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Abstract

Data are presented for stable carbon isotope ratio analysis on Australian orange juices (273 fresh and 80 concentrated samples)
representing production over a ®ve year period, with a view to establishing a database of authentic values to be used for adultera-

tion testing. Peel extracts of Australian origin (40 samples), Brazilian pulpwashes (38 samples) and Brazilian concentrates (42
samples) were also tested. The internal correlation between carbon isotopes in sugars and acids has been determined for selected
samples of fresh juice. Di�erences between these components ranged from 0.7 to 1.5%. The data for fresh juices show regional

di�erences in isotopic abundances, which are related to rootstock. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Stable carbon isotope ratio analysis (SCIRA) is
widely applied to authenticity testing of fruit juices such
as orange and apple juice. There is a marked di�erence
between the carbon-13 to carbon-12 (13C/12C) ratios of
juice carbohydrates and those in common adulterants
such as cane sugar and corn syrup. Photosynthesis in
the orange follows the Calvin-Benson (C3) metabolic
pathway whilst cane and corn utilise the Hatch-Slack
(C4) metabolism. A number of reviews of SCIRA
appear in the literature (see for example Krueger, 1988,
1995).
Variations in the range of 13C/12C ratios in plant carbo-

hydrates are quite large even within a botanical species.
Consequently, in the majority of cases where juices are
tested for authenticity, small amounts of sugaring are
unlikely to a�ect the 13C/12C ratio su�ciently to take it
outside the range of genuine products. This has detracted
from the e�ectiveness of the SCIRA technique when it is
applied to the total carbohydrate content of juices.
Until recently, laboratories have had to rely on a prob-
ability statement based on the number of standard

deviations that the 13C/12C content of a sample under
investigation lies from the population mean for authen-
tic juice of the same type (Doner, 1988). However, there
is little probative value in this approach unless the same
brand consistently returns an unlikely delta value.
Variations in 13C/12C ratios for di�erent plant sugars

are due to a combination of environmental and bio-
chemical fractionations which occur in the plant leaf
during photosynthesis (O'Leary, 1993). First, the di�u-
sion of carbon dioxide to the carboxylation site is
a�ected by the extent that plants vary the aperture of
their leaf stomata to control water loss. Essentially, iso-
topic discrimination against 13C is positively related to
water availability, so that high water availability leads
to proportionately less 13C. Secondly, the carboxylation
reaction itself contributes to isotopic di�erences,
because di�erent enzymes (ribulose-1,5-biphosphate
carboxylase/oxygenase and phosphoenolpyruvate carboxy-
lase) are used by orange and cane or corn, respectively,
to ®x carbon dioxide (Farquhar & Lloyd, 1993).
The discovery of a correlation between 13C/12C con-

tent of the sugars and other sub-fractions of juice has
led to a signi®cant improvement in SCIRA's diagnostic
power. The di�erence between 13C/12C values of total
sugars and either pulp or organic acids is fairly con-
sistent, with the sugars containing slightly less of the
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heavier isotope than other sub-fractions (Association
Interprogressionelle des Jus et Nectars de la CEE [AIJN],
1997; Jamin et al., 1998; Rossmann, Reith & Schmidt,
1995). The addition of cane or corn sugar will a�ect this
di�erence, making the test for internal correlation useful
in countries where pulp or citric acid is not a permitted
additive. More recently, it has been reported (Ham-
mond, 1998) that the internal ratio of natural sugars
(sucrose, glucose and fructose) in juice is a�ected by
cane sugar addition. This has further strengthened the
e�ectiveness of SCIRA, albeit at an economic cost,
because sugars must be separated by preparative liquid
chromatography and analysed individually.
This paper reports on an investigation into 13C/12C

ratios in fresh and concentrated Australian orange jui-
ces, Australian peel extract and imported pulpwash and
orange juice. The work was carried out to establish a
local orange juice database to be used in authenticity
testing. Since the unlabelled addition of food acids, such
as citric acid, to orange juice is not permitted in Aus-
tralia, the relationship between 13C/12C of sugars and
organic acids can be used to detect additions of cane
sugar. To establish data which could be useful for this
purpose, we decided to test a limited number of juices
having unusually high or low 13C/12C values.

2. Materials and methods

2.1. Nature of the orange juice samples

The Australian fresh orange juice survey covered two
programs during the years 1992±1997. Samples were
either of Navel or Valencia type. Sampling was con-
ducted by Department of Agriculture ®eld inspectors
who collected batches of whole fruit weighing approxi-
mately 5 kg. A total of 273 samples were taken between
1992 and 1997 from all of the Australian growing
regions except the Northern Territory. Sampling loca-
tions included New South Wales Riverina (MIA: Stan-
bridge, Hillston, Lake Wyangang, Tharbogang, Leeton,
Gri�th, Beelbangera, Yanco and Hanwood), Victorian
Sunraysia region (SUN: Cu

.
rlwaa, Dareton, Mildura,

Redcli�e, Irymple and Monak), South Australian Riv-
erland (SA: Cooltong, Paringa, Renmark, Berri, Lox-
ton, Waikerie, Ramco and Cadell), Western Australia
(WA: Gin Gin and Chittering) and Queensland Burnett
region (QLD: Mundubberah, Gayndah). Samples from
New South Wales Coastal regions (COAST: Gosford,
Macleay Valley and Clarence River area) were gathered
by the principal author. Fig. 1 shows the location of
these production areas.
Fruit was taken from trees which had been vegeta-

tively propagated by grafting or budding Navel and
Valencia varieties onto rootstocks such as Trifoliata
[Poncirus trifo1iata (L.) Raf.], Troyer and Carizzo

citrange [C.sinensis x P.trifoliata], sweet orange [Citrus
sinensis (L.) Osbeck], Cleopatra mandarin [Citrus reti-
culata Blanco], citrumelo [C. paradisi x P. trifoliata] and
rough lemon. The main rootstocks for the RIV region
were sweet orange and rough lemon, because of their
tolerance to chloride, whilst the trifoliata and citrange
varieties predominated in MIA and WA because of
their tolerance to heavier soils and resistance to root rot.
Rootstock details were recorded on samples surveyed
after 1994.
The fresh orange samples were shipped to the labora-

tory and squeezed within four days of picking. Juice was
extracted with a domestic reamer (either hand or elec-
trical), strained to remove seeds and stored in labelled
2 l polyethylene bottles in a freezer atÿ20�C until analysis.
The Australian concentrates (prime orange juice con-
centrates and water-soluble peel extracts) were sampled
during the early part of the program (1992±1994) from
regional processing plants. Concentrated juice samples
were produced on falling ®lm evaporators such as APV,
Wigand or Alfa-Laval types. Generally, Navel con-
centrates were produced at around 57� Brix, whilst
Valencia concentrates were produced at around 63�

Brix, because of their lower pectin contents. Peel
extracts were produced from pectinase-degraded orange
peels which had been centrifuged following enzyme
treatment to remove solid material, followed by resin-
adsorption to remove bitter ingredients, and then eva-
poratively concentrated in a similar manner to the juices.
Deacidi®ed juices were prepared by using ion-exchange
to remove citric acid. The Brazilian pulpwash samples
(water-extracted soluble orange solids) were supplied as

Fig. 1. Principal orange growing areas in Australia: 1=Riverina-

Murrumbidgee Irrigation Area (MIA); 2=Sunraysia (SUN); 3=Riv-

erland (RIV); 4=Chittering River (WA); 5=Burnett District (QLD);

6=NSW Coastal (COAST).
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concentrates by Schutzgemeinschaft fur der Fruchtsaft-
Industrie (SGF). The concentrated juices and peel
extracts and pulpwashes were all supplied as ®nished
products and stored in a frozen state at ÿ20�C after
receipt until analysis.
Prior to analysis, samples were brought to room tem-

perature and thoroughly mixed to eliminate any iso-
topic fractionation that may have occurred during
thawing.

2.2. Carbon 13C/12C ratios of total carbohydrates

Samples were centrifuged to precipitate the pulp, and
clear serum (20 ml) was then combusted following well-
established methods (Association of O�cial Analytical
Chemists [AOAC], 1994). Carbon dioxide analysis was
carried out on a Finnigan-MAT 252 Isotope Ratio
Mass Spectrometer. Results were expressed according
to the familiar delta notation:

d 13C= 12C�permil� � � 13C= 12Csample=
13C= 12Cstandard ÿ 1�

� 1000

using a limestone standard referenced to PDB (Craig,
1957).

2.3. Carbon 13C/12C ratios of sugar and acid
subfractions

Carbon 13C/12C ratios of sugar and acid subfractions
of fresh juice were determined after precipitation of
acids as calcium salts. Centrifuged juice (50 ml) was
added to 50% calcium chloride solution (20 ml) and the
pH was adjusted to 8.5±9.0 by addition of 25% calcium
hydroxide solution. The mixture was heated to 98�C on
a boiling water bath for 10 min. The precipitated cal-
cium salts of the organic acids were separated from the
sugars by centrifugation at 3000 g for 5 min, carefully
washed with acetone and dried overnight at 80�C. A
subsample of the well-mixed acid salt (4 mg) was ana-
lysed by the same method as whole juice. A 20 ml por-
tion of the supernatant liquid from the last
centrifugation was used for analysis of sugars.

2.4. Quality assurance

A ``repeat'' sample of beet sugar was reanalysed with
each batch of orange juices. Data on 25 redetermina-
tions established that repeatability was within �0.2%.
Inter-laboratory comparisons with a specialist overseas
laboratory and participation in a number of pro®ciency
trials including CEN/TC 174 interlaboratory study on
sugars and pulp (Rossman, Koziet, Martin & Dennis,
1997), were also conducted to ensure the quality of
results.

3. Results and discussion

3.1. Carbon 13C/12C ratios of total carbohydrates in
juices

The 13C/12C ratios of total carbohydrates in the fresh
juices, reconstituted concentrates, peel extracts and
pulpwashes are summarised in Table 1. The data show
the following.

(a)Average values for fresh and concentrated Aus-
tralian juices were consistent with those found by
other investigators on overseas products. How-
ever, the range for fresh juices was found to be
much wider than expected, and indeed the max-
imum value at ÿ22.5% is less negative than we
have seen published elsewhere. The range for fresh
samples was wider than for concentrates. We note
that small sample sizes were taken for fresh fruit
(�5 kg), and additionally they were taken from
speci®c areas. This would certainly lead to much
greater variance in results for fresh fruit than would
be expected for concentrated samples drawn from a
commercial extraction plant, where the juice is
taken from a much larger blend. A similar broad
distribution for small samples has been reported for
laboratory-prepared wines (Rossmann, Schmidt,
Reniero, Versini, Moussa & Merle, 1996). The dis-
tribution for fresh juice appears in Fig. 2.

(b)The mean d 13C= 12C values of the sub-groups
(fresh, concentrated, peel, pulpwash and Brazilian
products) were not statistically di�erent. This was
determined by conducting a two-sample test of
means for large samples at the 0.05 signi®cance
level (Mans®eld, 1983) on the data for each type.
The distributions of d 13C= 12C values for Aus-
tralian concentrates and Australian peel extracts
appear in Figs. 3 and 4 respectively.

(c) Navel and Valencia types were not statistically
di�erent.

3.2. Internal correlation

A total of 23 samples were tested for internal correla-
tion between sugars and acids. These were chosen to
include samples having very high and very low carbon
delta values. Results are illustrated in Fig. 5. The dif-
ference between sub-components was consistently
within the range of 0.7±1.5%. This accorded well with
AIJN guidelines which state that the di�erence between
the d 13C content of acids (precipitated as calcium salts)
and the d 13C content of sugars from the same juice
should be between +1 and +2%, and also with pub-
lished data (Rossmann et al., 1995) which reported that
citrate d 13C was enriched by about 1.5% compared to
sugar for a wide range of samples.
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3.3. Regional di�erences

We observed that small regional di�erences occurred
in d 13C values over the duration of the survey. These
data are presented in Table 2. They appear to have little
intrinsic value in determining the region from which the
fruit originated, and were certainly not of the same
magnitude as that reported for some overseas juices.
For example, a mean di�erence of 1.7% between Flor-
idian and Honduran samples was observed, with the
Honduran samples being more negative (Krueger,
1995). Moreover, assuming that leaf d 13C values trans-
late to the fruit, these di�erences did not appear to
conform to the Farquhar model referenced below,
which predicts that RIV samples should be less negative
than MIA because, although latitudinally similar,
weather bureau records show that RIV has higher
average temperatures and lower humidity. We
acknowledge that there is considerable complexity in
developing a model to explain regional di�erences in
carbon isotope levels. A theoretical interpretation of
photosynthetic processes (Farquhar, Hubrick, Condon &
Richards, 1988) has been developed, predicting a linear

relationship between d 13C and the partial pressure of
carbon dioxide within the stomata. The carbon isotope
discrimination in fruit sugars represents a long-term
integration of these partial pressures but, within any
growing region, there are a multiplicity of other factors

Table 1

d 13C (%) values for database (all samples)

Type Number Mean Standard deviation Minimum Maximum

Fresh (all samples) 273 ÿ24.77 0.83 ÿ27.3 ÿ22.5
Fresh Valencia 185 ÿ24.73 0.86 ÿ27.3 ÿ22.5
Fresh Navel 88 ÿ24.87 0.73 ÿ26.6 ÿ22.8
Deacidi®ed 16 ÿ25.06 0.12 ÿ25.3 ÿ24.9
Concentrated Valencia 57 ÿ25.25 0.33 ÿ26.2 ÿ24.4
Concentrated Navel 23 ÿ25.08 0.33 ÿ25.9 ÿ24.2
Peel Extract 40 ÿ25.37 0.39 ÿ25.8 ÿ23.9
Pulpwash 38 ÿ25.6 0.28 ÿ26.4 ÿ25
Brazilian concentrates 30 ÿ25.35 0.28 ÿ26.1 ÿ24.9
Brazilian fresh 12 ÿ25.39 0.33 ÿ26 ÿ24.7

Fig. 2. Distribution of d 13C in fresh Australian orange juices. Fig. 3. Distribution of d 13C in Australian orange concentrates.

Fig. 4. Distribution of d 13C in Australian orange peel extracts.
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which a�ect isotopic ratios. These include variable pho-
tosynthetic capacity due to light limitations, plant age,
the input of respiratory carbon dioxide from the soil
and decaying detritus, altitude and water availability at
critical stages of growth. Of these, water availability can
be linked to the extent to which orchards are irrigated,
and also how well soils retain irrigation water. More
critically, water use e�ciency may be a function of the
plant's root system, and therefore linked to rootstock
variety. Rootstock is mostly selected for its physical
performance and resistance to biological attack, with
some varieties preferred in particular regions because of
their compatibility with soil structure and climate. Thus
Trifoliata and Citrange rootstocks are used fairly ubi-
quitously in most regions, except RIV where sweet
orange and rough lemon predominate. These reportedly
have a more vigorous growth than other types.
Our results show a signi®cant di�erence in d 13C

values between di�erent rootstocks. Fruit from species
grafted onto Trifoliata and Citrange had less negative
values than those from sweet orange and rough lemon.
This can be seen from data in Table 3. We suggest that
these di�erences are due to the varying e�ciency in
water uptake of the di�erent rootstocks. This leads to
greater water availability in the leaves at the point of
photosynthesis.

4. Conclusions

This investigation into stable carbon isotope ratios of
orange juices and concentrates available in Australia
provides a statistical database of d 13C values, which will
be useful in determining authenticity of juices being sold
commercially. Juices having a d 13C higher than 3� from
the database mean should be suspected of sucrose addi-
tion, following well established practice. The values for
fresh juices were observed to cover a wide range, mak-
ing detection of even substantial amounts of sucrose
di�cult. We found a 0.7±1.5% di�erence between total
carbohydrates and acids from the same juice, and
recommend that this di�erence should be measured
when cane sugar addition to juices is suspected. Our
data also indicates that the variety of rootstock con-
tributes to di�erences in d 13C.

Acknowledgements

The authors wish to thank Anita Andrew, Andrew
Bryce and Andrew Todd at the CSIRO Minerals
Research Division, North Ryde, NSW for assistance
with IRMS determinations, and Paul Collins of QDPI
Forestry Research Institute, Indooroopilly, QLD for
much of the initial sample preparation. Note: Financial
assistance for funding to carry out this project was pro-
vided by the Australian Citrus Industry Council, The
Horticultural Research and Development Corporation
and AGAL's Public Interest Program.

References

Association Interprogressionelle des Jus et Nectars de la CEE (1997).

Code of practice for evaluation of fruit and vegetable juices. Brussels,

Belgium: Association Interprogressionelle des Jus et Nectars de La

CEE, AIJN.

Association of O�cial Analytical Chemists (1994). Method 982.21. In

O�cial methods of analysis of AOAC international (16th ed.).

Arlington VA: AOAC international (Chapter 37).

Craig, H. (1957). Isotopic standards for carbon and oxygen and cor-

rection factors for mass-spectrometric analysis of CO2. Geochimica

Cosmochimica Acta, 12, 133±149.

Doner, L. W. (1988). Application of natural variations in 13C/12C

ratios to detect adulteration of orange, lemon and apple juices.

In S. Nagy, J. A. Attaway, & M. E. Rhodes, Adulteration of fruit

juice beverages (pp. 125±138). New York and Basel: Marcel Dekker.

Fig. 5. d 13C values for sugars and acids from same juices.

Table 2

Regional distribution of d 13C (%) values

Region Number Mean Minimum Maximum

MIA 108 ÿ24.4 ÿ25.7 ÿ22.5
SUN 42 ÿ25.4 ÿ26.5 ÿ23.4
RIV 64 ÿ24.9 ÿ27.3 ÿ23.0
WA 32 ÿ24.2 ÿ25.2 ÿ23.1
QLD 19 ÿ25.5 ÿ26.6 ÿ24.6
Coast 9 ÿ25.0 ÿ26.6 ÿ24.6

Table 3

d 13C (%) values for di�erent rootstocks

Type Number Mean Minimum Maximum

Trifoliata 69 ÿ24.3 ÿ26.2 ÿ22.5
Citrange 46 ÿ24.4 ÿ26.5 ÿ22.9
Sweet orange 28 ÿ24.8 ÿ26.5 ÿ23.2
Rough lemon 27 ÿ25.1 ÿ27.3 ÿ23.6
Cleopatra mandarin 4 ÿ25.1 ÿ26.6 ÿ24.2

W.A. Simpkins et al. / Food Chemistry 70 (2000) 385±390 389



Farquhar, G. D., Hubrick, K. T., Condon, A. G., & Richards, R. A.

(1988). Carbon isotope fractionation and plant water use e�ciency.

In P. W. Rundel, J. R. Ehleringer, & K. A. Nagy, Stable isotopes in

ecological research (pp. 21±40). New York: Springer-Verlag.

Farquhar, G. D., & Lloyd, J. (1993). Carbon and oxygen isotope

e�ects in the exchange of carbon dioxide between terrestrial plants

and the atmosphere. In J. R. Ehleringer, A. E. Hall, & G. D. Far-

quhar, Stable isotopes and plant carbon-water relations (pp. 47±70).

San Diego: Academic Press.

Hammond, D. A. (1998). 13C-IRIS-A re®ned method to detect the

addition of cane/corn derived sugars to fruit juices and purees. Fruit

Processing, 3, 86±90.

Jamin, E., Gonzales, J., Bengoechea, G., Kerneur, G., Remaud, G.,

Naulet, N., & Martin, G. G. (1998). Measurement of the 13C/12C

ratios of sugars, malic acid, and citric acid as authenticity probes of

citrus juices and concentrates. Journal of the AOAC International,

81(3), 604±609.

Krueger, D. A. (1988). Application of stable isotope ratio analysis to

problems of fruit juice adulteration. In S. Nagy, J. Attaway, & M.

Rhodes, Adulteration of fruit juice beverages (pp. 109±124). New

York and Basel: Marcel Dekker.

Krueger, D. A. (1995). Detection of added sugar to fruit juices using car-

bon and hydrogen stable isotope ratio analysis. In S. Nagy, &R.Wade,

Methods to detect adulteration of fruit juice beverages (pp. 41±51).

Auburndale Florida: AgScience.

Mans®eld, E. (1983) Hypothesis testing. In Statistics for business and

economics (2nd ed.). New York, London: W.W. Norton & Com-

pany (pp. 305±313).

O'Leary, M. H. (1993). Biochemical basis of carbon isotope fractio-

nation. In J. R. Ehleringer, A. E. Hall, & G. D. Farquhar, Stable

isotopes and plant carbon-water relations (pp. 19±28). San Diego:

Academic Press.

Rossmann, A., Reith, W., & Schmidt, H.-L. (1995). Stable isotope

ratio determination and its combination with conventional analyses

(RSK-values) for fruit juice authenticity control. In S. Nagy, & R.

Wade,Methods to detect adulteration of fruit juice beverages (pp. 28±

40). Auburndale Florida: AgScience.

Rossmann, A., Schmidt, H.-L., Reniero, F., Versini, G., Moussa, I., &

Merle, M. H. (1996). Stable carbon isotope content in ethanol of EC

data bank wines from Italy, France and Germany. Z. Lebensm.

Unters Forsch, 203, 293±301.

Rossman, A., Koziet, J., Martin, G. J., & Dennis, M. J. (1997).

Determination of the carbon-13 content of sugars and pulp from

fruit juices by isotope ratio mass spectrometry (internal reference

method). A European interlaboratory comparison. Analytica Chi-

mica Acta, 340, 21±29.

390 W.A. Simpkins et al. / Food Chemistry 70 (2000) 385±390


