) to the south (<600 mm a1,
Fig. 2d). The region presently experiences an average of
two cyclones per year, which may be lower than at any period over the past 0.5–1.5 ka (Haig et al., 2014).
The 18 sampled sub-catchments have catchment areas
ranging from 34 to 50,800 km2, and average slope values
of 2.6 to 15% using a one arc-second DEM (Gallant
et al., 2011) (Table 1). Mean annual rainfall in the subcatchments varies from 440 to 1,740 mm (BOM, 2009).
3. METHODS
3.1. Sample collection
Rocks were collected from natural outcrops and road
cuts in the upper catchments in August 2012 (sampling
locations shown in Fig. 2c). Around 1 kg of material was
sampled (Fig. 3a), and any visibly weathered material was
later removed during sample preparation (discussed in Section 3.2). River sediment was collected from eighteen sites
across seven catchments (sampling locations shown in
Fig. 2d) during the dry season (austral winter) in two ﬁeld
campaigns: May 2004 (R-1, 2, 5, 6, 7, 8, 10, 13, 14, and 16)
and August 2012 (R-3, 4, 9, 11, 12, 15, 17, and 18). Samples
were collected from: (1) mud drapes deposited during falling ﬂood stages (e.g. Fig. 3b); (2) sandy bedload subsamples amalgamated along ca. 100 m reaches (Fig. 3c).
Particle size distribution measurements (Section 4.2)
showed no diﬀerence in the mean diameter of the <63 mm

Sample ID

R-1
R-2
R-3
R-4
R-5
R-6
R-7
R-8
R-9
R-10
R-11
R-12
R-13
R-14
R-15
R-16
R-17
R-18

Field ID

GOC 56
GOC 3-2
GOC R1
GOC R4
GOC 9-2
GOC 50
GR09
GOC 10-2
GOC 60-1
GOC 59
GOC R7
GOC R20
GOC 43
GOC 12-2
GOC R19
GOC 13-2
GOC R15
GOC R16

Catchment

Archer
Archer
Mitchell
Mitchell
Mitchell
Mitchell
Gilbert
Gilbert
Gilbert
Norman
Gilbert
Gilbert
Staaten
Flinders
Flinders
Leichhardt
Leichhardt
Leichhardt

Aa (km2)

3,350
2,890
34
540
46,300
3,900
26,000
25,300
9,360
11,000
9,330
59
6,710
50,800
17,300
23,800
8,660
501

Slopea (%)

5
5
6
8
6
10
3
4
5
4
5
6
1
1
2
4
6
5

Pb (mm a1)

1,740
1,670
1,380
1,730
916
1,190
841
841
841
841
841
800
1,050
564
650
564
473
440

Lithology (% of catchment area)c
Mudstone

Other
sedimentary

Granitic

Marble

Metamorphic

Regolith

Felsic
volcanics

Maﬁc
volcanics

0
0
58
14
7
4
0
6
0
15
0
0
0
14
34
4
5
10

0
0
0
49
34
84
1
17
4
40
4
0
52
30
16
29
13
6

14
42
5
36
20
8
1
24
34
15
34
38
0
4
4
5
11
24

0
0
0
0
0
0
0
3
9
4
9
22
0
2
0
2
6
0

68
24
0
0
8
0
0
10
16
8
16
19
0
7
2
25
35
55

18
33
36
1
20
1
2
20
20
11
20
22
48
40
18
25
10
3

0
0
0
0
9
0
0
7
4
7
4
0
0
1
0
8
17
0

0
0
0
0
2
2
0
11
13
0
13
0
0
1
26
1
2
2

a
Digital elevation model (DEM) analyses were conducted with Arc GIS 10TM using the 3 arc-sec (ca. 90 m2) resolution Shuttle Radar Topography Mission (SRTM) dataset to calculate
catchment area and slope (Jarvis et al., 2008).
b
‘Gridded Average Rainfall’ dataset (BOM, 2009).
c
‘Surface Geology of Australia 1:1 million-scale dataset 2012 edition’ dataset (Raymond et al., 2012).
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Table 1
Morphometric parameters for each sub-catchment: catchment area (A), average slope, mean annual rainfall (P), and lithology.
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Fig. 3. (A) Granitic outcrop sampled from the Mitchell River catchment (B-2, 16°390 3900 S 145°180 4600 E); (B) Mud drapes (R-12, Einasleigh
River, 19°12.380 S 144°22.700 E); and (C) Sediment sampled from a 100 m reach of a dry channel (R-18, Leichhardt River, 20°46.630 S 139°
29.690 E). Yellow ﬁeld notebook for scale (11 cm  18 cm). (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

fraction of mud drape and bedload samples following wet
sieving, suggesting that these samples are comparable.
3.2. Sample preparation and analytical techniques
Rocks were split using a rock saw, and one half of the
sample was analysed. Around 10 g of sample was further
split by rock saw from the unweathered inner portions of
the rock samples and then crushed to powder using a tungsten carbide TEMAÒ T100 laboratory disc mill. Sediments
were wet-sieved at 63 lm using deionised water; the <63 lm
fraction was retained, dried in an oven at 50 °C and homogenised by gentle mixing (without grinding) using an agate
mortar and pestle to avoid modifying the surface properties
of sediment grains. Sequential extraction was conducted on
2 g of dry sample following Lee (2009) and Martin et al.
(2015). This was conducted to remove non-detrital phases
and isolate the detrital minerals (detailed experimental procedure given in Table A.1).
Particle size analysis of leached sediments was conducted using a Malvern Mastersizer 2000 by dispersing a
few mg of sample in water and reported values represent
the average of three replicate measurements. BET surface
area measurements were determined by N2 gas adsorption
using a Quantachrome iQ surface area analyser at the Wollongong Isotope and Geochronology Laboratory at the
University of Wollongong. Samples were degassed for 3 h
at 200 °C and SBET was determined using 5–7 adsorption
points from the partial pressure (P/P0) range 0.05–0.30
and adjusted for the best ﬁt of the multi-point BET plot
(R2 > 0.9999). The fractal dimension was calculated using
the Neimark-Kiselev method, which is based on the thermodynamic relationship between the onset of capillary condensation and the adsorbate-vapour interface area
(Neimark, 1992), given as:
S lg ¼ Kðac Þ2D

ð2Þ

where Slg is the adsorbate-vapour interface area, ac is the
mean radius of curvature of the adsorbate-vapour interface,
K is a constant; and D is the fractal dimension. The fractal
dimension is calculated from a plot of log [Slg] vs log [ac],
which yields a straight line within the multilayer region of
the isotherm.
For X-ray diﬀraction (XRD) measurements, samples
were crushed to a ﬁne powder using a Tollmill crusher

(TEMA). The samples were then mounted in aluminium
holders and placed in a Phillips 1130/90 diﬀractometer with
Spellman DF3 generator set to 1 kW. They were loaded
and analysed through an automatic sample holder. The
1 kW energy is achieved by setting the diﬀractometer to
35 kV and 28.8 mA. Samples were analysed between 4
and 70° 2-theta at 2° per minute with a step size of 0.02.
Diﬀractograms were produced through a GBC 122 control
system and analysed using Traces, mPDSM and SIROQUANT software. Error was assessed by the chi-squared
(v2) value which compares the observed data (measured
XRD spectrum) with expected data (hypothetical XRD
spectrum according to user-selected minerals). Only data
from experiments with v2 < 5 were accepted.
Prior to acid dissolution, ca. 100 mg of material was
weighed and spiked with a 229Th–236U tracer for isotopic
dilution at the Wollongong Isotope and Geochronology
Laboratory at the University of Wollongong. Samples were
dissolved by adding 2.5 mL 32 % HF and 0.5 mL 69 %
HNO3 and heated overnight at 100 °C. Once dry, 3 mL of
6 M HCl was added, with H3BO3 added to dissolve ﬂuorides where necessary, heated at 80 °C overnight and dried.
Following this, 0.5 mL 69 % HNO3 was added, and dried at
100 °C and this step was repeated. To prepare samples for
column chromatography, 2 mL of 1.5 M HNO3 was added
and the solutions were sonicated for 15 min and heated at
100 °C to ensure re-dissolution. Total procedural blanks
were <140 pg for U. For isotopic measurements, U was separated by standard chromatographic techniques using a
TRU resin (Eichrom) as described in Luo et al. (1997).
The 234U/238U ratios were measured using a ThermoFisher
Neptune Plus Multi-Collector Inductively-CoupledPlasma-Mass Spectrometer (MC-ICP-MS) at the Research
School of Earth Sciences, Australian National University.
Mass bias and SEM/Faraday cup yield were corrected by
standard bracketing using synthetic standards CRM
U005A and CRM U010 (NBL, 2008a, 2008b). For isotopic
dilution measurements, (236U/238U) was corrected for the
tail contribution of 238U by measuring the intensities at
235.5 and 236.5 and using a linear interpolation to calculate
the mass at 236.045568. Accuracy of measurements was
assessed by analysing a gravimetric rock standard
(BCR-2, U.S. Geological Survey) known to be in secular
equilibrium whereby (234U/238U)S.E. = 1. The measured
(234U/238U) were within 0.6 % of this value (1.004 ± 0.002
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Table 2
(234U/238U) activity ratios of bedrock samples.
Sample ID

Location

(234U/238U)b

Lithology

Grain size

Source

GOC-B-1
GOC-B-2
GOC-B-3
GOC-B-4
GOC-B-5
GOC-B-6a
GOC-B-7
GOC-B-8
WP-Q1
HK-Q1
GS-S1
BRA-SS1
DC1
STD

Mitchell River, N Australia
Mitchell River, N Australia
Mitchell River, N Australia
Mitchell River, N Australia
Gilbert River, N Australia
Flinders River, N Australia
Flinders River, N Australia
Leichhardt River, N Australia
Flinders Ranges, S Australia
Flinders Ranges, S Australia
Flinders Ranges, S Australia
Flinders Ranges, S Australia
Susquehanna Shale Hills, US
Southern Highlands, SE Australia

0.843 ± 0.003
0.850 ± 0.002
0.979 ± 0.004
0.795 ± 0.001
1.011 ± 0.002
1.007 ± 0.003
0.963 ± 0.002
1.004 ± 0.002
0.971 ± 0.003
0.966 ± 0.002
0.940 ± 0.002
0.912 ± 0.002
0.996 ± 0.002
1.022 ± 0.002

Mudstone
Granite
Granite
Rhyolite
Schist
Sandstone
Dolerite
Amphibolite
Quartzite
Quartzite
Shale
Siltstone
Shale
Sandstone

Fine
Medium
Medium
Fine
Coarse
Coarse
Coarse
Coarse
Coarse
Coarse
Fine
Fine
Fine
Coarse

This study
This study
This study
This study
This study
This study
This study
This study
Handley et al. (2013b)
Handley et al. (2013b)
Handley et al. (2013b)
Handley et al. (2013b)
Ma et al. (2010)
Menozzi (2016)

a
b

Repeat (separate aliquot) measurement of B-6 (n = 2).
2r internal standard error.

and 1.006 ± 0.002). The measured U concentrations (ppm)
were 1.70 ± 0.01 and 1.84 ± 0.01 ppm which are within
error of recommended values (Wilson, 1997).
4. RESULTS
4.1. Uranium isotopes in rocks from upper catchments
Only two of the eight rock samples sampled from the
upper catchments were in secular equilibrium (Table 2),
with (234U/238U) ranging from 0.795 to 1.011. Replicate
measurements on separate aliquots of B-6 yielded
(234U/238U) of 1.007 ± 0.003 and 1.007 ± 0.002, indicating
that (234U/238U) in rock samples is homogeneous. A depletion of 234U in rocks has also been measured elsewhere
(Rosholt, 1983; Landström et al., 2001; Handley et al.,
2013b).
4.2. Uranium isotopes in detrital river sediments
Measured (234U/238U) in river sediments ranged from
0.817 to 1.045 and U concentrations ranged from 0.3 to
16.3 ppm (n = 18, Table 3). Two river sediments from the
Archer River exhibited activity ratios greater than unity
(R-1 and R-2, Table 3), which is similar to unleached
ﬁne-grained river sediments (e.g. Vigier et al., 2001;
Dosseto et al., 2006; Vigier et al., 2006; Granet et al.,
2010). This could suggest that sample pre-treatment was
incomplete for the Archer River samples and, therefore,
these samples are not considered in the discussion.
The range of (234U/238U) measured for the GoC river
sediments is greater than that of leached ﬁne-grained sediments from temperate, semi-arid and arid Australia
(Dosseto et al., 2010; Handley et al., 2013a, 2013b), the
Changjiang River in China (Li et al., 2016a, 2016b), or
small rivers in Taiwan (Li et al., 2016a, 2016b) (Fig. 4).
The (234U/238U) of GoC river sediments are notably low
(234U depleted) and the minimum (234U/238U) is lower than
sediments from other climatic regions in Australia (Dosseto

et al., 2010; Handley et al., 2013a, 2013b). (Table 3). In the
GoC catchments, there is no relationship between river sediment (234U/238U) and catchment area or mean annual rainfall, but there is a weak correlation (R2 = 0.24) between
(234U/238U) and mean catchment slope (Fig. 5). The
(234U/238U) of river sediments in the Gilbert River are the
most variable of all GoC catchments (Fig. 4). Moreover,
repeat sampling of a Gilbert River channel in two ﬁeld campaigns during 2004 and 2012 yielded (234U/238U) of 0.967
± 0.004 and 0.856 ± 0.007 (R-9 and R-11, Table 3).
4.3. Geometric properties of detrital river sediments
Mean grain size diameters ranged from 8.2 to 27 lm,
speciﬁc surface areas from 4.3 to 78 m2 g1, and the fractal
dimension from 2.1 to 3.0, whereby 3.0 represents the theoretical maximum (Table 3). The speciﬁc surface areas
strongly correlate with the fractal dimension (Pearson’s correlation coeﬃcient, q = 0.81, p < 0.001) and exhibit a
weaker inverse correlation with the mean grain size
(q = 0.49, p < 0.001, Table A.2). Speciﬁc surface areas
also correlate with the proportion of accessory minerals
(q = 0.57, p < 0.001, Table A.2), but not U concentrations.
This is surprising considering that accessory minerals, such
as zircon, typically have higher U concentrations (Balan
et al., 2001). Higher U concentrations of sediments correlate with larger mean grain sizes (q = 0.56, p = 0.023,
Table A.2). The U concentrations of bulk sediments grains
are commonly inversely correlated with grain size (Megumi
and Mamuro, 1977; Megumi et al., 1982), which is attributed to U associated with secondary minerals and coatings
and the greater surface-area-to-volume ratio of smaller
grains. However, non-detrital matter was already removed
during sample pre-treatment and hence this relationship
was not observed. To a lesser extent, higher U concentrations are also associated with higher percentages of feldspar
minerals (q = 0.51, p = 0.042). In the GoC catchments,
there is no relationship between speciﬁc surface areas and
catchment area or mean slope, but there is a weak inverse
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Table 3
Comminution age input parameters and sample mineralogy for <63 mm river sediments.
Catchment

Sampling date

(234U/238U)a

Ua (ppm)

Quartzb (%)
(wt.%)

Feldsparb (%)
(wt.%)

Micab (%)
(wt.%)

Accessoryb (%)
(wt.%)

Claysb (%)
(wt.%)

Densityc
(cm3 g1)

Recoil
lengthd (nm)

de (mm)

SBETf
(m2 g1)

Dg

kh

A0i

faj

R-1
R-2
R-3
R-4
R-5
R-6
R-7
R-8
R-9
R-10
R-11
R-12
R-13
R-14
R-15
R-16
R-17
R-18

Archer
Archer
Mitchell
Mitchell
Mitchell
Mitchell
Gilbert
Gilbert
Gilbert
Norman
Gilbert
Gilbert
Staaten
Flinders
Flinders
Leichhardt
Leichhardt
Leichhardt

05/2004
05/2004
08/2012
08/2012
05/2004
05/2004
05/2004
05/2004
05/2004
05/2004
08/2012
08/2012
05/2004
05/2004
08/2012
05/2004
08/2012
08/2012

1.045 ± 0.003
1.018 ± 0.002
0.908 ± 0.001
0.915 ± 0.002
0.903 ± 0.002
0.861 ± 0.002
0.961 ± 0.004
0.949 ± 0.002
0.967 ± 0.004
0.817 ± 0.002
0.856 ± 0.007
0.945 ± 0.002
1.000 ± 0.003
0.957 ± 0.002
0.922 ± 0.002
0.921 ± 0.002
0.943 ± 0.007
0.931 ± 0.002

6.08 ± 0.11
16.2 ± 0.19
3.25 ± 0.02
3.84 ± 0.02
3.03 ± 0.03
3.05 ± 0.02
3.64 ± 0.02
1.76 ± 0.18
2.44 ± 0.02
4.88 ± 0.02
5.99 ± 0.02
3.17 ± 0.01
3.69 ± 0.03
1.79 ± 0.02
1.88 ± 0.02
0.30 ± 0.02
2.82 ± 0.05
3.04 ± 0.02

n/a
41
72
57
65
40
61
63
18
67
32
37
n/a
n/a
35
70
37
65

n/a
43
12
13
9.1
19
14
11
20
8.0
26
47
n/a
n/a
20
15
22
15

n/a
7.7
11
23
17
10
18
17
32
22
13
3.0
n/a
n/a
18
8.6
22
14

n/a
2.6
2.3
1.3
1.1
0.4
2.3
2.9
5.4
0.7
2.7
4.4
n/a
n/a
2.6
8.1
2.3
1.8

n/a
5.8
2.6
5.5
8.3
30
5.4
6.7
26
2.7
26
9.1
n/a
n/a
24
3.0
17
5.0

2.7
2.7
2.7
2.6
2.5
2.0
2.6
2.6
2.2
2.7
2.1
2.5
n/a
n/a
2.3
2.9
2.4
2.7

28
27
27
27
28
27
27
27
27
27
28
29
28
28
28
28
27
28

14
23
12
16
16
19
17
12
20
16
27
24
22
8.5
8.2
9.6
11
15

n/a
16
17
13
8.5
14
16
34
24
4.3
36
33
12
49
78
41
70
35

n/a
2.6
2.5
2.6
2.4
2.7
2.4
2.7
2.5
2.1
2.7
2.8
2.3
2.7
3.0
2.7
2.9
2.8

n/a
34
22
24
14
28
26
44
43
8.1
92
77
25
47
71
44
81
53

0.989
0.958
0.920
0.953
0.968
0.988
0.964
0.965
0.967
0.961
0.967
0.954
1.000
0.983
0.930
0.987
0.981
0.967

n/a
0.04
0.06
0.04
0.05
0.03
0.08
0.07
0.10
0.06
0.08
0.06
0.08
0.09
0.08
0.08
0.10
0.05

a
b
c
d
e
f
g
h
i
j

2r internal standard error.
Determined by XRD.
Estimated from XRD mineral abundances and average mineral density values (Table A.5).
Estimated from XRD mineral abundances and average recoil length in minerals (Table A.5).
d: mean diameter measured by particle size analysis.
SBET: speciﬁc surface area (external error = 17 %).
D: fractal dimension (external error = 12 %).
k ¼ S BET =S geo .
Estimated using the spatial distribution of each rock type in the catchment (Table 1), and the average (234U/238U) for generalised rock types (Table A.4).
Calculated using Eq. (3).
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Fig. 4. Box plot of (234U/238U) activity ratios for <63 mm river sediments from the Gulf of Carpentaria (this study), Changjiang River in
China (Li et al., 2016a, 2016b), small Taiwanese rivers (Li et al., 2016a, 2016b), Murrumbidgee River in south-eastern Australia (Dosseto
et al., 2010), Flinders Ranges in South Australia (Handley et al., 2013b), and Cooper Creek in central Australia (Handley et al., 2013a).
Outliers (>1.5 times the interquartile range) are represented as red circles. Upper and lower limits represent the interquartile range. Graphic
created using ggplot2 the statistical programming language R (Wickham, 2016). (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

correlation (R2 = 0.39) between speciﬁc surface areas and
mean annual rainfall (Fig. 5).
5. DISCUSSION
5.1. Initial (234U/238U) of source rocks
Only two of the eight surface bedrock samples were in
secular equilibrium (Table 2). Therefore, the assumption
that the parent material is in secular equilibrium prior to
comminution appears invalid in our study area. The majority of rocks were depleted relative to secular equilibrium;
however, one sample was enriched in 234U (B-5, Table 2),
which suggests U deposition from 234U-rich weathering ﬂuids has occurred in the past 1 Ma.
It is possible that U isotope disequilibrium in rock samples reﬂects the geological setting of the GoC drainage
basin, which is characterised by (1) low uplift and low
denudation rates in northern Australia throughout the
Quaternary (Bierman and Caﬀee, 2002; Belton et al.,
2004; Jansen et al., 2013), (2) a high proportion of Proterozoic rocks in the GoC drainage basin (Raymond et al.,
2012), and (3) a complex tectonic history during the past
1800 Ma, including rifting and volcanism associated with
the breakup of Rodinia at 800 Ma (Withnall and
Cranﬁeld, 2013). Thus, the majority of bedrock GoC drainage basin has likely undergone deep weathering and fracturing. Fracturing increases water preferential ﬂow paths

(Molnar et al., 2007), which could facilitate the removal
of 234U (Fleischer, 1980), and prolong oxidative weathering
reactions that also promote the preferential leaching of
234
U (Petit et al., 1985).
In contrast to rocks from the GoC drainage basin, the
<63 mm size fraction of glacial outwash sediments draining
granitic, metamorphic, and sedimentary rocks were in secular equilibrium (DePaolo et al., 2012). Glacial outwash sediments are assumed to closely represent the source rocks
due to a negligible transport time, and minimal chemical
alteration since comminution. Rocks and sediments from
glacial regions with active tectonics and higher uplift rates
may be more likely to be in secular equilibrium because
there is insuﬃcient time for deep weathering to occur.
Alternatively, glacial grinding could remove the 234Udepleted rind on sediment grains and produce glacial sediments that are generally at secular equilibrium.
The observation of U isotope disequilibrium in rocks
from GoC catchments implies that A0 must be estimated
for accurate comminution ages to be calculated. However,
the number of rocks sampled is low in comparison to the
total number of diﬀerent rock types in GoC catchments.
Thus, A0 was estimated by bootstrap resampling techniques
(Efron, 1993) using the measured (234U/238U) of rocks
(Table 2). The bootstrap mean A0 for the GoC catchments
is estimated to be 0.944 ± 0.056 (p = 0.05, Table A.3).
However, seven out of eighteen river sediments had
(234U/238U) greater than 0.944 (Table 3). Since comminu-

274

A.N. Martin et al. / Geochimica et Cosmochimica Acta 244 (2019) 264–291

Fig. 5. (234U/238U) activity ratios and speciﬁc surface areas for <63 mm river sediments from the Gulf of Carpentaria as a function of
catchment area, mean slope and mean annual rainfall.

tion dating measures the decrease in (234U/238U) over time
(DePaolo et al., 2006), A0 = 0.944 would yield ‘‘negative”
comminution ages for these samples. Therefore, a bootstrap
mean cannot be applied in a large and geologically diverse
area, such as the GoC drainage basin. To account for variations in lithology between catchments, A0 could be estimated using the proportion of each rock type in the
catchment (Table 1). This approach requires that the average (234U/238U) for generalised rock types is known.
Unweathered volcanic rocks are generally in secular
equilibrium (Wilson, 1997; Sims et al., 2008; Handley
et al., 2011; Chabaux et al., 2013; Pelt et al., 2013;
Dosseto and Turner, 2014), and this is assumed to be the
case in GoC catchments. The (234U/238U) of sedimentary
and metamorphic rocks in GoC catchments were signiﬁcantly lower (p = 0.047) for ﬁne-grained rocks (n = 2),
compared to coarse-grained rocks (n = 4; Table 2). This
diﬀerence is more signiﬁcant (p = 0.028) when including
rocks measured in other studies (Table 2). This may suggest
that 234U loss by direct recoil is occurring in mineral grains
<63 lm hosted within rocks, as well as in the <63 lm fraction of sediments. However, since recoiled 234U nuclides in
ﬁne-grained rocks would likely be implanted into adjacent
grains due to the lower porosity of rocks compared to sediments, ﬁne-grained rocks exhibiting 234U depletion must be
suﬃciently permeable for recoiled 234U to be removed by
water/pore ﬂuid ﬂow. Based on values measured for mudstone (Table 2) and shales (Ma et al., 2010; Handley
et al., 2013b), we estimate that A0 for ﬁne-grained sedimen-

tary rocks is 0.928 ± 0.079, whereas coarse-grained sedimentary and metamorphic rocks are assumed to be in
secular equilibrium (Table A.4). Although granites are
coarse-grained, they appear to be particularly susceptible
to preferential leaching of 234U based on measurements in
this study (Table 2), and elsewhere (Rosholt, 1983;
Landström et al., 2001). Depletion of 234U in granites could
be due to the majority of U in granites being hosted at grain
boundaries, in microfractures, and in metamict accessory
minerals, such as zircon (Tieh and Ledger, 1981; Balan
et al., 2001). Zircons have high U concentrations up to
7000 ppm and can undergo extensive damage by alpha
recoil, i.e. metamictization (Balan et al., 2001). Since 234U
is easily leached from damaged recoil sites by water
(Fleischer, 1980), ﬂuid ﬂow may preferentially leach 234U
without signiﬁcantly altering the host rock by chemical
weathering. Based on two granite samples from our study
area (Table 2), we estimate A0 for granitic rocks in our
study area is 0.931 ± 0.004 (Table A.4).
Finally, A0 was estimated using the spatial distribution
of each rock type in the catchment (Table 1), and the average (234U/238U) for generalised rock types (Table A.4). The
estimated A0 for catchments ranged from 0.920 to 1.000
(Table 3). All estimated A0 values for catchments were
greater than the (234U/238U) value for corresponding river
sediments. This is consistent with comminution dating
theory, which predicts that (234U/238U) decreases over
time following comminution and yields positive
comminution ages.
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5.2. Direct-recoil fraction of

234

U in river sediments

The direct-recoil fraction (fa) represents the number of
U (via the short-lived 234Th) nuclides directly ejected
out of the grain during the alpha decay of 238U. A geometric model can be used to estimate fa (DePaolo et al., 2006;
Dosseto et al., 2010; Lee et al., 2010), but there may be
large uncertainties in inferred ages due to assumptions
regarding input parameters, particularly for surface
roughness (Handley et al., 2013a). The surface roughness
(k) represents the ratio between the speciﬁc surface areas
of sediments measured by gas adsorption using
Brunauer–Emmett–Teller (BET) theory (SBET) (Brunauer
et al., 1938), compared to the geometric surface area of a
sphere (Sgeo = 4pr2), given as k ¼ S BET =S geo (Helgeson
et al., 1984). The range of GoC river sediments surface
roughness values was 8–92 (Table 3). These values are higher
than for freshly-ground minerals, which display an average
of 7 over a range of particle sizes (White and Peterson,
1990; Brantley and Mellott, 2000). The surface roughness
of minerals is expected to correlate with grain size (Anbeek,
1992; Anbeek et al., 1994), and this has been assumed in some
comminution dating studies (Lee et al., 2010). However, no
relationship between mean grain size and surface roughness
was found in this study (Fig. 6a). Therefore, applying the
geometric fa model and assuming a correlation between
surface roughness and mean grain size of river sediments
likely produces inaccurate comminution ages.
The speciﬁc surface area of sediments can also be used to
estimate fa (Maher et al., 2006). However, this may overestimate fa by measuring the speciﬁc surface area on the
length-scale of the selected gas molecule, typically nitrogen
(d = 0.3 nm), which is two orders of magnitude smaller
than the recoil length (30 nm, Table 3). The overestimated
fa can be corrected using the fractal dimension (D)
(Semkow, 1991; Bourdon et al., 2009), which is a measure
of self-similarity that can be used as a proxy for surface
roughness (Mandelbrot, 1983). The fractal dimension
ranges from 2.0 (unweathered grain with no roughness
equivalent to a 2D shape) to 3.0 (maximum roughness
equivalent to a 3D shape). However, this correction is only
234

(a)
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necessary for mesoporous sediments, in which the pore size
(2–50 nm) is similar to the recoil length (Francke et al.,
2018). As the isotherms of GoC river sediments exhibited
hysteresis (Fig. A.1), which indicates the presence of mesopores, fa was corrected using the fractal correction. Surface
roughness values of river sediments from GoC catchments
correlate (R2 = 0.6) with fractal dimensions (Fig. 6b). This
suggests that the fractal dimension is a reasonable proxy for
estimating the surface roughness of river sediments. The
fractal model for estimating fa is given as:
 D1   
1
2
a D2
ð3Þ
f a ¼ S BET qR
4D R
4
where SBET is the speciﬁc surface area (in m2 g1), D is the
fractal dimension, q is the density of the solid phase (in
m3 g1), and is R recoil length (in m), a represents diameter
of the N2 molecule (in m). The recoil length is a function of
mineral density, ranging from 22 nm for heavy minerals
(e.g. zircon), 27 nm for quartz, to 30 nm for feldspars
(Hashimoto et al., 1985; Dosseto and Schaller, 2016).
Recoil length and mineral density were estimated for river
sediments based on the sample mineralogy (Table 3), and
reported recoil lengths for individual minerals
(Table A.5). Estimated densities and recoil lengths for river
sediments range from 2.0 to 2.7 cm3 g1, and 27 to 29 nm.
Finally, the estimated direct-recoil fractions range from
0.03 to 0.10 (Table 3). Considering other fa values estimated
using the fractal method, these values are similar to those of
alluvial sediments in the Flinders Ranges (Handley et al.,
2013b), and loess sediments from the China Loess Plateau
(Li et al., 2017), but lower than dust grains from Dome C
ice core, Antarctica (Aciego et al., 2011). Although measured by diﬀerent methods, the direct-recoil fraction values
measured in this study are higher than glacial outwash sediments from the King River Fan, US (Lee et al., 2010),
lower than sediments from Site 984, North Atlantic
(DePaolo et al., 2006) and similar to river sediments from
the Murrumbidgee River in temperate Australia (Dosseto
et al., 2010), despite the latter having slightly larger mean
diameters (Fig. 7). The similarity of fa values for river
sediments estimated using diﬀerent methods and input

(b)

Fig. 6. Surface roughness (k) as a function of (a) mean grain size, and (b) fractal dimension (D) for ﬂuvial sediments from the Gulf of
Carpentaria drainage basin.
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Fig. 7. Direct-recoil fraction (fa) as a function of mean grain diameter (d) for <63 mm sediments measured in this study, Site 984 (DePaolo
et al., 2006), KRF: King River Fan (Lee et al., 2010), Dome C ice core in Antarctica (Aciego et al., 2011), and the Murrumbidgee River
(Dosseto et al., 2010).
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Fig. 8. Histogram of a Monte Carlo distribution of comminution
ages estimated using Eq. (4) for GOC-R18 (n = 10,000 simulations). See Appendix A for further details and MC distributions of
all input parameters.

parameters is promising but still requires the calculation of fa
values for samples with known comminution ages, e.g. glacial moraine or tephra deposits, to conﬁrm their accuracy.
5.3. Monte Carlo simulations of comminution ages in the
Gulf of Carpentaria drainage basin
5.3.1. Comminution age calculations considering direct recoil
only
A Monte Carlo (MC) approach was used to simulate the
distribution of possible comminution ages that result from
uncertainties associated with each input parameter. Com-

minution ages were ﬁrst calculated using Eq. (1) (input
parameters and their associated uncertainties are given in
Table 4). In the MC simulations, Gaussian distributions
were assumed for fa and A since A is a measured parameter
and fa is estimated from measured surface area parameters.
A Gaussian distribution was not applied to A0 since the distribution of this parameter is likely related to the distribution of diﬀerent rock types in a given catchment, which
each have a distinctive (234U/238U) value (Table A.4).
Handley et al. (2013a, 2013b) modelled A0 as a continuous
uniform distribution between an assumed range of 0.98 and
1.00 where all A0 values are equally likely. In our MC
approach, the distribution of A0 values in catchments was
obtained by considering the distribution of rock types in
catchments and the average (234U/238U) for rock types
using a three-point estimation technique, known as the
beta-PERT distribution, that considers the minimum, maximum and average observations. The maximum A0 in all
catchments was assumed to equal A0 = 1 corresponding
to secular equilibrium. The minimum A0 in a given catchment was assumed equal to the measured (234U/238U) of
the corresponding river sediment since the radioactive
decay of 238U dictates that A0 > A. The average A0 for each
catchment was estimated from the average (234U/238U) of
common rock types (Table A.4), and the proportion of
these rock types in each sub-catchment (Table 1). Example
MC distributions for all input paramteters are shown in
Fig. A.2.
Median MC comminution ages calculated using Eq. (1)
ranged from 18 to 650 ka (Table 5). Estimated comminution ages are reported as median ages at the CI95 since
the distributions of simulated comminution ages were typically log-normal (e.g. Fig. 8). Comminution ages could not
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Table 4
Comminution age input parameters and associated uncertainties for river sediments in Monte Carlo simulations.
Parameter

Assumed
distribution

Value

Units

1r relative
standard
deviation
(%)

Source

Decay rate of 234U,
k234
Initial (234U/238U)
activity ratio, A0
Measured
(234U/238U) activity
ratio, A
Speciﬁc surface area
of solid phase, SBET
Fractal dimension of
solid phase, D
Diameter of a
nitrogen molecule, a
Recoil length in solid
phase, R
Density of solid
phase, q
Leaching coeﬃcient
for 238U, w238
Ratio of leaching
coeﬃcients for 234U
and 238U, w234/w238
Direct-recoil
fraction, fa

Gaussian

2.829  106 ± 0.003  106

a1

0.10

Cheng et al. (2000)

Gaussian

0.980 ± 0.02

Dimensionless

2.0

This studya,b

Beta-PERT

0.961 ± 0.014

Dimensionless

1.5

This studya,b

Gaussian

16.5 ± 2.8

m2 g1

17

This studya,b

Gaussian

2.4 ± 0.2

Dimensionless

12

This studya,b

Gaussian

0.37 ± 0.01

nm

1.4

Hirschfelder et al. (1964)

Gaussian

27 ± 1

nm

2.5

This studyc

Gaussian

2.6 ± 0.1

m3 g1

2.5

This studyc

Gaussian

6.5 ± 2.5  106

a1

18

Gaussian

1.2 ± 0.2

Dimensionless

4.5

Gaussian

0.08 ± 0.02

Dimensionless

27

Vigier et al. (2005); Dosseto et al.
(2006); Dosseto et al. (2014)
Dequincey et al. (2002); Vigier et al.
(2005); Dosseto et al. (2006); Andersen
et al. (2009); Dosseto et al. (2014)
This studya,b,d

a
b
c
d

Values given are for river sediment R-7.
External error calculated from the standard deviation of repeat measurements on river sediment R-13.
Estimated uncertainty associated with v2 = 5 and n = 1 degrees of freedom for XRD experiments.
Calculated from the square root of the sum of 1r standard deviations.

be calculated for samples R-5 and R-6 from the Mitchell
River, and R-10 and R-11 from the Gilbert River. This is
because the measured activity ratio, A, could not be
accounted for by fa in Eq. (1) for these samples, which must
satisfy A > 1  fa (Table A.7). This suggests that loss of
234
U is underestimated by considering direct recoil only,
and preferential leaching of this nuclide may be signiﬁcant.
Preferential leaching of 234U could occur in the weathering
environment, or during sample pre-treatment since sequential extraction utilises various acidic and basic solutions to
remove the various non-detrital phases (Tessier et al.,
1979). However, sequential extraction procedures do not
induce a signiﬁcant amount of 234U leaching (<1%) in rock
standards that are known to be in secular equilibrium
(Suresh et al., 2014a, 2014b; Martin et al., 2015; Menozzi
et al., 2016). Therefore, we infer that 234U preferential
leaching in the weathering environment may be signiﬁcant,
as illustrated by previous experimental studies (Kigoshi,
1971; Fleischer, 1980; Andersen et al., 2009), and explore
how to include this process in the comminution age calculation, in the following section.
5.3.2. Comminution age calculations including preferential
leaching
To account for preferential leaching, Eq. (1) can be
modiﬁed to allow for the diﬀerent leaching rates of 234U
and 238U, given as (Dosseto and Schaller, 2016):

2
tcomm ¼

A

3

ð
1f a Þk234


w
6
k234 þ w234 1 w238 7
238
7
 ln6
6
7
ð
1f a Þk234
w234
4
 5
A0 
k234 þ w238  1 w8
w

1


k234 þ

234
w238 1

ð4Þ

w238

where A is the measured (234U/238U) activity ratio, A0 is the
initial (234U/238U) activity ratio of the parent material (e.g.
bedrock or grains >63 lm in size), k234 is the decay constant
of 234U (in a1), fa is the direct-recoil fraction, and w234 and
w238 are the leaching coeﬃcients for 234U and 238U (in a1),
respectively. Reported w238 values for ﬁne-grained sediments in tropical watersheds range from 4.4  106
to 9.9  106 a1 (Table A.8). The average of these
reported
values
was
adopted
in
this
study
(6.5  106 ± 2.5  106 a1; 1r). To account for the
preferential leaching of 234U, w234/w238 was assumed to be
1.2 ± 0.2, which is similar to values measured in laboratory
and ﬁeld-based studies (Dequincey et al., 2002; Vigier et al.,
2005; Dosseto et al., 2006, 2014; Andersen et al., 2009).
Gaussian distributions were adopted for w238 and
w234/w238 in the MC simulations since these are calculated
from inversion modelling of measured activity ratios.
Median MC comminution ages calculated using Eq. (4)
ranged from 4 to 98 ka (Table 5), and the MC distributions
of comminution ages were typically log-normal (e.g. Fig. 8).
Values are on average 78% lower than the median comminution ages calculated using Eq. (1). This is because
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Table 5
Monte Carlo simulation outputs for comminution ages of <63 mm river sediments.
Sample

R-1l
R-2l
R-3m
R-4m
R-5l
R-6l
R-7l
R-8l
R-9l
R-10l
R-11m
R-12m
R-13l
R-14l
R-15m
R-16l
R-17m
R-18,

Catchment

Archer
Archer
Mitchell
Mitchell
Mitchell
Mitchell
Gilbert
Gilbert
Gilbert
Norman
Gilbert
Gilbert
Staaten
Flinders
Flinders
Leichhardt
Leichhardt
Leichhardt

Comminution age percentile (ka)

Comminution age percentile (ka)

50%
2.5%
97.5%
Without leaching parameters (Eq. (1))

50%
2.5%
97.5%
With leaching parameters (Eq. (4))

NA
NA
58
18
NA
NA
64
190
45
NA
NA
250
51
160
200
550
190
650

NA
NA
17
28
44
82
6
13
4
98
73
10
6
15
12
39
22
25

NA
NA
5
2
NA
NA
5
30
2
NA
NA
24
6
43
12
230
60
130

NA
NA
1,300
64
NA
NA
370
870
270
NA
NA
1,120
160
670
1,100
1,400
780
1,700

NA
NA
1
4
9
22
<1
1
0
25
18
1
1
3
1
10
5
4

NA
NA
270
350
440
620
53
130
45
670
610
140
43
120
160
340
150
300

NA: no analytical solution.

when considering preferential leaching, there is less
234
U-238U disequilibrium resulting from direct recoil,
thereby yielding younger ages.
Sensitivity analyses were conducted to determine the
eﬀect of the w238 and w234/w238 values on calculated comminution ages (all parameter values considered are given
in Table A.9). In the MC simulations, the average values
of all estimated median comminution ages for mean w238
values of 6.5  107, 6.5  106 and 6.5  105 a1 were
220, 31 and 3 ka, respectively (Fig. 9a). Thus, a 100%
increase in the w238 value results in a 99% decrease in estimated median comminution ages. Hydrological conditions
have varied in northern Australia throughout the Quaternary (Nanson et al., 1992; Bowler et al., 2001; Nanson
et al., 2005; Reeves et al., 2008; Reeves et al., 2013) and,
thus, leaching rates are expected to be time-dependent.
However, it is unlikely they have varied by 100% since this
would require the weathering environment of northern
Australia to have resembled that of Iceland or the Andes.
Furthermore, in slowly-eroding environments there is a linear relationship between runoﬀ and elemental ﬂux (and
thus leaching rate) (West et al., 2005); thus, a 100% increase
in leaching rate would require a 100% increase in precipitation, which is unlikely to have occurred in Australia at least
for the Quaternary (Nanson et al., 1992; Bowler et al., 2001;
Nanson et al., 2005; Reeves et al., 2008; Reeves et al., 2013).
Values considered for the w234/w238 ratio were 1.0, 1.2 and
1.5, which were based on values reported for tropical catchments (Vigier et al., 2005; Dosseto et al., 2006, 2014) and
experimental studies (Andersen et al., 2009). In MC simulations, the average values of all estimated median comminution ages for w234/w238 ratios of 1.0, 1.2 and 1.5 were 50, 31
and 15 ka, respectively (Fig. 9b). Thus, a 50% increase in
the w234/w238 ratio from 1.0 to 1.5 results in a 70% decrease
in the estimated comminution ages. This can be considered

an extreme case since higher w234/w238 ratios are only
expected for minerals with high U concentrations, such as
monazite and apatite. Moreover, these minerals are
expected to also have higher annealing rates for alpharecoil tracks, which reduce the preferential leaching rate,
i.e. the w234/w238 ratio tends towards a value of 1.0 (Eyal
and Fleischer, 1985; Eyal and Olander, 1990; Andersen
et al., 2009). Therefore, the true range of w234/w238 values
is likely covered by the w234/w238 value we adopted
(1.2 ± 0.2), which is the average measured values for suspended river sediments in tropical catchments and lies well
within the variability of values measured in other climatic/
tectonic regions (Vigier et al., 2005; Dosseto et al., 2006,
2014).
5.4. Aeolian input
In regions that are subject to active dust entrainment
and deposition, such as Australia (Hesse and McTainsh,
2003; Hesse, 2010), it is important to assess how aeolian
material could aﬀect calculated comminution ages since
comminution dating focuses on the clay and silt fraction
of ﬂuvial sediments, which can comprise a signiﬁcant of
aeolian material (De Deckker et al., 1991). Dust contribution to GoC river sediments was evaluated using dust deposition rates at Longreach, Australia during the dust storm
season (August to November) of 0.14 t km2 day1
(Hesse and McTainsh, 2003). This site is located 200 km
south of the GoC drainage basin and, therefore, represents
a maximum dust deposition rate due to the greater aridity
and reduced vegetation cover in this area. An annual dust
deposition rate of 16.8 t km2 a1 was estimated by considering that no dust is deposited outside of the dust storm
season (Table A.6). The mass ﬂux derived from ﬂuvial erosion was estimated by assuming a catchment-wide erosion
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Fig. 9. Box plots showing the median comminution ages of all GoC river sediments calculated using Monte Carlo simulations of Eq. (4)
considering (a) w238 values of 6.5  107, 6.5  106, and 6.5  105 a1 (w234/w238 = 1.2) and (b) w234/w238 ratios of 1.0, 1.2, and 1.5
(w238 = 6.5  106 a1). This graphic created using ggplot2 the statistical programming language R (Wickham, 2016).

rate of 20 mm ka1 (Nichols et al., 2014), and an average
mineral density of 2,700 kg m3 (Table A.6). By comparing
the mass ﬂuxes from ﬂuvial erosion vs dust deposition, river
sediments may comprise up to 30% deposited dust
(Table A.6). This estimate does not consider the temporal
and spatial variability of dust deposition rates but appears
reasonable as it lies within the measured aeolian fraction
(10–30%) of hillslopes in other arid regions, such as the
Mojave Desert in southwestern U.S. (Crouvi et al., 2013).
The U isotope composition of deposited dust in the GoC
drainage basin is expected to be similar to river sediments
with (234U/238U) < 1 (Table 3). This is because dust deposited in the GoC catchments is likely to be derived locally
from expansive ﬂoodplains that are sparsely vegetated during the dry season. Dust transported from the arid Australian interior is unlikely to contribute signiﬁcantly to
the sediment budget as south-easterly trade winds, which
are prevalent during the dry season, limit dust transport
from central Australia to the GoC (Hesse and McTainsh,
2003). In addition, the northerly monsoonal winds during
the wet season originate from tropical New Guinea, which
is not a major dust source (Hesse and McTainsh, 2003). If
sediments have undergone extended ﬂoodplain storage
before aeolian erosion, dust may exhibit lower
(234U/238U) compared to river sediments due to 234U loss
during alluvial storage (Dosseto et al., 2010; Lee et al.,
2010; Li et al., 2017). Thus, signiﬁcant dust contribution
to the sediment budget could lead to an overestimation of
comminution ages and the timescales of ﬂuvial transport
and hillslope/alluvial storage.
Increased dust deposition may explain the higher speciﬁc
surface areas for the more arid southern GoC catchments
(Fig. 10), which receive less rainfall and increase in dust
deposition rates from north to south in the GoC drainage
basin (McTainsh et al., 2011). Deposited dust is likely to
have a higher speciﬁc surface area than sediment derived

from hillslope-ﬂuvial processes since dust is sourced from
the preferential mobilisation of ﬁner-grained material during aeolian erosion (Marra et al., 2014). Thus, lower
(234U/238U) combined with higher speciﬁc surface areas in
aeolian material compared to ﬂuvial sediment could have
a relatively minor impact on calculated comminution ages,
considering other sources of uncertainty. The (234U/238U)
of unleached Saharan dust were greater than unity
(Aciego et al., 2015), suggesting that long-range transported
dust mainly comprises weathering products, e.g. iron oxides. The proportion of U in soils hosted in iron oxides
and inﬂuenced by aeolian deposition can be up to 40%
(Pett-Ridge et al., 2007; Pelt et al., 2013), but these phases
are removed during sequential extraction and irrelevant
for comminution dating. In south-eastern Australia, the
weighted average (234U/238U) and average U concentration
of aeolian material was determined to be 0.978 and
1.9 ppm, respectively (Handley et al., 2013b; Suresh et al.,
2014a, 2014b). The relatively low U concentration was
explained by the predominance of quartz in the mineralogy
of aeolian material (Suresh et al., 2014a, 2014b). Furthermore, a relationship between (234U/238U) and 1/U is
expected if the U isotope composition of sediments was
controlled by mixing with aeolian material (Handley
et al., 2013b; Suresh et al., 2014a, 2014b), which is not
observed here. While aeolian material can contribute significantly to the ﬂuvial sediment budget in the GoC, it may
have a minimal impact on U isotope ratios and calculated
comminution ages.
5.5. Geomorphic controls on sediment residence times
A comparison of sediment residence times across previous studies is diﬃcult as sample pre-treatment protocols
and methods to assess the recoil fraction vary (DePaolo
et al., 2006; Dosseto et al., 2010; Lee et al., 2010;
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for R-11 could not be produced. The order-of-magnitude
diﬀerence in these inferred comminution ages may provide
evidence to support the theory that sediment routing is a
non-linear process (Malmon et al., 2003; Phillips, 2003;
Allen, 2008). If this is the case, further employing the comminution dating approach to understand how environmental signals are propagated through hillslope-ﬂuvial systems
is crucial for using the sedimentary record to understand
past changes in climate and tectonics.
5.6. Climatic controls on comminution ages

Fig. 10. Box plot of speciﬁc surface areas of sediments from the
Gulf catchments where northeast (NE): Archer River and Mitchell
River, southeast (SE): Staaten River and Gilbert River, and
southwest (SW): Norman River, Flinders River, Leichhardt River.
Outliers (>1.5 times the interquartile range) are represented as red
circles. Upper and lower limits represent the interquartile range.
This graphic was created using ggplot2 and the statistical
programming language R (Wickham, 2016).

Handley et al., 2013a; Handley et al., 2013b; Li et al.,
2016a, 2016b). Results from Lee et al. (2010), and
Handley et al. (2013a, 2013b) are not discussed here as
numerical ages could not be derived. DePaolo et al.
(2006) found sediment residence times (termed ‘transport
time’ in their study) ranging from 0 to 400 ka, reﬂecting
ﬂuctuations between rapidly exported sediments from Iceland, and sediments from the continental Europe characterised by longer residence times. Another study of
marine sediments yielded a similar range, up to 200 ka, here
too illustrating the ﬂuctuations in sediment delivery
between Taiwan (short residence times) and mainland
China (long residence times) (Li et al., 2016a). Similarly,
sediment residence times up to 600 ka were inferred for
river sediments from the Changjiang River (Li et al.,
2016b), reﬂecting long alluvial storage and contrasting with
the much shorter residence times of Taiwanese rivers
(100 ka). These ranges are similar to our estimates
although the drainage area is much smaller here. This could
illustrate a wide range of geomorphic environments in the
GoC catchments. In temperate south-eastern Australia,
inferred sediment residence times ranged from 30 to
400 ka (Dosseto et al., 2010). In this case too, this is similar
to the range of values inferred for the GoC catchments, suggesting that diﬀerent climatic environments can result in an
order of magnitude variation in sediment residence times.
The repeat sampling of river sediments (R-9 and R-11)
from the same Gilbert River channel in two ﬁeld campaigns
(2004 and 2012) yielded comminution ages of 4 and 73 ka
(inferred with leaching parameters) (Table 5); the comminution ages of these river sediments inferred without leaching
parameters are not discussed here as an analytical solution

Median sediment residence times inferred without leaching parameters (Eq. (1)) inversely correlate with mean
annual precipitation (MAP) (R2 = 0.71, Fig. 11), which
ranges from 1300 to 440 mm a1 across the GoC drainage
basin (Table 1). If this relationship is meaningful, it would
illustrate the role of runoﬀ on sediment residence times
quantitatively as a ﬁve-fold increase in MAP would result
in a two-order-of-magnitude decrease in sediment residence
times. Assuming an inverse relationship between sediment
residence times and sediment yield, the inverse relationship
between sediment residence times and MAP would be consistent with the positive correlation between runoﬀ and sediment yield observed for global rivers (Milliman and
Syvitski, 1992). While there is no independent estimate of
the sediment residence time, the chemical depletion fraction
(CDF) measured in sediments, which records the intensity
of chemical weathering (Riebe et al., 2004), could be used
as a proxy for weathering duration. As the sediment residence time decreases, there is less time for chemical weathering, which would result in low chemical depletion
fractions. Riebe et al. (2004) showed a positive correlation
between CDF and MAP, supporting the inverse relationship between sediment residence times and MAP observed
here (Fig. 11) as well as the hypothesis of a positive relationship between the CDF and the sediment residence time.
Sediment residence times calculated considering direct
recoil only (Eq. (1)) broadly correlate with the rainfall seasonality index (R2 = 0.64; Fig. 11). This could suggest that
active hillslope erosion and eﬃcient sediment export require
less seasonal rainfall. For instance, it has been shown in the
wet-dry tropics that increased rainfall seasonality results in
reduced rates of sediment transfer (Thomas, 2003), which
may explain the longer sediment residence times in catchments with highly seasonal (and reduced) rainfall. There
is also a broad inverse correlation (R2 = 0.52) between sediment residence times calculated considering direct recoil
only (Eq. (1)) and vegetation density (Fig. 11). While this
may contradict the known eﬃciency of roots to limit erosion (Kirkby, 1988), it could simply reﬂect the role of rainfall on hillslope erosion and vegetation density since it
promotes both.
The rainfall gradient across the GoC drainage basin also
aﬀects aeolian activity as more arid catchments in the SW
have higher rates of dust deposition, which is supported
by higher speciﬁc surface areas of sediments (Fig. 10). If
there is increased dust deposition in arid catchments, and
this dust is sourced from older sediment in local ﬂoodplains, this will artiﬁcially increase sediment residence times
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Fig. 11. Sediment residence times (t) estimated with and without leaching parameters as a function of catchment area, mean slope, vegetation
cover, rainfall seasonality and mean annual rainfall. The error bars represent uncertainty at the 95% conﬁdence interval.

in such catchments. This may also partially explain the relationship between sediment residence times and MAP in
GoC catchments (Fig. 11).
Relationships with rainfall seasonality and vegetation
density are not observed when sediment residence times
are calculated including preferential leaching parameters
(Eq. (4); Fig. 11). This questions either the validity of the
model that considers nuclide leaching and/or the values
chosen for the leaching coeﬃcients. For instance, it is possible that the w238 values vary across the rainfall gradient in
the GoC drainage basin since this parameter varies by
orders of magnitude across diﬀerent climatic zones (Vigier
et al., 2001, 2005; Dosseto et al., 2008a, 2008b). Since the

MAP in GoC catchments varies by up to an order of magnitude, assuming a constant value for w238 across all catchments may obscure trends between sediment residence
times and climatic parameters.
6. SUMMARY AND CONCLUSIONS
The U comminution dating approach was used to infer
sediment residence times for the ﬁne-grained fraction of
river sediments from catchments draining to the Gulf of
Carpentaria (GoC) in tropical monsoonal northern Australia. Firstly, the common assumption that the parent
material is in secular equilibrium appears to be invalid in
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our study area as rocks from the upper catchments exhibit
234
U depletion. This is possibly due to the tectonic quiescence and antiquity of the northern Australian landscape,
and as rocks undergo deep weathering and fracturing, this
may promote preferential leaching of 234U. Therefore, the
initial activity ratio cannot be assumed to be in unity and
must be adjusted to produce accurate comminution ages.
Thus, the initial activity ratio was estimated from the proportion of rock types in each catchment, and the average
activity ratio of diﬀerent rock types. Numerical comminution ages were inferred for all river sediments following this
approach.
The recoil fraction was calculated for each river sediment using gas sorption surface area measurements and
Monte Carlo (MC) simulations were used to account for
uncertainties in all comminution age input parameters to
generate distributions of possible comminution ages.
Calculated comminution ages ranged from 18 to 650 ka.
In several cases, the direct-recoil model could not account
for the measured (234U/238U). This was attributed to preferential leaching of 234U. By adopting a modiﬁed comminution age model to account for this with additional input
parameters (w238 and w234/w238) inferred comminution ages
ranged from 4 to 98 ka. However, the accuracy of these
comminution ages is limited as the values chosen for the
nuclide leaching parameters were assumed and using realistic values in sensitivity tests resulted in orders of magnitude
variation in inferred comminution ages. Constraining these
values in future studies is a feasible means for reducing
uncertainty in comminution ages calculated this approach.
The eﬀect of aeolian input on comminution ages was
considered to be insigniﬁcant based on measured dust deposition rates and existing U data for dust. This is because the
mineralogy of Australian dust is mostly quartz and iron
oxides whereby the former has a low U concentration and
the latter is removed during sample pre-treatment. Therefore, aeolian input is unlikely to have a large eﬀect on the
U isotope budget for comminution dating despite the moderate dust deposition rates in our study area. We also did
not ﬁnd any relationship between (234U/238U) and U concentrations, which would be expected if the U isotope composition of river sediments was being strongly inﬂuenced by
an aeolian input.
Median sediment residence times inferred considering
solely direct recoil exhibit a broad inverse relationship with
mean annual precipitation (MAP) (R2 = 0.71) and vegetation cover (R2 = 0.52), as well as a broad positive relationship with the rainfall seasonality index (R2 = 0.64). This
illustrates quantitatively the role of runoﬀ and vegetation
cover on sediment residence times and erosion: for instance,
a ﬁve-fold increase in MAP results in a two-order-ofmagnitude decrease in sediment residence times. These
observations are consistent with the positive correlation
between the chemical depletion fraction and MAP previously reported by Riebe et al. (2004), and illustrate the
decreased duration of chemical weathering as the sediment
residence time decreases. These results provide a quantitative framework for investigating the interplay between climate, erosion and chemical weathering, and its impact on
the global carbon cycle.
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APPENDIX A
A.1 Bootstrap resampling
The Bootstrap resampling technique enables the estimation of statistical parameters of a population, e.g. mean,
conﬁdence intervals, etc. from a sample (Efron, 1993).
Randomly chosen observations from a given sample will
be equally representative of the original population and
therefore, a large sample size can be generated by randomly
choosing observations. Each observation has an equal
chance of being chosen each time so that the bootstrap sample is equally comparable to the observations and target
population (Bland and Altman, 2015).
Bootstrap resampling was conducted in our study since
it is not practical to measure the activity of each rock type
in a catchment. The initial activity ratio (A0) was estimated
by bootstrap resampling using the measured (234U/238U) of
rocks (Table A.3).
A.2 Monte Carlo simulations of comminution ages
Comminution ages (t) of river sediments were calculated
using a Monte Carlo (MC) simulation model using the
‘mc2d’ package of the software ‘R version 3.4.1 (Pouillot
et al., 2017). This package can calculate two-dimensional
(or second-order) MC simulations where the parameter
variability and uncertainty are sampled separately in the
simulation, so that variability and uncertainty in the output
may be assessed separately. However, only parameter variability was considered in our simulations and, thus, the MC
simulations conducted in this study followed a conventional
one-dimensional MC approach. The R codes used for the
MC simulations are available from the corresponding
author on request.
Two comminution age equations were considered in MC
simulations with and without leaching parameters (Eqs. (1)
and (4), respectively). In MC simulations using Eq. (1)
(DePaolo et al., 2006), the distribution of possible comminution ages that result from uncertainties associated with
the measured activity ratio A, A0, and fa were considered.
In MC simulations using Eq. (4) (Dosseto and Schaller,
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2016), preferential leaching parameters were also considered. The methods for estimating each input parameter
are discussed in the following sections.
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of values in natural processes. Furthermore, if a PERT distribution is symmetrical, which is when the mode is between
the minimum and maximum, it is similar to a normal distribution. If the distribution is skewed, a PERT distribution
provides a close ﬁt to a lognormal distribution. This is useful for modelling the distribution of rock activity ratios in
catchments since the following are known:

A.2.1 Measured input parameters
Gaussian distributions were assumed for fa (estimated
from measured surface area parameters) and A since these
are measured parameters. This is a conventional assumption based on the assertion that a distribution function of
a measured parameter that is simultaneously inﬂuenced
by many sources of uncertainty sources will approach a
Gaussian distribution as the number of uncertainty sources
approaches inﬁnity; this assertion is irrespective of the distribution functions of the respective parameters that
describe the uncertainty sources. Example MC distributions
for A and fa for river sediment GOC-R18 are shown in
Fig. A.2b and c, respectively.

An example MC distribution of A0 values for river sediment GOC-R18 is shown in Fig. A.2a.

A.2.2 Initial activity ratio
A Gaussian distribution was not applicable for A0 since
the distribution of A0 values is likely to strongly depend on
the distribution of diﬀerent rock types in a given catchment,
which each have a distinctive (234U/238U) value (Table A.4).
Handley et al. (2013a, 2013b) modelled A0 as a continuous
uniform distribution between an assumed range of 0.98 and
1.00 where all A0 values were equally likely. In this study,
A0 was modelled using a three-point estimation technique,
known as the beta-PERT distribution, that considers the
minimum, maximum and average observations. The betaPERT distribution is designed to generate a distribution
that resembles realistic probability distribution based on a
priori knowledge about the parameter to be modelled
(A0). The advantage of this is that it requires no assumptions about the distribution, e.g. lognormal, normal, uniform etc. The triangular distribution is similar to a PERT
distribution, but the latter may better reﬂect the distribution

A.2.3 Preferential leaching parameters
In MC simulations using Eq. (4) (DePaolo et al., 2006;
Dosseto and Schaller, 2016), leaching parameters were
introduced to allow for the diﬀerent leaching rates of 234U
and 238U. These are the 238U leaching rate (w238) and the
ratio of the 234U and 238U leaching rates (w234/w238).
Reported w238 values for ﬁne-grained sediments in tropical
watersheds range from 4.4  106 to 9.9  106 a1
(Table A.8). The average of these reported values was
adopted in this study (6.5  106 ± 2.5  106 a1; 1r).
To account for the preferential leaching of 234U, w234/w238
was assumed to be 1.2 ± 0.2, which is similar to values measured in laboratory and ﬁeld-based studies (Dequincey
et al., 2002; Vigier et al., 2005; Dosseto et al., 2006;
Andersen et al., 2009; Dosseto et al., 2014).
Example MC distributions of w238, w234/w238 and estimated comminution ages for river sediment GOC-R18 are
shown in Fig. A.2d, e and f, respectively.

 Minimum A0: measured activity ratio of the river sediment from a given sub-catchment (Table 3)
 Maximum A0: secular equilibrium (A0 = 1)
 Mode A0: predicted A0 for each sub-catchment (Table 3)
estimated from the proportion of rock types in each subcatchment (Table 1) and typical activity ratios for rock
types (Table A.4)

Table A.1
Reagents and conditions used in the sequential extraction procedure (Lee, 2009).
Target phase

Reagents/conditionsa,b

Water-soluble (F0)

8 mL H2O
Room temp./1 h
8 mL 1 M MgCl2 at pH 7
Room temp./1 h
8 mL NaOAc/AcOH at pH 5
Room temp./6 h
20 mL 0.04 M NH2OH.HCl/ AcOH at pH 2
96 °C/5 h
8 mL 0.02 M HNO3/H2O2 at pH 2
85 °C/2 h
3 mL H2O2 at pH 2
85 °C/3 h
5 mL 3.2 M NH4OAc in HNO3 20% diluted to 20 mL with H2O
Room temp./30 min

Exchangeable (F1)
Acid-soluble (F2)
Reducible (F3)
Oxidisable (F4)

a
b

Reagent volumes for 1 g of sample.
Solid and aqueous phases were centrifuged at 7000 rpm for 10 min between each step.
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Variables

(234U/238U)

U
(ppm)

db (lm)

<2 lm
(%)

SBETc
(m2 g1)

Dd

Quartze
(wt.%)

Feldsparse
(wt.%)

Micae (wt.
%)

Accessory mineralse
(wt.%)

Non-silicate
mineralse (wt.%)

(234U/238U)
U (ppm)
db (lm)
<2 lm (%)
SBETc (m2 g1)
Dd
Quartze (wt.%)
Feldsparse (wt.%)
Micae (wt.%)
Accessory mineralse
(wt.%)
Non-silicate
mineralse (wt.%)

1.00
0.29
0.06
0.32
0.23
0.34
0.22
0.42
0.06
0.35

0.29
1.00
0.56
0.41
0.33
0.19
0.10
0.51
0.33
0.11

0.06
0.56
1.00
0.78
0.49
0.26
0.50
0.59
0.19
0.10

0.32
0.41
0.78
1.00
0.58
0.38
0.04
0.20
0.09
0.35

0.23
0.33
0.49
0.58
1.00
0.81
0.05
0.06
0.23
0.57

0.34
0.19
0.26
0.38
0.81
1.00
0.09
0.30
0.45
0.40

0.22
0.10
0.50
0.04
0.05
0.09
1.00
0.61
0.20
0.17

0.42
0.51
0.59
0.20
0.06
0.30
0.61
1.00
0.51
0.26

0.06
0.33
0.19
0.09
0.23
0.45
0.20
0.51
1.00
0.14

0.35
0.11
0.10
0.35
0.57
0.40
0.17
0.26
0.14
1.00

0.13
0.23
0.22
0.44
0.22
0.28
0.39
0.04
0.01
0.24

0.13

0.23

0.22

0.44

0.22

0.28

0.39

0.04

0.01

0.24

1.00

a
Pearson’s correlation matrix was created using XLSTAT by inputting river sediment parameters where Pearson’s correlation coeﬃcient (q) is calculated by dividing the covariance of
independent variables by the product of their standard deviations (Pearson, 1909). Values in bold are signiﬁcant at the level p < 0.05 to test the null hypothesis that the coeﬃcients are not
signiﬁcantly diﬀerent from q = 0.
b
d: mean diameter.
c
SBET: speciﬁc surface area.
d
D: fractal dimension.
e
Mineral abundances determined by XRD.

A.N. Martin et al. / Geochimica et Cosmochimica Acta 244 (2019) 264–291

Table A.2
Pearson’s correlation matrixa for measured parameters for <63 mm river sediments.
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Table A.3
Bootstrap results for measured initial activity ratios of bedrock samples.a
Mean (original)

Mean (bootstrap)

b

b

0.940 ± 0.086

0.944 ± 0.056

Lower bound (bootstrap)

Upper bound (bootstrap)

0.880

1.000

a

Seed (random numbers) = 1,642,145,353, p = 0.05.
b
1r standard deviation. Bootstrap uncertainty estimates were calculated using XLSTAT (Resampled statistics Bootstrap), which is based
on the method outlined by Efron (1993).

Table A.4
Average (234U/238U) activity ratios of generalised rock types.
Lithology

(234U/238U)g

Fine-grained sedimentary
Coarse-grained sedimentary
Igneous
Volcanic
Metamorphic

0.928 ± 0.079a,b,c
1.000 ± 0.011a,c
0.931 ± 0.004a
1.000 ± 0.004d,e,f
1.000 ± 0.023a

a
b
c
d
e
f
g

Data sourced from: Table 1.
Data sourced from: Handley et al. (2013a, 2013b).
Data sourced from: Ma et al. (2010) and Menozzi (2016).
Data sourced from: Handley et al. (2011)
Data sourced from: Chabaux et al. (2013).
Data sourced from: Pelt et al. (2013).
1r standard deviation.

Table A.7
The <63 mm river sediments from the Gulf of Carpentaria drainage
basin for which the measured (234U/238U) activity ratio (A) could
not be accounted for by the direct-recoil fraction (fa).
Sample ID

Catchment

fa

1A

1  A  fa

R-3
R-4
R-5
R-6
R-10
R-11
R-18

Mitchell River
Mitchell River
Mitchell River
Mitchell River
Gilbert River
Gilbert River
Leichhardt River

0.063
0.048
0.054
0.034
0.065
0.093
0.058

0.092
0.085
0.097
0.139
0.183
0.144
0.069

0.029
0.037
0.043
0.105
0.118
0.051
0.011

Table A.5
Recoil lengths for typical minerals/mineral groups.
Mineral
a

Quartz
Feldsparsb
Micasc
Claysd
Heavy mineralse
Non-silicates/carbonatesf
a
b
c
d
e
f

Density
Density
Density
Density
Density
Density

and
and
and
and
and
and

recoil
recoil
recoil
recoil
recoil
recoil

lengths
lengths
lengths
lengths
lengths
lengths

from
from
from
from
from
from

Density (cm3/g)

Recoil length (nm)

2.65
2.70
2.95
2.60
4.50
2.70

27.2
30.0
24.7
30.0
22.7
30.0

quartz (Hashimoto et al., 1985).
albite (Maher et al., 2006).
average of biotite and muscovite (Hashimoto et al., 1985).
kaolinite (Maher et al., 2006).
average of monazite and zircon.
calcite (Maher et al., 2006).

Table A.6
Relative contribution of denudation vs aeolian deposition to sediments in the Gulf of Carpentaria drainage basin.
Source
a

Denudation
Dustb
Denudationc
Dustc

Time period

Mass ﬂux (kg km2 a1)

Relative contribution (%)

Present
Present
Last Glacial Maximum
Last Glacial Maximum

54,000
16,800
54,000
168,000

76
24
24
76

a
A catchment-wide erosion rate of 20 mm ka1 and average mineral density of 2.7 kg m3 were used to estimate the mass ﬂux derived from
denudation.
b
The mass ﬂux of dust was estimated using daily average dust deposition rate (0.14 t km2 day1) measured during the dust storm season
(August–November) at Longreach, located in the southwest of our study area (Hesse and McTainsh, 2003). By considering that no dust is
deposited outside of the dust storm season, the annual average dust deposition was estimated to be 12.8 t km2 a-1.
c
Estimated by assuming that the dust ﬂux was an order of magnitude greater during the LGM (Harrison et al., 2001), and the denudation
ﬂux was identical to the present ﬂux.
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Table A.8
Reported leaching coeﬃcients (w238) for

238

U in tropical watersheds.

Location

W238 (a1)
6

w234/w238

Reference
Dosseto et al. (2006)
Vigier et al. (2005)
Vigier et al. (2005)
Dosseto et al. (2014)

Amazon lowland rivers
Narmada Rivers, Deccan Traps, India
Tapti River, Deccan Traps, India
Rio Icacos/Sabana catchments, Puerto Rico

4.4  10
6.9  106
9.9  106
4.7  106

n/a
1.4
1.0
1.1

Average
Standard deviation (1r)

6.5  106
2.5  106

1.2
0.2

Table A.9
Leaching coeﬃcients used in sensitivity analyses.
Experiment

W238 (a1)

w234/w238

1
2
3
4
5
6

6.5  107 ± 2.5  107
6.5  106 ± 2.5  106
6.5  105 ± 2.5  105
6.5  106 ± 2.5  106
6.5  106 ± 2.5  106
6.5  106 ± 2.5  106

1.2 ± 0.2
1.2 ± 0.2
1.2 ± 0.2
1.0 ± 0.2
1.2 ± 0.2
1.5 ± 0.2

Fig. A.1. Isotherm for sample GOC-R-16 obtained by gas sorption analysis where ‘Ads’: adsorption (red circles) and ‘Des’: desorption (blue
squares).
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0
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1500
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1500
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0.960

0.965

0.970

A0

0.88

0.92

0.96
A

(d)
2500
0

0

500

1500

Frequency

1500
500

Frequency

2500

(c)

0.975

0.00

0.05

0.10

0.15

0.20

0

5

fa

10

15

−6 −1

w238 (x 10 a )

2000
1000
0

Frequency

3000

(e)

1.0

1.2

1.4

1.6

w234 w238
Fig. A.2. Histograms showing the Monte Carlo distribution of the input parameters for GOC-R18 (n = 10,000 in all simulations). (a) Initial
activity ratios (A0), (b) measured activity ratios (A), (c) direct-recoil fraction (fa), (d) 238U leaching rate (w238) and (e) the ratio of the 234U and
238
U leaching rates (w234/w238).
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