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Origin traceability study of raw Pu-erh tea based on multivariate
classification and discrimination method
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ABSTRACT: Objective To explore the validity and feasibility of multivariate classification and discrimination
methods for tracing the origin of Pu’er tea. Methods Based on 60 raw tea samples from 5 production areas in
Yunnan, a multivariate classification method, including principal component analysis, discriminant analysis and
multilayer perceptron analysis, was used to construct a traceability model for the origin of Pu-erh tea using the
content of 5 kinds of organic components and 36 kinds of mineral elements. Results The results showed that a total
of 33 indicators in Pu-erh tea (raw tea) were significantly correlated with their origins. The samples of Pu-erh tea
from different origins differed in terms of principal components, but the accuracy of classification was low. The
discriminant function and group mass center function for the origin traceability of Pu-erh tea were obtained through
discriminant analysis, and the correct traceability rate of this sample was higher than 98%. The method had the
highest classification accuracy through multi-layer perceptron analysis, with 100.0% and 95.5% classification

accuracy for the training and testing sets of raw tea samples, respectively. Conclusion Organic components and
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mineral elements in Pu-erh tea are influenced by environmental factors and form their own fingerprint characteristics

among their respective origins, therefore, the multi-dimensional combination can be used to build a traceability model

for the origin of Pu-erh tea, so as to provide some methodological support for tracing the origin of Pu-erh tea.
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Table 1 Information about the collection sites and
numbers of samples
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Table 2 Organic component content of raw tea from different producing areas (%)

JLE FXE (g e pL e pdlll
KW 27.49+4 .46 22.64+4.14% 27.241.96™ 27.44+3.58" 29.61+4.22" 29.39:+4. 49"
L E 3.91+1.02 4.79+0.23% 4.52+0.69 4.11£0.85%° 3.98+0.914° 2.82+0.77%¢
R 2.25+0.34 2.49+0.13% 2.25+0.234B® 2.20+0.26""° 2.48+0.43% 2.02+0.34%

i B8 = L e 3.68+0.85 3.66+0.345¢° 4.65+0.424 4.22+0.63B 2.86+0.5"° 3.19+0.8°Pb
W HERR 3.01£0.37 3.10+£0.35%® 3.21+0.14" 3.04+0.334® 3.06+0.234% 2.79+0.48"°

{E: J Duncan ¥EiEAT Z T ILEL . A AR RS 55 6 % R0R 4 ) 22 5+

(P<0.05), FH.
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#3 TREFHEFEETESE(mg/ke)
Table 3 Raw tea macro nutrient content of different origins (mg/kg)

JLE - fE [ERSeEL I 78 KL SLalth paill

Ca 3978.09+739.59 4220.84+293.53%  3786.85+228.18""  4233.37+471.92%  3754.46+314.95™ 3806.5+1265.024

K 16977.99+2724.35  19728.09+836.14"*  15442.05+2900.37°  19482.5+£1102.89** 13770.18+1079.29%°  15527.51£915.44%°
Mg 2280.53+307.97  2499.48+105.07°%  2372.01+246.04*%® 2505.56+83.514 2285.92+203.71% 1869.53+188.9%

P 4053.66+533.32 3923.74266.46%  4333.72+423.34"°  4671.43£196.48""  3623.02+248.66™ 3646.21+394.925¢
Na 287.81+23.02 268.41+30.01¢° 295.5+14.02*%®  308.93£18.70"* 274.66+12.295 283.19+10.745¢%
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F4 TRAHEZRNETESE(mg/ke)
Table 4 Raw tea trace element of different origins(mg/kg)

JLE FHME PR A Il v K - paill

Cr 0.67+0.27 1.095+0.114 0.583%0.161% 0.755+0.113% 0.547+0.211¢¢ 0.440+0.171%
Se 0.032+0.018 0.0360.0124* 0.024+0.0154* 0.039+0.0194* 0.023+0.028** 0.032+0.014*
Mo 0.039+0.018 0.04320.009 0.027+0.009"° 0.034+0.0134 0.043+0.032% 0.046+0.016"
Sn 0.152+0.055 0.212+0.047 0.139+0.033%° 0.127+0.015%° 0.148+0.014%° 0.147+0.081%°
Cu 17.847+6.131 23.867+4.056* 10.553+1.984% 13.882+3.302%° 20.529+5.685 20.022+5.169
Fe  365.675+60.586 374.008+36.081%°  340.513+15.4685  432.879+62.86™ 314.08+27.977¢ 338.091+36.56°C*
Ni 1.584+0.427 1.921+0.226 1.267+0.110° 1.664+0.53745¢ 1.764+0.19145 1.340+0.386°°
Si 135.198+21.86 136.808+28.285%  138.224£14.802*  138.677+12.819*  140.972+11.898™ 125.592+30.1314
Zn 42.527+8.637 44.511+11.139%%°  52.595+8.142" 41.283+3.69%° 34.313+1.803 42.63248.3165°
F 69.463+20.736 93.826+22.956" 69.814£6.593% 65.267+10.522%° 68.433+23.789%° 58.900£19.241%°
Ba 13.241+3.799 17.239+1.1874 13.584+2.732/Bb 11.092+2.0245< 10.741+4.819% 14.283+3.665""°
As 0.076+0.047 0.083+0.02B 0.107+0.0724 0.091x0.057B® 0.060+£0.0314P* 0.051x0.021%°
Kr 0.004+0.002 0.006+0.0014 0.004+0.001%° 0.004+0.001%° 0.004+0.001%° 0.001£0.001¢
cd 0.033+0.042 0.026+0.0074 0.021£0.010% 0.026+0.006* 0.029+0.0234* 0.053+0.0774
Al 525.9£132.216  628.773+78.769*"  575.463+132.931°P™® 473.013£77.654™  491.948+106.519"*  510.928+177.752"%°
B 14.836+3.483 17.024+3.203% 13.746+5.348A80 12.747+1.5518¢ 16.311:£2.629"5% 15.181+3.4074B*
Sr 44.968+18.527 65.947+5.100 60.618+17.095*%*  50.999+9.019" 30.397+12.533¢ 27.109+8.83%
Pb 2.822+1.675 0.08120.036 4.065+0.201* 3.678+0.618% 3.870+0.242 2.403+1.749"°

£ 5 FRERAHERH LTRSS E(mg/ke)
Table 5 Raw tea rare earth element of different origins (mg/kg)

JLHE FHLE [EpSeEL I 7 KL SLalth paill
La 0.228+0.181 0.348+0.055% 0.217£0.126*® 0.250+0.0674 0.155£0.135%° 0.183+0.2974°
Ce 0.305+0.174 0.515£0.0934 0.299+0.1725¢ 0.334+0.086"° 0.279+0.1915 0.165+0.138%
Pr 0.040+0.024 0.070£0.010% 0.041£0.024"° 0.045+0.012"° 0.032+0.026% 0.019+0.016
Nd 0.151+0.089 0.262+0.0374 0.154+0.0885° 0.171£0.043"° 0.120£0.0955 0.080:£0.069
Sm 0.031+0.017 0.051£0.0074 0.030+0.017"° 0.032+0.008"° 0.024+0.018"° 0.022+0.018"°
Eu 0.013+0.006 0.021£0.0024 0.012£0.0055" 0.013+0.002"° 0.009+0.0055¢ 0.009:+0.0055¢
Gd 0.055+0.035 0.106£0.016 0.050+0.028"° 0.057+0.013"° 0.038+0.027°° 0.034+0.036"°
Dy 0.031+0.016 0.053£0.009" 0.034+0.017"° 0.032+0.007%® 0.025£0.016% 0.019+0.013%
Ho 0.006+0.003 0.010£0.0024 0.007+0.003"° 0.006+0.001"° 0.005£0.0035 0.003+0.002
Er 0.017+0.009 0.030£0.005 0.019+0.009"° 0.017+0.0035%* 0.014+0.009%* 0.010£0.007
Tm 0.002+0.001 0.005£0.0014 0.003+0.001"° 0.002+0.000"° 0.002+0.0015¢° 0.001£0.001¢
Yb 0.016+0.009 0.031£0.006" 0.018+0.009"° 0.014+0.0035> 0.013£0.009%* 0.009:+0.006
Lu 0.003+0.002 0.005£0.0014 0.003+0.001%° 0.002+0.0005> 0.002:£0.0015 0.002:+0.001
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JCFE 5 26 FIOC R ZH HA IEAHEK R, 5 PbocRHA BF

TRISE, R TR E KRR P Cr JTR S HATR
ZIA A E A E HR R . Se LR A As, Fe Fr7EIE
AAOGE B2 EADS Sn 5 Niy Cu, B AAEIEARDCE B35 EAH
K; Si LR H5 Mg, La fF7EIEMSG, RUITEEH A Kt
FEix 3 ﬁm%%ﬁ,\i‘ﬁm%?mlﬂj’t%hﬁ , wERZER TR
H T ANTR] ™ e ] SR 5 14 2 S S B



298 B il 2 A iR A I A 4 5514 4
cr| 1.00
As| 038" 1.00
Se| 022 027 1.00
Kr| 070" 034" -0.16 1.00
Mo| 0.16 023 021 -0.15 1.00
Cd| 0.10 000 -0.13 ~0.09 0.06 1.00
Sn|0.49” 0.03 -0.13 031" 0.18 0.617" 1.00
Ba| 035" -0.06 -0.09 0.33° 0.00 0.25 043" 1.00
La| 056 029" 0.06 0.43" 0.08 0.73" 0.66" 0.52" 1.00
Ce[0.76" 0.47" 0.14 074" 0.05 023 041" 0.53" 0.78" 1.00
Pr| 078" 043" 0.14 077" 0.00 0.5 037" 0.54" 0.75" 0.98" 1.0
Nd [ 078" 0.43" 015 0.75" 0.0 0.20 040" 0.55 0.79" 0.9 1.00" 1.00
Sm|0.74" 040" 0.12 0.66™ 0.07 0.38" 0.51" 0.61" 0.88" 0.96™ 0.96" 0.98" 1.00
Eu[0.81" 0357 0.13 0.69" 0.05 031° 0.56" 0.68" 0.83" 0.93" 0.94 0.95" 0.96" 1.00
Gd| 080" 037" 0.12 0.68" 0.07 038" 0.59 0.60" 0.87 0.95" 0.94" 0.96™ 0.98" 0.98" 1.00
Dy |0.77%% 0.42" 0.08 0.74" 0.02 025 0.47" 056" 0.80" 0.96" 0.97" 0.98" 0.97" 0.96 0.97" 1.00
Ho| 077" 041" 0.06 0777 0.00 021 0.46™ 055" 0.7 0.95" 0.97" 0.97" 0.95" 0.94 0.95 1.00" 1.00
Er[0.76" 039" 0.07 0.757 0.02 021 048" 0.58" 0.76" 0.95" 0.96 0.96™ 0.95 0.95"0.952"0.99" 1.00" 1.00
Tm|[ 077" 036" 0.06 0.78" 0.01 0.1 0.46™ 0.56 0.69 0.93" 0.95" 0.94" 0.91 0.93" 0.93" 0.98" 0.99" 0.99" 1.00
Yb| 075" 031" 0.07 073" 0.03 0.14 0.48" 0.63" 0.70" 0.92" 0.93" 0.93" 0.91" 0.93" 0.93" 0.97" 0.97" 0.99" 0.99" 1.00
Lu[ 075" 031" 0.06 0.72" 0.04 0.19 0.51" 0.63" 0.73" 0.92 0.93" 0.93" 0.92 0.94” 0.94 0.97" 0.97" 0.98"0.99" 1.00" 1.00
Pb[-041" 0.12 -0.11 -0.12 -0.13 0.04 -0.28"-0.45"-0.12 -0.24-0.27"-0.27' ~0.28*-0.38"-0.37"-0.27"-0.26"-0.30-0.330.39"-0.37" 1.00
Al| 0.19 006 0.13 024 003 003 005 012 023 033035 0.35" 033" 0.27° 035" 0.36" 0.36™ 0.370.38" 0.38" 037" ~0.30°1.00
B| 023 004 001 012 029° 0.12 032° 0.39" 022 031' 0.25 026" 0.29° 0.29° 0.30° 0.27° 0.27° 030 0.31° 0.34™ 0.35" -0.110.02 1.00
Ca| 031" 026" 002 025 011 027 016 0.13 045” 039" 0.38" 0.40" 0.40" 0.40" 0.41" 0.37" 0.35" 033 030" 029" 0.31° -0.100.15 ~0.15 1.00
Cu| 026" -0.03 -0.05 0.01 0.41" 0.27° 0.49” 0.28' 0.26* 026" 0.19 021 0.29° 0.29° 034" 0.28" 0.27° 030" 0.30° 0.35™ 0.36 ~0.33"0.07 0.54 ~0.01 1.00
Fe[0.49" 0.60" 036" 0.32° 0.09 0.10 0.10 -0.01 0.42" 0.44" 0.46™ 0.47" 0.44 0.44" 0.43" 0.41" 0.39" 035" 030" 026" 0.25 0.09 0.01 ~0.020.37" ~0.02 1.0
K| 055" 002 0.9 041" -0.14 -0.11 0.11 016 0.23 034" 0.42" 042" 0.35" 0.45™ 0.41" 0.37" 036" 0.36" 0.37"0.37 035" 0.250.14 ~0.09 0.16 0.01 0.54 1.0
Mg | 0.66" 037" 0.15 0.74" -0.12 -0.13 0.2 0.09 040" 0.63" 0.67" 0.65™ 0.55" 0.59" 0.56 0.62 0.64" 0.62 0.64" 0.58" 0.57" 0.04 ~0.06 0.01 0.28" ~0.09 0.440.41" 1.00
Na| 0.06 034" 0.05 0.12 0.3 -0.06 -0.16 -0.12 0.08 0.08 0.11 0.0 0.07 0.04 -0.01 0.07 0.07 0.04 ~0.01-0.06 -0.07 0.33"-0.13-0.10 0.13 ~0.29" 0.64" 0.14 0.26" 1.00
Ni| 042" -0.07 0.09 031' -0.04 0.13 033" 0.02 0.18 025 022 023 021 025 027° 020 021 021 025 024 026 -0.10-021-0.19 0.05 0.27° 0.06 0.36 0.34"-0.21 1.00
P| 031" 0357 021 030" -023 0.09 001 -027° 0.28° 0.19 024 025 020 021 020 0.19 0.19 0.5 0.12 0.06 0.07 0.284°0.02 -031°0.28'-0.44™ 0.65™0.58" 0.43"0.41" 0.18 1.00
Si| 021 023 -0.06 0.17 -0.07 0.18 024 0.04 026" 023 021 022 022 022 022 023 022 020 020 0.8 0.I8 019 -0.190.11 0.13 0.07 0.3 0.02 032°-0.110.08 0.13 1.00
Sr| 057" 026" 0.16 0.71" -0.19 ~0.17 024 043" 0.39" 0.59" 0.66™ 0.64" 0.56™ 0.66 0.60™ 0.61 0.63™ 0.63" 0.66™ 0.64" 0.62™ ~0.19 031" 0.02 023 -0.18 0.4170.62" 0.60" 0.09 0.11 0.47" 0.12 1.00
Zn| 014 0.12 004 015 -0.04 -0.12 -0.05 0.29° 0.06 0.10 0.17 0.16 0.15 020 0.13 0.17 0.18 0.19 0.19 020 021 -0.16-0.03-0.07-0.05-0.29" ~0.010.06 0.06 0.05 -0.14 0.12 ~0.09 0.25" 1.0
F|047% 0.13 018 046" -0.15 -022 0.03 0.42" 0.14 0.53" 0.53"0.51" 0.43" 0.48" 0.46" 0.51" .51 0.53"0.57"0.58" 0.56" -0.250.28" 0.29" 0.03 029" 0.12 0.30° 0.29° -0.14 0.24 -0.130.09 0.47" 0.01 1.00
Cr As Se Kr Mo Cd Sn Ba La Ce Pr Nd Sm Eu Gd Dy Ho Er Tm Yb Lu Pb Al B Ca Cu Fe K Mg Na Ni P Si Sr Zn F
T *FORARSENE 2 (P<0.05); ** IR ISR 2.2 (P<0.01).
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Fig.1 Heat map of the correlation between 36 kinds of elements in raw Pu-erh tea of different origins
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Fig.3 Load diagram of principal components of raw tea
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Table 6 Centroid function of raw tea groups
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Fig.4 Scatter diagram of raw tea classification
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Table 7 Discriminant analysis tests of raw tea

utUE VR AR Y SN

i
R 7 U it o T il Bt
PHAL AN 10 0 0 0 0 10
Il 76 0 8 0 0 0 8
T K 0 0 16 0 0 16
T IH 0 0 0 10 0 10
g o palll 0 0 0 0 16 16
[ERSeE 100.0 0.0 0.0 0.0 0.0 100.0
I 7 0.0 100.0 0.0 0.0 0.0 100.0
R % PN 0.0 0.0 100.0 0.0 0.0 100.0
e 0.0 0.0 0.0 100.0 0.0 100.0
pail 0.0 0.0 0.0 0.0 100.0 100.0
[ERSe e 10 0 0 10
Il v 0 8 0 8
K K 0 1 15 0 0 16
L 0 0 0 10 0 10
pall 0 0 0 0 16 16
SESLBRIE ™ [LpATE| 100.0 0.0 0.0 0.0 0.0 100.0
I 78 0.0 100.0 0.0 0.0 0.0 100.0
ERI/% K 0.0 6.3 93.8 0.0 0.0 100.0
T 0.0 0.0 0.0 100.0 0.0 100.0
il 0.0 0.0 0.0 0.0 100.0 100.0

TE: * FORIERHXT 100.0% IR E A A RHEAT T 4025 PR AU AT HP AN SR T 3 SCIRIE . 838 LR TIE T, BN i TR o
MAZAS G LS A A SR IRAE B BRI T 70 28 SRR IER A 98.3% MHEAT 1 A2 )RR T 2 4N JRUEAT T 7026
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Table 8 Classification accuracy of raw tea under multi-layer perceptron

Sy 2R
FEA S — - IERIE 5 H /%
(R Il v et ELIEN Xl
g 6 0 0 0 0 100.0
Il v 0 6 0 0 0 100.0
K 0 0 8 0 0 100.0
e i
- 0 0 0 6 0 100.0
Xl 0 0 0 0 12 100.0
BARE S % 15.8 15.8 21.1 15.8 31.6 100.0
s 4 0 0 0 0 100.0
I 0 2 0 0 0 100.0
K 0 0 8 0 0 100.0
NS VA .
- 0 0 0 3 1 75.0
Xl 0 0 0 0 4 100.0
BARE % 18.2 9.1 36.4 13.6 22.7 95.5
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