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A B S T R A C T   

Kakadu plum (Terminalia ferdinandiana) is a plant species endemic to northern Australia, attracting increasing 
consumer interest due to its multiple nutritional qualities. As a consumer product at a premium price point, the 
Kakadu plum may be susceptible to food fraud. This paper determines the prevalence of food fraud in the e- 
commerce Kakadu plum market. We applied stable isotope analysis (SIA) and elemental profiling using X-ray 
fluorescence (XRF) through Itrax to evaluate the authenticity of 13 commercially available Kakadu plum 
powdered samples purchased from Australian and overseas suppliers against four powdered samples directly 
provided by First Nations harvesters. Overseas and Australian-sourced powders were found to have distinct 
isotopic and elemental profiles. All overseas powders showed highly enriched δ13C values indicating they are 
fakes, not derived from Kakadu plum. Non-metric multi-dimensional scaling (nMDS) of elements also displayed 
distinct groupings between Australian-sourced and overseas powders, whilst analysis of similarity percentages 
(SIMPER) differentiated the elemental composition between groups. It was also observed that 89% of overseas 
products sold as Kakadu plum were deceptively labelled as other products. These results showed food fraud 
occurred along the supply chain of overseas-sourced product. Given the complexities of multi-national food 
systems, utilising a combination of stable isotopes and elemental profiling are straightforward applications for 
detecting fraudulent products.   

1. Introduction 

Agriculture is important to the Australian economy, accounting for 
2.4% of value-added GDP, and an annual farm gate value of AUD$93 
billion in 2021–2022 (ABARES, 2023). Demand for native bushfoods is 
growing with a farmgate value forecasted to increase from $81.5 million 
currently to $160 million by 2025 (Laurie, 2020). A native food sector 
led by First Nations enterprises reaps multiple benefits, including the 
retention of First Nations knowledge, job growth (particularly in remote 
areas), and improves the economic outcomes for First Nations people. 
Achieving these multiple benefits rely on protecting the emerging sector, 
particularly from the proliferation of fake products. Kakadu plum (Ter
minalia ferdinandiana) is the third largest emerging native bushfood, and 
hence plays an important role in promoting a thriving First Nations-led 
bushfoods industry in Australia (Laurie, 2020). 

T. ferdinandiana (hereafter referred to as Kakadu plum), is a savanna 
tree growing up to around 7 m tall (Dunlop, Leach, & Cowie, 1995; 
Gorman, Wurm, Vemuri, Brady, & Sultanbawa, 2020). Also referred to 
as Gubinge or billygoat plum, the fruit is usually harvested between 
April to June months, and has a yellow-green flesh when ripe (Dunlop, 
et al., 1995). Multiple parts of the tree have a history of traditional and 
medicinal uses for First Nations people (Akter, Netzel, Fletcher, Tinggi, 
& Sultanbawa, 2018; Gorman et al., 2020; Hegarty, Hegarty, & Wills, 
2001; Whitehead, Gorman J., Griffiths A. D., Wightman H., & Massarella 
H., 2006). 

Since the 1990’s, Kakadu plum has grown in popularity as a com
mercial product due to its health benefits, notably its Vitamin C 
(ascorbic acid) content (Cozzolino, Phan, Netzel, Smyth, & Sultanbawa, 
2021). More recent studies on Vitamin C report a range between 14,038 
and 15,190 mg per 100 g of fruit dry weight, positioning the Kakadu 
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plum as containing the highest levels of ascorbic acid compared to any 
natural food globally (Brand, Cherikoff, Lee, & Truswell, 1982; Brand 
Miller, James, & Maggiore, 1993; Konczak, Maillot, & Dalar, 2014; 
Williams, Edwards, Pun, Chaliha, & Sultanbawa, 2014). An array of 
more recent additional health benefits have emerged, further contrib
uting to its popularity as a commercially valuable product (Akter, et al., 
2018; Konczak et al., 2014; Sirdaarta & Matthews, 2015; Tan et al., 
2011). Overall, the nutritional qualities and resultant health benefits of 
Kakadu plum are attractive to consumers, hence positioning it as a 
“functional food” (Gorman, et al., 2020). 

In addition to the health benefits of Kakadu plum, the fruit contains a 
wide array of end-consumer applications, including nutraceutical and 
cosmetic purposes, and as a food ingredient (Laurie, 2020; Richmond, 
Bowyer, & Vuong, 2019). Generally, Kakadu plum is provided wholesale 
in powder form, prior to processing into a consumer product. As of 2020, 
the current farm gate value is $1.6 million annually, with a forecasted 
farm gate value of $3.5 million by 2025 (Laurie, 2020), driven by 
research on the health benefits of the fruit, and its diverse applications. 

Given the growing demand for functional foods such as the Kakadu 
plum, it may be susceptible to food fraud, particularly as demand out
strips supply. The health properties of the fruit, and previous intellectual 
property threats from multinational corporations, has sparked interna
tional interest. Further, the superior health benefits of Kakadu plum 
mean that the fruit is commercially valuable and hence a potential target 
for fraudsters. Powders marketed as “Kakadu plum” indicate Australian 
origin and are misleading if these products have been grown and pro
cessed elsewhere. There is traditional knowledge inherent in the growth, 
harvest, and consumption of the fruit, which will be at risk if the in
dustry is overridden with fraudulent product. These nuances surround
ing the commercialisation of the Kakadu plum iterate the importance of 
developing robust controls to protect the industry, and protocols to 
monitor products marketed as Kakadu plum powder. 

Kakadu plum is traditionally a bushtucker food for First Nations 
communities, and hence is accustomed to relatively short food supply 
chains. As commercialisation of the product develops and attracts in
ternational markets, the food supply chain for Kakadu plum has 
lengthened and increased in complexity. Kakadu plum is grown and 
harvested in Australia, and not found anywhere else in the world 
(Hegarty, et al., 2001). However, without oversight by First Nations 
people, it could be processed into a powder elsewhere without their 
involvement. An increased use of intermediaries may confuse consumers 
around the product’s connectedness with First Nations culture, and 
confounds the return of economic benefits back to First Nations people. 
More concerningly, long food supply chains are harder to police and are 
therefore more susceptible to food fraud (Kelly, Heaton, & Hoogewerff, 
2005). First Nations-owned companies have made proactive efforts to 
maintain oversight of the Kakadu plum industry to address these risks. 
Cooperatives such as the Northern Australia Aboriginal Kakadu Plum 
Alliance (NAAKPA) streamlines the Kakadu plum supply chain and 
consolidates efforts to expand the product to overseas markets. NAAKPA 
have also adopted a collaborative approach by partnering with research 
bodies such as the Australian Nuclear Science and Technology Organi
sation (ANSTO). Collectively, the NAAKPA and ANSTO First Nations 
Kakadu Plum Provenance Project aims to establish a comprehensive 
food provenance landscape to support businesses owned by First Nations 
people. Such collaborative partnerships enable genuine producers to 
maintain oversight of the sector and protect the industry. This study 
complements this wider initiative, through exploration of Kakadu plum 
products sourced from overseas providers. 

Protection of the nascent Kakadu plum industry requires regulatory 
instruments capable of intercepting the fraudulent substitution of 
genuine with fake product. The aim of this research was to determine the 
extent of fraudulent practices in the international Kakadu plum whole
sale market and suggest a reliable protocol capable of distinguishing 
authentic Kakadu plum powder from adulterated ones. To this end we 
further sought to characterise the stable isotope and elemental 

composition of the genuine Kakadu plum product. 
A variety of food provenance techniques have emerged, with 

differing applicability based on factors such as the purpose of testing, 
cost, timeliness, and accuracy. DNA profiling is a method used exten
sively as a cost-effective and timely approach in species identification 
and detecting genetic modification in foods. However, although it is 
useful in determining the species of a food sample, there are mixed re
sults in determining production methods and geographical origin (Gopi, 
Mazumder, Sammut, & Saintilan, 2019; Gopi et al., 2019a; Gopi et al., 
2019b). The ability to identify species using DNA profiling relies on 
comprehensive databases employing standardised methods, which can 
be lacking in premium products. By contrast, a database capturing the 
elemental composition of Kakadu plum is developing as part of the 
NAAKPA and ANSTO First Nations Kakadu Plum Provenance Project 
(Mazumder, Martino, Gopi, Gadd, & Crawford, 2021). This foundation 
will enable the comparison of overseas product with verified sources 
from First Nations harvesters. Iso-elemental analyses is useful in deter
mining both geographic origin and production methods of fruits and 
vegetables by reflecting the environmental and growing conditions of 
plants (Drivelos & Georgiou, 2012). 

Stable isotopes can identify geographic origin in plants, as isotopes 
reveal soil and climatic conditions (Deng, et al., 2020; Gonzalvez, 
Armenta, & de la Guardia, 2009). As such, stable isotope analysis (SIA) 
has emerged as a technique to determine food provenance in a variety of 
foods. In addition to using SIA to determine geographic origin, differing 
ratios in the stable isotopes of carbon (δ13C) can indicate the plant type 
(Kelly, et al., 2005), whether utilising the C3 Calvin photosynthetic 
pathway (most shrubs and trees), the C4 Hatch and Slack photosynthetic 
pathway (many tropical grasses), or crassulacean acid metabolism 
(CAM-many succulent plants). 

Elemental analysis is an alternative or complementary approach to 
determining food origin via the detection of multiple trace elements. 
Plants metabolise nutrients from soil as they grow, thus fruits and veg
etables have different elemental profiles based on their geographical 
origin. Specifically, the Itrax micro X-ray fluorescence (Itrax) core 
scanner provides rapid analysis of the elemental abundance for a wide 
range of elements (Gadd, et al., 2018). Although traditionally used for 
sediment cores, food provenance research has explored the application 
of Itrax to determine geographical origin (Gopi et al., 2019a; Gopi et al., 
2019b). Itrax is a beneficial method because it requires minimal sample 
preparation and is non-destructive, hence the sample remains intact and 
can be re-analysed (Gadd, et al., 2018; Gopi et al., 2019b). X-ray fluo
rescence (XRF) through Itrax has been used to detect the presence of up 
to 31 elements (Gopi et al., 2019), and hence is a useful indicator for 
determining the geographical source of food and detecting potential 
food fraud (Drivelos & Georgiou, 2012; Kelly et al., 2005; Malo et al., 
2023; Martino et al., 2023). 

We applied both stable isotope analysis and elemental analyses to 
determine the signature of genuine Kakadu plum powder, sourced from 
NAAPKA. We also purchased product using e-commerce websites, from 
Australian suppliers and international wholesalers. From this we sought 
to (a) determine the prevalence of product substitution in the Australian 
and international Kakadu plum e-commerce markets and (b) identify the 
most effective tests to distinguish genuine from commonly substituted 
products. 

2. Methods 

2.1. Sample collection 

Kakadu plum powders were purchased online from Australian and 
overseas wholesale suppliers using the search term “Kakadu plum 
extract”. Each powder was advertised as 100% Kakadu plum extract, 
from the fruit, seed, or unspecified. A total of 17 sets of powders were 
obtained, which have been grouped under three categories of supplier: 
“overseas”, “NAAKPA” or “commercially acquired Australian powders”. 
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Overseas-sourced powders (9) were purchased through wholesale e- 
commerce platforms and imported into Australia. The customs docu
mentation for 8 of the powders mentioned products other than Kakadu 
plum. The product packaging for 6 purchased powders also listed an 
alternate product, although they were purchased online as Kakadu plum 
(Table 1). Three powders mentioned Kakadu plum on the product 
packaging. One powder was labelled as “Kakadu plum” only, with no 
alternate substances included on either the packaging or customs 
documentation. 

Powders were purchased online from Australian e-commerce sup
pliers (“AU-CAP”, Table 2). Only 4 sets of powders were acquired from 4 
commercial suppliers due to time and cost constraints, and the limited 
availability of the powder. Secondly, 4 sets of powder were also pro
vided from NAAKPA cooperative members located in the Northern 
Territory (n = 4, Table 2). This product was processed into powder by 
the respective harvesters, prior to distribution to Kakadu plum whole
salers for sale. One set of powder includes powdered flesh and skin, and 
three are powdered flesh, skin, and seed (“whole fruit”). These products 
are verified authentic Kakadu plum powder, as they have been provided 
directly by NAAKPA. As such, they have been used as a benchmark to 
compare the authenticity of commercially acquired product. 

Potential adulterants underwent SIA and elemental profiling. These 
potential filler products are C4 plants and were selected based on their 
low price point, geographical proximity to overseas-sourced samples, 
and their availability. Such products are cheaper and may potentially be 
fillers in fraudulent products. Examples include products derived from 
corn or sugar, both of which have previously been identified as adul
terants in premium functional foods such as honey and spirulina (Rutar, 
Strojnik, Nečemer, Bontempo, & Ogrinc, 2023; Zhou, Taylor, Salouros, 
& Prasad, 2018). 

2.2. Sample preparation 

Kakadu plum powders were delivered to the Australian Nuclear 
Science and Technology Organisation (ANSTO) in Sydney, Australia, by 
NAAKPA, where they were frozen before being unpackaged and divided 
into labelled glass vials. Each divided glass vial was used for both SIA 
and elemental analysis through Itrax (XRF). 

2.3. Stable isotope analysis 

Isotopic analysis was conducted at ANSTO through a continuous- 
flow isotope ratio mass spectrometer (CF-IRMS). Replicate tests (n =
5) were conducted for each set of powder, to further validate the results 
and ensure consistency within each sample. A total of 144 measure
ments were conducted across all replicates. Carbon and nitrogen were 
analysed in separate sampling rounds, due to the substantially low 
quantities of δ15N, as expected for plant products. This is due to the large 
C/N ratios of plants. For example, previous studies have found δ13C 
levels between − 26.12% and − 21.69%, compared to δ15N values of 

1.95% and 7.72% (Chung, et al., 2017). Each replicate was prepared by 
filling sample powder into tin capsules. Approximately 0.6 mg ± 0.1 mg 
of each powder was used to analyse δ13C. For the δ15N analysis, around 
12–16 mg of powder was used per replicate so δ15N levels could be 
detected. Once filled, each tin capsule was pelletised to remove air, and 
weighed before proceeding to CF-IRMS. The samples were loaded into 
an autosampler then fed into an elemental analyser (Thermo Fisher 
Flash 2000 HT EA, Thermo Electron Corporation, U.S.A.). Each sample 
was combusted into CO2 and N2 at 1020 ◦C before being transferred with 
a helium carrier gas into a reduction furnace at 600 ◦C. Once the CO2 
and N2 were separated, the gases were transferred into a Thermo Fisher 
Delta V Plus via the Thermo Fisher Conflo IV interface for analysis 
(Thermo Scientific Corporation, U.S.A.). 

A two-point calibration was utilised to normalise the data, and test 
for drift, using three standard reference materials (SRM) IAEA USGS-40 
L-Glutamic Acid, IAEA USGS-41a L-Glutamic Acid and Elemental 

Table 1 
List of overseas powders advertised as Kakadu plum extract with product information as declared on the product advertisement, customs and packaging 
documentation.  

Supplier 
Category 

Sample 
number 

Product name advertised 
at point of purchase. 

Part of plum used in powder, 
advertised at point of purchase. 

Product name listed on 
customs documentation 

Product name listed on the label 
of product packaging 

Purchase 
quantity 

Overseas 5 Kakadu plum extract Fruit (powder) Aloe vera extract No product specified 1 kg 
Overseas 20 Kakadu plum extract Other (powder) Chamomile extract Chamomile extract 1 kg 
Overseas 4 Kakadu plum extract Fruit (powder) Devils claw extract Devils claw extract 1 kg 
Overseas 22 Kakadu plum extract Fruit (powder) Grapefruit extract Grapefruit extract 1.5 kg 
Overseas 6 Kakadu plum extract Fruit (powder) Hawthorn extract Hawthorn extract (batch 

number “KakaduPlum”) 
1 kg 

Overseas 1 Kakadu plum extract Fruit (powder) Iceland moss Kakadu Plum extract 1 kg 
Overseas 21 Kakadu plum extract Fruit (powder) Kakadu plum cosmetic Kakadu plum cosmetic 500 g 
Overseas 3 Kakadu plum extract Fruit (powder) Iceland moss extract Iceland moss extract 1 kg 
Overseas 7 Kakadu plum extract Fruit (powder) Iceland moss extract Iceland moss extract 500 g  

Table 2 
List of Kakadu plum powders sourced from Australian suppliers either from 
NAAKPA harvesters, or purchased from Australian providers (AU-CAP). Product 
information is listed as declared on the product advertisement and packaging. 
Whole fruit refers to powders containing flesh, skin and seed.  

Supplier 
Category 

Sample 
number 

Product 
name 
advertised at 
point of 
purchase. 

Part of 
plum used 
in powder 

Production 
location 

Quantity 
provided 

NAAKPA 8 Not 
applicable 

Whole 
fruit 
powder, 
seed 
omitted. 

Northern 
Territory, 
Australia 

30 g 

NAAKPA 17 Not 
applicable 

Whole 
fruit 
(powder) 

Northern 
Territory, 
Australia 

30 g 

NAAKPA 18 Not 
applicable 

Whole 
fruit 
(powder) 

Northern 
Territory, 
Australia 

300 g 

NAAKPA 19 Not 
applicable 

Whole 
fruit 
(powder) 

Northern 
Territory, 
Australia 

300 g 

AU-CAP 2 Wild 
harvested 
Kakadu 
plum 

Whole 
fruit 
(powder) 

Western 
Australia, 
Australia 

30 g 

AU-CAP 10 Kakadu 
plum 
powder 

Whole 
fruit 
(powder) 

Western 
Australia, 
Australia 

45 g 

AU-CAP 11 Kakadu 
plum 
powder 

Not 
provided 
by supplier 
(powder) 

Western 
Australia, 
Australia 

15 g 

AU-CAP 14 Kakadu 
plum 
powder 

Whole 
fruit 
(powder) 

Northern 
Territory, 
Australia 

30 g  
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Microanalysis B2045 Methionine included in each sample run. Addi
tionally, standard substances served as quality control references to 
“bracket” the analysed samples (Chitin B2160 and Casein Sodium Salt 
from Bovine Milk B2155). For the potential filler samples, three quality 
control references were used (Wheat flour B2157, Chitin B2160 and 
Sorghum flour B2159). Data were reported relative to International 
Atomic Energy Agency (IAEA) secondary standards, which have been 
certified relative to Vienna-PeeDee Belemnite (VPDB) for carbon, and 
air for nitrogen. Results were accurate to 1% for both C% and N%, and 

±0.3 parts per million (‰) for δ13C and δ15N; they were reported in delta 
(δ) notation in parts per thousand (‰ or per million) determined by the 
formula: 

X (‰)=

(
Rsample

Rstandard
− 1

)

× 1000  

Where X can represent the -13C or 15N isotope, and R is -13C/12C or 
15N/14N respectively. The sample refers to the replicate being analysed, 
and the standard refers to the relevant SRM. 

2.4. Elemental analysis 

The relative abundance within each sample was measured for 31 
different elements (Mg, Al, Si, P, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn, 
As, Se, Br, Rb, Sr, Y, Zr, Cd, Sn, Sb, Nd, Hf, Pb, Bi, At, and U) using XRF. 
The samples were applied to a Perspex panel, which was cleaned with 
ethanol beforehand. Once cleaned, the middle of the Perspex was lined 
with double-sided adhesive tape. Intervals of 2 cm were then measured 
along the adhesive, which was achieved by interspersing each interval 
with 1 cm tape. The result was a grid of adhesive squares. Each sample 
had 3 replicates to validate the data, and each replicate was added on 
the adhesive sections of the grid. The tools were cleaned with ethanol in 
between samples to prevent cross-contamination. Once each replicate 
was applied to the tape, they were flattened with a spatula to ensure 
homogenous thickness, resulting in a grid of approximately 4 cm2, and 2 
mm in height (Gadd, et al., 2018). 

The Perspex panel containing the lined powders was then loaded 
onto the sample stage of the Itrax μXRF high-resolution core scanner at 
ANSTO for analysis. Scans were set to an exposure time of 10 s, and 
1000 μm resolution, with a 55 mA current and 30 kV voltage. The output 
spectra were reprocessed to the model spectra using Q-Spec 8.6.0 soft
ware, which also accounted for elemental inferences and sum peaks. A 
total of 844 scans were conducted across the Kakadu plum powders and 
potential adulterants. The average of each sample was used to report the 
relative elemental abundance. 

2.5. Statistical analyses 

The mean values of the stable carbon and nitrogen isotopes and 
elemental replicates were calculated for each sample, and then nor
malised using min-max scaling. Univariate analysis (Kruskal-Wallis 
ANOVA) followed by a post hoc Dunn’s test, was performed to study the 
differences in the isotopic ratios of overseas, NAAKPA and commercially 
available Australian powder (AU-CAP) sample groups (p < 0.05). 
Considering the limited sample size of the Australian powders, a normal 
distribution was not assumed, hence the Kruskal-Wallis test was used. 
The isotope ratios are depicted through a stable isotope biplot. The 
majority of overseas samples listed alternate plant products, despite 
being ordered as “Kakadu plum” (Table 1). Thus, we compared the 
isotope values of overseas samples against alternative substances listed 
on the product labels, and potential adulterants such as corn and sugar. 
These products were chosen because they are inexpensive and widely 
available. 

Multivariate analysis was used to determine which elements are 
drivers in distinguishing between the sample groups. In this instance, 

Non-metric Multi-dimensional Scaling (nMDS), based on Bray-Curtis 
distances was used. The nMDS is useful for non-normally distributed 
data, and the stress value determines the quality of nMDS (Clarke, 
1993). Then, an analysis of similarity percentages (SIMPER) was used to 
identify the elements contributing towards significant differences be
tween overseas-sourced and Australian powders (Clarke, 1993). 
Iso-elemental analyses combine both isotopic and elemental data, with 
previously successful applications to determine food provenance (Aka
matsu et al., 2022; Drivelos & Georgiou, 2012; Gopi et al., 2019b; Kelly 
et al., 2005). Similarly in this research, iso-elemental analysis was 
conducted using nMDS to extract the distinguishing isotopes and ele
ments between the sample groups. For both the elemental and 
iso-elemental analyses, an analysis of similarities (ANOSIM) was per
formed to understand the significance of the differentiation between 
groups (R value). Principal component analysis (PCA) is a common 
chemometric tool for determining food provenance, and previous 
research has applied PCA to iso-elemental analyses (Akamatsu, et al., 
2022; Drivelos & Georgiou, 2012; Gopi et al., 2019b; Kelly et al., 2005). 
Hence, PCA was also applied to the iso-elemental analyses to determine 
if this approach also showed differences between sample groups, as 
presented in the Supplementary Information. 

3. Results 

3.1. Stable isotope analysis 

Kruskal-Wallis ANOVA and Dunn’s post hoc test for δ13C showed a 
statistically significant difference between overseas and NAAKPA sam
ples (p = 0.003). Overseas and AU-CAP did not indicate a significant 
difference (p = 0.0632). This may be attributed to the small sample size 
of AU-CAP powders, resulting in large variability within the sample 
group. When NAAKPA and commercially available Australian samples 
were consolidated into one category (“Australia” powders), they were 
found to be significantly different from overseas samples (p = 0.0005). 
This is validated in the SIA biplot (Fig. 1), which shows a distinction 
between the local and overseas samples. 

All overseas powders have δ13C values exceeding the threshold for C3 
plants, indicating they are either CAM or C4 plants and therefore are not 
Kakadu plum (Francois, Fabrice, & Didier, 2020; O’Leary, 1988). There 
is no significant difference between the two Australian powders 
(NAAKPA and AU-CAP, p = 1). By contrast, there were no statistically 
significant differences observed for δ15N across all sample groups (p =
0.437). Overseas samples were widely dispersed (SD: 4.02), compared to 
the NAAKPA and AU-CAP samples (SD: 1.81 and 1.65 respectively). Of 
the overseas samples, 3 were below the limit of detection, however 2 
indicated enriched nitrogen. Comparing the NAAKPA samples to the 
AU-CAP samples, there was no statistically significant difference in both 
the carbon and nitrogen stable isotopes, and the biplot shows overlap 
between these sample groups (Fig. 1). Based on the stable isotopes, δ13C 
may be considered to be a distinguishing marker between Kakadu plums 
sourced locally compared to overseas samples. 

Packaging information for overseas sourced ‘Kakadu plum extract’ 
cited a range of products, including Aloe vera, Chamomile, Devils claw, 
Grapefruit, Hawthorn, and Iceland moss. When comparing the isotopic 
composition of these putative sources with those measured for the 
samples (Fig. 2), we conclude that only the Aloe vera was potentially 
true to the packaging information. Overseas samples labelled as 
Chamomile, Devils claw, Grapefruit, Iceland moss and Devils claw are 
highly enriched in δ13C compared to these cited source products. 

3.2. Elemental analysis 

When comparing the elemental analysis between the three groups, 
there was no statistically significant difference between NAAKPA, AU- 
CAP and overseas (ANOSIM p = 0.506, R = − 0.018). However, when 
consolidating the Australian-sourced powders into one group, there was 
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a significant difference observed against the overseas samples (ANOSIM 
p = 0.007, R = 0.263). Likewise, nMDS showed a differentiation be
tween Australian and overseas samples based on elemental composition 
(Fig. 3). The positioning of sample 8 in the nMDS plot (Fig. 3) is 
explained by the absence of seed in this powder, uniquely amongst the 
NAAKPA samples. Overseas samples showed high variability in 
elemental composition, with samples 3, 4 and 5 showing relatively 
higher levels of Potassium. Nine elements contributed to 39.5% of the 
differences in elemental composition between Australian and overseas 
sourced Kakadu plum extract (Table 3), with lower levels of Cadmium 
and Potassium in the overseas product being the most important 
difference. 

3.3. Iso-elemental analysis 

Given the standalone isotope and elemental analyses showed little 
significant difference between the Australian-sourced powders 
(NAAKPA and AU-CAP), the iso-elemental analysis consolidated these 
groups into an “Australia” category. The combination of isotopic and 
elemental composition shows clustering similar to those derived from 
the elemental composition (Fig. 4). Similar to Fig. 3, the positioning of 
sample 3 is explained by high relative abundance of Potassium. The 
dissimilarity between the Australian and overseas groups is greater 
using iso-elemental composition, in comparison with using elemental 
abundance only (ANOSIM p = 0.001, R = 0.391). Principal components 
analysis further confirmed the results in Fig. 4 (see Fig. S1). 

4. Discussion 

The commercial interest in the Kakadu plum presents positive eco
nomic opportunities for First Nations harvesters (Gorman, Brad, & 

Fig. 1. δ13C and δ15N isotope biplot showing the differentiation between genuine NAAKPA-sourced Kakadu plum powder, and commercially available powders from 
e-commerce sites in Australia (AU-CAP) and overseas. The expected δ13C isotope range of C3, C4 and CAM plants is shown. 

Fig. 2. δ13C and δ15N isotope biplot showing overseas sourced samples (pink), 
with accompanying legend description denoting the product listed on the 
packaging. The biplot shows the isotopic composition of Aloe vera (Winter, 
Aranda, & Holtum, 2005), Iceland moss (Wang & Wooller, 2006), Grapefruit 
extract (Rossmann, 2001) and remaining products (Khatri, et al., 2021) ac
cording to existing literature (orange). Potential adulterants are also included. 
Outline applied to the overseas sample labelled as aloe vera and genuine 
aloe vera. 

Fig. 3. nMDS differentiation between overseas, NAAKPA and commercially 
available Australian Kakadu plum samples using elemental composition. 
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Clancy, 2019); however, there are issues to consider to commercialise 
the fruit. Commercialisation of the Kakadu plum has emerged since the 
mid-1990’s as a consumer product within the nutraceutical, cosmetic, 
food and beverage sectors (Gorman, et al., 2020). However, as our 
analysis has demonstrated, the international market in Kakadu Plum 
extract is rife with fraudulent activity. Of nine samples purchased on 
e-commerce websites as Kakadu plum, only one was labelled as Kakadu 
plum in customs information, three labelled as Kakadu plum in pack
aging, and of these none could possibly have been derived from Kakadu 
plum, because their δ13C signatures were consistent with C4 or CAM 
plants rather than C3 plants. Moreover, except for the sample labelled as 
aloe vera, their δ13C signatures were not even consistent with the 
product cited in the customs documentation or package label. Consid
ering that Kakadu plum is uniquely available in Australia, the motive for 
listing alternate plant products on the product packaging and customs 
documentation may presumably be employed as a tactic to avoid 
detection. Overseas samples 7, 21 and 22 were labelled as “Iceland 
moss”, “Kakadu plum”, and “Grapefruit” respectively, despite all sam
ples being advertised under the name of “Kakadu plum extract”. 
Regardless of these alternate products mentioned on the product label
ling, these three stated powders from overseas suppliers have δ13C 
values similar to common, cheaply sourced products such as sugar and 
corn starch (Fig. 2). 

The overseas sourced products were highly deficient in a range of 
elements characteristic of the genuine product, and elemental analysis 
also showed a high level of discrimination between genuine and 
fraudulent products (Table 3, Fig. 3). Potassium, chlorine and rubidium 
were key differentiators between overseas samples, with potassium 
contributing the greatest difference between groups (Table 3). This 
corroborates previous studies demonstrating that genuine Kakadu plum 

has characteristically high abundance of potassium, chlorine and 
rubidium (Konczak, et al., 2009; Mazumder et al., 2021). This may be 
attributed to association between high potassium levels and drought 
resistance in plants (Li, Yat, Yap, Lim, & Chan, 2011). Overseas sample 3 
was an outlier, with potassium abundance similar to Australian powders 
(Figs. 3 and 4). However, the δ13C value of sample 3 demonstrates that it 
cannot be Kakadu plum (Fig. 1). Overall, the SIMPER shows that pow
ders sourced from overseas providers have lower elemental abundance 
compared to the Australian samples (Table 3). The one exception is 
arsenic, whereby overseas powders had higher concentrations compared 
to the Australian powders. 

Although standalone elemental composition demonstrated a statis
tically significant difference between Australian and overseas samples 
(Fig. 3), our results show that the combination of isotopic and elemental 
composition shows a stronger statistically significant difference (Fig. 4, 
Fig. S1). This aligns with previous studies comparing isotope, elemental, 
and iso-elemental approaches, with the latter approach providing the 
greatest accuracy (Gopi et al., 2019a). In this instance, δ13C is a key 
determinant in distinguishing between Australian and overseas powder, 
and this variable alone yielded the highest statistical difference between 
the Australian and overseas groups. Considering the complexity of in
ternational food supply chains, and the multiple occurrences of food 
fraud observed, specific techniques such as DNA profiling could prove 
difficult, especially without an established database. Therefore, at pre
sent δ13C analysis remains a simple and unequivocal test applicable to 
the range of samples fraudulently marketed as Kakadu plum interna
tionally. This is applicable regardless of products which have been 
mislabelled as other C3 products. As fraudsters develop sophisticated 
methods to avoid detection, such as the use of C3 sweeteners, 
iso-elemental technology will prove useful in identifying products which 
are not the genuine Kakadu plum. 

Several factors have made Kakadu plum susceptible to food fraud. 
First, it is difficult to distinguish genuine and fraudulent powder by vi
sual inspection (Sammut, Gopi, Saintilan, & Mazumder, 2021), and 
Kakadu plum is usually sourced wholesale in powder form, then used as 
an ingredient in nutraceutical products, health supplements, and per
sonal care products (Laurie, 2020). Secondly, limited availability of ripe 
Kakadu plum fruit can contribute to an undersupply of the genuine 
product. Kakadu plum is generally wild harvested by hand, and further 
development of farming methods and labour are required to meet 
growing consumer demand (Laurie, 2020). In the interim, the out
stripping demand over supply makes Kakadu plum a premium and 
expensive product, with genuine suppliers exposed to being undercut by 
fraudulent products. 

The social and cultural significance of the Kakadu plum means that 
the observed fraudulent activities have ramifications beyond the 
financial loss for First Nations harvesters. First Nations communities 
have been ethically harvesting the fruit for generations and have 
developed strong traditional knowledge of how to grow and care for 
Kakadu plum (NAAKPA, n.d.). Overall, food fraud is detrimental to the 
passing down of intergenerational knowledge and training for First 

Table 3 
Results of SIMPER analysis showing elements contributing most to differences between overseas and Australian-sourced Kakadu powder. Asterisks denote significant 
differences at p < 0.05 *, p < 0.001 ** and p < 0.001 ***.  

Element Average abundance Average dissimilarity Dissimilarity SD Cumulative contribution % 

Overseas Australia 

Potassium 0.259 0.732 0.058 0.013 5.8 ** 
Cadmium 0.116 0.603 0.053 0.017 11.1 ** 
Tin 0.264 0.716 0.052 0.015 16.3 ** 
Copper 0.221 0.674 0.049 0.011 21.2 *** 
Hafnium 0.316 0.614 0.043 0.011 25.5 * 
Arsenic 0.683 0.454 0.038 0.010 29.3 * 
Rubidium 0.051 0.377 0.037 0.013 33.0 ** 
Magnesium 0.245 0.539 0.033 0.009 36.3 ** 
Chlorine 0.177 0.333 0.032 0.007 39.5 **  

Fig. 4. nMDS differentiating overseas and Australian samples using iso- 
elemental composition. 
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Nations people. Further, the current legislative landscape is inadequate 
and is yet to regulate food fraud as a criminal act (Kelly, et al., 2005; 
Lindley, 2022). This fragmentation is an opportunity for fraudulent 
activities to occur, and improvements are required to support the com
mercialisation of Kakadu plum, and the bushfoods sector overall. The 
nascent First Nations Australian bushfoods industry requires oversight 
and robust legislation which addresses the concerns and interests of 
several stakeholder groups, including not only consumers, but also 
harvesters. 

The results of this study demonstrate that overseas suppliers are 
capable of supplying fake Kakadu plum powders into Australia. Given 
the complexities of our food systems, a collaborative approach between 
regulation, and innovative technology via research parties, may be the 
most appropriate response to prevent food fraud. Our analysis of 
genuine and fraudulent products suggest that iso-elemental technology 
is sufficient to easily screen samples, and improved regulation will be 
required to protect the emerging Kakadu plum industry and ensure the 
benefits of commercialisation are enjoyed by First Nations communities. 
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