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Abstract 
Overbank fine sediment deposition in the 
lower Oroua River leads to decreased flood 
capacity between stopbanks and increased 
flood risk. Identifying the dominant sources 
of erosion contributing to this deposited 
sediment can inform targeting of erosion 
management strategies most likely to 
reduce deposition. Sediment fingerprinting 
quantifies proportional contributions of 
catchment sources to suspended and deposited 
sediment transported downstream. Here, it 
is used to determine source contributions 
to recent overbank sediment deposits in 
the lower Oroua River, North Island, New 
Zealand. The analysis comprised six sources 
(channel bank; greywacke mountain range; 
hill subsurface; hill surface; mudstone; and, 
unconsolidated sand/silt) and two particle 
size fractions (<  63  µm and 125–300  µm) 
using bulk geochemical and radionuclide 
tracers. 

The dominant contributions to overbank 
deposition for the <  63  µm size fraction, 
which represents 42% of the deposits, are 
estimated to be from unconsolidated sand/
silt (36 ± 8%) and hill subsurface (27 ± 8%),  
followed by channel bank (12 ± 12%), mud
stone (11 ± 8%), hill surface (11 ± 6%), 

and greywacke mountain range (3 ± 4%). 
The overbank deposits for the 125–300  µm 
sediment fraction, which represents 28% 
of the deposits, show a different order of 
dominance with the largest contributions 
from hill subsurface (37 ± 7%) and channel 
bank (27 ± 10%), followed by mountain 
range (17 ± 10%), unconsolidated sand/
silt (10 ± 7%), mudstone (7 ± 6%), and hill 
surface (2 ± 4%). Combining these two size 
fractions by their proportions in the overbank 
sediment provides an overall sediment source 
contribution of hill subsurface (31 or 38%), 
unconsolidated sand/silt (26 or 29%), 
channel bank (18%), mudstone (9 or 10%), 
mountain range (9 or 15 %), and hill surface 
(7 or 8%) (including/excluding channel 
bank, respectively). Hill subsurface, which 
represents shallow landslides in steep hill 
country, is a significant sediment source for 
both particle size ranges. Therefore, targeting 
erosion from this source is likely to have the 
most significant impact on sediment supply 
to overbank deposition. 

Differences in source contribution 
estimates for the two particle size fractions 
may reflect the composition of source 
material, variation in erosion and deposition 
processes, and discrimination challenges 
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caused by channel bank sediment. These 
differences highlight the importance of 
accounting for particle size distributions 
when using sediment fingerprinting. Particle 
size also needs to be considered when 
implementing erosion management strategies 
because sources may have disproportionate 
downstream impacts depending on their 
particle size distribution and the aim of 
the mitigation. Specific sediment yield was 
estimated using sediment fingerprinting 
results distributed across a slopeweighted 
model of catchment outlet sediment yield. 
The highest specific sediment yield is from 
unconsolidated sand/silt (1,900 t  km2  yr1),  
followed by mudstone (1,100 t  km2  yr1) 
and hill subsurface (1,000 t  km2  yr1). The 
presentation of sediment fingerprinting 
outputs can be improved by incorporating 
results into spatial modelling to produce 
maps of sediment yield. 
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Introduction 
The origin, transport and deposition 
of sediment within river catchments 
present a wide range of issues for land and 
environmental managers. Loss of soil from 
erosion can degrade agriculturally productive 
land and lead to elevated sediment 
concentrations in streams and rivers causing 
increased turbidity, light attenuation, and 
nutrient levels (Page et al., 2000; Wood 
and Armitage, 1997). Increased instream 
sediment loads can also lead to sedimentation 
issues, damage to infrastructure, sediment 
deposition on productive land, and increased 
flood risk by reducing the effectiveness 
of flood control measures (Westrich and 
Förstner, 2007; Vale, 2018). The importance 
of the impact of sediment on New Zealand 

waterways has received increased attention 
due to changes to the National Policy 
Statement for Freshwater Management 
and National Objectives Framework and 
accompanying sediment requirements 
(Neverman et al., 2019). Meeting freshwater 
targets requires improved understanding of 
the sources of sediment delivered to streams 
and rivers as well as an understanding of the 
sediment source characteristics (e.g., particle 
size) and their impact on turbidity and stream 
clarity. Sediment characteristics are generally 
not considered when evaluating whether 
an erosion management strategy is likely to 
achieve the desired downstream outcome, 
despite the importance of these characteristics 
for both water quality and sedimentation 
issues. It is important to understand the 
spatial and temporal patterns of sediment 
generation and its characteristics to guide 
catchment management strategies and ensure 
effective targeting of erosion control.  

A variety of direct and indirect tech
niques are available for assessing erosion 
and understanding sediment transport 
throughout a catchment (Stroosnijder, 2005; 
Collins and Walling, 2004; Loughran and 
Campbell, 1995). These include techniques 
for estimating erosion rates and sediment 
generation (e.g., aerial photography, erosion 
pins, morphological budgeting), techniques 
for estimating sediment load at endof
catchment (e.g., sediment gauging), and 
techniques to model whole catchment 
sediment processes. However, there is 
typically a disconnect between erosion 
measurements at source and the endof
catchment sediment output, and a lack of 
information on the relative importance of 
different erosion process contributions to 
catchment sediment loads. This aspect is 
where sediment fingerprinting has a distinct 
advantage. It allows endofcatchment 
sediment (suspended or deposited) to be 
linked to its source using specific physical and 
chemical properties of soils and sediments 
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(called tracers) as well as determination of 
relative source contributions. 

A wide range of tracers can be used. 
These include mineralogy, mineral magnetic 
properties, bulk geochemical composition, 
colour spectra, isotopic ratios, fallout 
radionuclides, organic elements, and 
compoundspecific stable isotopes (CSSIs) 
(Collins and Owens, 2006; Haddadchi et al., 
2013). Sediment tracers vary in suitability 
depending on the application, due to the soil 
property or erosion process captured by each 
tracer (e.g., source type or targeted particle 
size). For instance, the spatial variation in 
soil geochemical properties typically used in 
sediment fingerprinting is largely determined 
by the underlying geological and pedogenic 
processes, whereas fallout radionuclides 
attach to soil from atomic weapons testing 
and exhibit vertical variation with soil depth 
independent of geological parent material. 

In order for sediment fingerprinting to be 
successful, tracers must 
(1)  adequately discriminate between 

sediment sources, and
(2)  behave conservatively (i.e., the sediment 

signature is retained from source to sink). 

Therefore, an optimum fingerprint requires 
a tracer selection process that maximises 
discrimination between sources, while 
minimising nonconservative behaviour. 
Nonconservative behaviour can arise due 
to organic matter and particle sizerelated 
chemical changes downstream as a result 
of biological activity, physical abrasion or 
attrition, and chemical weathering. Failing to 
adequately remove nonconservative tracers 
has been shown to reduce the accuracy of 
source contribution predictions (Smith et al., 
2018; Sherriff et al., 2015). Tracer selection 
approaches range from primarily statistically 
based and minimising tracer number (Yu 
and Oldfield, 1989; Collins et al., 1997; 
Vale et al., 2016b) to selection focused more 
on tracer behaviour and removing tracers 

showing nonconservativeness (Smith et al., 
2018; Koiter et al., 2013).  

Relative source contributions are derived 
using mixing models. These relate the 
concentration of each tracer in each source 
to the downstream sediment mixture. 
Frequentist models have been the most widely 
used, relying on minimisation of least squares 
to estimate relative source proportions, while 
Bayesian models have received more attention 
in recent years with advantages in how the 
model handles uncertainty (Cooper and 
Krueger, 2017; Cooper et al., 2014; Nosrati 
et al., 2014; Smith et al., 2018). Model 
selection has been shown to impact sediment 
source estimates, although data quality and 
source discrimination are key factors affecting 
model performance (Haddadchi et al., 2014; 
Laceby and Olley, 2015; Vale et al., 2020). 

An ongoing challenge within all erosion 
measurement techniques is the need for higher 
spatial and temporal resolution. Sediment 
fingerprinting encounters this problem 
as high analytical costs and pointbased 
sampling make it difficult to apply to larger 
catchment scales or higher spatial resolution 
where source characterisation is less likely 
to apply uniformly across the catchment. 
Haddadchi et al. (2019) proposed a way 
to improve spatial resolution of sediment 
source characterisation by using a grid
based approach with spatial interpolation 
of geochemical values based on mapped 
geological areas. This approach moves towards 
finer resolution spatial apportionment of 
sediment source contributions but likely 
works best with a dedicated sampling regime 
to underpin interpolation procedures. 
Vale et al. (2020) proposed a simple spatial 
model to distribute conventional sediment 
fingerprinting proportions based on assigning 
sediment loads to the mapped source areas 
using a slopeweighted model. This allowed 
better spatial interpretation of sediment 
fingerprinting results through sediment 
yield maps. However, the method relies on 
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accurate source mapping and having either 
measured or modelled sediment loads for 
the catchment. Significant scope remains for 
improving spatial representation of sediment 
fingerprinting outputs. 

Sediment fingerprinting applications in 
New Zealand have used a range of tracers. 
Gibbs (2008) used CSSIs to identify 
contemporary sources based on land 
cover (pasture, native forest, pine forest) 
contributing to estuarine sediment in the 
Mahurangi catchment. Roddy (2010) used 
geochemical and radionuclide tracers to 
quantify sources of sediment from landscape 
units (native, exotic and agriculture) and 
erosion position (surface, subsurface and 
streambank) entering the Whangapoua 
estuary. Several studies using geochemical 
tracers have been conducted in the Manawatū 
catchment. These investigated sediment 
contribution and geochemical variability 
from major tributaries of the Manawatū 
River (Vale et al., 2016a), characterisation 
and quantification of sediment source 
contribution to the Manawatū River (Vale 
et al., 2016b), and temporal and spatial 
sediment source dynamics occurring during 
a storm event (Vale et al., 2020).

Stopbanks are a primary form of flood 
protection in all regions of New Zealand, 
with a number of breaches occurring in 
recent years posing a threat to life and safety 
and causing significant damage (Blake et al., 
2020). In the Oroua River catchment and 
wider Manawatū region, reduction in flood 
capacity due to sedimentation is a concern 
due to extensive stopbanks and large areas of 
highly erodible land (Dymond et al., 2006). 
Stopbanks are built on floodplains to contain 
high river levels and protect neighbouring 
property from damage. However, they can 
also concentrate sediment deposition on the 
floodplain berms between the river channel 
and the stopbanks (‘berm sedimentation’), 
reducing flood conveyance and increasing 

the risk of stopbank overtopping. Elevated 
rates of overbank deposition and channel 
aggradation between stopbanks along the 
lower Oroua River occurs frequently enough 
within the lifetime of the stopbanks to be 
a significant management issue. Although 
aggradation in the active channel is a 
concern, the area susceptible to overbank 
deposition is large in comparison and 
represents a significant proportion of 
the flood capacity that the stopbanks are 
designed to contain. Additionally, since 
most sediment transported through the 
catchment occurs during high flow events, 
overbank deposits are likely to best reflect 
the dominant sources of the particle size 
fractions of concern. Deposition between 
stopbanks may be reduced by targeting the 
dominant erosion sources containing the size 
fractions making the greatest contribution 
to the deposits. Sediment fingerprinting is 
well suited for identifying the dominant 
sources contributing to sediment deposited 
overbank as it can directly link the deposited 
sediment back to its origin, target the specific 
particle size fractions of interest, and guide 
management to the main sources of sediment 
requiring management. 

Here, sediment fingerprinting is used in 
combination with spatial modelling to

(1)  quantify the proportional sediment 
source contributions to overbank 
sediment deposition for specific particle 
size fractions,

(2)   compare source contributions based on 
two different size fractions and assess 
implications for sediment management 
and

(3)  enhance visualisation and communication 
of sediment fingerprinting results using 
sediment budget model outputs and 
spatial data.
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Methods 
Study catchment and sampling strategy 
The Oroua River is a major tributary of the 
Manawatū River situated in the central North 
Island, New Zealand. It drains the western 
side of the Ruahine Range through a generally 
southwest direction for approximately 
130 km before joining with the main stem 
of the Manawatū River about 20 km from 
the coast (Fig. 1). The catchment is entirely 
under lain by sedimentary rock types. The 

2016). Landslide erosion is widespread in the 
steep hill country and mountain ranges while 
gully erosion is more spatially confined but 
considered to be a dominant erosion process 
in the weak unconsolidated sand/silt (Basher 
et al., 2018; Miri, 1999). Bank erosion 
mostly occurs in the lowland alluvium, with 
widescale stopbanks and protection works 
restricting channel movement (Smith et al., 
2019); however, some very large bank erosion 
events have been documented (Fuller, 2008). 

Figure 1 – Sediment sampling locations in the Oroua River catchment and catchment lithology, 
derived from the NZLRI.
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Debris avalanches, landslides, and gully and 
surficial erosion all occur in in the Ruahine 
mountain range, driven by steep slopes. 
Overbank sediment exists as fine alluvium 
deposited in layers varying in thickness from 
a few centimetres to tens of centimetres. This 
sediment is typically mud grade (i.e., clay and 
silt); however, coarser sandsized sediment is 
also present. 

Sampling aimed to characterise distinct 
geomorphic units related to erosion processes 
discriminated by geochemical signatures 
across two particle size fractions (<  63 µm and 
125–300 µm) to represent the mud and sand 
fraction present in the overbank deposits. This 
comprised six geomorphic units (sediment 
sources): hill surface (n = 8), representing 
surficial erosion; hill subsurface (n = 13), rep
resent ing shallow landslide from steep hill 
country; channel bank (n = 8), representing 
bank erosion in alluvium; mountain range 
(n = 8), representing landslide and debris 
avalanche erosion coming from the Ruahine 
mountain range; mudstone sediment (n = 8),  
mostly originating from cliff erosion; and 
unconsolidated sediment (n = 8) that con
sists of unconsolidated sand/silt mostly 
representing gully and cliff erosion (Fig. 1). 
Samples were collected using multiple surface 
scrapes on exposed faces within a ~100 m2 
area, composited and mixed in the field, 
then subsampled into bags. Surface samples 
were sampled from the upper 2 cm of soil, 
composited, and subsampled into bags. 
Overbank sediment (n = 8) was collected via 
point samples using a trowel and composited 
in the field from sediment deposits in the 
lower Oroua River (Fig. 2). In total, 61 
source and sediment samples were analysed. 

The spatial extent of the characterised 
sediment sources is further delineated in 
Figure 3, derived primarily from the New 
Zealand Land Resource Inventory (NZLRI) 
‘Toprock’ classes (Landcare Research NZ 
Ltd, 2000) in conjunction with the source 
descriptions to convey the spatial origin of 

sediment sources. Mudstone and mountain 
range (the latter represented as greywacke) 
were derived directly from NZLRI ‘Toprock’ 
classes (Landcare Research NZ Ltd, 2000). 
The unconsolidated sediment source area 
was mapped according to NZLRI rock layer 
‘Us’ and updated based on aerial imagery 
of gully extent. Hill subsurface was limited 
to the steep hill terrain with slope angle 
over 15° where shallow landsliding occurs, 
while hill surface was expressed across all 
hilly areas except where Ruahine Range and 
windblown sand is mapped. Channel bank 
was generally assumed to be areas of alluvium 
material in the NZLRI; however, as this 
erosion process is lineal in nature, sediment 
yield from this source was based on total 
channel length intersecting with alluvium. 
The unique spatial extent of each source is: 
hill surface, 735 km2 (81%); hill subsurface, 
179 km2 (20%); mudstone, 44 km2 (5%); 
unconsolidated sand/silt, 74 km2 (8%); 
and mountain range, 44 km2 (5%). Alluvial 
floodplain represents 163 km2 (18%), with 
channel bank representing a channel length 
of 450 km. It is important to note that the 
spatial extent of these layers is not mutually 
exclusive as more than one source can occur 
in the same area, e.g., hill surface and hill 
subsurface.

Sample processing 
Source and deposited sediment samples were 
subsampled for particle size analysis and the 
remaining material wet sieved to separate and 
collect two grain size fractions: <  63  µm and 
125–300  µm to represent mud (clay and silt) 
and fine sand sediment fractions, respectively. 
These samples were dried at 40°C in  
plastic trays.  

Processed samples were analysed for bulk 
geochemistry using Xray fluorescence (XRF) 
and Laser AblationInductively Coupled 
PlasmaMass Spectrometry (LAICPMS). 
This involved combusting the samples at 
850°C overnight to oxidize all elements 
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Figure 2 – Images of stopbank and zone of overbank deposition (berm) (top and middle); recent 
overbank sediment deposits in the lower Oroua River (bottom). 
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and combust any organic material, then 2 g 
of sample was mixed with 6 g of lithium 
tetraborate and fused into glass discs. The 
glass discs were analysed using a Spectro 
XLAB 2000 XRF Spectrometer for SiO2, 
TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, 
Na2O, K2O, P2O5, BaO and SrO. The 
glass discs were retained and analysed using 
a PerkinElmer SCIEX ELAN DRC II LA
ICPMS. LAICPMS elements analysed 

Figure 3 – Spatial extent of each unique sediment source for the Oroua River catchment. Note these 
are not mutually exclusive in their spatial extent and the channel bank source is shown as both 
a spatial area of alluvium and a lineal representation of the channel. The township (Feilding) is 
marked in black.

included Na, Mg, Al, K, Ca, Sc, Ti, V, Cr, 
Mn, Fe, Co, Ni, Cu, Ga, Ge, Rb, Sr, Y, Zr, 
Nb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, 
Dy, Ho, Er, Tm, Yb, Lu, Ta, Pb, Th and U. 

Gamma spectroscopy provided the 
radionuclides 210Pbex, 137Cs, 226Ra, 
and 228Ra using standard procedures. 
Radionuclide concentration was calculated 
based on 1day counts to a value above 
background at a confidence level of 95% 



155

according to ISO 11929. Minimal detectable 
concentration was reported as a ‘less than’ 
where the value was consistent with a 
background measurement. 

Tracer selection  
Tracer selection followed the technique 
of Smith et al. (2018), in which tracers 
are removed based on evidence of ‘non
conservative’ behaviour identified through 
analysis of tracer–particle size relationships 
and sourcemixing polygons. This approach 
focuses on removing nonconservative 
tracers rather than selecting a subset of 
tracers to maximise source discrimination. 
The basis for this is that all tracers provide 
at least some useful information on source 
contributions and should therefore be used in 
source unmixing rather than being discarded. 
Tracers are only removed if they show 
evidence of nonconservative behaviour. 
Increasing specific surface area associated 
with finer particle size can influence the 
geochemical behaviour of individual tracers. 
Thus, potential nonconservative behaviour 
may be partially identified if tracers in 
sediment samples deviate from source data 
when significant correlations exist between 
specific surface area and tracer concentration 
(Smith et al., 2018). Next, source tracers are 
plotted pairwise for all tracer combinations 
with minimum bounding polygons fitted to 
these data. If downstream samples fall outside 
the plotted polygons, then these tracers are 
removed. The remaining tracers then form 
the basis for unmixing sediment sources. 
Discriminant Function Analysis (DFA) is a 
classification technique used to predict group 
membership based on a linear combination 
of predictor variables (tracers) into linear 
discriminants (LDs) and provides a basis for 
evaluating the extent of discrimination by 
selected tracers. DFA uses Wilks’ lambda as 
a measure of how well each tracer contributes 
to the model discrimination, where zero 
represents total discrimination. 

Multivariate mixing model
The selected elements were incorporated 
into a multivariate frequentist mixing model 
to estimate the relative proportions of each 
source to the deposited sediment. The mixing 
model does this by minimising the sum of 
the residuals of the element concentrations 
through least squares as shown in Equation 1:

Res = i=1
n∑
ci – Σ j=1

m X jSij
Ci

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

2

 

(1)

Res = the sum of squares of the residuals
n =  the number tracers in the composite 

fingerprint
Ci  =  the concentration of element i in the 

sediment sink sample
m =  the number of source groups (e.g., 

mudstone, hill surface)
Xj =  the relative proportion from source 

group j to the sediment sink sample
S  =  the mean concentration of tracer i 

from the sample in source group j     

The model adheres to two constraints 
that must be satisfied to produce realistic 
values: that each source group proportional 
contribution is between 0 and 1, and that 
the sum of all the source groups is equal to 1.  
The model uses calculated values based on 
the mean and standard deviation of each 
source group to employ a Monte Carlo 
approach with 5000 replications. The model 
optimisation used the Solver extension in 
Microsoft Excel. The solving method used 
the ‘Generalized Reduced Gradient (GRG) 
Nonlinear’ method in combination with 
the multistart parameter (population size 
of 200) to improve likelihood of a globally 
optimal solution (Frontline Systems Inc., 
2010). Model choice can impact source 
apportionment; however, this is less likely 
when sources are distinct and source 
discrimination is clear (Vale et al., 2020). 
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Numerical mixtures 
Numerical (virtual) mixtures have been used 
in sediment fingerprinting studies to provide 
some measure of model performance (Palazón 
et al., 2015; Smith et al., 2018; Nosrati et al., 
2014, 2020). Twenty numerical mixtures were 
created by generating random proportional 
contributions from each source. These 
were used to compare modelled sediment 
source proportions to the known sediment 
source proportions. This approach does not 
evaluate tracer nonconservative behaviour 
since it is based on numerical mixtures and 
not sediment exposed to environmental 
conditions. Numerical mixtures were used 
for both size fractions. Channel banks can 
present issues for source discrimination, so 
mixtures were created both including and 
excluding channel banks as a source. 

Specific sediment yield 
Specific sediment yield was estimated by 
applying the source proportions derived from 
sediment fingerprinting to the catchment 
sediment yield and distributing to the area of 
each sediment source (Fig. 3). Total sediment 
yield for the Oroua catchment is estimated 
to be 550  kt  yr1 using SedNetNZ modelling 
(Dymond et al., 2014). Spatial modelling was 
applied using a slopeweighted distribution 
model (Eqn. 2) and a scaling factor (Eqn. 3):

  
 (2)

 (3)

where SSYgrid cell is specific sediment yield 
calculated per grid cell (t  km2  yr1); m is the 
number of source groups (e.g., mudstone, 
hill surface);  Xj is the relative proportional 
contribution from source group j  ;  SL is sedi

ment load for the catchment derived from 
SedNetNZ;  Aj is the area (km2) of the source 
group j ; θwj is weighting based on normalised 
slope class (w) for source j ;  kj is the scaling 
factor for source group j ;  Aw,j  is area for slope 
class w in source group j, s is the number of 
slope classes. The slope weighting was applied 
to recognise sediment generation does not 
occur uniformly within each source unit.  
A spatial gradient of erosion can be modelled 
by weighting sediment yield with slope.  
A scaling factor is required so total sedi ment 
load remains the same for the source unit. 
The weighting was derived by normalising 
slope, derived from Land Environment  
of New Zealand slope classifications at  
25 m  ×  25 m resolution (‘LENZSlope’) 
(Landcare Research Ltd, 2003), centred 
on the median slope and scaled so that the 
estimated source load was consistent with 
estimate loads for each source group. Source 
areas were derived from ‘NZLRIRock’ 
(Landcare Research NZ Ltd, 2000), where 
sediment source groups were mapped based 
on associated geological and terrain layers. 

Results 
Particle size analysis
Particle size analysis showed two distinct 
particle size distributions. Mountain range, 
channel bank and unconsolidated sediment 
were coarser, with median diameter (D50)  
values from ≈  100 to 180  µm, while hill 
surface, mudstone and hill subsurface were 
finer with D50 values from ≈  35 to 70  µm 
(Table 1; Fig. 4). The overbank sediment had 
a D50 particle size between these two values. 
Mountain range displayed considerable 
variation in particle size compared to all 
other sources as indicated by the standard 
error (Table 1). Specific surface area increases 
with decreasing particle size, which is 
important for controlling surface chemistry 
(Horowitz and Elrick, 1987), and is relevant 
to nonconservative behaviour of tracers and 
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Table 1 – Particle size statistics for source sediments and overbank sediment. SE = standard error.  
D10, D50 and D90 represent 10th 50th (median) and 90th percentiles, respectively, of the particle 
size distribution. 

Source

D10 
(μm)

D50 
(μm)

D90 
(μm)

Specific 
surface area

(m2 kg-1)

Source % 
represented by 
each fraction

Mean SE Mean SE Mean SE Mean < 63 μm
125–300 

μm
Total

Hill surface  1.5  0.2  35.3  6.4 215.4  21.0 1017 63.1 18.6 81.8

Unconsolidated 34.3  7.3  99.9 12.0 199.4  24.2  121 29.6 31.1 60.8

Mudstone  2.7  0.5  38.8  6.1 146.8   9.7  502 62.7 14.7 77.4

Channel bank 36.0  5.8 133.5  5.4 267.5  11.3  170 18.6 47.5 66.2

Mountain range 34.2 11.0 179.0 50.4 508.5 148.9  164 24.1 32.7 56.8

Hill subsurface  2.5  0.2  67.1  7.6 244.2  23.7  659 51.9 24.0 75.9

Overbank 16.8  3.8  81.3 11.0 194.1  16.9  226 41.7 28.2 69.8

Figure 4 – Grain size of each sediment source and overbank deposits shown as cumulative % finer. 
Arrows show size ranges of the two traced size fractions.
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sedimentrelated water quality effects. Hill 
surface sediment had the greatest specific 
surface area (1,017 m2 kg1), followed by 
hill subsurface (659 m2 kg1) and mudstone 
(502 m2 kg1), with the remaining sediment 
sources exhibiting lower specific surface areas 
≈ 100–250 m2 kg1 (Table 1). 

The particle size fractions selected 
for geochemical analysis represented the 
majority of sediment for each source, with 
57% at the lower end of representation and  
82% at the higher end (Table 1). The 
<  63 µm sedimentsize fractions represented 
52–64% of the sediment for hill surface, hill 
subsurface and mudstone sources, but only 
20–30% for channel bank, mountain range 
and unconsolidated sources. The trend was 
reversed for the coarser sediment fraction: 
125–300  µm represented 30–50% of 
unconsolidated, mountain range and channel 
bank, but only 15–25% of mudstone, 
hill surface and hill subsurface sediment. 
Overbank sediment was represented mostly 
by the <  63  µm sediment particle size range 
(Table 1).

Tracer selection
Less than 63  µm size fraction
The tracers selected, after excluding those 
that exhibited nonconservative behaviour, 
are listed in Table 2. 

Table 2 – Selected tracers based on  
nonconservative behaviour for <  63  µm 
sediment fraction

Conservative  
(selected)

Non-conservative 
(non-selected)

SiO2, CaO, K2O, 
SrO, V, Y, Zr, Nb, La, 
Ce, Pr, Nd, Sm, Eu, 
Lu, Ta, 207Pb, Th, 
137Cs, 226Ra

Al2O3, TiO2, MnO, 
Fe2O3, MgO, Na2O, 
P2O5, BaO, Sc, Cr, 
Co, Ni, Cu, Ga, 
Ge, Rb, Cs, Gd, 
Tb, Dy, Ho, Er, Tm, 
Yb, 206Pb, 208Pb, U, 
210Pbex, 228Ra

The first two DFA functions accounted for 
73.6% of the variance, comprising 37.5% for 
LD1 and 36.1% for LD2. This shows visually 
good discrimination, although there was some 
overlap between some sources: mudstone 
with unconsolidated, and channel bank with 
overbank sediment (Table 3; Fig. 5). K2O, 
Eu, Lu, CaO and Pr had strong positive 
LD1 coefficients (6.3, 5.3, 4.6, 3.9 and 2.2, 
respectively), positively relating to mountain 
range and negatively relating to hill surface 
and hill subsurface. Similarly, Lu, K2O and 
CaO had positive LD2 coefficients (6.1, 3.8 
and 2.4, respectively), positively relating to 
hill surface, mudstone and unconsolidated, 

Table 3 – DFA results, showing coefficients for 
each of the linear discriminants (LD) and 
Wilks’ lambda (λ), for <  63  µm sediment 
fraction

DFA variables Coefficients of linear discriminants

Step entered λ LD1 LD2 LD3 LD4 LD5

1 K2O 0.2516 6.28 2.82 3.84 3.05 3.98

2 Lu 0.1410 4.57 6.14 6.64 23.63 13.13

3 SiO2 0.0871 0.66 0.61 0.29 0.20 0.04

4 Y 0.0471 0.55 0.53 0.79 0.48 0.09

5 Ce 0.0220 0.09 0.13 0.02 0.13 0.04

6 207Pb 0.0146 0.07 0.72 0.52 0.19 0.33

7 V 0.0092 0.08 0.20 0.05 0.03 0.04

8 Nb 0.0058 1.46 0.69 1.04 1.32 0.00

9 Th 0.0042 0.72 0.97 1.05 1.14 0.18

10 CaO 0.0033 3.89 2.43 0.53 0.21 0.62

11 SrO 0.0016 0.07 0.02 0.02 0.02 0.02

12 Eu 0.0014 5.32 1.89 3.01 4.54 8.00

13 Zr 0.0012 0.01 0.01 0.00 0.01 0.01

14 226Ra 0.0010 0.15 0.21 0.03 0.19 0.05

15 Sm 0.0009 0.32 0.78 2.48 1.78 0.43

16 Pr 0.0008 2.19 8.60 5.02 1.36 0.53

17 Nd 0.0005 0.51 1.42 1.21 0.56 0.56

18 La 0.0004 0.17 0.58 0.34 0.06 0.42

19 Ta 0.0004 0.29 7.78 0.85 8.39 0.65

20 137Cs 0.0004 0.17 0.57 0.27 0.57 0.88

% of variance 37.5 36.1 16.4 6.7 3.4
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Figure 5 – DFA results for LD1LD2 (left) and LD1LD3 (right) for each sediment source for  
< 63  µm size fraction. HS = hill surface, US = unconsolidated; MS = mudstone; CB = channel 
bank; MR = mountain range; HSS = hill subsurface; OB = overbank. 

while Pr and Ta had strong negative 
coefficients (8.6 and 7.8, respectively) 
relating to hill subsurface, mountain range 
and channel bank. Discrimination between 
mudstone and unconsolidated sediment was 
provided by LD3, mostly due to Lu, Pr and 
Eu values. 

125–300  µm size fraction
The tracers selected, after excluding those 
that exhibited nonconservative behaviour, 
are listed in Table 4. 

Table 4 – Selected tracers based on  
nonconservative behaviour for 125–300  µm 
sediment fraction

Conservative 
(selected)

Non-conservative 
(non-selected)

Al2O3, MnO, MgO, 
K2O, P2O5, Y, Zr, 
Nb, La, Ce, Pr, Nd, 
Sm, Eu, Dy, Er, Tm, 
Yb, Lu, 207Pb, 137Cs, 
226Ra and 228Ra

SiO2, TiO2, Fe2O3, 
CaO, Na2O, SrO, 
BaO, Sc, V, Cr, Co, 
Ni, Cu, Ga, Ge, Rb, 
Cs, Gd, Tb, Ho, Ta, 
206Pb, 208Pb, Th, U 
and 210Pbex

The first two DFA functions accounted 
for 77.6% of the variance, comprising 62.0% 
for LD1 and 15.6% for LD2. Visually, 
discrimination was clearest for mountain 
range and unconsolidated. However, hill 
surface, hill subsurface and mudstone sources 
showed some overlap as did channel bank 
with overbank (Table 5; Fig. 6). The largest 
LD1 coefficients related to Tm (7.9) and Dr 
(6.5) associated with unconsolidated, while 
negative coefficients from Eu, P205, K2O and 
MgO (11.0, 6.0, 5.2 and 3.8, respectively) 
related to mudstone, hill surface and hill 
subsurface. Discrimination of mountain 
range by strong negative coefficients from 
MnO, Lu, P2O5 and K2O (19.1, 14.3, 6.2 
and 6.1, respectively) was shown by LD2. 
Mudstone discrimination from hill surface 
and hill subsurface with positive coefficients 
from MnO (10.7) and Tm (6.9) and negative 
coefficients from P2O5 (11.3) and Eu (7.9) 
was shown by LD3.
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Numerical mixtures 
Numerical mixtures were compared with 
the modelled output for both size fractions 
with a mean root mean square error (RMSE) 
ranging from 0.046 to 0.079 including 
and excluding channel bank. RMSE was 
generally lower for the <  63  µm fraction than 
the 125–300  µm fraction. This indicates the 
model generally performed better for the 
<  63 µm fraction. RMSE was also lower for 
models excluding channel bank as a source 
(Fig. 7). This is partly due to better source 

Table 5 – DFA results, showing coefficients for 
each of the linear discriminants (LD)  
and Wilks’ lambda (λ), for 125–300  µm 
sediment fraction 

DFA variables Coefficients of linear discriminants

Step entered λ LD1 LD2 LD3 LD4 LD5

1 K2O 0.2516 5.25 6.05 0.65 0.25 0.44

2 Er 0.1148 1.93 0.59 0.72 1.17 2.51

3 Ce 0.0515 0.01 0.07 0.08 0.12 0.01

4 P2O5 0.0213 5.98 6.21 11.25 17.56 3.27

5 MgO 0.0128 3.77 8.39 1.58 0.69 1.56

6 La 0.0090 0.56 0.30 0.02 0.00 0.04

7 226Ra 0.0065 0.09 0.04 0.06 0.10 0.05

8 Zr 0.0041 0.01 0.01 0.01 0.01 0.01

9 Nb 0.0029 0.11 0.51 0.28 0.89 0.55

10 Pr 0.0023 3.81 0.78 0.40 1.97 2.15

11 207Pb 0.0019 0.11 0.04 0.25 0.02 0.24

12 Al2O3 0.0016 0.44 0.17 0.20 0.57 0.12

13 Dy 0.0014 6.45 0.92 2.86 1.71 0.14

14 Sm 0.0011 0.79 0.56 1.82 2.55 0.77

15 Y 0.0009 0.35 0.19 0.12 0.27 0.04

16 Lu 0.0008 1.21 14.34 0.83 28.14 10.30

17 MnO 0.0007 1.85 19.09 10.72 9.08 12.54

18 Tm 0.0006 7.96 1.59 6.88 21.04 3.61

19 228Ra 0.0006 0.15 0.06 0.02 0.21 0.09

20 Nd 0.0005 0.24 0.53 0.08 0.94 0.59

21 Yb 0.0005 2.08 4.21 1.91 1.83 0.67

22 Eu 0.0004 11.01 9.69 7.89 0.23 9.17

23 137Cs 0.0004 0.60 0.62 1.63 0.10 0.89

% of variance 62.0 15.6 12.7 6.1 3.6

discrimination for the <  63 µm fraction 
compared to the 125–300 µm fraction where 
there is more overlap of channel bank and 
overbank sediment. Regardless, RMSE values 
were generally low, indicating good model 
performance, although as mentioned, this 
does not account for any error that may be 
introduced from nonconservative behaviour 
in real channel sediment mixtures.  

Sediment source contribution and 
sediment yield
The dominant sediment source proportions 
differed between the two size fractions 
(Table 6). The <  63  µm size fraction was 
dominated by unconsolidated (36%) and 
hill subsurface (27%), followed by channel 
bank (12%), mudstone (11%), hill surface 
(11%) and mountain range (3%) (Fig. 8). 
The 125–300  µm fraction was dominated 
by hill subsurface (37%) and channel bank 
(27%), followed by mountain range (17%), 
unconsolidated (10%), mudstone (7%) 
and hill surface (2%) (Fig. 9). Standard 
deviations based on the 5,000 mixing model 
iterations reflected variance in the sediment 
source data. For several sources, the standard 
deviation approached the estimated source 
contribution, indicating that the source 
contribution could be near 0% for those 
sources. Channel bank standard deviation was 
large for both size fractions, particularly for 
the <  63  µm fraction where the value was close 
to the mean. This highlights the challenge 
secondary sources, like alluvium/channel 
bank, cause for sediment fingerprinting by 
potentially masking signatures from other 
sources. Excluding channel bank as a source 
provides some ability to evaluate the extent to 
which channel bank may be masking other 
source proportions. This resulted in slightly 
different proportions of unconsolidated 
(41%), hill subsurface (34%), mudstone 
(12%), hill surface (8%), and mountain 
range (4%) for the <  63 µm size fraction  
(Fig. 8), and proportions of hill sub
surface (42%), mountain range (32%), 
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Figure 6 – DFA results for LD1LD2 (left) and LD1LD3 (right) for each sediment source for the 
125–300  µm size fraction. HS = hill surface, US = unconsolidated; MS = mudstone;  
CB = channel bank; MR = mountain range; HSS = hill subsurface; OB = overbank.

Figure 7 – Root Mean Square Error (RMSE) for mixing models for each of the 20 numerical 
mixtures. Including channel bank = inc.CB; excluding channel bank = exc.CB.

unconsolidated (12%), hill surface (8%) and 
mudstone (6%) for the 125–300  µm size 
fraction (Fig. 9). 

Contribution across the total particle size 
distribution can be estimated by combining 
the <  63  µm and 125–300  µm fractions and 
weighting according to the proportion of the 
overbank sediment particle size distribution 

each size fraction represents. The <  63  µm 
and 125–300  µm fractions represented 
42% and 28% of the overbank deposit, 
respectively. The proportion was scaled to 
represent the total size fraction, which 
assumes source contributions are relatively 
consistent for the remaining, untraced  
63–125  µm fraction (which makes up 30% 
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of the overbank deposits). Scaling introduces 
some uncertainty since a small fraction of 
the total particle size distribution is not 
represented by the sediment fingerprinting 
proportions. Hill subsurface represented 
31 or 38% of the sediment source followed 
by unconsolidated sediment with 26 or 

Table 6 – Mean percentage and standard deviation (SD) of each sediment source 
contribution for both sediment size fractions. Including channel bank = inc.CB;  
excluding channel bank = exc.CB

Source

< 63 μm  
inc.CB

< 63 μm  
exc.CB

125–300 μm 
inc.CB

125–300 μm 
exc.CB

Mean 
%

SD
Mean 

%
SD

Mean 
%

SD
Mean 

%
SD

Hill surface 11  5.6  8 4.7  2  3.8  8  5.4

Unconsolidated 36  8.2 41 7.3 10  7 12  8.3

Mudstone 11  8.4 12 9.4  7  5.9  6  5.5

Channel bank 12 12.1 – – 27 10.4 – –

Mountain range  3  3.6  4 4.2 17 10.3 32 10.3

Hill subsurface 27  7.6 34 4.4 37  6.9 42  7.6

Figure 8 – Boxplots showing relative sediment source contributions including channel bank (left) 
and excluding channel bank (right) for the < 63  µm sediment fraction based on the 5000 mixing 
model iterations. HS = hill surface, US = unconsolidated; MS = mudstone; CB = channel bank; 
MR = mountain range; HSS = hill subsurface; OB = overbank. Boxes denote 25%, 50% and 75% 
quantiles. Whiskers denote 1.5 * interquartile range. Outliers above or below 1.5 * interquartile 
range are shown as dots.

29% (including/excluding channel bank, 
respectively). Mountain range, mudstone 
and hill surface represented 9 or 15%, 9 
or 10% and 7 or 8%, respectively. When 
included, the median channel bank 
contribution was 18% of the sediment 
contribution (Fig. 10; Table 7).  



163

Figure 9 – Boxplot showing relative sediment source contributions including channel bank (left) and 
excluding channel bank (right) for the 125–300 µm sediment fraction based on the 5000 mixing 
model iterations. HS = hill surface, US = unconsolidated; MS = mudstone; CB = channel bank; 
MR = mountain range; HSS = hill subsurface; OB = overbank. Boxes denote 25%, 50% and 75% 
quantiles. Whiskers denote 1.5 * interquartile range. Outliers above or below 1.5 * interquartile 
shown as dots.

Figure 10 – Boxplots showing relative sediment source contributions including channel bank (left) 
and excluding channel bank (right) for total particle size range. HS = hill surface,  
US = unconsolidated; MS = mudstone; CB = channel bank; MR = mountain range 
HSS = hill subsurface; OB = overbank. Boxes denote 25%, 50% and 75% quantiles. Whiskers 
denote 1.5 * interquartile range. Outliers above or below 1.5 * interquartile shown as dots.
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The dominant sediment sources of hill 
subsurface and unconsolidated resulted in 
sediment loads of 170.5 and 143.0 kt yr1,  
respectively (Table 8). The source with 
the highest specific sediment yield was 
unconsolidated (1,900 t km2 yr1), followed 
by mudstone and hill subsurface (1,100 
and 1,000 t km2 yr1, respectively). This 
is reflected in the maps of sediment yield, 
where these sources show the highest values 
(Fig. 11).  

Discussion 
The dominant sediment source contribution 
varied across the two particle size fractions. 
This is in line with other sediment finger
printing studies (e.g., Haddadchi et al., 

2016; Laceby et al., 2016) that have found 
source proportions diverge across different 
particle size fractions and emphasises the 
need to consider the particle size of the 
sediment of interest in the research. The size 
fractions selected in this study were based 
on prior understanding that the catchment 
contains coarser sediment in the overbank 
deposits indicating more than just a fine 
fraction would need to be analysed to best 
represent the deposited sediment. Although 
the selected fractions represented most of the 
particle size distribution, in hindsight a wider 
coarse fraction (i.e., 63–300  µm) may have 
better represented the sandsized distribution. 
Here, hill subsurface is the dominant source 
to the 125–300  µm fraction of the overbank 

Table 7 – Summary of sediment source contribution results (%) by sediment fraction 
as well as for a combined proportion based on the weighted average of each 
sediment size fraction. Including channel bank = inc.CB; excluding  
channel bank = exc.CB

Source
<  63  μm 125–300  μm Total combined

inc. CB exc. CB inc. CB exc. CB inc. CB exc. CB

Hill surface 11  8  2  8  7  8

Unconsolidated 36 41 10 12 26 29

Mudstone 11 12  7  6  9 10

Channel bank 12 – 27 – 18 –

Mountain range  3  4 17 32  9 15

Hill subsurface 27 34 37 42 31 37

Table 8 – Sediment load and specific yield for each of the sediment sources 

Source
Spatial area

(%)
Spatial area

(km2)
Sediment 

contribution (%)
Load (kt yr-1)

Specific yield*
(t km-2 yr-1

Hill surface 82 735 7 38.5 50

Unconsolidated 8 74 26 143.0 1,900

Mudstone 5 44 9 49.5 1,100

Mountain range 9 84 9 49.5 600

Hill subsurface 20 179 31 170.5 1,000

Length (km) (t km-1 yr-1)

Channel bank  450 18 99.0 200
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Figure 11 – Specific sediment yield derived from sediment fingerprinting proportions distributed 
across the source spatial extent and aggregated to estimate spatial yield (inset shows closer view). 
The contribution from channel bank is expressed as a lineal contribution (t  km1  y1) and overlaid 
on the map; this corresponds to the stream network in alluvium.
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sediment rather than unconsolidated sand/silt 
(which is the dominant source for the <  63  µm 
fraction). This is somewhat counterintuitive, 
given the particle size distributions of each 
source; however, there are several possible 
explanations. Much of the hill subsurface 
material in the Oroua catchment is comprised 
of loess or soils developed from loess. These 
can display a range of particle sizes depending 
on location, resulting in silt or sandy loam 
soils (Cowie, 1964). Thus, it is possible that 
characterisation of the particle size did not 
fully capture areas with coarser sediment. 
Alternatively, assuming the hill subsurface 
sediment is finer, the difference in source 
contributions between the size fractions 
in the deposited material may reflect size 
and processselective erosion and transport 
occurring during high flow events. It is also 
possible that some of the modelled sediment 
source contribution is being captured by the 
channel bank contribution. This can occur 
because alluvial channel banks represent a 
secondary source comprising a mixture of 
sediment from sources further upstream that 
has accumulated over an extended period. 
Here, channel bank sediment provides  
27 ± 10% of the 125–300  µm fraction 
sedi ment but when excluded results in a 
significant increase in the proportional 
contribution from the mountain range. 
This suggests there is similarity between the 
channel bank sediment and mountain range 
sediment (also shown in Fig. 6) and that 
mountain range sediment was likely more 
dominant historically.  

The challenge presented by channel banks 
as both a sediment sink and a secondary 
source has been identified in previous 
sediment fingerprinting studies (Vale et al., 
2016b). The extent of the challenge varies 
for each study and depends on how well the 
geochemical properties discriminate between 
sources. Ultimately, the overbank sediment 
deposits will be incorporated into the 
alluvium that contributes to future channel 

bank erosion. The sediment will tend towards 
similar geochemical signatures if, assuming 
steady sediment sources, sufficient time passes 
whereby weathering or pedogenic processes 
alter the geochemical signature of the newly 
deposited sediment significantly enough 
to differ from the original sediment source. 
This also assumes weathering and subsequent 
geochemical change acting on transported 
sediment is slow relative to transport time 
through the channel network but fast relative 
to the timescale for floodplain storage. In 
most contemporary sediment studies this is 
likely to be the case. However, it is further 
complicated by different rates of change 
related to particle size whereby finer sediment 
is more geochemically active, leading to 
higher rates of weathering. Different rates 
of change appear to be reflected in the DFA 
results, where the <  63  µm fraction shows 
better discrimination of the channel bank 
material from overbank sediment than in the 
125–300  µm size fraction, suggesting greater 
uncertainty in the channel bank source 
estimate for the coarser fraction. Although 
RMSE values from the numerical mixture 
analyses are relatively low across all models, 
indicating overall good performance despite 
the variation between models, performance is 
better for the fine fraction and when channel 
bank is removed.

The difference in dominant source pro
portions for the two size fractions highlights 
the importance of understanding the particle 
size of erosion sources and considering their 
disproportionate downstream impacts. 
For example, sources characterised by fine 
sediment may have less impact on total 
sediment load and overbank deposition but 
significant impact on instream optical water 
quality (e.g., increased light attenuation) 
(DaviesColley et al., 2014; DaviesColley 
and Smith, 2001). Conversely, sources with 
coarser material will likely have more impact 
on total load and volume of deposition 
but less impact on instream optical water 
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quality. Therefore, when implementing 
erosion control strategies, it is important to 
consider the disproportionate effect source 
material particle size distributions may have 
on downstream impacts in relation to the 
management objective. 

Particle size variation has implications 
for managing overbank deposition in the 
lower Oroua River. Erosion sources that 
contribute significant sediment proportions 
and are also characterised by coarser sediment 
will have disproportionately greater impact 
on downstream overbank deposition. 
Hill subsurface, which represents shallow 
landslides in steep hill country, is a significant 
contributor of sediment for both particle 
size ranges. Therefore, targeting this type of 
erosion with appropriate land management 
is likely to have the most significant impact 
on overbank deposition. Unconsolidated 
sediment is also a dominant source overall; 
however, the unconsolidated sediment source 
contributes relatively low proportions to the 
125–300  µm fraction. This may be due to 
erosion or transportdependent particle
size selection from the source material, as 
mentioned earlier, or could be attributed 
to historic erosion management. The gully 
systems containing unconsolidated material 
have largely been planted to reduce erosion, 
possibly having a larger impact on the  
125–300  µm fraction: woody vegetation may 
reduce channelised flow in the gully systems 
and reduce capacity to transport and access 
coarser material relative to the finer (<  63  µm)  
fraction. Some erosion processes (e.g., erosion 
in the mountain range) are mostly natural 
processes and therefore not a focus of erosion 
management. 

The highest specific sediment yields, 
based on total particle size distribution and 
both including and excluding channel bank 
sediment as a source, originate from the 
unconsolidated sources (1,900 t km2 yr1),  
followed by mudstone (1,100 t km2 yr1)  
and hill subsurface (1,000 t km2 yr1). The 

influence of the different sources to the overall 
supply reflects their varying spatial extents: 
mudstone contributes a low proportion 
of the overall sediment yield (9 or 10%) 
by virtue of its low spatial extent (44  km2, 
5% of catchment); unconsolidated provides 
the second largest yield contribution (26 or  
29%) from the second lowest spatial 
extent (74  km2, 8% of catchment); and 
hill subsurface contributes the largest yield 
proportion (31 or 37%) from 179  km2 
(20%) of the catchment. Sediment from the 
mountain range exhibits a comparatively low 
specific yield (600  t  km2  yr1), although it is 
significantly higher when the channel bank 
source is excluded. This supports the earlier 
argument that channel bank sediment is 
retaining some of the original geochemical 
signature and is less easily discriminated from 
primary sources. Hill surface displays a very 
low specific yield (50  t  km2  yr1) due to both 
a low total sediment load and the potential 
source area being large. Channel bank sedi
ment yield is estimated to be 99,000  t  yr1,  
or 220  t  km1  yr1 by channel length.  

Increased spatial resolution of sediment 
generation within source areas was provided 
by the slopeweighted distribution model, 
which showed specific sediment yields 
>  2,500  t  km2  yr1 occurring in the mid 
to upper catchment. This is primarily hill 
country underlain by soft sedimentary 
rocks, with the highest specific sediment 
yields occurring in established gully systems 
which incise into unconsolidated sandstone. 
The slope weighting used in the model is 
conservative in that it maintains the sediment 
load estimated for each source proportion 
but is limited in not knowing the maximum 
specific sediment yield for a given slope or 
erosion source. Therefore, the maximum 
values are indicative rather than actual. 
However, the general patterns are similar to 
sediment yields produced by SedNetNZ, 
which models average annual sediment 
yield at a multidecadal scale (Dymond  
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et al., 2016). A comparison of the two models  
(Fig. 12) shows general agreement between 
the models despite differences in model 
structure and erosion process representation. 
Some commonalities in data input exist 
through NZLRI, which informed the 
sediment fingerprinting source areas as well 
as the erosion terrains used in SedNetNZ. 
Both models indicate sediment yields of 
<  250  t  km2  yr1 in the lower catchment 
and yields >  2,500  t km2  yr1 in the mid to 
upper catchment. The exact spatial extent of 
the sediment yield varies between the models, 
with the SedNetNZ model showing a greater 
total area exhibiting higher sediment yields. 
This is partly due to how the sediment yields 
are distributed across source areas, with the 
slopeweighted sediment fingerprinting model 
using a smaller area unit to calculate yield, 
but also reflects that sediment fingerprinting 
data links downstream sediment to a specific 
source (e.g., unconsolidated gully sediment). 
Additionally, the two models represent 

Figure 12 – Comparison of sediment yield derived from sediment fingerprinting proportions  
(left) and sediment yield derived from SedNetNZ modelling (right) (Dymond et al., 2016). Inset 
shows closer view. The contribution from channel bank is expressed as a lineal contribution  
(t  km1  y1) and overlaid on the map. This corresponds to the stream network in alluvium.

slightly different time periods. The overbank 
deposits used for the sediment fingerprinting 
reflect multiple years of actual erosion, for 
specific size fractions, while SedNetNZ 
reflects a longer, multidecadal annual average 
of erosion.  

We argue that this spatial model approach 
provides an effective means to visualise 
sediment fingerprinting source proportions 
for better spatial interpretation of sediment 
fingerprinting results, which is typically 
limited by poor spatial resolution (Vale 
et al., 2020). Further development of the 
spatial model used to distribute sediment 
fingerprinting source proportions could 
significantly improve this approach to better 
utilise the value of sediment fingerprinting 
within spatial modelling of erosion processes

Conclusions 
Sediment fingerprinting techniques were 
employed to identify dominant source 
proportions for two size fractions, <  63  µm  
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and 125–300  µm, which contribute to 
overbank deposition between the stopbanks 
in the lower Oroua catchment. Dominant 
sediment sources differed between each of  
the size fractions from unconsolidated sand/
silt sediment (36 ± 8%) and hill subsurface 
(27 ± 8%) in the <  63  µm fraction to hill 
subsurface (37 ± 7%) and channel bank 
(27 ± 10%) in the 125–300  µm fraction. 
Hill subsurface, which represents shallow 
landslides in steep hill country, is the largest 
source of sediment when weighted across 
both particle size ranges and therefore 
targeting erosion from this source is likely to 
have the most significant impact on overbank 
deposition. 

The dominant sediment source is shown 
to vary depending on the particle size 
fraction. This highlights the importance of 
identifying the appropriate particle size to 
address the sedimentrelated issue of interest 
and design research to target the correct 
size fraction. Although the size fractions 
used in this research represent a fine and 
coarse fraction, this could be improved to 
capture more of the particle size distribution 
(including the modal size) occurring in 
the overbank deposits. Particle size is also 
an important consideration for erosion 
management as erosion sources contributing 
significant proportions of sediment and 
characterised by coarser, sandy sediment 
may have disproportionately greater impact 
on downstream overbank deposition. By 
contrast, sediment sources characterised by 
finer, muddy sediment will have less impact 
on overbank deposition but greater impact 
on instream water quality.  

Alluvial channel banks present a challenge 
for sediment fingerprinting since this source 
also represents a mixture of other sources in 
the catchment. The ability to differentiate this 
source relies on sufficient geochemical change 
taking place over the required timeframe 
of interest, which may vary based on the 

research aim. Additional measures, such as 
testing the effect of omitting the channel 
bank source during source unmixing, can 
provide another measure of uncertainty to 
contextualise sediment fingerprinting results. 

The  pre senta t ion  o f  s ed iment 
fingerprinting outputs can be improved by 
incorporating results into spatial modelling. 
This enables results to be more spatially 
explicit and improve visualisation and 
interpretation of erosion source contributions 
derived from sediment fingerprinting. 
Further work is needed to develop more 
spatially explicit models that provide a finer 
resolution spatial basis for interpreting 
sediment fingerprinting results to better 
inform land and water management.
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