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ABSTRACT

So far, the violins made by Antonio Stradivari and Giuseppe Guarneri were
generally considered as having extraordinary quality over three centuries. Therefore, lots
of scholars and luthiers invested their lives to figure out the secrets in Cremonese violins,
and one of the hypotheses is that the wood properties used by Cremonese luthiers are
different from modern tonewood. Analyses of maple and spruce samples removed from
modern tonewood, old buildings and Cremonese instruments were implemented, and the
unique characteristics in Cremonese instruments were revealed. By attenuated total
reflection-Fourier-transform infrared (ATR-FTIR), we observed the deacetylation in
hemicellulose and unusual oxidation in lignin which increased carbonyl in Cremonese
samples. The similar result was also observed by **C multiple cross-polarization nuclear
magnetic resonance (multiCP NMR) spectroscopy. By inductively coupled plasma-mass
spectrometry (ICP-MS), we observed unusual elemental profiles in Stradivari and
Guarneri violins, especially the increases of Na, Cl, K, Ca and Al, which cannot be
explained by natural variations or human contamination, and may have come from the
chemical recipe for wood treatment. To find out the function of Al inside the Cremonese

instruments, 2’ Al magic angle spinning (MAS) NMR spectra were measured, and six- and

doi:10.6342/NTU201904282



four-coordinate Al were confirmed, while only six-coordinate Al was observed in modern

tonewood. The crystallinity of cellulose remains intact and without obvious alteration in

the domain sizes measured by synchrotron X-ray diffraction (XRD). From the combined

results of these analytical methods, the Cremonese luthiers were likely to have soaked the

wood into the mineral solution to make the wood absorb the minerals, thereby changing

the properties of wood. It seemed that the combination of chemical treatments, natural

aging, and long-tern vibration could be the key to reproduce the extraordinary sound of

the Cremonese violins.

KEYWORDS: Cremonese violins, spruce, maple, ATR-FTIR, solid state NMR, ICP-MS,

XRD
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v [17,18]c B kL b %k F A G 3 ¢ &k (colorvarnish)fr& ¢ &% (ground )
BB RIRE G BT A ol (waxes) > 39 T A (resing) ¥ o
@ {0 Sacconi - K R AT EA K EPenH > B RRIES SR &
FRAK AT TR G AR RAEE A RETER AY S B B
NEE AR 73 AEAPCLES TRATELES R mﬁ%#’?“”?%
BEAMLRARE DT[] EF AT REDEH 0 R RFK Y SRS
L PR AR hf VP 2 4iehg Y4 % 41098 £ - Barlow BB
TEd KFE T NFET AT G 30um &2 Sacconi & & F Reni & - Kk[20] - 2R
Ao GE A RIEE G R AR SR R AR e el 2 AR G AT R
i O FIPEERBFPRILEFO G HFEEL s s TR (- Heh

BB AR RS BB
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225 it e

#2006 & - Joseph Nagyvary #% 17 — B 2 3renBEX > T 5 7 A E P iFFm

RS
=
e
A
9
%
NS
¢
s
Rt
’F_‘L
i
e
he!

dor AP g B (minerals) ¥ it z\fu 5.2 5
AT > RRER A UFRA LGN L FRUFF LT AW RT
AR F I &R R AP RE S L ERPEF TR R
THHLFRLAILANZ L LFDAHidese KiE- WP mie R £ 5 7
#F 40 EHeniv B o Nagyvary @ * 7 B fie s R k3% (solid-state nuclear
magnetic resonance > SSNMR ) fo jit 2 F &4-1% 2 F ik o b3 R pld F KX
TARAZEISERHEZIORAUTAHY R AT T RO SEAL PR R
% > Nagyvary @23 £ & 2% (hemicellulose) =4 & % (lignin) 7 %%i""?* g ¥
PRAIZIAR LA EIFY JRE AT R 2 F -0 L etk
FRFPLAT LN 2 2 o] FFI A 1730 om™ ek csh & G 4TS5 o
H% F g >t o fpsk (acetylgroup) ¢ 2 2 (carboxylgroup) [21]; @ # 1650 cm™ &9
PHERRRE 27 Rp3ATEE LA R (quinone) (hz £ 3 4v o b ok
OO F R RFOF R Nagyvary #-I S B/ A EAK ~ BRT
BB kF e R E P e & FAp ik g % o W SRanig R LR R
Bomeng (Vo KRRV a0 R P AL L F A AT A M B EF O F T o Tl
THFN)RFAFLE B AT RN R R R AP R EEL RV
e 2R RO ET 2 b E[l] -
TaE- HATT L F B AJT i foiEie T > Nagyvary i i fie # ok

Wi

£ ¢ e X &AL ik (wavelength dispersive X-ray spectrometers ) feic £ ¢ 47 X b
4k 3 % (energy dispersive X-ray spectrometer ) =3 & 45 4+ 4 47 & (electron

microprobeanalysis) » &% k f ¢ HFE R Lo 2 LR B Ak & ¥ b F o

10
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T RIFREENT oL REF LG Bt %o 4oz 3 BaSO4-borate

CaF24r ZrSiOs» Gl 2 A ¥ 3 5 A 2 AAHY » F o AEampRF? 4 2

PRI B AR ZETR T RS T EL FE AL AR AT AR B
RLLARFEARTS 7 [ d it P Hse S L L Fp AT

Fop AR F aJadp bl fe > o Nagyvary daipl- B & enfRff v g L § gl
7 A AHEHT A AT [22]0 F - S B o MRS T AREY
FPARLLfAZ22F L Bt Ei AAge A0 G fIE D g > # P
T G R hESREFGE PR RS A p e BRFR oA AL A[2] o
BEIR A Y P e Mk R H PR oty e AR & B
#H ¥ s o Nagyvary R E Gy 5> #Fu Ay > PR a kPR30 7 F2

MER ot 5L PE v 0T 5 R B5EH (cross-linking agent ) » fa3F fmre B9 R

EF kR BT REP O G ERT PEAREfE - X FEARLI LAY
EET L OAGRBEARA DY S > R LR ERE R SRR RET -

226 3 FkT

L F AR I L Swcs > Schwarze (2008) B 4 7 — fBATAT chok e 2
RN HIRRL T AR AP BF L o Schwarze 45 4 g AW F R
fe L EARY T OUH G A H e 2 Bkt R e Y G B TR IR A @
ERESD Bl AR T # 1% S FAE F o ~ % 5 Physisporinus vitreus {-
Xylarialongipes> & p * »* g2 #% = 2 45 ( Norway spruce ){ 44 4 ( sycamore maple )
BEL FACLET N A Bk A R R A R FIT L R
RER LRk o LR L AT EREEL S KPP g (F FE S middle

lamellae ) #1 5 @ % & ¢ 3 5 < £ 4 £] » & & 7 % (guaiacyl lignin )[23] > Schwarze

11
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iR BT 20 DT FIRAET TE N AM R A 0@ 2 R R s P g
iR ApHRCl > B ORI RIAHFEAL L 25 (F12-3) [3]° &a o
TS A M A TR A NWUFD G AG LFRE 0 Flsd BRI

N BT oE KL R PR T A2:E 100 & o
#Density ®Emodulus 4 Sound velocity ® Radiation ratic  ® Damping factor
40 — - T 400
a5 Axial direction a50
30 —+ 300
25 250 __
20 * 200 &
15 150 £
* ]
g 10 i 100 £
2 5 s = 50 5
gj > I - & I E
5 0te * T 0
5 I - s
o -5 * L - =]
-10 & e &
i} 1 1 g
15 O 1 S
—20 +
-25 -
-30
-35
Control 6 wk 12 wk 20 wk
n=10 n=10 n=10
(a) ( ) o ( ) ( )
Incubation time
# Density M Emodulus A Sound velocity ® Radiation ratio ® Damping factor
40 - 1 400
Radial directi
a5 adial direction 350
30 300
25 250 _
00 200 £
=]
15 - 150 2
= 10 T T 100 4,
3 5 $ ¢ L 50 §
& T I [] =3
g v — 0 ; L o §
b ] 3 ' . E
(&} " T + L3 ]
_ : ¢ T » 1 A o
10 I ry I =
—15 ‘S"
-20 - :
=25 - +
=30 }
=45 4
Control 6 wk 12 wk 20 wk
(b) (n=10) (n=10) (n=10)

Incubation time

W23 2P00 FASLEMRR R B FPREL

L

251 p Schwarze, FW., Spycher, M., & Fink, S.J.N.P. (2008). Superior wood for

violins—wood decay fungi as a substitute for cold climate. New Phytol, 179, 1095-1104.

[3] -

12
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23 AH B

RTINS A A = (F2:4) [24] -

Tree Transverse Section Growth Ring Cellular Structure
m f|||'l
 npe
[}
mm
Cellulose Fibril Structure Fibril-Matrix
rd

Microfibril Structure

Bl 2-4 A & =5 47 L

7= - 3l p Postek, M.T., Vladar, A., Dagata, J., Farkas, N., Ming, B., Wagner, R., Raman,
A., Moon, R.J., Sabo, R., Wegner, T.H., et al. (2010). Development of the metrology and

imaging of cellulose nanocrystals. Meas Sci. Technol., 22, 024005. [24] -

ik (cellulose) # 44 imee BEchi & 42 - » HEd - (1-4) e
@ D-§ 54 (D-glucose) #THE=eh+ &3 SPFe = - FSRAERE G- 427
= 42 g e (cellulose microfibrils) » 2 ¢ & 7 & &)k (crystalline) fe2t8

(amorphous ) = &% 4 » R o et e - e K= - A F g4 (fibril-matrix

13
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structure ) » 5 B $+3 chim e fe A e sk (tissue) o A5 K (cambium) 7 i iE
THEARFEER TS S E BREEFM A2 L o e A58 3
prap £

B R 2 T A A S BEIA (B 2-5) [25] 0 Fend BPIRAfLE ARE
(pith) ; s B3t A FIRenp ] > d 5=~ @ Epenimre A @ AFINAfl o f
Tk s G G s e 2 B g Ap iR d AR - oA (bark)
A chdo b A o 8 k=B H ol 2 F o f FAhS 2 2K
(secondary growth ) » 2 = g ek~ ¢k IRA T A W T R A FIrir £ 30 o A E
e F] R d A B F T AN AEE G g TR ERT R
AFIMEF AR GAE 2GFE i e 4 R RRE FL ARk A D
e H e B Y 2 e (celllumina) ot > 2 AR S H > v AR EF
kAR B2 EFERERL wed B R RN A e L f R e

BEVLA O] % R B AL 0 Y O HR B i 5 R [25-27] -

14
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wOoOoD
RAYS

CAMBIUM

BARK

~
ANNUAL RINGS

B 2-5 HHEEH 7 5
7= 251 p Nilsson, T., & Rowell, R. (2012). Historical wood-structure and properties.

J.Cult. Herit., 13, S5-S9. [25] -

15
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24 AHehiv B
ARl Rd CEREFES AN REF TR EF AT R i

2. %h s e BER 7 5 - B X B4 (extractives)e - a0 B E AR A sz

3

o R B AN XA I 2 EF RS TR LS (H2-6) [28]¢

Plant biomass

Low-molecular- Macromolecular
weight substances substances
Organic matter Inorganic matter PoI(yggE:%é}: ')d e (llé'_gSrg&) )
Extractives L cellulose hemicellulose
(4-10% ) Ash (<1%) (40-50% ) (25-35% )

B 2-6 {840 ¥ - XA EAH
7= 251 p Mohan, D., Pittman Jr, C.U., & Steele, P.H., (2006). Pyrolysis of wood/biomass

P

for bio-oil: a critical review. Energy Fuels, 20, 848-889. [28, 29] -

£ 4 & (plant biomass) © &% 5 o 4 F 5 a2 > 2§ §7& 9940-50 wt
%> it Ed D-FEMrEXNImo A F A AY hBEG B A L
P AS@monXRazEd FREGANEREREN S BE LA AY 5 3wt
% @ RdcA® 95 28wWt% ; Bt ehB 4~ F (macromolecular) E_A & o A A
e A ¢ o w] ik 16-25wt % fr 23-33wt % - “,ﬁ% T ks AR B
AT RS > TS AAHYY b7 410 %icE > BT AL G B
B OBIRA o F IS L FE F BP0 ¢ FEpeag i &4 (phenolic compounds) - ITa
(terpenes)~ #: ~ PEAFfrs ¥ > 8 ¢ 5510 &4 g £ 5 % 4 & Bt T

16
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BEARE B AP Rl P RehirE o e AP AR ~ Frrfo@ A R 2 5
FERFSDEF T - 26 0 g0 o 4 fLG A4 (ash) o P E < < PSR
A A EEAR BIBOA T EEL 0501 0 B Ry et 2R L B
At BT B IER > A H EAd Bond o4 4 s o gEd ? F R

£ th= % [28, 30, 31] -

2.5 fih v R

REA e BET A G2 K o AN RIR AW E P R 40 4 ere BE (primary cell
wall )11 2 = 24 nz iE(secondary cellwall )» =t 4 ‘fm¥e k&7 11 L i — % A % p (S1)~
# (S2) fret (S3 - tertiarycellwall) = & - % 3 imie BG4 ahd 78 5 50 8% ok
Ao XgaE oA AR A2 FHF (encrusting matrix ) 6075 3% A Fg ik w2 /F

Y O(R 2-7) [32] L REFFDIF LG LI R E LR AP R
WRArA e Y AT R L LR AL ies Bl R A A HEPET
TR RS e BE S e BEY BB P k> A B S ipa e
PR AL AP R E R AR LR ONA R A Y BE e s B
Exgad kY TRk S8k A ATEPRRI2F 5 [25-27] -

At e RS R R~ BB REA R ani 4 X mie dh B R A ki a2
Fend Bend B 2B & B T & 5 s 3 & (microfibrilangle » MFA ) » B 51a 3 »
g a‘.s’g}%é—ﬁmﬁ? FEA%*E_ > MFA ¢ 4%/] » @T_'gﬁtgé« Bh A e R - K «"grs
FR e N e 4 e BEZ K 2 B OMPA § ¥ AR E chEEEe B & Y
%‘«&%Aﬂfz‘f‘«&fr?’? zZ Fend BRI LD > FPt L5 4% e MFA S 2309 R b

MFA R4 % -] » 5 &7 &7 MFA 4 10-30 & 5 & ¢ ch MFA 254 2 2R ®

17
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mEZRETE RO ER > BT BTy Ao kP g e d i el e

i T ek ) > vk fx e MFA[26, 27, 33] ¢

Hemicellulose

Cellulose
Bl2-7 $8% ~ XHAF o T F e 27 g BFRE7|
7= -3l p Brandt, A., Grasvik, J., Hallett, J.P., & Welton, T. (2013). Deconstruction of

lignocellulosic biomass with ionic liquids. Green Chem, 15, 550-583. [32] -

18
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2.6 At¢ R & F

26.1 442

A48 - 3 F (heterogeneous) * % = £ |+ (anisotropic) et » B 4 &

ARG RAFAPRR FEEE PR AT 0 A Ka- B

(cellobiose ) v'ﬁﬁsh FRMRES R BES B D-F F 4B (1o4) fapt
i eans + (B 2-8) a4 e + o (intramolecular )( 03-H—05 4+ O6—H-02)

2

R R &

% 4a R (interstrand) (O6-H—03) g 427 #-7 F if sk % sh e &
&% % & & (degree of polymerization » DP) i@ % % 5000 ¥] 10000 B 5 % 4% > &

FOE RALE 2000 p7 > ShCaR Frd 4P~ AR & iR VIR 4 S

i

£y

i

A B (crystalline domains) @ % 3 3t-k[28,34] - -

>
S
>
=
N
X
o

mmny—

IIIIIIIIIIO|—
H H

&
-
B
)
-
N
~

Bl 2-8 Sad k& B

=

51 p Mohan, D., Pittman Jr, C.U., & Steele, P.H., (2006). Pyrolysis of wood/biomass

for bio-oil: a critical review. Energy Fuels, 20, 848-889. [28] -

G d ez k2P o terminal enzyme complexes (TCs) 7 & & » 4 =48
TRt FEATCs kA A fRenf

o K B 2R 0

228 R A AR A

TCs d = B4p e =t & H = (subunits) #ti = » ¥ 353 - B rosette » & =t & H
19
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=8 iEk aF 4a f L minisheet( B 2-9a); 448 + > TCs A2 # = & minisheets>
A-H e s 3-5 nm e s R e (elementary fibril ) (B 2-9b) 0 ¥ ¢F 5 A BT
TP HP A PSR Y A aRRET T 24 iFa 2 36 s
%44[35] > A > pH U HHEY R ek salkE v FET S BA xR R
Wiwdp s e ka8 K 10-25nm B S ek e B P e qE Rk o2t B 0w i (R

2-9¢~d) [26,34] -

Microfibril

7 4
% 9555% ==
@ LOL8EL ==
XA = =
S 555597 -

b) c) d)
B 2-9 M (a3 I K e 1T T BI[34]

o

(a) *BAdfzdsd TCs =t aH =914 4 gk 2 4a > vk (pyranoses) 2
P wmi@ g 4 R i R h— 42252 minisheet; (b) = B minisheets i&- #
EEL Y 35MM R EE LR Y TR ARRAR ) ARTSET Y 0 AR
A g i e % minisheets ;s (¢) (d) 2 BA X Rsaas®%E (clusters)
AR B g f ket Fehw B o 22 051 A Moon, R.J., Martini, A., Nairn,

J., Simonsen, J., & Youngblood, J. (2011). Cellulose nanomaterials review: structure,

properties and nanocomposites. Chem Soc Rev, 40, 3941-3994. [34] -

20
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FhADRBENAF AL ERSHEAAT LR 0 XRD A A H RS REE R

# gk sest (diffraction) =07 5 & 5 % 221 2= (Bragg’slaw) - nk =2dsing -
e n i -0 F-AI & XERE (nm)~d A H o A e (nm) @ 6 5
Febt & (°odegree) e AP > X FHERPRpREEZ > LR E AT R
Pl 5 258 B 0 4945 5 fEA e XRD #cdg[36] > A e uypnlgad B E AR
(monoclinicunitcell) (B 2-10) > # ¥ =& & a 2 0.778nm~b % 0.820nm -~ c %
1.038nm > #H ¥ & (interaxialangles) a~B % 90 & >y 5 965 & > ¥ § = B H T
 (110)~(110)~(200) 4= (004 )  # & % & (d-spacing) 4 %] % % 0.612nm ~

0.536 nm ~ 0.396 nm 4= 0.259 nm [34, 37] -

Chain direction

c ! u { ¥
b . P o
ay @ xx | ni=2d-sind i

. 8- &

(110) (110) (200) (004)
0.612nm 0.536nm 0.396nm 0.259nm

, _.%: %l .:1 ‘.}'i R .'Il"nT |
b 2% et
X ' k ! &
‘_ - B b &l \. < o
" » w3
@ « .

B 2-10 a2 & 257 & B
7= 251 p Kim, S.H., Lee, C.M., & Kafle, K. (2013). Characterization of crystalline
cellulose in biomass: Basic principles, applications, and limitations of XRD, NMR, IR,

Raman, and SFG. Korean J Chem Eng, 30, 2127-2141. [37] -
FERE S B R S ¥ (Bl 2-11a); Ap A7 - REFREZ

% 3 & 48 (tunicate cellulose nanocrystal » t-CNC) & &« s 'a% S48 > 2 5% 20

21
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nm~ & 0.1-4um ~ 5§ 12 85-100 % [34, 38] > e @t fan 5 5 - dg e
(orientation) £ #8 T (7 St sk e A 48 (M1 2-11 b) 5 = t-CNC % F eh 2> d
WAHR RS AW H R 5 A8 (polymorphism) o 3% 18
vl Ao BRI S - ks eiEin s AT g ¢ RIE hh B RN iE A A e

Faz > 2 XRD Bl#4r (B 2-11c) “77 » 2R ANFEELSB A > B2 L8122

B gk R S e (B 2-11d) #557 [37, 39] -

Bl 2-11 7 F e (crystallite) 2 H ¥R en- B S5 B33
7= 2 31 p Chandrasekaran, R. (1997). Molecular architecture of polysaccharide helices

==

in oriented fibers. Adv Carbohydr Chem Biochem, 52, 311-439. [39] -

XRD ##3 + %ﬁ“r} P4 > 47.5% (Scherrer equation) %33 gk & e 0 o
H= 20 2 'D=KA/FWHMcos@ » 2 ¢ DEF A ELH BB HTHL 4 (nm) ~
K St o FHoonsh a2 s ¥ 859 5 094 L8 8 X 5422 (nm) # £ >
FWHM ( full-width-at-half-maximum ) g_d1 3L & 2 0 ¥e842% e 3 (3% & ) (200)
e (004) & tad “TA 4 bt BeE v A u ¥ NP E R et AMOTARE £ AR o
WEE S fRNER ARG L P AR R R S s nd H B REE o

Fh k- fd (grains)  EHFEF LA AT R LM g

l\“‘

)
F

#4[35,37,40] -

22
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HAEPEEIRL T - B oA et il @ 20 e - 55
e SSNMR @ £ 5 fdd ef2 s & > & P2 & £plenit g 5 BCo A o d 2 BC
* R GIEEG 11% 0 & 7 PCsSNMR £z 355 & 22 33 0 4 0 RIS B A AL
et B -m 2 fgit (proton-carbon cross polarization » CP) et jissén 5 2 5
i CH) #4354 3 £ arpr (BC) o jih Hs C G » R PERE R &
*egt (magic angle spinning » MAS) = 2 » p pojimid % * ¥ ) ' i 1248 & (dipolar
coupling) v & = B okl » & k3 B F @ B 4o f247 & > CP 4r MAS ehie &
-5 CP-MAS > 5 2 4] ssSNMR £ ip|# & * st [30, 37, 41]

i PC CP-MAS NMR » 34 i ¥ r1f7 3 % jhh e g ~ Lhag ok
FRt R R AT FL B aip i FIL PR R ERTEEA RS
AR BT LR AR T L D e R - A NMR 3§
A hz R E G R AR (F12-12 2 2-1) @ Fgag i Ao
N B s~ [ A4 B 2-12 k¢ e it 1 % 4k 105 ppm s
Fog e % p 2t C-1 A% ~ 81-93 ppm % sk f C-4 g ~ 70-81 ppm ¢hiz 5L R
2§ C-2~C-3r C-5pt % > ¥ ¢ 60 3| 70 ppm 2 fF ch s £k p g 5% h C-
67 [42] - H ¢ C-4 (81-93ppm) fr C-6 (60-70ppm) 25 = i picis $ A 4 8 %) %
Gt e 53 A (ordered) o A& (disordered) # 7|k 2% » B 3% (up-field)

(81-86ppm) st Bk p *e 2 i FaH A C4 2 it LA G L RE AR
gk E4d % (downfield) (86-91ppm) # %4 Rlesu 3Lk i >t 5 A
2% e C-4 B3 I fk# > 60-64ppm fe 65-70ppm A B k f ¥ & A fed A G E
FC-6a AR THRAFOC-LAAR A XY T2 P& - 305 FL C

1 & %>z (anomericcarbon) @ # & C-4 BWF RS # Bk ia% C-4 (81-

23
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86ppm) fri A gk aE C-4 (86-91ppm) #ic's hip ¥ o ff v- b ¥ * AT p| 2 g

% e f R [30, 37, 42-44] -
C2,C3,C5

C1

220 200 130 160 140 120 100 80 60 40 20 0 ppm

B] 2-12 5 13C CPMAS NMR sk 3%

51 o Wikberg, H. (2005). Advanced solid state NMR spectroscopic techniques in the

=

j==

study of thermally modified wood. (Doctoral dissertation, University of Helsinki, 2005).

E-thesis / Helsingin yliopisto. [43] -

24
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3 2-1 A4 3C CPMAS NMR s 3 s i — T7[30, 43]

Assignments

Chemical shift

Functional group Component
(ppm)
22 CH3-COO- Hemicellulose
56 Ar-OCHs, -OCHs Lignin
60 -C,-OH Lignin
62 -CH20OH- C6 of amorphous carbohydrate
65 -CH20H- C6 of crystalline carbohydrate
72 -CHOH- C2,3,5 of carbohydrate
74 -C.-OR Lignin
75 -CHOH- C2,3,5 of carbohydrate
84 -Cs-OR Lignin
84 -CHOH- C4 of amorphous carbohydrate
89 -CHOH- C4 of crystalline carbohydrate
102 -CH- C1 of hemicellulose
105 -CH- C1 of cellulose
106 -CH- S2, S6 of lignin
112 -CH G2 of lignin
115 -CH G5 of lignin
120 -CH G6 of lignin
S1 (f),S4 (f),Gl (f)

134 Quaternary C

of lignin

25
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S1 (e),S4 (e),Gl (e)

137 Quaternary C
of lignin
S3 (f),S5 (f),G3,G4
148 Quaternary C
(f) oflignin
S3 (e),S5 (e),G4 (e)
153 Quaternary C
of lignin
173 -COO-R, CH3-COO- Hemicellulose

kY G AT S (KT AR AT R C(GAARATE) A K
W e )= A F & chw BRg (precursors) ~ e i & cop it ¢ C4 (etherified inC4 )~ f &
# A A, = gt enps £ C4 (free phenolic C4) - 7= 31 p Gil, A., & Neto, C.P. (1999).
Solid-state NMR studies of wood and other lignocellulosic materials. Annu rep NMR

spectrosc, 37, 75-117. [30, 43] -

& 8B “CCPMASNMR kP> 4 @ B HBA-27 7 b R &M CP 5k
Ao B3N iaeeT D1 (t) =A[l-exp (t/Tch) Jexp (-t/Tipn) » # 7 1 (t)
F 7 PR t(contacttime) T gk 2 L5 B 0 A £_3 & 5 (intensity factor)
Ten AF + fopk 2 B 4& i # 45 (polarization transfer) «ps & ¥ #ic > Tipn A_F + <
rotating-frame relaxation process p& [ o & @& ff pF R > CP 3 5L § 5L % PF 7 e 4o
SAp £ e o F PR & 0 d 3 b rotating-frame relaxation process
CPRelsh R §EFPIaniise Tdglic™ "% > 21 Bmy @Ik p 7 kA dptin
AEEE O TEFTT - AFRERAFT O HREF R ORAPFF e ¥

W Tenf @ B Tipn W RBRF e AT 28 5 08 DR BRPPFR LT ko

26
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et FEY Ams it 3 RRIAH NMR X3 a1 p o B 28 1ms ehfifll s 7
&

S
R

@ % A F 10 %:sg & 354 [45-48] -
182 el sSNMR Aiffet#l 2 = 5% 4 2 £ %% » Johnson 4
Schmidt-Rohr #2014 & % % 7 — i #37ep] £ 3 2 > 2 5 multiCP » g+ H g
T2 BBt 1% 058 TR MRS BEAF CP RHITER 0 A B IR B 47
* 900 % - 1H fo BC e b 35 B ¥ Bo2 v it i: 0 IR Y 2 IH&
fLsg B d Tuw relaxation w 3] 7 B # T HrE > @ 340 S 304 A CP #p FF 40 4=
dhpi it B AT - CPEHRT @3 B2 { gehsigent o ¢ { £ &h
24 B 2-130 30 % isadic s Ton s Tipn~ 2 Tic e BC i 2 & v #F 0 o id
% CP "% f=p 7| (B 2-13 (a) ) 49+ multiCP (8 2-13 (b) ) é#=usiss A { 4 -

3

Ko FET T HN A R B REOPC A 2 0 L mUItiCP R Rl e & bR

|l

B o gt B AT P A B MUItCP 2 B s e S R A AL
z BC kv (enrich) 18 ehirdc 8 (switchgrass) & & 7 #h B RIPF 2 L3

SR E G R eh % [49] -

27
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(b) 90°x y 90°-x 90°x  90°-x 90°x , 90°-x 90°x

y
mzraq Z raﬂ

B 2-13 multiCP =% fr 5 7]

& (a) @R CP %2 (b) multiCP et = @ 7| 52 & p W% 5 7] » T 3 & 71| 5 4%
PR ERERESBC B BENREE A FRENARERAYL 1 Ten=02
ms> TipH=12ms > Tic=10s (¢ m4); Tch=02ms > TypH=5ms > Tic =35
(Fdmsm); 12w Tch=1ms> TipH=5ms > Tic=10s (FF F 1) d B
Pl w3 I mMUltiCP #1732 i 2 e BCgisg B { 5 - 3% o 22 731 g Johnson,
R.L., & Schmidt-Rohr, K. (2014). Quantitative solid-state 13C NMR with signal

enhancement by multiple cross polarization. J. Magn. Reson., 239, 44-49. [49] -
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R I S f%ﬁ‘« Gl AN 1) 3 SR e o - A S it g
TRag L LA R TR A S B 7 F fErdva ok (furanoses ) fev ra i o
¥ A gaE 1 & A 7 PRk (arabinose )~ & 5t 4% (galactose )~ § 4%

# & pEpepsc (glucuronicacid )~ 4 & # (mannose ) f= 4 #% (xylose ) ( B 2-14) [28] -

OH
CHOH § CH20H CH,OH o
HO H O
OH OH OH
HO e} HO ©) HO
Glucose Galactose Mannose

@7 AN\

CH,OH OH

Xylose Arabinose Glucuronic acid

B 2-14 Lg% i & 4 4
z= .31 p Mohan, D., Pittman Jr, C.U., & Steele, P.H., (2006). Pyrolysis of wood/biomass

==

for bio-oil: a critical review. Energy Fuels, 20, 848-889. [28] -

TRt A R B # G 5w R B (integrity ) fosc R4
(hygroscopicity ) » £ gk @& foA FT 4 & R & & F ek § 424 0 e R
REMIEAEL S T AR amE ,%”ggl TR e oA TR A -
A2[27] 3 BRI € BB A M e BEen T ek A 7 £ (equilibrium moisture content
EMC) > @ %] 5 -k A 5 £ e (b -3 3R ROk 2 a4 45> v EMC g ¢ TR e
Rechde A ER R o mie BEY A 5 BoR At X g e A ok b B ok g o

2

GEWAREEFRY R RRPREE O 2 S HOBARER ] Rk

l“‘\ﬂ
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TRk A b PR F MR A L BN LR F oA TR S R R
Bk KRR s 526, 50] -

Lgmt R R 95 5001 3000 BE A A Afrdikl B Lgka
BHRfres3 Fg AR oA AT BB FOE A A BRI oA
L g Z = & ek $84 > glucuronoxylan f- galactoglucomannan 4 %] 5 # & (&) 2-
15)fedic A (B 2-16)° 3 B 5 r B L Pl giad 41‘# 1 ¥ Glucuronoxylan
i &d B-D-A4E -~ oa-D-F BRI a-D-FROBEEP (1-4) a (152) fra
(1-3) &4+ ; @ Galactoglucomannan R|d B-D-# § # ~ B-D-4 @& #5{- p-D-%

F#EER (1-4) fra (156) ﬁzéf?z‘»‘ [26, 28, 30, 31, 50-53] -

Glucoronoxylan
4-0-methyl-a-D-glucopy yl acid group or a-D-glucopyranosyluronic acid attached at position 2.
R=H, CH,
HOOC ° 5 HOOC o
RO RO i
HO \/\ HO\/\OM

OH

OH OH
A 2 A0 ¥ o g
Ono\/\. oO/Y uno\/\ Do/-"\/ S \/wo\
~ N b 0 ~ o L ~0 HO. - Qe

0 o

"o/v- o \-,,‘0\ no/v °\‘/l HO- /

w0 L~  HO- N 0-L—~4 HO- 0. L.
o OH ¢ o

B 2-15 71 & @ % & fend g ik
7= -3l p Zhou, X., Li, W., Mabon, R., & Broadbelt, L.J. (2017). A critical review on

hemicellulose pyrolysis. Energy Technol (Weinh), 5, 52-79. [53] -

Galactoglucomannan

N o-1-6-linked galactose

I~ o g 0 R ey P 0

fi-1,4-linked mannose and

Bl 2-16 e~ @ AT R E B
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7= -3l p Zhou, X., Li, W., Mabon, R., & Broadbelt, L.J. (2017). A critical review on

hemicellulose pyrolysis. Energy Technol (Weinh), 5, 52-79. [53] -

AP gt BV u;ﬁd Rk Mok o o £ 2§ NMR 4e ATR-
FTIR (®] 2-17 ~ % 2-2) %3] » ¢ ‘=& (mid-infrared ) ¢ 5 & A 7R € X
Tl &~ r A2 AR RAEABT 27 g MR R RO RT TR OFER
% 013-215um[54] - G F d R A F e L R F HE A MABK L o A g
St rRadoiaRaiy orE o e gad P JRhp e (acylgroups)
AR T UL E R E B TR 8 o & C CPMAS NMR k@ o d 3
TRate P AEM ERAB GGV RAF DR T ] 110 ppm
BEATfrRAE NG T pE Ao “éf Tt 102 ppm Fo- R 33 A
(shoulder) - # k g+ L2 o C-lp - LR AZ ez E7 UEd BRI Bt
PR BB - RPN ansg B kA b o d o ARk (acetyl groups) 25 s
(30 21 v 173 ppm e ek s B 0 T R il A Y LR E g £ [30, 55,
56] - 2 ** ATR-FTIR> J e B a2 i » 2R F N LT fpiR o> e d 2
<z 2L (unconjugated carbonyl) #7& 4 3% 1733cm™ # 1T e fic 55 B ¥ 04 A

Lrgad s B kg2, 57-60] -
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18

17

w

Absorbance

N

-0.09 , i i i , i i i . ~ ,
1800 1600 1400 1200 1000 800 600
Wavenumber (cm-1)

B 2-17 2 420 ATR-FTIR 3k 3

7z 751 p Ganne-Chédeville, C., Jaaskeldinen, A.-S., Froidevaux, J., Hughes, M., & Navi,
P. (2012). Natural and artificial ageing of spruce wood as observed by FTIR-ATR and

UVRR spectroscopy. Holzforschung, 66, 163-170. [60] -

# 2-2 ~ 1+ ATR-FTIR s 3 chgr s - fp[21, 59-64]

Observed bands Other literature

Polymer or chemical group
[60] (cm™) [62-64](cm™)

C=0 stretching in xylan, carboxylic acid in
1735 1732

hemicelluloses, unconjugated carbonyl
1641 1649 Absorbed O-H and conjugated C-O

32
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Aromatic skeletal vibration in lignin plus

1617 1593
C=0 stretching

1508 1505 Aromatic skeletal vibration in lignin
1463 1460 C-H in lignin and carbohydrates
1452 C-H in lignin and carbohydrates
1423 1424 Aromatic skeletal vibration in lignin with C-H

C-H in cellulose and hemicellulose,
1368 1367

O-H vibration in phenols
1335 1328 S ring and G ring of lignin
1317 1318 C-H vibration in cellulose
1265 1267 G ring plus C=0 stretch[61]
Lignin and cellulose, phenol-ether bonds

1231 1235

of lignin[59]
ST AAMNTE G AIARAAT R 7L 31 p Ganne-Chédeville, C., Jaaskelainen,
A.-S., Froidevaux, J., Hughes, M., & Navi, P. (2012). Natural and artificial ageing of

spruce wood as observed by FTIR-ATR and UVRR spectroscopy. Holzforschung, 66,
163-170. [60] -
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263 A%

AFEFDLRA G G FEAML LI PR 2 LR L E

A m AR AR A DAV RE RS B AT B AN S e
¥ & A~ F % (p-coumaryl alcohol > p-hydroxyphenyl unit > H) - RN
(coniferyl alcohol > guaiacyl unit > G) f=¥% = 4 7 + & % (sinapylalcohol - syringyl

unit - S) - ipdt # Spdr 2 p d A (radicals) A% & fEE RSB KA EF e
(peroxidases) {rik f¥% (laccases) it & {7 & K & & & (B 2-18) [28] - ~ &

FE AT R nn - B Ed pd AT - B (dimer)) £ 9 & 3 S -
0-4 > A midt (B-O-4aryletherbond) i 5% » d % £ chi 42 5 ST

A

e

¥ &

Bl REAFTE NS RS A FAEOAH? § LR e A g
SEY EHATAS S A R F R G o en EREYT 4B PR AR

Lk RS JER R Rinse Y ok B4 4 HE[28, 65-67] -
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OH OH OH
: OCH; OCH{ : OCH;
OH OH OH

p-Coumaryl Coniferyl Sinapyl
aleohaol aleohol alcohol
CH,OH CH,OH THJH{ CH,OH CH,0H
TH T” ﬁH *CH CH
CH CH CH CH CH
- - - -
.
]
= . .
(j Me OME {) Me OMC
Ros Rs R, Rp R,

B 2-18 A2 S U2 ffphpd Aennirie s fﬁ ( resonance hybrid

structures of coniferyl free radicals )

7= - 31 p Mohan, D., Pittman Jr, C.U., & Steele, P.H., (2006). Pyrolysis of wood/biomass

for bio-oil: a critical review. Energy Fuels, 20, 848-889. [28] -

BRI RRR BRP P AT R R B P AL AT B R
(macrostructure ) srgttfasas Hipgt 5 £ 0L § 73 % (B 2-19 % 2-3)
[67] 0 Bl A frdih? de 5§ Ut B30 L P-O-44E o 1 bl eng £ 4477
oA i BRGLF-LHFNLE  FL o fA? AFEg E5

* )

AP RIHANTELES g4
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FIHE T ARAAFTFOZERARAPE > FLGAARAT R AL s EMER
L enfic? 3520 4 0 T GAIA R A TR B AR @H A A A
goth s — B A BT iE % (delignification ) i A fe 48 4] R 5 4n

* [25] ;
» B-fidt (P-ethers linkages) tikiiiki® % 3 W H > 7 ZHAY 77 B AR
(free phenolic groups ) » a-ft4t~ % % %74][68] -
o

s

W2-19 A T4 8 A2 B ¥ Leues
Al et (A) B-O-4~(B) 55 (C) a-O-

LK‘F By

dAFREAKD pd A PES
4-(D)B-5-(E)BP-~(F)40-5m2 (G)B-1-:4x7 fAH Wt Frifems

51 o Dorrestijn, E., Laarhoven, L.J., Arends, I.W., & Mulder, P. (2000). The

AL

occurrence and reactivity of phenoxyl linkages in lignin and low rank coal. J Anal Appl

Pyrolysis, 54, 153-192. [67] -
223 FAfrH A AT R AREERDTE

Hardwood ( birch) %

Linkage type Softwood ( spruce )
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S-O-4 aryl ether 46 60

a-0-4 aryl ether 7 7
4-0-5 diary ether 4 7

/-5 phenylcoumaran 11 6
5-5 biphenyl 10 5

S-1- ( 1,2-diarylpropane ) 7 7
S-p- (resinol ) 2 3
others 13 5

7= - 51 g Dorrestijn, E., Laarhoven, L.J., Arends, I.W., & Mulder, P. (2000). The

occurrence and reactivity of phenoxyl linkages in lignin and low rank coal. J Anal Appl

Pyrolysis, 54, 153-192. [67] -

BB EFHMT UREFE RR AT EFIE AP T AT E 0 FE AT
A - W EFHEEET gfokiaE n: Lgat g rEd o & 1°C CPMAS NMR
P AFAGELAL A G A 110 T 155 ppm poo gt g G T4 5 s (aromatic
carbon) s gl > ¥ ¢F A 56 ppm § - d 7 % f gk (methoxyl carbon) A 2 i i
(R 212~ 4 2-1) FEF B R AT REFRGT B TR EEAT S
oz gL 28 4~47 [30, 47, 48, 56] - ;ﬁd ATR-FTIR (B 2-17 ~ % 2-2) >

¥ 12 4 3695 3 2782cm™ - 1800 & 780cm™ e B BLE DS B AT R R s
WiE A W3 E 1368 cm™t o 1231 em i e i e B0 T LR T 5 A (methoxyl
group) frfismkt (phenol-ether) ¢z & % 1+ [21,59,61]; ¥ *t > GAIA A AT &

1266-1270 cm™ = B £ § Mg engh s [61] -
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¥=2F REHHHEz A
3.1 R

311 FH%KHA

P L IR R Bruker Avance 111 14.1 T solid-state NMR spectrometer

K 7*JF # §5 5457 7 ¢« (National Synchrotron Radiation
XS 5 e 5t o 7
Research Center - NSRRC ) BL01C2 =k # %

Agilent 7700x ICP-MS ( Santa Clara, CA)

Perkin Elmer Spectrum Two FT-IR spectrometer ( Waltham,
FRDF H-E L
MA) ~ PIKE Technologies ATR accessory (ZnSe & %2 )
3B S vk S
( Fitchburg, W1 )

24.3-megapixel Sony alpha ILCE-7 #4p # ~ Takumar SMC

50mm F1.4 lens (Ricoh) 4tzp

FedZ A A1 R e B p & OLFA

38
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312 F&A4cHt

LR 2 F R
Ca (OH) 2 VETEC

KAI (SOs) 2 J.T.Baker
K2COs J. T.Baker
KOH Sigma-Aldrich
NaCl Bio Basic
Pierce spin cups - cellulose acetate filter | Thermo

0.22 um Steriflip-GP filter Millipore

313 At &

T (% 31L& 3-2)477 Ak Bk EEd & £ 42§ 4 -Rene Morel~Guy Rabut-
David Hume ~ John Harte ~ Melvin Goldsmith ~ & ¢ #1212 Z 4g Z{E Mk ko &
F o) % F £w MathiasRenner fL§ e0; ¥ W+ £+ F(7 3%+ ¥ )i d Kin
WoonTong £ L3 & > Bop (v ¥ ji Z e 5 it 4.4 (Chinesefir) ¢ DanLu #%
od LI T F R AHE S )2 EE T L EEAF 930300 F A K
EERCAOBEERZEFT - AL ER CRISESE I BRKRAAL
% (reproducibility ) o #.2 % 0 & 2P f BRERE LR % e S S
FRNIADER LI FARETTRA AP o d AT R p RF b B

$hpAns s E (B 3-1- Fl3-2)-
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231w X #FhAHEEE 4L

Spruce sample #

Maple sample #

Instrument Assigned origin and origin and origin Sample source
viola, c. 1619 Nicolo Amati SC1 (top plate) MC1 (back) Harte
cello, c. 1701 Antonio Stradivari  SC2 (top plate) Rabut
cello, c. 1707 Antonio Stradivari MC2 Rabut
violin, c. 1709  Antonio Stradivari  SC3 (top plate) Rabut

- . .. MC3 (back, near
violin, c. 1717 Antonio Stradivari Morel
lower edge )
cello, c. 1720 Antonio Stradivari  SC4 (top plate ) Rabut
violin, c. 1725 Antonio Stradivari McC4 (orlg_lnal Chimei
neck, heel region ) Museum
violin, c. 1730  Antonio Stradivari  SC5 (top plate ) Rabut
cello, c. 1731 Antonio Stradivari MC5 (back) Morel
violin, c. 1740 Guarneri del Gest  SC6 (top plate ) Rabut
MC6 (back, center
violin, c. 1741 Guarneri del Gesu ( . Morel
region )
quinton-violin, French SAL  (top, chin- MAL  (back, Renner
c. 1750 rest area) shoulder-rest area )
- SA2 (top, chin- MA2 (back,
violin, ¢. 1780 French (top ( Renner
rest area) shoulder-rest area )
SA3 (top, chin- MA3 (back,
violin, c. 1790 English (top ( Renner
rest area ) shoulder-rest area )
MA4 (heel ..
neck heel, c. Italian extension r(epair on Chimei
1800 MC4) Museum
SA4  (t hin- MAS5 (back
violin, c. 1850 German (top, chin (back, Renner
rest area ) shoulder-rest area )
40
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232+ A2 F Al FaAH

Wood Sample Assigned origin Spruce Maple pimnle
sample #  sample # source
Modern spruce #1 European SM1 Chiao
tonewood
Modern spruce #2 European SM2 Chiao
tonewood
Modern spruce #3 European SM3 Chiao
tonewood
Modern spruce #4 European SM4 Lee
tonewood
Modern spruce #5 European SM5 Lee
tonewood
Old bwliTg spruce European, c. 1704 SO1 Goldsmith
Old bmlc#gg Spruce European, c. 1708 S02 Goldsmith
Old bunc#gg spruce European, c. 1719 SO3 Goldsmith
Modern maple #1 European MM1 Chiao
tonewood
Modern maple #2 European MM2 Chiao
tonewood
Modern maple #3 European MM3 Chiao
tonewood
Modern maple #4 European MM4 Lee
tonewood
Modern maple #5 European MM5 Lee
tonewood
Modern maple #6 European MM©6 Lee
tonewood
Modern maple #7 European MM7 Lee
tonewood
41
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Modern spruce

Modern SM1 Modern SM3 Modern SM5

Old spruce

Building SO1 Building SO2 Building SO3

Cremonese spruce

Aamti SC1 Stradivari SC2 Stradivari SC3

Stradivari SC4 Stradivari SC5 Guarneri SC6

B 3-1n2Fpfolmit 24T DRY

42
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modern maple

modern #1 modern #2 modern #3
modern #4 modern #5

historical maple

AS cello 1707 AS cello 1731 AS violin 1717
AS neck, 1725 DG violin 1741 neck extension
c. 1800

Bl 3-2 5 2 F A Ars N kR SR

43
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314 A 5 RJEAHER &

A& (SME-MML) > &5 > Z X et 8 5 30-50mg > &z BT
el MU B AR AL R Y X 3R 5 50mL o B A G pE L E
Ja " (cellulose acetate filter ) =& g +r (spincups > Thermo » Waltham » MA) &
BT R RR S R A (T IEBRR NS 40%) rIZiB R e 7
KOH 2% ~Ca (OH) 2;2:% ~ # & % -kia ;% (Chirori » Osaka » Japan) -~ 5% NaCl

7%~ 1% KAI (SOs) 2 i3 i v 2% KaCOs i3 i > ¢ % 71 NaCl i3 % £i¢ - % »

"lb-

* 4

FRET 2 BRI H A AR S ER D E AT B AR R Ak Y TR N E

&3
f’“/

KAI(SOs)2 pifie -1 % > B4 Rk S L a8 v e 8 = % 5%

e fe £ 12 0.22 um Jg ¥ (0.22 pum Steriflip-GP filter » Millipore, Burlington, MA ) i&
Mo A EURIE A R R A ET 200°C T Ao PR RE S TR f T
BooRF I RIT APPSR AP ERSE N B RRE 2 BRI (S

140 W)™ 2 K @ o 5 500nm sk PR g — X (S B N Ec Rk o

32 R i

321 At et k&

FE PR Ry %S hfed 3 Amm X 3R A & >2dE 45 5 (double-resonance
MAS probe head ) & wide-bore 14.1-T Bruker Avance Il1 2§ &+ i& {7 - 'H ~ 3C 4r
21 Al e 34 2 ((Larmor frequencies )4 %] % 600.21MHz>150.94MHz - 156.40MHz-
e 5 #r4  12kHz - Multiple cross-polarization (MultiCP) MAS # i ¢ » 13C 4r
'H e /2 *% 6=k B (pulse lengths) 4 % 5 4 4= 3.57 ps » F+ 2 83 (decoupling

field) % & % ¢ Bl/2 7= 75kHz » 3C % & %@ * Johnson 4r Schmidt-Rohr

44
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MultiCP ez = 2 R 2[49] > H T 2 S % B P F TRJJPF R o CP F B iprt
S BE5 9B CP R Ims e RF J&*g3 £ (amplitude increment) (90-
100 %) TP e T E LA g s - B CP 12 0.8 ms ~ 4P e iRt A £ 3
(70 & - RFEHREBPFER L 24 FROERF o AEF S 0.9 £ o MultiCP
BB is o Bt A B ¥ «h Hahn echo ™ #4 dead-time-free signal =& jg| - 2’Al
MAS NMR -k 2% 2 8 #% fi= 5 71( single-pulse sequence )& i#| > central transition selective

w475 08ps > & X FIRUEEPFF 5 0550

3.2.2 X-it s de it A 47

TR RFHEHFE Y o (28377 ) HBLOIC2 L s g7 B¢ 2y
F % (storagering) #ic £ 5 1.5GeV -~ 7t 5 360mA =+ - H # A1 512 3M
Magic Tape = ¥ > kot > K E & i (slits) fo— B2 2 % (collimator )
MRS A 0101 mm(HxXV) e e sk ¥R E o o~ B X ket £ 5 1.0332
x10 (12keV ) > d 5-T 4z L £ ¥4 £ (Superconducting Wavelength Shifter) = Si
(111)= &35 %% H ¢ ®(monochromator)m % »* Mar345 = Hix 1 & % ( Mar345
imaging plate area detector ) Jc & Z 5L s W B PF R 5 30 45 > 14245 CeO2 (NIST
SRM 674b) &8 w2t i & et & - R {s @ * GSASII #x 2 (Argonne National
Laboratory ) 1 5 )4 ~ & 7 — ks & $e8+ @) 0 2 16 By ¥ 10 3] Origin2015 4k i+
rig i e (baseline correction) fe-T i (smoothing) o 38 = fg3¢ @ =K
A=Bcost & X FfHtaRE Ao (L) # ¢ KA o Bad i ¥y s
094~ A2 r st X 55 (nm) ~B AN A 20 8% L 5% (558 ) ~0 57
FRERE -
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323 TRBEFHFRT 2
7 B 10mg 320 mg oA RS0 Y 2 A& R E AR 10 mL o) Fy
( perfluoroalkoxy alkane vial ) # 12 3 mL 70 % (wt/ wt) HNOs (ultrapure reagent
grade > Baker » Waltham > MA) &2 » %] 5g F Ba 3g £ 12 30% (wt/wt) HNOs
e #eF il is iR £ 4% 0.5%HNOs3 ﬁr%’? 1 = d Agilent 7700x ICP-MS( Santa
Claras CA) A 47 « T o SenfR i3 2 L4 d - 0.5%HNOs * 48 & 6~ 4
8 R 1% 5 (1,000mg/L) k% % > ICP-MS ik % chs4 (radio frequency > RF)
% % 15+ 3 & % reaction mode (He jiiE % 40 mL mint) T:&= > ¢ %ﬁ/ﬁlﬁ“k"*/
88/4 " § 18 (plasma/auxiliary/carrier/makeup ) 7ri# 5 15/0.9/1.0/0.1 L mint o
TEEpp A M/z:11 (B)~23 (Na)~24 (Mg)~27 (Al)~28 (Si)~31 (P)~
34 (S)~35(Cl)~K (39)~42 (Ca)~47 (Ti)~53 (Cr)~55 (Mn)~57 (Fe)-~
60 (Ni)~Cu (65)~2Zn (66)~75 (As)~82 (Se)~88 (Sr)~90 (Zr)~111 (Cd)~
118 (Sn)~ 121 (Sb)~Ba (137)~Hg (202) = Pb (208) iz Lag & m k > 2 HL
BAAPEF L 03s 2 E4H T o & p g Renilag & R %4 4L 1575A
( Standard Reference Material 1575A - trace elements in pine needles ; National Institute

of Standards and Technology ) s & Bl & % & H & o 5 F 44 B2 (7 )R k% #E[69] -

324 FRDF S5 8 H g4 o b L
FR D F BF-1E 8 F H e 4o o k2 2 Perkin Elmer Spectrum Two FT-IR sk 3 %
(Waltham » MA) {epe % ZnSe £ %8 <1 PIKE Technologies ATR *# i (Fitchburg >
WI) £ip] o ] ¥ ek R & sk Jo & 05 (absorptionmode ) ™ #* 12 R HciE (7R
£ @ %k (wavenumber) # [ 5 650-4000 cm™ ~ f245 & 5 4dcm s F Rk HF R

fpte 32 =0 0 & Bk & BRI 3R k3 T F OPUS 7.5 @t 2 (Bruker » Billerica® MA)
46
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# 1187 % 1810 cm ! st #cde B & 7 vector normalization s L3> - vector

normalization &3+ B = 4o L3t A L ik Bl cnT 305 R 0 X Gk R 2

PLEE R T E ek 4 BRI B AT S g i B

d x,ért DI < S AR isn],é{‘ﬁ%i i i%fﬁxjﬂﬁxiﬁé FIPN e fé_g{‘aﬁx( vector norm ) & 3> 1>

pe R 1 e (normalize) # e B R S8 R % [70, 71] -

3.25 st a 47
# i = 4~ 47 (principal componentanalysis » PCA) 4~ 45 Z 47 il A & &0
A& Ao PCA* ATtk B efpingt # 3 s 474 ¢ 32 Al-B-~Ba~Ca»

Cu~Fe~K~Mg-~Mn-~Na-~P {= Zn- i¢ * chgcd8 5 Origin 2016 (OriginLab »

Northampton » MA) » £ * 4p i s&*L (correlation matrix) 3-8 2 = & & 47
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Frd FHEEZHEG
41 LEFRLFP i gt s RN

ROBRBCFYORES TEELFTET G T APRR L2

-l

<
b

VA A PC Al PR L R A FH I oM A A M Ap BRI AR A
SR A Arit At R T b (R 41 B 42)0 210 S b
2EPLF MRS IS L2 LR EF RS g o A AT PR
B0t 63ppm B2 FEEsE e C-6 1 2 T5ppm k p st EERE 1 C-2~ C-3 r C-
Senfrpcd s RS M FebFX giiad P oF 4 gnd o figit (deacetylation) 1% & i
22ppm~173ppm R p FEfR U LG AT MR S X SR T R % R R T 2 & ATR-
FTIR k3¢ LRI 2 50 EF 242 A3 (B 4-3- 8 4-4) & 1740cm’
lengrpod agip > B R A 5 2 8az P g4 hd o gt iv¥ 1] -

i Nagyvary ™2 A @ 2% % 3 Wice#m 7 7 7 BEII ek % » 2006 &
Nagyvary 2 2 7 3 7 A2 2 2 ¢ PRI 2 H Fof A~ &5t it
sSNMR 2 ATR-FTIR k3P ¢ gl ergF i s R 0 5 PR cn™ "% > R @ AL

ARFOLBEPRE AP oI R R FRSE BT R F
) LA L R B Fa ikt A BBk p CHEAIE NG Rp TP R
i1 AZREce T P B R L F R EFEWMAZ 1800 & 24 d (28 R A
FenE A IR R L HFE X 2 FE (MCA) * »rae f F g & & ol A (MA4)
£ RA K sSNMR L3 5 R B FhL B> d 20 MAG j %1 13 i &2 MCA it 4p
e 2 pARE VAR L A kRS PARE i £ A&7 multiCP £ )
F1sSNMR L3P = R Il chid % > e 2 Wiciah AHhp A2 4 T2 gat

' f2eha & R F][29] o
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Modern spruce average — TC+HC
Amati SC1 ======-- :
Stragd SC2 meeeemns
Strad SC4 ——
Strad SC5 ——

Guarneri SC6 ——

200 180 160 140 120 100 80 60 40 20 0
13C chemical shift (ppm)

B 41525052 w242 multiCPNMR & 2
TC (total cellulose ) ¥~ # 4.4 &% -~ CC (crystallinecellulose ) % & &k g% - AC
(amorphous cellulose ) = 2t Bk ~HC 5 X% ;5 12 105 ppm 4 s «hdp
R R L1 Modern spruce average 5 L ® F* 2 4.#1-3-5(SM1-~SM3~SM5)

hT bk 3 o
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TC+HC

Modern MM6
Amati MC1
Strad MC2
©
(& ]
I
S
b=
]
f= (5]
=
5’
=
5 g
3 5
T

| | | |
200 180 160 140 120 100 80 60 40 20 0

3C chemical shift (ppm)
Bl 4-2 7.2 54 & F 2 I~ g A o multiCP NMR & 2
MC2 12 105 ppm 3 & it 2 it 5 MC1 %] 105 ppm i s s g 0 #4105 ppm

oV 55 R T ML 15 BEREIELE F ¢ 0.9

50

doi:10.6342/NTU201904282



absorbance

1900

modern spruce average

Amati SC1 -------

Stradivari SC2 ——

Stradivari SC3 -------

Stradivari SC4 ------
Stradivari SC5

Guarneri SC6 —

1800 1700 1600 1500 1400 1300 1200 1100
wavenumber (cm™)

B 4352552 Mt 240 ATR-FTIR k3%

Modern spruce average > it ® F * Z 4:#1~5 (SM1~SM5) - 35k 3%
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Modern maple average ——  Strad MC3

Amati MC1 ----- Stard MC4 ——
Strad MC2 —— Strad MC5 -----
Strad MC3 Guarneri MC6 ——

Absorbance

|
1900 1800 1700 1600 1500 1400 1300 1200 1100

Wavenumber (cm™)
Bl 4-4 5.2 5 0 2 F 2 LA A 9 ATR-FTIR 3%
Modern maple average % . * @WF* g A#1 -3 -5 (MM1 ~ MM3 ~» MM5) T 35

WHRFEE P O APRIAHAZV AN AFT LI e it P - BRFE A
Hep AL AT EAZRAZH, A ATR-FTIR k3 (B S-24) ¢ 7 4 %4k
WA R G AT R ¥ b Ak L7 42iF 1000 # 0P B¢ Fii Ak (W 4-
5) MMRUBLAT w2 A S RS RS AR 2PR RPN B AIT
FL AN PP ICP-MS 2 PCAchg ¢ P4 R g FP AL 278l Fh s Fe

“KirNaehz 453 (B 410 B 411~ 4 S-1~ 4 S-3) &7 i 3mp 3
CEFPRALINYUFOEmR? § AR TG KOH 3P > @ & agZ e

B2 ped 7 g A a3 ik (KOH ~ NaOH i3 i ) &g v £ 13 ¢ figit ch
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P [T2-T4) ek P 24 ¢ fpft i E vV ac 304 kg 2R FF A 2 it B AT (v
dt A AL S ks FRETAZAUFR A LREL DL LT B
3 FIR TR IR R AL T A e L R AR R RERUFE R e ¥ ¢ A A fedt A
L RERAFEBRAGLIETRAANA L AT R LR F e L md B R
AR A2 2 45enT 30 ATR-FTIR %3 (B 4-6) # 1740cm™ # et chsg B 7 R &
WA AT BERIE LR ERRA X ERY fd { §he §[75]

i BT L R kR [76] -

modern Chinese fir
modern Chinese fir - - - -

antique guqin top fir

antique gugin back fir

absorbance

! I ! | ' | T | T | j I ' I ! |
1900 1800 1700 1600 1500 1400 1300 1200 1100

wavenumber (cm)

B 452 ¢ By FiA G ATR-FTIR 3
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Modern maple average
Modern spruce average ——

Absorbance

N (R D L D L R T R
1900 1800 1700 1600 1500 1400 1300 1200 1100

Wavenumber (cm™)
Bl 4-6 1S 41 A 2 Z 45 0T 33 ATR-FTIR 3k 3%

Modern spruce average 5 3 @ ZF * Z 4:#1~5 (SM1~SM5) T 352k 2% 5 Modern

maple average = R W F* 4 A#1~3 -5 (MM1 ~ MM3 ~ MM5) &% 3ok 34
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42 RLFH TV chR R B AR

B EREOREE AT AR FREEY ks E ke FH TR
Rl FEFFE AL P TR F A e B £ 8 4 %%
A g plE A 477 multiCP NMR 2 X-5420 8840t % o & multiCP NMR # > 41
* 89 ppm 12 2 105 ppm & Bl p g BB R E o CA e o Cl Fjcd on
BEV TR RV REFEEFNFEZEHELAE I RALITEREINLLFREF
ZUARAZPPV T AP O > 30 8- Hand g% AP s X5
RS NE S  5d BB ST S A 2 RARRE SF R S N e
S R Hed 7 3 ALK R ((004) chaisdinsl) & R ((200) hafsfsl) o

FREFIRAZPLEL ERFDLE(F 474 A1)k et 2 ¢ £(200):
(004) & & iy fe s BB 7 @ P AR 1 > (004) X Sk ypid (B 4-9) # eigsf &

B(RODAEF i kA RBA DT F b feif L o A 29 %3 2 Ricaw g v o
4T LB F N LR A oI 4R A ch BCCPMASNMR % X-5¢ 40 e 4 e & 1%
W29, TT] F PR RS F R E ML A M RGIEY AT HLE 0 X
PHPIFESZFEGS LFRADELERAE D ARREEL B AP I DY S
FoAPTVHGELMERAFTOEELET AR AL FOH AR LA eIt A4
ARG PR dE I 2 R .

FARHR B 18 &S PR E RS = M 245 (S01-S02-S03) ¢ -
BeR A (200) st mp Bpeng it (B 4-8) ¥ 2 4 (200)~(004) 20 % 5%
Fod BB foI i 24583 - 5% 0 2 SO1~ SO3 te (004) shiksid 55 B 3 2 F i
Rehd 3R S BRSO MR (RS8RSO -FS12) P vk
F AR (004) e B N T4 AL T F A AR R RIS 0 U et
D E R RE ¢ EE (B 4-9) 3apT o Ed B EPaf £0p Kb T
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ERANMLGAFHFHPAERL AL T RELEARE BARALAEZ N T

BE St ietr R EFRL > Lied BHES A (004) duugis® F7n2 586
e - PR EA G RO 0T B AR, 0 F b (200) dTAELA S R

ﬁ‘_\g;{, i—ﬁ,_,d Lt P ﬁpé—‘:{- X i# ;_:": r'}'ggk‘ai'%mé\'#'%ra»%,aiﬂ
SR HELIERLFNB AR TS B R E fRENLF LA A

EXSTELS X SR

%41 23 s B 2R A 2408 & X SHaRycst iy

(200) (004)
20 FwHM domain g 20 FwHM  doman g
size (nm) size (nm)

Modern SM1 14935  1.702 3.297 0.397 23.022 0.184 30.864 0.259
Modern SM2 14917  1.739 3.228 0.398 23.022  0.166 34.293 0.259
Modern SM3  15.018  1.619 3.466 0.395 23.040 0.166 34.294 0.259
Modern SM4  15.036  1.610 3.486 0.395 23.013  0.156 36.309 0.259
Modern SM5  15.055  1.757 3.194 0.394 23.077  0.156 36.314 0.258
Building SO1-1 15.018  1.766 3.178 0.395 23.013  0.306 18.558 0.259
Building SO1-2 14.954  1.923 2.919 0.397 23.050 0.322 17.637 0.259
Building SO2-1  15.027  1.739 3.228 0.395 22985 0.138 41.149 0.259
Building SO2-2 15.018  1.766 3.178 0.395 23.031  0.156 36.311 0.259
Building SO3  15.009  1.840 3.050 0.396 23.050 0.561 10.120 0.259
Amati SC1 15.202  1.757 3.195 0.391 23.197  0.156 36.321 0.257
Stradivari SC2  15.046  1.619 3.467 0.395 23.022  0.156 36.310 0.259
Stradivari SC3  14.917  1.720 3.262 0.398 23.004 0.147 38.578 0.259

Stradivari SC4  15.018  1.684 3.334 0.395 23.040  0.156 36.311 0.259
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Stradivari SC5 15.009  1.610 3.486 0.396 23.050 0.138 41.153  0.259

Guarneri SC6  15.073  1.711 3.280 0.394 23.022  0.175 32.488 0.259

45 —
40 ] e Strad SC5
e Strad SC3

_ g Buildi 2 Modern SM5 4
E 35 uilding SO2 e @ Amati SC1 e Strad SC e Strad SC2
S - e Guarneri SC6
S 30 — ® Modern SM1
o
ch o
— 25 —
O
_-I: -
© 20 — L
7 e Building SO1
E‘ o
() 15 -

10 — e Building SO3

| | L] | L | L | L | 1
3.0 3.1 3.2 3.3 3.4 3.5

crystallite width (nm)
Bl47 ¢ F - FLERAITRAZHAELPESE L A4 F

%31 SOL 5 SOI1-1 chicdh ~ SO2 5 SO2-2 hifcy

57

doi:10.6342/NTU201904282



Amati SC1 Modern SM1
----- Stradivari SC2 Modern SM5
StradivariSC3  ===-- Building SO1
Stradivari SC4 Building SO2
StradivariSC5  ===-- Building SO3
----- Guarneri SC6
(200)

intensity

8 10 12 14 16 18
20 (degree)

Bl 4-8 3 ~ i ZAfem it 24560 (200) X =k geitid

% 3L : SO1 5 SO1-1 endedy ~ SO2 5 SO2-2 crficdy
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intensity

‘_‘_v,.fv:
- -

£

Amati SC1
Stradivari SC2
Stradivari SC3
Stradivari SC4
Stradivari SC5
Guarneri SC6

Modern SM1

Modern SM5

Building SO1

Building SO2

Building SO3

(004)

e S T e

“MM:_;;“ -

- -

22 23

26 (degree)

24

Bl 49 ¢ F ~ B ERArm A 24560 (004) X sk pidit

% 3L : SO1 5 SO1-1 ededy ~ SO2 5 SO2-2 crficdy
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43 R 2R R LFHREY OREFF

A KZ A MUCPNMR £ (R 4-1) ¥ 7m0 1§ R 25 R & F&
MR AR o R AZ 22455 175 ppm i chig Ry P A A > H AR LI
FRUELR R R EF LR B R AR S Sy gl dp ik p e g o g
A A E[30] A P S FACE SR F D R R EA
Lo EI G A AT MUItiCPNMR £33 (B 4-2) » Vi z P AR LT - 3t K
FeeE ¢ o BB FR AT L FE X F ol A3t 175 ppm 3 R
e R AP EH I AHY - BRAPAL LI RFRS (MCA) % R B B
LR A[29] 5 @ & Nagyvary 87 3 ® > B BRI FHEAZ 22 (BRI L
i AP REIELE G TR ARE > TR R RPN B AIT A A RE T A
e gk F v R[] o A P daip] 175 ppm A s R L A I g ok g At A H Y b
FURERBATER A A FILRAF S iRA 4 N A o2 40
ATHARFI TR RPN HANLET R A EZEERAEARIELEZ I VP BERASLE
WANERES - Mick Nagyvary chZ B v i kp >k Fhf A3 F 2
SSNMR & B2 2 7 F "f gz #h o A 125-160 ppm kB o3 R AT e B B R
T Ed N AFTEF CERIASHERT D A56ppMm iR T F AT
DA T F AL A RBATE D ARG E o : FEct R A PR RIS R - Ko

PR s F Aol A Z4n ATR-FTIR %3¢ (H14-3): ¢ #H AL L9
AE SRR 24 T 0 Y - ke e AR A F 2 1710em™
STHESE 0 U HCE KPR o pe R AL A[78] 0 st R kg AH Y ey i ¥
PEAMEL GG AN E L2407 BS F IR % o mUltiCPNMR g % - 5K
“TF L F RS 1235 em T B BT R R E AL R P OANINA AR iR o g A

APF T RIS § I RT AT U R A FRALL
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SRR g ORI APFRALLERIEFTOR R LRI ERNLELT
Fich Tacigw Ry H[0] moAME feApl v gt 4 G RTIEY FRT T S
S e > e pEL g2 1730 cmt TR A 2R e B AL e 5L R 3R [79]
BAENPHRRIEEY UL TR LT RA B LT EF S 0 kg
FRAALESNRF)ERI PRI RAFEFZ B2 HAZVESR
RS EPERF AR s 1710 emt s b 2 () 4-3 WS-
24) s Hp PR T 2LH B d pARE LA S g ¥ oh s A Nagyvary 2 2 i er g
Bl A ATR-FTIR k2P v I3 2 5 5 & F & 1650 cm™ s o' 56 & §
FA(RAA) ARG BREFY AT R A LR R R R G % R (e
EEFAF 0 Nagyvary 3ot - sl Reant A hp AT R F i FERGD
FEH AT T AR U P E Y A L - R &R RETE ARk
poRIEEmanis Fagl o @ 2o @L;Jet‘ TR EIIAFT R AR PEREY Y 2
# quinone methide [68] 5 4 4+ 2 b » EFTF R L FR EFMAC 0 NG AR L
Fhal710emt e it E 2 (B 44) FE 2§ tehi &8 RFI kAT p A
i Pl LFR AP PR - KR 1650cmTt R 0 Lde s L FE LB %
PP ERFR A P a G AR RN AT LR R T AR kTR T H
Bofed WAZZORAZURFREEN ] - P o LR FE (& Hom

oA SR APRECBPALLIAL LET T HHEUF chA

\

he VB RJIE FREFZ P AP REICR AR F b @ A 4 o
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44 L FREFM R RIL M ER

v

PRI FRAOUFFPLT AT HE AP F R e ki g
ﬁﬁ@g,ﬂm%@KPMS%imagﬁﬁéﬁ‘ﬁwwﬁ%‘ﬁﬁﬁ?*ﬁﬁ
A GRIE AR S 29 AF B B RFEAPE BRIV OR S
(2% 3c (chinrest) % % # (shoulderrest) ehi=% ) At S > @ L 5 &L
AMEEELS AR L FRAFF O FRJT A A P e B g R R &

A AR BRI S AE o R R R %534 S 14 S8

P}

- 4=t ehfR i 2 1575A iRl R B kg (£ S-6)0 %% 0 & Clehiicie + $dp > 4
BAF A PP RDORESET LA EORERL ST B MR LR A
HPEN R BAFEHLLFN T ERE RA AP R XA A7 (B 4-10 - B 4-
1) a2 x00eh%? PRI L5) EF PRSP EA B
3 ¥ (cluster) # ¥  HFPR AL LAREEY R %8 A2 2 k&SR
AT - T e g R e eI RER N RHELE A o
HRANZPAF e e R AR SATRT OSSR ERIRALLIFRE
FArR AR AL 22477 > 2R £ L L F RO FFPH ) EF a5 F i
PR EEIRE - Rene FEABAM DL SAAFEERTIRIES ~ ¢ FERA
A2z 2 RYUFHZT P R A RAH G FROFHAFEELE > X
PR-WFFORSREARAT IA NG R AR SR G AT E L

BOoAPRGERTF AN G L R TDE A RIT T F RS o

_,_.
F_*

FRRARLLHEEY ClI-KfoNa z £4p% 0% > 7 7 ¥+ ppm> ¥ ¢
- S S 2 3k ppm Al @ 2 SC2 112 MC5 3 B A HFaE ST £ 7
K{eNaf > ¥ 735 H8p ppm> Fld i =0 s f7¢ e S B R S R
o BT AR Fl e T R F A RE S & F R R T
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FPAF > 54y 3 7 AN B REABRREE P E R L AR L&Y
AlE 7404 7enAlfrCa> 7 € 5 8F ppm; ¢ »B~Cu~FefrZneiz £ i

R FF S g 0~ X 5 Bkt ppm - >t Nagyvary 5@ & ¢ o

|

i
iy
\n

B2 F L F k&P HiP| D] BaSO4 ~ borate ~ CaF2 - ZrSiO4 % 7 ¢ d1 3%
AR APnR LT P AREY RN RTY L LT RBNTEM AR VAR
el FPRRI L AP A 75 977 o Nagyvary Fm iu 5 gt & 4 ko p 3t
FE L p bR AR R AR [2] 2 TR EFNEF BEOAE AR
WAFHRIZIRICWADEREEY 0 AL FRPAIIRSEY RAIDERS S K-
Na~Ca~Cux Znz & m iz Lotk Sd Rk 7 3 < 2HAI[29,77] - ¢ 3%
REYSEUEIRNUEE R EatE SEER Y A L A By S R
BREFRDAF R A PRPIEE A F T i R AR IR I BT > T
At A G IR AT S PR SRR TR PR T e 7R Al
Cu -~ Fe & Zn srgifis WAF[80-82] ;5 24 *F » Br Zn ¥ it 304 %k p - A B i i » b
SAGATERMIRTY FEEERIDIRE IE > FREMY § ERGE
WY FRFERDCI-K{r-Na-

PR LR LFFOAF TR FUFRF S BRI LRSS P
CI-KfrNaz 22 ¥ hg » HRILFLAL LT i BAHE» A2 {rd Bk
B o AR RE K § 7 KOH 2 KoCOs o s HHi% i AR ¥ 12 % 3% % 3 A 4
P RS oy AL oo g AR AR TIE FhiRa[83]; s BAR
RIF i At RgE ks o LA AR frt iR e A 2 HM[84] o A E R
AFLRT AR R A fr 2 R0 R Ao 8 (alum) kB R P o B aofg A

o242 7 7 #F ppm ihdE > £ 4 7 i 5 KAL (SO4) 2~ NH3Al (SO4) 2 2
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Al (SO4) 3> B 2 gef IR A d RO Rpre ¢ AT " T 459 4 S0
% 7 B 4r[85] -

RO HCRE PR B AL R AP YR B LRI AN E G
B ek sk B A wliziext KOH 3% (pH 115) ~Ca (OH) 2i3:% (pH
11) ~0.1% #Hah % -kpie ~5%NaCl 3% ~ 1% KAl (SO4) 2 i3 i% v 2 % KaCOs
Bk o B 800 ddH0 ik Sk g i fa e BERA AR g ER > VAR
e BRI AR KR E S mAF R OFREY 7 A 25 Na-KirCa A

Keng B4 Bt §2 5 5 4

H\F

T])Q

Ak R AR RIS R T RIS S 01%
BoAR kpReman F2ERRMA ZF R AHhAd s BEF2Apagengid o
AR AR IRTH B F F R G T T 2R % 5V B 4 3 BiF ppme

e RIS R B A A (7 (MR TR AR YR

4

>‘1\v

IR B AR IR RET G TR 0 @ D AR chit B Ry ®

N

g A oo AP e R P T ,%”gcj A e AR BEFICE IR A
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Principal Component 2 (27% of variance)

9]

>\_
—

P

7
% i

o8

{Sh
#

Spruce 0.0 0.5 1.0
® Cremonese . . . ;
® Antique violin I I
® Old building
@ Modern ®SC4 —04
2 — - 0.2
o
0 0.0
i
o " oo il
o -1-0.2
-4 - —-04
_ e SC6
-6 I ' T ' T ' T -0.6
-2 0 2 4 6

B 410 2 F 2450 3 A S fhad A G

Principal Component 1 (44% of variance)

» 11 8] (biplots) £

Fod g0 SC2 ¥ e RAHG FA RS F AT > SC2 cha A fri &

Pl

e

7

Bk o

Ko B ¥

R B S 4k RO R T BRI A
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Principal Component 2 (19% of variance)

Maple 0.0 0.5 1.0 1.5
® Cremonese T T T T T T T
© Antique violin _
® Modern e MC3
Na 404
eMC3
2 Mg Cu Jo2
L ]
’ MC4-left -
®e s ‘eMC# MC4-right
0 o 0.0
we ¥ ® MC4-right
- ® o T
P
o -0.2
J Zn I
404
-4
Ca Al |
1 ®MC6 -+ 06
'6 1 ! u 1 | |
-2 0 2 4 6

Principal Component 1 (37% of variance)

Bl 4-11 L 30~ 2 = o s dreh~F & g% > L EHRR (biplots) 2 71
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45 3.2 F R L FZ1V R EFIrdpen B

A ZAINMR %38 ¢ o Al chdd e cnit 8 g foid § 6 L FIE et dic e AR
R B e Y B G R 2 e inen Al (H20) ¢ e 6
ez Al (OH) s B4 ¢ ~ % =& 0ppm % 80 ppm [86] ; &% Wit
BRIALFN L Ffom S AR o G F ICP-MS ehig & ¢ il 7 § 48> 4r
FRIFAEFPLRILILZE A L] FR A (MC3-~MC6) % 0ppm ~ 35 ppm 14
Z 55ppm & 5 = REFEE o B AR AR S {rIR S A4 - R & Oppm F -
R AE > SRARFLNRTORAY B - £ D FREE E 04
W afefe (R 4-12) [29] o d WA P AAZ LR { FPAT L HT 45 IR
M Z R AR L ERE LR HAME TS REER R E NMR LH#
FRANE L ZH,5027AIsSNMR %38 5 0 fo 70ppm At § — B ehd Ao > Jip) A
W B Bfer B RFREOEE AT TEA[87] (R 4-13) 7 L FEAX

2 Oppm F - SRE RS o B T0ppm ekl frdp g 2 B 0 T i

L.
F]s SCA chgpz £ 7 3 25 ppm #rig = eh o 50 FERME AT & A R g A

5

EOAPEPR NI pH ET L S HUEP R SORH O REERE T L L
B & 70 ppm 5 - & % > B ¥ &k p >t oligomeric <48[88] 0 H P &5~ B AL
Al B SRR FRARE PR R A R r AR A BT RIE (B 4-14) & ¢
FZ40 pa 3 E R asik s i VPRI A Z 4, (SME) je » 1%:4E
ok 15 R 2R HRFHFRE 2 0ppm 7 - Bt (B 4-14) 7L

LFEV R AR ) MV RGB CFF e R B ET A kL F
TR ERB Y Ak AT Ry Lk .

b3tz RN B E o K E R AR A8 € F A A G AT TR R T R

AR R G ESTE o LR T fRER § R e B TR e R
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#LFd i @R @TE o AR BPARAY EFFIHL S
Pk o R ABF AP BN ERFEREFR O GBI R G TR

cke

feh FALR[0] & FMAGE T = B % 5 A
B ens B4d & 1 g U3 4 g% & 950 ppm cogRdt A AT 0 A2 2 A H A
FeR A2 e dr e A T S e S 5l NMR PR IS % 0 A A
P AL AR b 0 R AR el RS 4 L G R
Jofe Al 2 [ en 2 BT i T R AR e B i A B R F B P 3

S d] v E & 5 cnlidh REF o
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Modern M3 ----
VA| AS neck 1725 (H3)
AS cello 1707 (H1) ——
AS cello 1731 (H4) - - - -
AS violin 1717 (H2) ——
DG violin 1741 (H5) ——
DG violin 1740 (H7) ——

1 I I I I I 1 I 1 l 1 I 1 I 1 I 1 I
100 80 60 40 20 O -20 -40 -60 -80

2TAl chemical shift (ppm)
Bl 4-12 5.2 5 5 % L% A 4+ 27Al solid-state NMR s 3
Al iz REAE T DR ALFPARAIL (BR) 2 A2 2 (2R) ] HFP
Rl A5 R F - TR OE o 220518 ZREC (2018) 0 ¢ HP AL L
FAMUEFO By (B Lm~ > o850 2018) S FHF A L0~ matde B
4 [29] -
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DG violin 1740 spruce —— VIA|

AS cello 1720 spruce ——
IVA|

I | 1 l I I 1 I I I 1 I I | I I 1 | I l I | 1 |
140 120 100 80 60 40 20 O -20 -40 -60 -80

27Al chemical shift (ppm)
Bl 4-13 ¢ HFH AT 2 fof 2 2 24547 Al solid-state NMR & 23

7z - DG violin 1740 spruce crficyp 31 p 3 Wiz (2018) - ¢ HFH K XL 2 ] &/ F A4

Bt S5 (B Lk St 502018)c S PHE gL okt 44 [29]
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(c) alum + modern spruce

(b) alum/KOH (recrystallized)

IVAI

(a) alum (recrystallized)

VlAl

I 1 | T | T | T 1 |
100 80 60 40 20 0O -20 -40 -60 -80

27TAl chemical shift (ppm)

18] 4-14 ?'Al solid-state NMR & 3
o Bl 5 (@) PR R 4 E0 % 1 Tl ehgs & ~(b) 12 KOH #-pH 53 5] 14
S BRI R R RGCEE D e Rk ~(C) F L%P BB RIE (5 X ) PR R
12 (SM5) & * 3 35 -RiRjic= S fschh k& z27(a)~(b) 31 p % Wiz (2018)-
AEPALL I RF AT FET(E LB > S8~ 5 2018) S 475

L i S i 4 s [29] o

46 AHY RE SRR T AIL AN

d T EREFDICP-MS 24785 AP pe FL AT L2 A2 27 0k
G RH AR AL e R RIBRY 0 BT E- HEFEFAMPN RES b
BB g g A gt APRR A 24, (SME) 2 A (MM1) &~ w)ikie >

0.1%#.A & 2 Ca (OH) 2 E4k i3 ? = % {212 ddH20 # 2 # £ B2 ATR-FTIR
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ko He BoAR-RARERS 01% pH 9% 105 @ Ca (OH) 2 -kiaigen
pH R % 110 BRI A2 4 ol » 20 ek 1205 R sk 3 ¢ ) AT 1 g
Ak it (B 4-15-B) 4-18): # ¢ 4 1730cm™ -~ 1235cmt A wha L g P
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Modern spruce average —
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Guarneri SC6 —

SM5 Ca(OH),treatment —

Absorbance

L] I T ' T | T I T | T I T I L] I
1900 1800 1700 1600 1500 1400 1300 1200 1100
Wavenumber (cm')

B 4-16 5.2 50 &2 F 32 2/¢ Ca (OH) 23R 8% 2 42 ATR-FTIR % 3%

Modern maple average —
Strad MC3 ——

Guarneri MC6 -----

MM1 oak ash treatment ——

Absorbance

! | ! | ! I ! | ! | ! | ! 1 ! |
1900 1800 1700 1600 1500 1400 1300 1200 1100
Wavenumber (cm™)
Bl 4-17 5.2 546 & F % 25 A 4RSS 4R A 9 ATR-FTIR 3%

74

doi:10.6342/NTU201904282



Modern maple average —
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Modern spruce average
Modern SM1——
Modern SM3--------
Modern SM5——

| # 7 & | & § & § =8 F F [ = §F & ] 1 | & ]
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3C chemical shift (ppm)

B S-1 3% 2 422 T 351 comultiCP NMR 5k 3%
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Modern spruce average ——
Building SO1 ——
Building SO2 --------
Building SO3 ——

200 180 160 140 120 100 80 60 40 20 0

3C chemical shift (ppm)
B1S2 ¢ 2 A% M~ ST 55 multiCP NMR % 2#
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2 S1r2FRpeF2 M HRFZH0ICP-MS £ Bl 5%

SA1 SA2 SA3 SA4 SCl1 SC2 SC3 SC4 SC5 SC6

Al 53E+0 4.2E+0 1.2E+0 2.1E+0 1.4E+1 52E+0 4.6E-1 25E+1 8.6E+0 1.2E+3
As 59E-1 20E+0 7.8E-1 13E+0 ND ND ND ND ND ND
B 10E+1 19E+1 23E+1 23E+1 6.4E+1 9.7E+0 2.8E+1 6.9E+1 1.6E+1 4.0E+1
Ba 58E+0 55E+0 1.2E+1 7.3E+0 2.1E+1 5.9E+0 1.7E+1 2.8E+1 2.1E+1 2.0E+1
Ca 13E+3 1.3E+3 9.7E+2 95E+2 7.8E+2 6.3E+2 1.8E+3 14E+3 1.6E+3 6.2E+3
Cd 1.2E-1 15E-1 ND 15E-1 15E-1 8.7E-1 8.1E-1 4.4E-1
Cl 18E+3 18E+3 1.7E+3 1.2E+3 3.3E+3 14E+2 1.7E+3 7.2E+3 7.4E+2 1.3E+3
Cr 55E-1 12E+0 2.7E-1 4.4E-1 6.3E-2 14E+0 59E-1 14E+0 1.3E+0 3.6E+0
Cu 6.0E+0 94E+0 9.2E-1 45E+0 15E+1 13E+0 59E+0 2.0E+1 4.4E+0 6.2E+0
Fe 13E+1 20E+1 51E+0 2.7E+0 4.0E+1 5.0E+1 3.8E+1 9.0E+1 54E+1 14E+2
Ge

Hg 2.0E+0 24E+0 6.6E+0 1.6E+0 1.7E-1 ND ND ND 1.0E+0 4.0E-1
K 2.8E+3 4.3E+3 9.8E+2 2.0E+3 14E+3 3.7E+2 13E+3 4.1E+3 9.3E+2 1.0E+3
Li

Mg 1.7E+2 17E+2 1.1E+2 15E+2 17E+2 6.3E+1 9.7E+1 1.9E+2 19E+2 8.2E+2
Mn 21E+1 2.7E+1 1.7E+2 2.0E+2 9.8E+1 6.2E+1 8.6E+1 6.8E+1 3.0E+1 1.1E+2
Na 3.3E+3 35E+3 19E+3 19E+3 1.7E+3 1.9E+2 9.7E+2 13E+4 8.3E+2 1.5E+3
Ni ND ND ND 15E+0 26E-1 ND 12E+0 89E-1 ND 1.1E+0
P 12E+2 79E+1 4.0E+1 5.6E+1 2.3E+2 9.0E+1 45E+2 26E+2 15E+2 4.3E+2
Pb 19E+1 3.9E+1 1.8E+0 5.3E+0 14E+0 ND ND 1.8E+1 15E+0 ND
S 15E+2 28E+2 1.0E+2 15E+2 2.9E+2 15E+2 T7.4E+2 3.5E+2 2.7E+2 1.0E+3
Sb ND ND ND ND ND ND ND 7.7E-2 ND ND

Se ND ND ND ND ND ND ND ND ND ND
Si 5.3E+2 7.8E+2 3.9E+2 5.6E+2 1.5E+2 55E+2 2.3E+3 3.0E+2 8.6E+2 4.1E+3
Sn ND ND ND ND ND ND ND 1.8E+0 ND ND
Sr  53E+0 6.6E+0 5.8E+0 2.7E+0 8.9E+0 3.4E+0 2.6E+0 57E+0 2.5E+1 1.4E+1
Ti ND ND ND ND 11E+0 ND 26E-1 7.3E+0 ND 3.4E+1

Zn 45E+1 4.6E+1 54E+0 9.3E+1 6.6E+0 3.9E+0 3.9E+1 7.7E+1 1.2E+1 8.5E+0
Zr 13E+0 88E-1 ND 57E-1 ND 43E+0 31E+0 ND 1.8E+1 5.5E+0

Analytical

batch 4 4 4 4 2 4 4 2 4 4
Bt 72 RAZIARESL A E CND AL ZHERFINAE S EAE = ppm
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£ S2Mi 2 T2 AT 40ICP-MS £ %

SM1 SM3 SM4 SM5 SO1 SO2 SO3

Al 28E+0  3.0E+0  39E+0  3.8E+0 ND 1.9E+0  9.3E+0
As ND ND ND ND ND ND ND
B 3.7E+0 6.3E+0 1.8E+0 4.2E+0 3.4E+0 3.2E+0 3.1E+0
Ba 1.8E+1 1.5E+1 8.4E+0 6.9E+0 4.8E+0 1.4E+1 8.2E+0
Ca 1.4E+3 1.2E+3 2.0E+3 1.5E+3 3.1E+2 3.4E+2 1.1E+3
Cd ND
Cl 1.9E+2  11E+3  1.2E+3  15E+3  1.9E+3  21E+3  1.7E+3
Cr ND ND 2.0E+0 ND ND ND ND
Cu 9.8E-1 15E-1 1.1E+0 ND ND ND 2.3E-1
Fe 9.5E+0 2.8E+1 1.1E+1 1.5E+1 6.1E+0 3.5E+0 4.5E+0
Ge
Hg ND ND ND ND ND ND ND
K 2.8E+2 2.9E+2 3.1E+2 3.1E+2 3.9E+2 4.0E+2 5.8E+2
Li
Mg 6.4E+1 5.5E+1 1.1E+2 11E+2 1.5E+2 9.2E+1 9.9E+1
Mn 5.8E+1 5.2E+1 2.6E+1 2.8E+1 1.7E+1 6.3E+1 8.6E+1
Na 3.2E+1 2.0E+1 3.8E+0 1.8E+1 1.8E+1 4.3E+1 1.3E+2
Ni ND 5.9E-3 ND ND 14E-2 2.6E-2 3.3E-2
P 1.1E+1 1.6E+2 2.0E+2 1.9E+2 1.7E+2 1.3E+2 2.3E+2
Pb 7.6E-1 ND 3.6E-1 ND ND 5.6E-1 ND
S 1.2E+2 1.0E+2 2.1E+2 1.0E+2 1.0E+2 1.2E+2 3.1E+2
Sb ND 7.2E-2 ND 1.2E-2 ND ND ND
Se ND ND ND ND ND ND 3.4E+0
Si 51E+2  12E+2  23E+2  1.3E+2 14E+2  17E+2  1.4E+2
Sn ND 6.1E-1 ND 2.8E-1 ND ND ND
Sr 3.9E+0 3.9E+0 2.6E+0 2.4E+0 3.5E+0 5.1E+0 3.9E+0
Ti ND 2.9E+0 ND 3.3E-1 ND 1.2E-1 1.8E-1
Zn 1.3E+1 1.1E+1 1.5E+1 1.2E+1 ND 3.4E+0 1.0E+1
Zr ND ND ND ND ND ND ND
Analytical batch 4 2 3 2 2 2 2
B 2o NEAGGARPESLAEZ INDRE S BRI AZ S ERE =L ppm
100

doi:10.6342/NTU201904282



+
~

S-3 52§ & FH AMICP-MS £ 15 %

MC1 MC1 MC3 MC3 MC4-left MC4-ight MC4-ight -MC5 ~ MC6
Al 1.8E+1 23E+1 45E+1 23E+1 3.1E+0 3.2E+0 6.5E+0 7.2E+0 2.9E+3
As ND ND ND ND ND ND 1.3E+0 ND ND
B 2.2E+1 43E+1 46E+1 54E+1 18E+1 1.1E+1 12E+1 4.2E+1 3.4E+1
Ba 85E+0 15E+1 48E+0 3.8E+0 1.1E+0 9.1E-1 2.1E+0 8.7E-1 8.7E+0
Ca 28E+3 1.1E+3 26E+2 7.6E+2 14E+3 19E+3 35E+3 6.1E+2 3.3E+3
Cd
Cl 2.9E+3 9.4E+3 1.4E+4 5.0E+3 3.5E+3
Cr 9.0E-1 22E+0 15E+0 2.6E-1 ND ND 14E-1 ND 6.7E+0
Cu 58E+0 20E+0 6.4E+1 12E+2 50E+0 6.0E+0 1.3E+1 4.5E+0 5.2E+1
Fe 95E+1 43E+1 14E+2 10E+2 12E+1 25E+2* 6.0E+1 1.8E+1 1.2E+2
Ge ND ND ND ND
Hg ND ND ND 9.1E-1 1.8E+0 ND 1.1E+0 2.2E-1 ND
K 1.0E+3 25E+3 4.2E+3 5.0E+3 4.8E+3 4.3E+3 5.7E+3 1.4E+3 5.7E+2
Li ND ND ND ND
Mg 2.7E+2 3.1E+2 3.2E+2 3.8E+2 16E+2 11E+2 26E+2 39E+2 8.2E+1
Mn 6.6E+0 9.7E+0 1.2E+1 89E+0 3.0E+0 4.2E+0 3.7E+0 4.6E+0 6.2E+0
Na 47E+2 7.7E+2 43E+3 1.1E+4 3.1E+3 3.1E+3 3.8E+3 2.3E+2 6.1E+2
Ni ND 25E-1 21E+1 18E+1 1.4E-1 ND 3.2E-1 5.0E-1 23E+0
P 22E+2 3.3E+2 2.1E+2 35E+2 26E+2 15E+2 27E+2 23E+2 4.7E+2
Pb 28E+0 45E+0 35E+1 2.1E+1 18E+0 4.2E+0 4.1E+0 9.0E-1 1.6E+1
S 3.5E+2 3.7E+2 2.3E+2 6.9E+2 1.5E+2
Sh ND 7.2E-2 ND 1.0E-1 ND ND ND ND ND
Se ND 1.4E+0 ND ND 4.4E-1 ND ND ND ND
Si 2.5E+2 2.2E+2 2.5E+2 2.7TE+2 2.3E+2
Sn 5.0E+0 ND 28E+0 4.7E-1 ND 7.1E-2 ND ND 1.8E+0
Sr 48E+0 7.1E+0 6.8E+0 4.9E+0 4.1E+0 34E+0 9.1E+0 1.9E+0 1.5E+1
Ti 24E-1 1.1E+0 23E+0 1.1E+0 6.6E-1 6.2E-1 1.6E+0 1.1E+0 2.4E+0
Zn 3.0E+1 2.1E+1 6.4E+1 25E+1 12E+1 16E+1 35E+1 ND 1.2E+2
Zr ND ND 3.4E-1 ND ND ND ND ND 4.0E+1

Analytical batch 1 2 1 2 2 1 3 2 1

(s

76 RAARES AE

ND 2% 5 fplplpt~2% ; ERE =5 ppm
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# S-4 JLAS R A 1 ICP-MS £ ip] % %

MM1 MM2 MM2 MM3 MM4 MM5 MM6 MM6 MM7 MM7
Al 1.8E+0 5.9E+0 1.4E+0 2.6E+0 2.0E+0 2.3E+0 2.9E+0 1.0E+1 5.0E+0 2.6E+0
As ND ND ND ND ND ND ND ND ND ND
B 41E+0 2.2E+0 2.6E+0 19E+0 5.1E+0 2.7E+0 2.7E+0 4.0E+0 5.4E+0 8.2E+0
Ba 5.6E-1 4.2E-1 4.8E-1 4.6E-1 16E+0 8.2E-1 25E+0 3.1E+0 2.7E+0 3.7E+0
Ca 5.3E+2 1.1E+3 1.5E+3 1.0E+3 2.2E+3 2.1E+3 1.0E+3 1.8E+3 1.2E+3 1.4E+3
Cd
Cl 1.2E+3 9.4E+2 1.3E+3 1.1E+3 1.0E+3 1.5E+3
Cr ND ND 55E-2 ND ND 14E-1 ND ND ND ND
Cu 7.8E-1 1.1E+0 4.7E-1 2.0E+0 14E+0 8.3E-1 1.8E+0 1.5E+0 1.8E+0 1.4E+0
Fe 8.3E+0 1.1E+1 6.9E+0 7.1E+0 1.2E+1 1.0E+1 7.0E+0 54E+0 1.5E+1 4.3E+0
Ge ND ND ND ND
Hg ND ND ND ND ND ND ND ND ND ND
K 7.0E+2 6.5E+2 8.3E+2 4.5E+2 2.4E+3 1.4E+3 1.1E+3 1.4E+3 5.2E+2 1.3E+3
Li ND ND ND ND
Mg 3.9E+2 4.1E+2 4.9E+2 3.2E+2 4.9E+2 3.1E+2 2.8E+2 3.6E+2 2.9E+2 4.3E+2
Mn 3.6E+0 2.3E+0 2.5E+0 1.5E+0 4.3E+0 3.3E+0 8.9E+0 1.2E+1 1.3E+1 1.6E+1
Na 5.8E+1 19E+1 19E+1 9.3E+0 2.3E+1 1.6E+1 6.6E+0 4.2E+0 2.8E+1 2.6E+1
Ni ND ND ND ND ND ND ND 38E-1 ND 6.9E-1
P 15E+2 1.6E+2 1.0E+2 1.0E+2 2.5E+2 2.0E+2 2.1E+2 1.6E+2 1.7E+2 1.7E+2
Pb 20E-1 88E-2 13E-1 72E-2 ND 25E-1 22E-2 ND 21E-1 9.4E-2
S 1.4E+2 9.2E+1 7.8E+1 2.7E+2 6.7E+1 1.0E+2
Sb ND ND ND ND ND ND ND ND ND 9.5E-2
Se ND ND ND ND ND ND ND ND ND ND
Si 2.2E+2 1.0E+2 2.6E+2 1.9E+2 1.0E+2 1.3E+2
Sn ND 43E-2 ND 19E-2 ND ND 26E-2 ND 35E-2 7.4E-1
Sr 3.7E+0 8.5E-1 85E-1 5.6E-1 3.1E+0 1.1E+0 6.8E-1 3.8E+0 3.9E+0 5.1E+0
Ti ND 43E-1 ND 16E-1 ND ND 6.1E-1 23E-1 55E-1 4.8E-1
Zn 9.0E+0 6.8E+0 6.5E+0 6.3E+0 6.1E+0 5.1E+0 5.9E+0 6.8E+0 8.0E+0 5.9E+0
Zr 71E-1 ND 44E-1 ND ND ND ND ND ND 6.5E-1

Analytical batch 3 1 3 1 3 3 1 2 1 2

# i

e
T v 1

L

LEEI AR RS F CND RS
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% S-5 5 Foi | 4 F AL A 9 ICP-MS £ I3 %

MA1 MA2 MAS3 MA3 MA4 MA4 MAS5

Al 5.6E+0 2.8E+0 2.7E+2 2.9E+0 4.0E+0 1.2E+0 5.7E-1
As ND 1.8E-1 3.4E-1 3.3E-1 ND ND ND
B 9.2E+0 8.3E+0 2.1E+1 2.2E+1 7.8E+0 7.8E+0 8.8E+0
Ba 1.0E+1 3.3E+1 3.0E+0 2.8E+0 1.1E+0 2.1E+0 1.9E+1
Ca 8.5E+2 1.2E+3 1.1E+3 1.2E+3 1.6E+3 2.2E+3 1.1E+3
Cd 5.4E-2 ND 6.4E-2 ND 1.6E-1
Cl 3.9E+2 9.8E+2 9.8E+2 1.4E+3 1.7E+3 1.0E+3
Cr 1.8E-1 ND 3.0E-1 ND ND 6.0E-2 3.2E-1
Cu 1.7E+0 1.3E+0 2.4E+0 1.5E-1 3.9E+0 2.2E+0 8.6E-1
Fe 1.3E+1 1.1E+1 1.2E+1 7.4E+0 1.8E+1 1.6E+1 7.8E+0
Ge ND
Hg ND ND ND ND ND 5.8E-2 ND
K 1.4E+3 1.9E+3 6.7E+2 1.4E+3 7.1E+2 8.2E+2 1.5E+3
Li ND
Mg 4.2E+2 2.8E+2 7.7E+2 7.6E+2 4.8E+2 4.7E+2 2.6E+2
Mn 45E+1 1.1E+1 1.7E+1 1.5E+1 1.6E+0 1.4E+0 1.5E+1
Na 1.0E+3 7.4E+2 5.0E+2 6.7E+2 1.3E+2 2.0E+2 9.6E+2
Ni ND 2.9E-1 8.4E-1 6.2E-1 ND ND 2.1E-1
P 1.6E+2 1.5E+2 1.6E+2 3.2E+2 2.5E+2 2.2E+2 1.0E+2
Pb 1.5E+0 1.3E+0 7.4E-1 7.5E-1 2.1E+0 3.0E+0 1.1E+0
S 2.0E+2 1.9E+2 1.0E+2 2.3E+2 5.6E+2 1.0E+2
Sh ND ND ND ND ND ND ND
Se ND 1.9E-1 ND ND ND ND ND
Si 6.9E+2 5.4E+2 4.2E+2 6.4E+2 3.1E+2 3.6E+2
Sn ND ND ND ND 8.6E-2 ND ND
Sr 4.2E+0 6.5E+0 4.9E+0 4.7E+0 6.7E+0 4.4E+0 3.8E+0
Ti ND ND ND 8.4E-2 5.6E-1 ND ND
Zn 3.1E+0 2.5E+0 4.5E+0 2.6E+0 4.2E+1 8.5E+0 2.7E+0
Zr 1.9E+0 9.7E-1 5.8E-1 4.4E+0 ND ND 7.8E-1
Analytical batch 4 4 4 5 1 3 4

Bt 2 RAZIARESL A E CND AL ZERFINAE S EAE = ppm
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# S-6 1575A i 5.c17 ICP-MS £ 7] % %

1575a 1575a 1575a 1575a S S
Analytical batch 2 3 4 5
Al 5.7E+2 5.9E+2 5.3E+2 5.7E+2 5.8E+2
As ND ND ND 3.8E-2 3.9E-2
B 1.1E+1 9.0E+0 9.6E+0 9.0E+0 9.6E+0
Ba 5.3E+0 5.5E+0 5.7E+0 6.1E+0 6.0E+0
Ca 2.6E+3 2.4E+3 2.4E+3 2.6E+3 2.5E+3
Cd 2.2E-1 2.2E-1 2.3E-1
Cl 1.3E+3 1.1E+3 4.1E+2 5.4E+2 4.2E+2
Cr ND 2.9E-1 4.4E-1 5.3E-1 3.3E-1
Cu 3.1E+0 3.1E+0 2.8E+0 2.8E+0 2.8E+0
Fe 3.7E+1 4.2E+1 44E+1 4.6E+1 4.6E+1
Ge
Hg 3.8E-2 4.1E-2 3.7E-2 ND 4.0E-2
K 4.3E+3 4.3E+3 4.0E+3 4.2E+43 4.2E+3
Li
Mg 1.0E+3 1.1E+3 1.0E+3 1.0E+3 1.1E+3
Mn 4.9E+2 4.8E+2 4.6E+2 4, 7E+2 4 9E+2
Na 5.9E+1 5.9E+1 6.4E+1 6.2E+1 6.3E+1
Ni 1.3E+0 1.4E+0 1.5E+0 1.4E+0 1.5E+0
P 9.4E+2 1.0E+3 1.0E+3 1.1E+3 1.1E+3
Pb 1.1E-1 15E-1 1.7E-1 1.7E-1 1.7E-1
S 1.5E+2 1.4E+2 6.9E+1 6.3E+1
Sh ND ND ND ND
Se ND ND ND ND 9.9E-2
Si 6.9E+2 6.5E+2 5.4E+2 6.9E+2
Sn ND ND ND ND
Sr 7.0E+0 6.7E+0 6.3E+0 6.3E+0
Ti 1.6E+0 1.0E+0 8.7E-1 3.2E+0
Zn 3.7E+1 3.4E+1 3.6E+1 3.9E+1 3.8E+1
Zr ND 5.5E-1 1.4E+0 1.1E+1

Firi ge AAZIARES A F OND AL GRS A~E S ERE =5 ppm
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% ST * 5 g2 2 4,1 ICP-MS £ B % %

Element Oilz’iso;k CiIEAC)SHJr)z SM,\?aEIS% soa?li\:g in S'\Pﬂfgoi% Kscl)\f—?p:rH Oak ash* (s?c?llfjgf:
ash pH 11 water 115 part
Al 39E+1  1.2E+0 ND 49E-1 41E+0 20E+0 1.1E+4 3.7E+2
As ND ND ND ND ND ND 1.4E+0 ND
B 6.2E+0 4.7E+0 35E+1 98E-1 17E+0 15E+0 2.1E+2 1.7E+2
Ba 22E+1 26E+0 4.0E+0 7.7E+0 6.0E+0 75E+0 5.6E+2 3.9E+1
Ca 3.3E+3 55E+3 9.6E+2 42E+2 23E+2 85E+2 83E+4 8.8E+3
Cd 9.5E-2 ND ND ND ND ND 3.1E-2
Cl 2.3E+2 56E+l 24E+2 28E+2 43E+2 3.6E+2 19E+2 6.1E+2
Cr 5.1E-1 33E-1 16E-1 19E-1 53E-2 ND 29E+0 4.7E+0
Cu 16E+0 1.1E+0 7.7E-1 29E-1 26E+0 58E-1 94E+1 1.1E+1
Fe 3.9E+1 30E+1 93E+0 6.3E+1 43E+1 7.7E+0 3.2E+3 6.6E+0
Ge
Hg ND ND ND ND ND ND ND ND
K 34E+2 51E+1 24E+1 16E+2 1.6E+4 3.6E+3 1.1E+5 4.0E+5
Li
Mg 2.7E+2  86E+1 26E+0 8.1E+1 54E+0 8.6E+l1 28E+4 19E+3
Mn 29E+1 1.7E+1 46E-2 23E+1 2.1E+1 24E+1 4.6E+3 1.6E+0
Na 49E+1 24E+1 20E+3 24E+0 94E-1 89E+0 6.0E+3 2.0E+4
Ni ND ND ND 16E+0 2.0E-1 ND 79E+0  6.3E-1
P 3.8E+1 35E+1 24E+1 19E+2 9.8E+1 12E+2 7.8E+3 5.4E+2
Pb 8.1E-1 45E-1 1.6E+0 ND 29E-1 23E-1 4.7E+0 ND
S 19E+1 2.0E+2 22E+1 9.1E+1 89E+1 17E+2 7.8E+2 2.9E+2
Sb ND ND ND ND ND ND ND ND
Se 1.1E+0  3.8E-1 ND ND ND ND 6.3E-1 ND
Si 8.8E+2 83E+2 9.1E+2 8.3E+2 45E+2 4.7E+2 5.7E+2 1.2E+3
Sn ND ND ND ND ND ND ND ND
Sr 20E+1 46E+0 52E-1 19E+0 54E-1 21E+0 9.6E+2 7.2E+1
Ti 4.0E-1 1.9E-1 ND 0.0E+0  2.5E-1 ND 59E+1 2.1E-1
Zn 13E+1  9.4E+0 ND 10E+1 7.0E+0 1.1E+1 24E+2 1.9E+0
Zr ND ND ND 12E+0  7.9E-1 ND 6.0E+0 ND

SN

Analytical batch 4 4 5 5 3 4

5
Bt 8 RAZIARES A E CND AL LRI AE S EAE = ppm

0.1% oak ash i3 i pH=10.4 ~ 2 % K2COs i3 i% pH=11.6 ; * : X i ifh2 Hoh %
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% S-8 4 5 AJZAR & 1 ICP-MS £ ipl & %

Element 0.15'/|A>'\g;k+ash 1'://I0Ma?u+n-1 (?2'(\(/')1%;2 S%ﬁoMthl so';/lklze/ldlin 20%' ,\Pélzchros IX)MHlpT-i
solution solution pH 11 water 115
Al 7.1E+1 6.7E+2 2.3E+1 2.4E-1 4.9E+0 1.7E+1 8.2E+0
As ND ND ND ND ND ND ND
B 9.0E+0 4.7E+0 6.9E+0 1.2E+2 1.9E+0 1.5E+0 2.6E+0
Ba 2.0E+1 6.8E-1 8.2E-1 3.1E+0 9.0E-1 4.1E+0 6.8E-1
Ca 3.5E+3 8.3E+2 4.0E+3 79E+2  9.0E+2 5.4E+2 1.2E+3
Cd 4.6E-1 ND ND ND ND ND ND
Cl 5.1E+2 3.1E+2  6.4E+2  15E+3  5.1E+2  57E+2  5.1E+2
Cr 5.4E-1 7.3E-1 1.5E+0 ND ND ND 5.2E-2
Cu 2.1E+0 1.0E+0 2.3E+0 5.8E-1 7.2E-1 8.7E-1 3.4E-1
Fe 3.8E+1 4.4E+1 3.9E+1 1.1E+1 2.2E+1 1.8E+1 1.2E+1
Ge
Hg ND ND ND ND ND ND ND
K 3.4E+2 9.0E+1 6.7E+1 1.9E+1 1.0E+2 1.3E+4 2.7E+3
Li
Mg 3.7E+2 2.8E+0 1.0E+2 3.6E+0  2.0E+2 2.2E+1 2.4E+2
Mn 2.0E+1 1.7E-1 3.1E+0 8.0E-2 2.6E+0 2.6E+0 2.3E+0
Na 5.8E+1 2.2E+1 6.8E+1  4.4E+3 3.9E-1 22E+0  4.3E+0
Ni ND ND ND ND 2.3E-1 ND ND
P 1.2E+2 6.7E+1 5.8E+1 3.6E+1 2.2E+2 1.6E+2 2.6E+2
Pb ND 6.4E-1 7.3E-1 1.2E+0 2.4E-1 4.6E-1 ND
S 3.3E+2 1.5E+2 2.0E+2 1.8E+1 2.2E+2 1.1E+2 2.4E+2
Sh ND ND ND ND ND ND ND
Se 5.2E-1 6.3E-1 8.1E-1 ND ND ND ND
Si 1.7E+3 6.1E+2  1.1E+3  7.8E+2  12E+3  89E+2  1.2E+3
Sn ND ND ND ND ND ND ND
Sr 24E+1 ND 1.9E+1 1.4E+0 2.9E+0 1.8E+0 3.2E+0
Ti 1.5E-1 3.6E+0 1.7E+0 ND 2.1E+0 4.6E-1 5.9E-2
Zn 3.6E+0 1.5E+0 9.8E+0 6.2E-1 9.7E+0 6.3E+0 6.9E+0
Zr 5.1E-1 6.1E-1 2.5E+0 ND 2.4E+0 1.2E+0 ND
Analytical batch 4 4 4 4 5 5 5

B e REAZIARESL~E CND AL S BRI ~E EREE =5 ppm

0.1% oak ash ;% ;% pH=10.5+2 % K2COs ;% i% pH=11.6 1% KAI(SO4)2 i% % pH=3.4
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