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a  b  s  t  r  a  c  t

A  low  frequency  � < 30 MHz  spectrometer  capable  of  noninvasively  and  nondestructively  screening  the
diamagnetic  properties  of  full intact  bottles  of  wine  is  described,  and  along  with  principal  component
analysis,  used  to compare  and  contrast  sealed  bottles  of  wine.  The  sensitivity  of  this  approach  to  various
ionic  and  molecular  wine  solutes  is  established  by analyzing  standard  solutions.  The  successful  applica-
tion  of this  full  bottle  method  to a  library  of  collectible  wine  is  discussed  and  suggests  that  the  method
eywords:
iamagnetic
ine

rincipal component analysis
ounterfeit

can  be  used  to identify  counterfeit  wine  without  violating  the  bottle.
© 2011 Elsevier B.V. All rights reserved.
oninvasive

. Introduction

Given that the value of collectible wine can easily approach sev-
ral thousands of dollars (e.g. the 1985 Petrus Pomerol and the 1982
hateau Latour are currently valued at $3500 and $2000 respec-
ively [1]) and that high end wines are routinely counterfeited, it
s interesting that the wine market has not demanded a method
o verify wine authenticity without opening the bottle or violat-
ng the bottle seal. A bottle of wine is merely an opaque, often
reen, glass container housing a dark purple colored liquid that
s labeled with a piece of paper having the wine maker mark; this
s an easy target for counterfeiters. Whether an authentic empty
ottle is backfilled with a lesser quality wine and carefully resealed
r a lower grade sealed wine bottle is intentionally labeled with
he mark of a higher quality wine, it is the ease of wine modi-
cations and the absence of any available thwarting technology
ombined with the potentially large financial benefit that makes
he selling of faux wines an attractive venture. The wine industry
as attempted to stop counterfeiting by introducing high tech cos-
etic changes to labels and corks [2–5]. Not only are these counter
easures easily defeated, they do not address the fact that older

ottles do not have these upgrades and that older bottles currently
ominate the wine collection market. Unfortunately these efforts

o defeat wine counterfeiters only increase the difficulty associated
ith marketing counterfeit wine as there is always a way  to make

n item appear externally authentic. A better approach is to com-
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E-mail  addresses: augustin@chem.ucdavis.edu,  maugust@ucdavis.edu
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039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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pare the contents of the sealed suspected counterfeit wine bottle to
the contents of accepted authentic sealed wine bottles of the same
vintage and type. It is the unique flavor, texture, and aroma of wine
produced by the specific combination of the numerous chemical
constituents that not only makes consumption delightful but also
indicates authenticity.

It  is the complex wine making process that is responsible for
every wine having specific chemical, element, or compound con-
centrations. The concentration variation of these compounds in
wine is due to the viticultural and enological history of the wine
or equivalently the details relating to grape growth, harvesting,
storage, must extraction, fermentation, and bottling.

The viticultural based chemical compound concentration vari-
ability in wine is produced by both natural processes and external
sources. Region specific soil conditions [6], the composition of avail-
able vineyard irrigation sources [7,8], and the climate [9] contribute
to the various salt and ion concentrations in wine as both the
quality and quantity of the harvest directly depend on how the
grapes are grown. The sugar levels in mature grapes established
during the growth process ultimately dictates the concentration
of ethyl alcohol [10], glycerol [11], lactic acid [12], etc. following
fermentation. These naturally induced chemical compound con-
centration variations in wine are further augmented by external
mechanisms as well. Here environmental pollutants like lead or
cadmium [13] can enter the plant if the vineyard is located near
an urban environment or a major transportation corridor while
sodium ion levels are known to be elevated in grapes obtained

from vineyards exposed to ocean spray [14]. The application of
fertilizers and pesticides to growing vines also modifies inorganic
ion concentrations in wine. Fertilizers directly contribute to vary-
ing potassium, calcium, and phosphate concentrations [15] in wine
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monitoring the effect of the frequency dependent magnetic sus-
ceptibility on the amplitude and phase of an applied oscillating
magnetic field. The method combines the simple apparatus shown
in Fig. 1 and the spectrometer shown in Fig. 2 with PCA [36] to
438 S.J. Harley et al. / Tal

hile pesticides can introduce cadmium, copper, manganese, lead,
nd zinc ions [16].

Inorganic  and organic based chemical constituent concentra-
ions in wine are also strongly affected by the enological processes
pplied following the grape harvest. It is well known that stor-
ge vessels, piping systems, and transfer containers increase
luminum, cadmium, chromium, copper, iron, and zinc ion con-
entrations [17]. Flocculants are often added to wine to improve
larity and remove particulate debris. This process further increases
he sodium, calcium, or aluminum ion content in wine [18]. The
pplication of pH buffering agents to stabilize wine acidity can add
alcium or sodium carbonates to wine while preservation agents
ike sulfites are introduced to extend the wine lifetime [19]. The
oncentration of organic chemical compounds in wine is largely
ontrolled by fermentation. For example, the length of the alcoholic
ermentation period coupled with the type of yeast used and the
aturally occurring grape sugar concentration dictates how much
ugar is converted into alcohol [20]. In addition, glycerol formed
uring alcoholic fermentation may  be subsidized with additional
lycerol to control viscosity and perceived sweetness [11]. In a sim-
lar way the length of the malolactic fermentation period controls
he percent conversion of malic acid to lactic acid [12]. Solid sed-
mentation on the bottom of stored wine bottles is another way
hat constituent levels may  change. Interestingly the formation of
itartarate particulates in standing wine is acceptable to European
tandards yet it is considered objectionable by most Americans.
hus American wines are typically cold stabilized to crystallize and
emove potassium bitartarate prior to bottling thus changing the
itartarate and potassium concentrations in wine [21].

At  a concentration of 0.1–3 g/L potassium is the most prevalent
on in wine followed by sodium, calcium and magnesium [22]. It is
ariations in this high potassium concentration that are governed
y soil conditions as mentioned above and the pronounced uptake
f potassium by grape vines [23] that makes potassium an excellent
eogenic marker. Although the concentration of the paramagnetic
ons such as iron, copper, and manganese are substantially lower in

ine (mg/L), these ions catalyze oxidative reactions that produce
ldehydes, ketones, and carboxylic acids [24]. Thus while the con-
entration of catalytic amounts of these ions may  not be directly
uantifiable in sealed intact wine bottles, their effect on the con-
entration of other wine constituents may  be determined.

There are numerous variables that impact the concentration of
he inorganic and organic molecular constituents in bottled wine
hat reflect the viticultural and enological history of the final pre-
ared wine. It is therefore unlikely that any two bottles produced
rom two different viticultural or enological processes would ever
ave the same chemical constituent concentrations or ionic and
olecular fingerprint. Modern analytical chemistry approaches

uch as nuclear magnetic resonance (NMR) spectroscopy [25], gas
hromatography/mass spectrometry (GC/MS) [26], light absorption
27], scattering [28], and elemental analysis [29] have been used to
ngerprint wine. Here it has been shown that amino acid ratios
30], rare element abundance [31,32], or even deuterium quantifi-
ation [33] afford region specific identification. However, as all of
hese approaches are invasive or destructive they are not directly
pplicable to valuable collectible wine. Collectors spending thou-
ands of dollars for a single bottle realize that either opening the
ottle or extracting small volumes of wine from the bottle immedi-
tely devalue the investment. It is for this reason that noninvasive
ine constituent analysis was recently developed. Here high res-

lution NMR  spectroscopy [25,34] and GC/MS [26] applied to full
ntact wine bottles was used to noninvasively and nondestructively

creen bottled wine for oxidative spoilage mediated by leaky corks
nd for the presence of 2,4,6-trichloroanisole (TCA) or cork taint
espectively. Although the NMR  approach can monitor down to
00 mg/L acetic acid or acetaldehyde concentrations in wine, the
5 (2011) 2437– 2444

use of full bottle NMR  spectroscopy to screen for the lower con-
centration solutes that reflect wine origin and thus authenticity
mentioned above is problematic due to sensitivity and resolution
limitations. Here many of the ionic solutes contain non-NMR active
or low natural abundance, low gyromagnetic ratio nuclei or are
present at concentrations below the NMR  detection threshold. The
NMR  spectra for the higher concentration molecular compounds
such as ethyl alcohol, acetic acid, succinic acid, proline, and borate
esters often spectrally overlap making identification difficult if not
impossible in full intact wine bottles. The much higher sensitivity
of the full bottle GC/MS approach is more attractive than NMR  spec-
troscopy but the success enjoyed in the screening of bottle mounted
corks for TCA does not apply to fingerprinting as just the outer sur-
face of the cork is examined with this approach not the wine bottle
contents.

More recently, low frequency radio waves were used to explore
the dielectric response of intact wine bottles [35]. That approach
used principal component analysis (PCA) to reduce the collected
data into two wine specific data points, and the method described
here uses the same basic strategy. Here the frequency dependent
magnetic properties of wine in sealed intact bottles are probed by
Fig. 1. Rendered image of the device used to monitor the induced magnetization
of  full intact wine bottles (a) and a separated view (b) showing the secondary coils
along with the bottle holding insert.
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ig. 2. (a) Schematic diagram of the device used to monitor the induced magnetiza
eparate  view of the primary solenoid and secondary show the sample and referen

ompare same and different wine types, and vintages. Here a com-
ercial off-the-shelf function generator broadcasts a frequency

wept magnetic field across the wine bottle length via the pri-
ary solenoid shown in Fig. 1(a) as the outer coil directed along the

ong axis of the wine bottle, the left hand solenoid in Fig. 1(b), and
he labeled primary in the spectrometer schematic shown in Fig. 2.
he magnetic susceptibility of wine attenuates the amplitude and
etards the phase of this applied magnetic field. These effects are
onitored by the secondary coil that is mounted inside of the pri-
ary solenoid coil as shown in Fig. 1(b). One half of the secondary

oil is labeled as the sample secondary and the other half serves
s the reference secondary as shown in Fig. 2. Application of this
ethod to several standard solutions of ethyl alcohol, acetic acid,
otassium sulfate, and glycerol in deionized water with concentra-
ions chosen to bracket the expected average concentration in wine
uggests that different magnetic field frequencies can probe differ-
nt constituents in wine. The frequency dependent magnetic field
f full intact wine bottles. (b) Expanded view of the reference adjustment circuit. (c)
ves. The applied current Ip and induced voltages Vs and Vr are indicated.

amplitude attenuation and phase retardation is not only reflected
in the concentration of solutes specific to each wine but also in
the total volume of the wine. The amplitude attenuation and phase
retardation can be used in combination with PCA to group like wine
vintages and essentially fingerprint wine. It is the comparison of a
potential counterfeit bottle response to a known authentic wine
that can be used to verify the contents of a suspected counterfeit
bottle.

2. Theory

Direct magnetic field coupling between the primary and the
sample secondary coils shown in Figs. 1 and 2 is the dominant

source of induced voltage and therefore signal in the mutual induc-
tor setup. Each half of the secondary coil is wound in the same
direction. Connection of the midpoint of this coil to ground natu-
rally limits any direct coupling signal from the primary coil. It is the
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mall perturbation to this direct coupling that is observed when a
ample is added to one half of the secondary coil as shown in Fig. 2.
he measured voltage Vs is strictly due to the induced magneti-
ation of the sample or more specifically the complex magnetic
usceptibility of the sample.

The voltage Vs measured from the sample secondary coil shown
n Figs. 1 and 2 is related to the current applied to the primary
oil Ip and more importantly to the magnetic susceptibility � of the
ample. In the case of an applied DC current Ip the applied magnetic
eld inside of the primary coil is

 = npIp�r2
p b

�p
(1)

where  np is the number of turns in the primary coil, �p is the
ength of the primary coil, rp is the radius of the primary coil, and

 is an empirical correction factor. In the absence of any sample
nside of the primary coil the magnetic induction B is

 = �0H (2)

here  the proportionality factor �0 is the permeability of free
pace. When a sample is placed inside of the primary coil described
ith a magnetic susceptibility � the magnetization

 = �H (3)

evelops  and adds to the applied magnetic field H to change the
agnetic induction to

 = �0(H + M) = �0H(1 + �) (4)

In  the case where paramagnetic substances are used � > 0 and
n increase in the magnetic induction is observed while for dia-
agnetic samples the magnetic induction decreases as � < 0.
The steps leading to the result shown in Eq. (4) were included

ere as they directly apply to the actual experiment performed in
his work. An oscillating current

p(t) = I0 cos(ωt) (5)

s  applied to the primary coil giving

(t) = H0 cos(ωt) (6)

ince  H0 = npI0�r2
p b/�p. As in the magnetostatic case shown in Eq.

2), in the absence of any sample, the applied time dependent field
ranslates into the time dependent magnetic induction

(t) = �0H0 cos(ωt). (7)

In  parallel with an applied DC field, introduction of a sample to
he primary coil leads to the creation of magnetization, however in
he case of an applied oscillating field both an amplitude attenu-
tion and a phase retardation of the applied time dependent field
(t) is observed. The sample magnetization can be described as

(t) = H0[�′(ω) cos(ωt) + �′′(ω) sin(ωt)] (8)

here  the in-phase dissipative and the quadrature dispersive
requency and sample dependent components of the magnetic sus-
eptibility are given by �′(ω) and �′′(ω) respectively. This equation
an be used to rewrite the magnetic induction in Eq. (4) as

(t)  = H0[(�0 + �′(ω)) cos(ωt) + �′′(ω) sin(ωt)]. (9)

It  is the magnetic induction produced by the applied time depen-
ent magnetic field H(t) shown in Eq. (9) that leads to a measureable
oltage Vs–Vr from the secondary coil shown in Fig. 2(c) that is
ounted inside of the primary coil shown in Fig. 1(a). The sample
oltage Vs is generated from the top half of the secondary coil con-
aining the sample shown in Fig. 2(c) while the reference voltage Vr

s produced from the sample-free lower half of the secondary coil
hown in Fig. 2(c). In the absence of any sample in the optimum
5 (2011) 2437– 2444

situation  the primary coil produces the same field inside of both
halves of the secondary coil yielding Vs = Vr forcing the measured
signal Vs–Vr to zero. This result, as well as the more applicable case
where a sample is contained within the top half of the secondary
coil with cross sectional area Ag and number of turns ng/2, can be
determined from Faraday’s law of induction as

Vs = ng

2
d

dt

∫
�B(t)  · d�A

= ngAgH0ω

2
[(�0 + �′(ω)) sin(ωt) − �′′(ω) cos(ωt)] (10)

for the sample loaded half of the secondary coil and

Vr = ng

2
d

dt

∫
�B(t)  · d�A = ngAgH0ω

2
�0 sin(ωt) (11)

for the sample-free reference half of the secondary. The measured
difference voltage

Vs − Vr = ngAgH0ω

2
(�′(ω) sin(ωt) − �′′(ω) cos(ωt)) (12)

naturally cancels the unwanted direct coupling effect between the
primary and secondary coils because the ground point of the sec-
ondary coil is placed at the coil midpoint. Consequently the overall
dynamic range dramatically improves and when the sample and
reference halves of the secondary coil are perfectly balanced a back-
ground free experiment can be performed. Eq. (12) can be rewritten
as

Vs − Vr = ngAgH0ω

2

√
�′(ω)2 + �′′(ω)2 cos

[
ωt + arctan

(
�′′(ω)
�′(ω)

)]
(13)

where the relationship between the measured amplitude

A(ω) = ngAgH0ω

2

√
�′(ω)2 + �′′(ω)2 (14)

and phase

�(ω) = arctan
(

�′′(ω)
�′(ω)

)
(15)

to the material parameters �′(ω) and �′′(ω) as a function of fre-
quency ω can be used to establish a fingerprint for a particular
sample.

3. Materials and methods

All  chemicals were obtained from Sigma–Aldrich and used with-
out further purification. Thirteen bottles of Charles Shaw wine
obtained from Trader Joe’s were drained, rinsed multiple times
with water and acetone, and refilled with solutions of deionized
water and ethyl alcohol, acetic acid, potassium sulfate, and glyc-
erol. One bottle filled with deionized water served as a standard
solution while the remaining twelve were filled with four sets of
three solutions of each of these compounds as described in Table 1.
The solution concentrations were chosen to bracket the average
amounts reported for wine. Six sets of two  duplicate bottles of
collectible wine including the 1990 Grand Vin Chateau Latour, the
1958 Grand Vin Chateau Latour, the 2002 Opus One, the 1985 Opus
One, the 1994 Petrus Pomerol, and the 1979 Petrus Pomerol were
used to construct a wine authentication library. The spectrome-
ter shown in Fig. 2(a) was used to measure the room temperature
magnetic properties of the prepared full bottle solutions and the
collectible wine in the 500 kHz < � < 30 MHz  frequency range in
steps of 2 MHz. Here the output of a Stanford Research Systems

SRS DS345 function generator was sent into an ENI 403LA 3 Watt RF
amplifier whose output Ip was  then used to drive the primary coil.
The 9.8 cm diameter × 26.7 cm long primary coil is a solenoid with
one layer of tightly packed 1.29 mm diameter enameled, copper
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Table 1
Model solution sample set with estimated sensitivity.

Solute Concentration Sensitivity

Sample 1 Sample 2 Sample 3

Ethyl alcohol 20.00 ± 0.01% (v/v) 13.00 ± 0.01% (v/v) 5.00 ± 0.01% (v/v) 0.93 ± 0.02
 0.05 mL/L 0.375 ± 0.05 mL/L 20.74 ± 0.15
 0.01 g/L 0.253 ±  0.01 g/L 65.51 ±  0.08
 0.01 g/L 4.02 ± 0.01 g/L 0.75 ± 0.01
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Fig. 3. PC1 and PC2 scores plot for the twelve bottle collectible wine library. The
closed  and open squares correspond to the 1985 and the 2002 vintages of Opus
Acetic  acid 3.75 ± 0.05 mL/L 2.25 ±
Potassium  sulfate 2.39 ±  0.01 g/L 0.747 ±
Glycerol 19.78 ±  0.01 g/L 10.00 ±

agnet wire. The secondary coil is comprised of two solenoids con-
ected in parallel. Each 9.2 cm diameter × 12.7 cm long solenoid coil
ontains two  layers of tightly wrapped 1.29 mm diameter enam-
led, copper magnet wire.

The voltages induced in the top half Vs and bottom half Vr of the
econdary coil are directed into Minicircuits ZAD-1 mixers whose
ocal oscillator port is driven by the output of a Minicircuits ZSC-
-1 split second phase locked SRS DS345 operating 1 kHz lower

n frequency. The intermediate frequency outputs of the mixers
ere directed into a Krohn-Hite 3940 operating as a low pass fil-

er with 20 dB of gain on each channel. This filtering/gain step
ffectively removes the difference frequency and enhances signal
trength. The output channel of the Krohn-Hite 3940 correspond-
ng to the sample voltage Vs is directed into one port of an INA
03KP instrumentation amplifier while the other output channel
f the Krohn-Hite 3940 corresponding to the reference voltage
r is directed into an Analog Devices OP27EZP configured as an
ll-pass filter and then another Analog Devices OP27EZP config-
red as an inverting gain amplifier prior to being inserted into the
ther INA 103KP instrumentation amplifier port. This configura-
ion of the detection electronics allows the dynamic range of the

easurement to be dramatically improved by adjusting the
P27EZP R1, R2, R3, and R4 resistors, shown in Fig. 2(b), to null

he Vs–Vr signal for a standard sample of deionized water at each
requency prior to the measurement of real full bottle samples at
hat frequency. Operation in this way effectively background sub-
racts the effects of both the container and solvent on the measured
ignal leaving only contributions from the remainder of the wine
olutes. The amplitude and phase of the difference signal from the
utput of the instrumentation amplifier corresponding to the Vs–Vr

ignal is then measured with a Stanford Research Systems SRS530
ock-in amplifier. A third phase locked Stanford Research Systems
S345 was used as a reference for the lock-in amplifier. All mea-

urements were accomplished at room temperature, 20 ◦C. All of
he data was mean centered prior to the application of PCA using

ATLAB.

. Results

The diamagnetic response for each of the samples shown in
able 1 was obtained in the 500 kHz < � < 30 MHz  frequency range
sing the apparatus shown in Figs. 1 and 2 as described in Sec-
ion 3. The amplitude attenuation and phase retardation of the
nput stepped frequency input due to diamagnetic absorption for
he three separate solution concentrations for each solute was
sed to construct a sample library. In this way four separate three
ample libraries were created to demonstrate the solution depen-
ence of the dielectric absorption of specific wine constituents. The
ight hand column in Table 1 corresponds to the sensitivity of the
ethod to expected natural solute concentrations, a number that

s determined from the slope of the PC1 score or projection of the
easured amplitude attenuation and phase retardation values for
 given solute concentration onto the first principal component−→
C 1 for the entire solute concentration library. The diamagnetic
esponses for the twelve collectible wines were obtained in the
00 kHz < � < 30 MHz  frequency range in 2 MHz  steps as described
One  respectively, the closed and open lozenges correspond to the 1958 and 1990
vintages of Grand Vin Chateau Latour respectively, and the closed and open triangles
correspond to the 1979 and 1994 vintages of Petrus Pomerol respectively.

in Section 3. The amplitude attenuation and phase retardation at
each frequency for each bottle was used to construct a library. Prin-
cipal component analysis followed by projection of the amplitude
attenuation and phase retardation data for a given bottle onto the
first two  principal components yields the PC1 and PC2 scores for
each bottle shown in the plot in Fig. 3. Here the closed and open
squares correspond to the PC1, PC2 scores for the 1985 and the 2002
vintages of Opus One respectively, the closed and open lozenges
correspond to the PC1, PC2 scores for the 1958 and 1990 vintages
of Grand Vin Chateau Latour respectively, and the closed and open
triangles correspond to the PC1, PC2 scores for the 1979 and 1994
vintages of Petrus Pomerol respectively. In this case, the percent-
age of the total variance captured by projecting the measured data
onto the first two  principal components is more than 97%.

5.  Discussion

It is important to begin this section by mentioning that the spec-
trometer shown in Fig. 2 operates in zero-background mode by
electronically balancing the secondary coil at each frequency by
forcing the SRS530 lock-in output voltage to <50 �V when the sam-
ple half of the secondary coil is loaded with a wine bottle filled
with deionized water. The following three observations confirm
that the signals reported here are wine dependent. First, the addi-
tion of wine solutes to the water standard sample at concentrations
typically found in wine generate approximately 1 V output signals
from the SRS530 lock-in amplifier at all input frequencies. Second,
the removal of solution from the standard bottle generated much
larger output voltages that saturated the lock-in amplifier. Third,
the use of other wine bottles filled with deionized water gener-
ated signals much less than the characteristic 1 V wine dependent
output signals. This final observation relates to the origin of and
the geometry dependence of the magnetic susceptibility measure-

ments. Subtle bottle-to-bottle glass composition changes appear
to have little effect on the measurements presumably because the
magnetism at the low frequencies used here is mediated by charge
flow, an effect that dominates the static susceptibility offered by
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he glass constituents. The geometry dependence of the measure-
ents reported here is also of little concern. The coil arrangement

hown in Fig. 2 is specific for either Bordeaux or Burgundy style bot-
les and the coils are arranged to monitor signals from the largest
iameter part of the wine bottle. The cylindrical symmetry of the
easurement volume is conserved in all cases and the only bottle-

o-bottle variable is diameter. The amount of added or subtracted
ine due to this diameter variation is small and is an extremely
inor perturbation to the overall signal. Even if the bottle geom-

try dominated the observed signal, there would still be no issue
rom the point of view of counterfeit wine detection. Typically a
iven rare, collectible wine vintage is always stored in the same
tyle bottle, obtained from the same manufacturer, and from the
ame lot.

The  spectrometer shown in Fig. 2 generates wine dependent
esponses since replacement of the standard water sample with full
ntact bottles of wine led to output signals with wine specific phases
nd approximately 1 V amplitudes. The spectrometer shown in
ig. 2 was constructed with the intent of studying wine and the
redominant goal of the device is to amplify subtle magnetic field
mplitude and phase changes due to the frequency dependent mag-
etic susceptibility of wine. An alternative approach would involve
oupling the primary solenoid coil shown in Fig. 1(a) and Fig. 2
o a vector impedance meter, LCR meter, or network analyzer to

onitor the complex wine and frequency dependent magnetic sus-
eptibility. Unfortunately such an approach does not offer enough
ottle-to-bottle amplitude and phase dynamic range and sensitiv-

ty to separate different wines. It is the zero-background approach
stablished by nulling the output signal from the SRS530 lock-in
t each frequency to <50 �V for the water bottle standard com-
ined with the narrow-banding and amplification characteristics
rovided by heterodyne detection and lock-in amplification that
rovides an output voltage amplitude and phase sensitivity appro-
riate for screening collectible wine. Although the use of feedback
long with the instrumentation amplifier to balance the secondary
oil in the spectrometer shown in Fig. 2 is specialized, every com-
onent in this circuit and the remainder of the spectrometer with
he exception of the primary solenoid and secondary coil are com-

ercial off-the-shelf items. The guiding principal in the primary
nd secondary coil design was wine bottle shape and size and the
act that more coil turns typically increase the coupling of the coils
o the sample and thus measured signal strength. However, such a
esign approach has two limitations. Here the complex impedance
f a wine bottle size solenoid inductor coupled to a similar size sec-
ndary make it difficult to uniformly couple RF energy into the wine
ottle at each frequency. Consequently frequencies corresponding
o low impedance regions of the coil are used to minimize reflected
F power and maximize RF coupling into and out of the wine bottle.

 second problem with using as many coil turns as possible in the
rimary and secondary inductor designs is the inability to probe
he extremely low <500 kHz portion of the frequency dependent

agnetic susceptibility. Given these two issues, further gains in
nstrument sensitivity and flexibility could be achieved by optimiz-
ng instrument bandwidth and sensitivity as a function of primary
olenoid and secondary coil shape, size and respective numbers of
urns. However, as the current coil configuration regularly permits
econdary coil balancing to the <50 �V level for water and approx-
mately 1 V signals are observed following lock-in amplification
uch an effort was not pursued.

The  steady state theory described in Section 2 suggests that it is
he frequency dependent magnetic susceptibility �′(ω) and �′′(ω)
s a function of frequency ω calculated from the measured fre-

uency dependent amplitude and phase that is used to establish

 wine fingerprint for comparison to other wines. Such a calcu-
ation is never accomplished as it is the raw voltage amplitudes
nd phases that are used as input for PCA not calculated �′(ω) and
5 (2011) 2437– 2444

�′′(ω) values. This wine screening method is then an empirical,
macroscopic approach rather than the analytical, microscopic tech-
niques often used to study the molecular structure of pure liquids
and simple mixtures. In other words, the theory described in Sec-
tion 2 is specific for an ideal nonrealistic case where perfectly
homogeneous magnetic fields are present and the solenoid and sec-
ondary coils are perfectly matched to yield zero output signal in the
absence of any sample in either leg of the secondary coil. Since in
practice the solenoid and secondary coil are not perfectly balanced
the true experimental situation is far from ideal and calculation
of �′(ω) and �′′(ω) from Eqs. (14) and (15) derived for the perfect
ideal case where physical characteristics of the coaxial inductors
are largely absent is not practical. Furthermore, the measured volt-
age amplitudes and phases from the SRS530 lock-in amplifier are
obtained in zero background mode as the signal for a standard
water bottle sample is nulled to <50 �V prior to measurement of full
intact wine bottles. The actual measured amplitudes and phases for
wine from the spectrometer shown in Fig. 2 are therefore indirectly
related to �′(ω) and �′′(ω) at best. It is likely that the actual �′(ω)
and �′′(ω) values for wine would not be any more useful towards
fingerprinting than raw voltage amplitudes and phases as wine is a
complex mixture of organic and inorganic molecules and ions that
all contribute to �′(ω) and �′′(ω). Thus even if �′(ω) and �′′(ω) were
carefully determined it is unlikely that any theory would be able to
reliably predict the experimental values. The purpose of Section 2
is therefore to not provide a bridge between microscopic chemi-
cal structure dependent parameters and macroscopic observables
but to describe the origin of the wine dependent voltage ampli-
tude and phase differences monitored by the spectrometer shown
in Fig. 2(a).

The  magnetic susceptibility at the low frequencies used in this
study captures the interaction of the applied time dependent mag-
netic field with the nuclear, molecular, and unpaired electron
magnetic moments in wine and since wine is a salt solution the
diffusing charge experiences a Lorentz force. It is the eddy cur-
rents established by the primary solenoid coil and mediated by
the Lorentz force and wine viscosity that likely lead to the effects
reported here. As the Lorentz force dominates the Zeeman inter-
action at these low frequencies, solutions or wines with low mass
highly charged ions will support the formation of larger eddy cur-
rents leading to larger values of �′(ω) and �′′(ω) and ultimately
producing larger measurable signals. The model solution library
shown in Table 1 supports these comments. Here three sepa-
rate solutions of ethyl alcohol, acetic acid, potassium sulfate, and
glycerol in water with concentrations chosen to bracket the appro-
priate concentration in wine were prepared and studied with the
spectrometer shown in Fig. 2. The zero background voltage ampli-
tudes and phases at fifteen frequencies between 2 and 30 MHz
yields (3 samples) × (15 measurements/sample) × (2 amplitude
and phase points/measurement) × (1 library point/amplitude and
phase point) = 90 library data points per solute library. These
90 library data points are subjected to PCA and each of
the raw (15 measurements/sample) × (2 amplitude and phase
points/measurement) = 30 amplitude and phase points/sample
were projected onto the first principal component

−−→
PC 1. The slope

of these PC1 scores as a function of solute concentration yields the
sensitivity estimate shown in the right hand column in Table 1.
The sensitivity ordering in Table 1 as potassium sulfate, acetic acid,
ethyl alcohol, and glycerol is consistent with eddy currents being
the primary contribution to �′(ω) and �′′(ω). Here potassium sul-
fate completely ionizes in water leading to the greatest sensitivity,
acetic acid partially dissociates yielding an intermediate sensitiv-

ity, and the small molecular hydroxide species ethyl alcohol and
glycerol have the lowest sensitivity. The origin of the small sen-
sitivity difference between ethyl alcohol and glycerol could be
due to the higher concentration of the ethyl alcohol solutions in
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omparison to the glycerol solutions, the lower mass of ethyl alco-
ol in comparison to glycerol, or some material properties of the
thyl alcohol and glycerol solutions like the presence of a dynamic
lass transition [37]. It is important to note that other test solutions
ave been studied with this approach that are not reported here. For
xample, the method is not sensitive to sucrose solutions in water
ith concentrations similar to that known for wine. This solution

et in addition to other molecular/water solution sets is consistent
ith the expected frequency dependence of the magnetic suscep-

ibility. The magnetic response of larger molecular compounds like
ugars, flavenoids, and tannins tends to be in the microwave region,
t frequencies two orders of magnitude higher than the 30 MHz
aximum frequency used here. However, because of the difficulty

n coupling microwave magnetic energy into a standard wine bottle
nd the acceptable sensitivity observed at lower frequency, higher
requencies were not explored here.

The sensitivity of this diamagnetic screening approach to
pecific wine solutes at concentrations appropriate for native
ine prompted the application to a rare wine library. Here

ix vintages with two bottles/vintage comprised a 12 sam-
le rare wine library. Again voltage amplitudes and phases for
ach sample were obtained at 15 different frequencies lead-
ng to a (12 samples) × (15 measurements/sample) × (2 amplitude
nd phase points/measurement) × (1 library point/amplitude and
hase point) = 360 amplitude and phase point data set that was
ubjected to PCA. Since more than 97% of the library variance was
ontained in the first two principal components

−−→
PC 1 and

−−→
PC 2, a plot

f the PC1 and PC2 scores for measured data for each of the 12 sam-
les captures more than 97% of the magnetic susceptibility variance

n the measured data and reduces the dataset dimensionality from
60 to 2. The plot shown in Fig. 3 summarizes these PC1, PC2 scores
here the closed and open squares correspond to the 1985 and

he 2002 vintages of Opus One, respectively, the closed and open
ozenges correspond to the 1958 and 1990 vintages of Grand Vin
atour, respectively, and the closed and open triangles correspond
o the 1979 and 1994 vintages of Petrus Pomerol, respectively. With
he exception of the two bottles of the 1985 Petrus Pomerol labeled
s closed squares in Fig. 3, the proximity of the PC1, PC2 scores to
ach other confirms that the contents of identical sealed, labeled
ottles is the same. Addtionally, the separation of the PC1, PC2
cores from each other that suggests that the contents of differently
ealed, labeled bottles are in fact different.

The largest separation between like wines in Fig. 3 corresponds
o the closed squares or the 1985 Petrus Pomerol. This is a real dif-
erence, as re-investigation of a randomly chosen sample from the
are wine library (1990 Latour) on a different day at precisely the
ame temperature yielded a data point lying exactly on top of the
ppropriate data point shown in Fig. 3. The origin of this differ-
nce could be that one of the two 1985 Petrus Pomerol bottles is a
ounterfeit, spoiled, or heat damaged. These observations and pos-
ibilities are consistent with dielectric measurements on the same
wo 1985 Petrus Pomerol bottles reported elsewhere [35]. A similar
arge difference between the two PC1, PC2 scores for these samples

as recognized in that study as well and attributed to one or all of
hese mechanisms. Investigation of a larger representative sample
et for the 1985 Petrus Pomerol, a study extremely limited by rare
ine availability, would provide more insight into which of the two

985 Petrus Pomerol bottles is an outlier. In the absence of planned
uture studies that empirically relate specific wine solutes that
eflect spoilage, improper storage, or other wine related phenom-
na to the statistical parameters measured with this approach, both
he suspect wine bottle and a representative authentic wine bottle

ould have to be violated or opened to determine the reason for the
ifference between the two points shown in Fig. 3. However, if one

s only interested in whether a particular bottle contains the appro-
riate wine, this approach provides a way to compare the bottle
5 (2011) 2437– 2444 2443

to  an accepted collection of authentic wines. It is the similarity
between points on the PC1, PC2 scores plot for suspect and authen-
tic bottles of sealed wine that can be exploited to detect counterfeit
wines without opening the bottle or violating the bottle seal.

6.  Conclusion

A spectrometer capable of monitoring electrical signals that are
proportional to the frequency dependent magnetic susceptibility
of wine in sealed intact bottles was described and used to compare
the same and different wine vintages. The empirical performance of
the instrument on sealed bottles was demonstrated by applying the
method to a model solution set prepared with major wine solutes
at expected wine concentrations. The sensitivity of this approach to
ethyl alcohol and other molecular solutes and salts prompted the
investigation of a rare wine library. It is the combination of a low
frequency magnetic method capable of noninvasively probing wine
in sealed bottles with the machinery of PCA and access to a true
rare wine library where an intimate knowledge of the wine bottle
history is known that not only motivated this study but also con-
tributed to the success of the work. The method has the potential to
identify counterfeit wines as long as measurements on the suspect
bottle are compared to those for known authentic bottles. Thus,
access to a vast rare wine collection with known authentic wines
is required to realize the usefulness of the approach as the method
in its current form, much like any fingerprinting approach, can-
not determine the authenticity of wine without known authentic
standards.

The work presented here is just one application of the overriding
idea that uses PCA to establish empirical relationships between an
abundance of data and a collection of samples. This study used a test
sample set to demonstrate that the method is sensitive to native
solute concentrations in wine. The approach was  then applied to
a small library of rare collectible wine. A future direction involves
investigation of the statistical nature of the PC1, PC2 score cluster-
ing shown in Fig. 3. Here access to many bottles of the same vintage
with known histories will be used to develop confidence limits for
the identification of counterfeit wines; that information is not pos-
sible to determine from the two  data points for each wine shown in
Table 1. A second study addresses other potential problems noticed
in rare collectible wine other than the detection of potential coun-
terfeits. For example, the principal components for the molecular
solutes ethyl alcohol and glycerol can have the opposite sign as the
same principal components for the ionic solutes potassium sulfate
and acetic acid. In addition, it was noticed in a previous dielectric
study [35] that the first principal component values at certain fre-
quencies increase and others decrease as a function of time after a
wine bottle has been opened. These particular frequencies corre-
spond to the maximum variation of the first principal components
appropriate for ethyl alcohol and acetic acid. A similar measure-
ment using the diamagnetic approach presented here is currently
underway. The future of this work is rich with possibilities includ-
ing the study of the empirical effects of wine storage, aging, heat
damage, etc. in collectible rare wine without opening the bottle.
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