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ood fraud, the deliberate mislabelling of a fruit's variety, origin or processing history for 

economic gain, costs the global food industry billions of dollars each year and erodes 

consumer trust in premium, geographically branded produce. Conventional inspection cannot 

always tell where a fruit truly grew, because two mangoes or two oranges can look, and even 

taste, identical despite originating an ocean apart. Stable isotope analysis offers a scientific 

solution: the ratios of heavier to lighter isotopes of carbon, hydrogen, oxygen, nitrogen, 

sulphur and strontium that a plant absorbs from its local water, soil and atmosphere leave a 

permanent, region-specific signature in its fruit. This article explains how each isotope carries 

a piece of geographic information, how laboratories decode this signature using isotope ratio 

mass spectrometry, and why the technology matters for protecting India's own geographically 

branded fruits. 
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Introduction 
Food fraud, more precisely economically motivated adulteration, takes many forms: diluting 

juice with water or cheap sugar syrup, substituting a premium variety with a cheaper look-

alike, or selling ordinary produce under a famous, geographically protected name. This last 

form is especially damaging to fruit growers. India's Alphonso mango, Nagpur orange and 

dozens of other fruits carry a Geographical Indication (GI) tag precisely because their taste 

and quality are tied to a specific region, and that reputation commands a price premium in the 

market. When cheaper fruit from elsewhere is sold under such a name, the loss falls on 

genuine growers and on consumer trust alike. The trouble is that conventional checks struggle 

to catch this kind of fraud. Visual inspection cannot distinguish a mango grown in one district 

from an identical-looking mango grown two states away, and even DNA-based tests, which 

are excellent at confirming variety, cannot tell where within that variety's range a particular 

fruit was actually grown. What is needed is a signature written into the fruit itself by the place 

it grew, and this is exactly what stable isotope analysis provides. 

The Science Behind the Signal: How a Plant Records Its Address 

Most chemical elements exist in nature as a mixture of stable isotopes, atoms of the same 

element with slightly different masses. During natural processes such as evaporation, 

photosynthesis and water transport within a plant, the lighter isotope moves or reacts 

marginally faster than the heavier one, a phenomenon called isotopic fractionation. Because 

local climate, geology, rainfall and farming practice all influence these processes differently 

from place to place, the resulting isotope ratios, expressed as delta (δ) values in parts per 

thousand relative to an international standard, end up carrying a location-specific fingerprint. 

Once absorbed into the plant's sugars, water and proteins, this fingerprint is retained through 
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fruiting, harvest, juicing and even long storage, which is what makes it so useful for verifying 

origin long after the fruit has left the orchard. 

Carbon (δ13C) 

Plants using the C3 photosynthetic pathway, which includes nearly all fruit trees, discriminate 

strongly against the heavier carbon-13 isotope, giving their sugars a distinctly negative δ13C 

value. Sugarcane and maize, in contrast, use the C4 pathway and are far less depleted in 

carbon-13. This difference is the basis of the classic test for detecting cane or corn sugar 

syrup illegally added to fruit juice: a juice that should be entirely C3-derived but shows a C4-

like carbon signature has almost certainly been adulterated. 

Hydrogen and Oxygen (δ2H, δ18O) 

The water inside a fruit comes ultimately from local rainfall, and rainwater itself has a δ2H 

and δ18O signature that varies systematically with latitude, altitude, distance from the sea and 

local temperature. Because this water signal is absorbed largely unchanged into the fruit's 

own water and only mildly modified by evapotranspiration through the leaves, it functions as 

a geographic address. It is also the most direct way to detect whether a juice has been 

reconstituted from concentrate or cut with local tap water, since added water rarely matches 

the isotopic profile of the fruit's own natural water. 

Nitrogen (δ15N) 

Nitrogen isotope ratios in a fruit largely reflect the type of fertiliser applied. Organic manures 

and composts are typically enriched in nitrogen-15 relative to synthetic fertilisers, which are 

manufactured from atmospheric nitrogen with a δ15N value close to zero. This makes δ15N a 

useful, though not infallible, check on claims that a fruit was grown organically. 

Sulphur (δ34S) and Strontium (87Sr/86Sr) 

Sulphur isotopes vary with soil type, industrial activity and proximity to the coast, adding a 

further layer of regional discrimination when combined with other isotopes. Strontium 

isotope ratios are, in some ways, the most powerful marker of all: strontium substitutes for 

calcium in soil minerals and is absorbed by plant roots with almost no isotopic fractionation, 

meaning the 87Sr/86Sr ratio in a fruit closely mirrors the ratio in the underlying bedrock. 

Because this signal depends on geology rather than on rainfall or temperature, it remains 

stable from year to year even when climate varies, making it an excellent complement to the 

more climate-sensitive water isotopes. 

From Orchard to Instrument: How the Test Works 
In practice, a dried and homogenised sample of fruit pulp or juice is combusted or pyrolysed 

inside an elemental analyser, and the resulting gases are passed into an isotope ratio mass 

spectrometer (IRMS), which separates and measures the different isotopic masses with 

extremely high precision. Water isotopes are usually measured separately, either after 

equilibration with a reference gas or, increasingly, using laser-based cavity ring-down 

spectroscopy, while strontium isotopes require more specialised instruments such as thermal 

ionisation or multi-collector ICP mass spectrometry. A single isotope value on its own is 

rarely conclusive; interpretation depends on comparing the unknown sample against a 

databank of authentic, geo-referenced reference samples collected over several seasons from 

the claimed region and from likely competing regions. Statistical classification methods, most 

commonly partial least squares discriminant analysis (PLS-DA), and increasingly machine-

learning models, are then used to assign the most probable origin and a confidence level. 

Building and maintaining such a databank is the single biggest practical investment behind 

any isotope-based origin-verification programme. 

Real Cases: Fruit Fraud Caught by Isotopes 
Stable isotope evidence has already been accepted in legal enforcement cases involving wine, 

orange juice, olive oil, cheese, butter and caviar, establishing it as a credible forensic tool 

rather than a purely academic exercise. In fruit specifically, researchers in Spain combined 

carbon, nitrogen, sulphur, hydrogen and oxygen isotopes with trace-element profiles to 

successfully distinguish Spanish-grown mangoes from imported ones, work that was carried 
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out to support a Spanish Protected Geographical Indication for mango. In China, a similar 

multi-isotope and multi-element approach was used to tell premium Hainan-grown bananas 

apart from bananas grown in other provinces, correctly classifying the origin of the fruit in 

the great majority of samples tested and offering the Hainan banana industry a scientific tool 

against origin fraud. 

An Opportunity for India's Geographically Tagged Fruits 

India already recognises dozens of fruits under its Geographical Indication registry, including 

the Alphonso mango of the Konkan coast, Banaganapalle mango of Andhra Pradesh, Nagpur 

orange of Maharashtra, and several regional citrus and grape brands. Each of these carries 

real market value tied to its place of origin, and each is correspondingly vulnerable to being 

imitated by cheaper produce sold under the protected name. The Spanish mango and Chinese 

banana examples show that the same isotope-based approach can, in principle, be built for 

these Indian fruits: what is still needed is a systematic, multi-year isotopic and elemental 

reference databank for each GI-tagged fruit, developed jointly by horticultural universities, 

food-testing laboratories and the concerned Geographical Indication registries. This remains a 

largely untapped opportunity for Indian fruit science, and one that fits naturally within the 

mandate of horticultural research institutions already working on the biology of these very 

fruits. 

Practical Challenges 
• Cost and access: IRMS and multi-collector mass spectrometry instruments are expensive 

and available in only a limited number of Indian laboratories, so testing capacity needs to 

be built up deliberately. 

• Year-to-year variation: Because rainfall and temperature vary between seasons, a 

reliable reference databank must be built from several years of authentic samples rather 

than a single harvest. 

• Combining techniques: Isotope data are most powerful when combined with 

complementary, lower-cost methods such as multi-element (ICP-MS) profiling, near-

infrared spectroscopy or DNA-based variety testing, forming a more complete identity 

card for the fruit. 

What Each Isotope Reveals 

Isotope System Environmental Driver What It Reveals 
Example 

Application 

Carbon (δ13C) 

Photosynthetic pathway (C3 

vs C4 plants); water-use 

efficiency 

Addition of cane/corn sugar 

syrup to juice; 

drought/irrigation 

differences 

Detecting sugar-

adulterated fruit 

juice 

Hydrogen & 

Oxygen (δ2H, 

δ18O) 

Local rainfall (meteoric 

water); altitude, latitude and 

evapotranspiration 

Geographic growing 

region; addition of water or 

reconstitution from 

concentrate 

Orange, apple 

and mango juice 

provenance 

Nitrogen 

(δ15N) 

Type of fertiliser used 

(organic manure vs 

synthetic) and soil nitrogen 

cycling 

Organic vs conventional 

cultivation claims 

Verifying 

‘organic’ 

labelling 

Sulphur (δ34S) 

Soil and atmospheric 

sulphur sources; distance 

from the coast 

Fine regional 

discrimination, often 

combined with other 

isotopes 

Mango and 

cheese origin 

studies 

Strontium 

(87Sr/86Sr) 

Underlying bedrock 

geology, taken up largely 

unchanged from soil 

Stable, climate-independent 

geological fingerprint of the 

growing site 

Wine, olive oil 

and fruit 

provenance 
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Conclusion 
A fruit cannot lie about the water it drank or the soil it grew in, and that simple fact is what 

makes stable isotope analysis such a powerful weapon against food fraud. As global interest 

in traceable, geographically authentic food continues to grow, this technology is moving from 

research laboratories into routine regulatory and legal use for wine, juice, honey, olive oil and 

now specific fruits such as mango and banana. For India, with its rich portfolio of 

Geographical Indication-tagged fruits and a large horticultural research base, building 

indigenous isotopic reference databases represents both a scientific challenge and a genuine 

opportunity: one that could protect the livelihoods of genuine growers, defend the reputation 

of India's fruit brands, and give consumers real, science-backed assurance about what they 

are buying. 
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