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Supplemental Text 18 

To identify and characterize impurity carbon in the purified Pheo a fractions, three additional 19 

assessments based on (i) diode array detector (DAD), (ii) Orbitrap MS, and (iii) GC/MS 20 

spectra were performed. Assessment (i) was subject to all eight samples, while assessment (ii) 21 

subject to 1952, 1968, 1973, 1982, and 1995 samples and assessment (iii) subject to 1952 and 22 

1968 samples due to availability of leftover materials after CSRA. 23 

 24 

(i) DAD spectrum 25 

The DAD spectrum of all samples spanning from 300 to 720 nm absorbance was examined at 26 

the time window between 16.5 to 20.5 min when the Pheo a allomer, Pheo a, and Pheo a 27 

epimer were collected by fraction collector. The HPLC setting was the same as the second-28 

step separation using Eclipse PAH column. Exogeneous compounds having absorbance at the 29 

300–720 nm range were not found (Figure S1). Based on peak areas at 660 nm of Pheo a 30 

allomer, Pheo a, and Pheo a epimer, their relative proportion in each sample was estimated 31 

(Figure S2). 32 

 33 

(ii) Orbitrap MS spectrum 34 

Selected samples (1952, 1968, 1973, 1982, and 1995 CE) were injected to an UltiMate 3000 35 

and Q Exactive™ Plus Hybrid Quadrupole-Orbitrap™ mass spectrometer (Thermo Fischer 36 

Scientific Inc., Waltham, MA, USA) using the electrospray ionization (ESI) method under an 37 

infusion mode. Exogeneous compounds that were ionized by ESI were not found except for 38 

Pheo a allomers (allomer 1: m/z 887.6, C55H74N4O6, allomer 2: m/z 903.6, C55H74N4O7, 39 

allomer 3: m/z 919.6, C55H74N4O8, allomer 4: m/z 935.6, C55H74N4O9) (Figure S3). The 40 

addition of oxygen to the Pheo a compound likely occurred in sample preparation and/or 41 

storage process due to an exposure to ambient air, which does not increase its C/N nor affect 42 
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sample purity for CSRA measurements. Based on peak areas at exact m/z of Pheo a and its 43 

allomers, their relative proportion in each sample was estimated (Figure S4). There was a 44 

strong positive correlation in proportions of Pheo a allomers between DAD-based estimates 45 

and Orbitrap MS-based estimates (Figure S5). 46 

 47 

(iii) GC/MS spectrum 48 

Selected samples (1952 and 1968CE) were dissolved in n-hexane, and loaded on deactivated 49 

1 % H2O silica gel columns pre-conditioned with hexane. The N-1, N-2, and N-3 fractions 50 

were extracted with n-hexane, n-hexane/dichloromethane (50:50, v/v), and 51 

dichloromethane/methanol (90:10, v/v) respectively. After drying with argon gas, these 52 

fractions were redissolved in n-hexane/dichloromethane and were injected to a gas 53 

chromatograph/mass spectrometer (GC/MS) (Agilent 7890A-GC with Agilent 5975C inert 54 

XL MSD) equipped with the VF-5ms column (0.25 mm ×30 m, film thickness 0.10 µm) with 55 

the electron ionization (EI) method (70eV). The oven temperature was programmed as 56 

follows: maintained at 40 °C for 2 min, raised up to 120 °C at 30 °C min-1, then to 320 °C at 57 

6 °C min-1, and maintained at 320 °C for 20 min. Helium was used as the carrier gas with a 58 

constant flow are of 1 mL min-1. 59 

For the N-1 and N-2 fractions, no peaks were found. For the N-3 fraction, peaks 60 

around 12–13 min appeared both in the in-house Pheo a standard and the samples, suggesting 61 

that these are ionized fractions of Pheo a compound. Exogeneous compounds that were 62 

ionized by EI were not found except for pentacyclic triterpenoid compounds (β-amyrin, 63 

simiarenol, and their derivatives) eluting around 31–32 min, which were identified by mass 64 

fragment patterns (Elgamal et al., 1969; Galeron et al., 2016; Shiojima et al., 1992). (Figures 65 

S6–S13). 66 

 67 
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FIGURE LEGENDS 81 

Figure S1. HPLC/DAD spectrums of Pheo a collected through separation using the C18 (1st) 82 

and PAH (2nd) columns in (a) 1952 CE, (b) 1965 CE, (c) 1966 CE, (d) 1968 CE, (e) 1973 83 

CE, (f) 1982 CE, (g) 1995 CE, and (h) 2007 CE. Dashed lines indicate fraction collection 84 

window (16.5–20.5 min). 85 

 86 

Figure S2. DAD peak area (660 nm) percentage of Pheo a allomer (16.5–17.8 min), Pheo a 87 

allomer epimer, Pheo a (17.8–19.2 min), and Pheo a epimer (19.2–20.5 min). 88 

 89 

Figure S3. Orbitrap MS chromatograms of Pheo a (m/z 871.6, C55H74N4O5) in (a) an in-house 90 

standard, (b) 1952 CE, (c) 1968 CE, (d) 1973 CE, (e) 1982 CE, and (f) 1995 CE. 91 

 92 

Figure S4. Orbitrap MS peak area percentage of Pheo a and its allomers. 93 

 94 

Figure S5. Relationship between DAD peak area (660 nm) percentage and Orbitrap MS peak 95 

area percentage of Pheo a and its allomers. The strong positive correlation corroborates that 96 

the compounds are Pheo a derivatives (allomers). 97 

 98 

Figure S6. Total ion chromatogram of the N-3 fraction (a) in an in-house standard Pheo a and 99 

(b) in Pheo a extracted from the Quercus pubescens leaf collected in 1952 CE and purified for 100 

CSRA. 101 

 102 

Figure S7. (a) Total ion chromatogram and (b) mass spectrum of the first unknown peak of 103 

the N-3 fraction in Pheo a in 1952 CE. The asterisk denotes the peak for which the mass 104 

spectrum is obtained. 105 
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 106 

Figure S8. (a) Total ion chromatogram and (b) mass spectrum of the second unknown peak of 107 

the N-3 fraction in Pheo a in 1952 CE. The asterisk denotes the peak for which the mass 108 

spectrum is obtained. 109 

 110 

Figure S9. (a) Total ion chromatogram and (b) mass spectrum of the third unknown peak of 111 

the N-3 fraction in Pheo a in 1952 CE. The asterisk denotes the peak for which the mass 112 

spectrum is obtained. 113 

 114 

Figure S10. Total ion chromatogram of the N-3 fraction (a) in an in-house standard Pheo a 115 

and (b) in Pheo a extracted from the Quercus pubescens leaf collected in 1968 CE and 116 

purified for CSRA. 117 

 118 

Figure S11. (a) Total ion chromatogram and (b) mass spectrum of the first unknown peak of 119 

the N-3 fraction in Pheo a in 1968 CE. The asterisk denotes the peak for which the mass 120 

spectrum is obtained. 121 

 122 

Figure S12. (a) Total ion chromatogram and (b) mass spectrum of the second unknown peak 123 

of the N-3 fraction in Pheo a in 1968 CE. The asterisk denotes the peak for which the mass 124 

spectrum is obtained. 125 

 126 

Figure S13. (a) Total ion chromatogram and (b) mass spectrum of the third unknown peak of 127 

the N-3 fraction in Pheo a in 1968 CE. The asterisk denotes the peak for which the mass 128 

spectrum is obtained. 129 

 130 
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Figure S14. The observed C/N ratios (right axis in red) and blank carbon % (left axis in blue) 131 

for Chl a purified from Quercus leaf samples plotted against collection year CE. Error bars 132 

indicate 1σ uncertainties. The dashed red line indicates expected C/N ratios of Chl a (11.8). 133 

The four older samples collected in 1952, 1965, 1966, and 1968 CE showed significantly 134 

higher C/N and blank carbon % than 11.8 and 0, respectively, while the four newer samples 135 

collected in 1973, 1982, 1995, and 2007 CE did not. 136 

 137 

Figure S15. Heatmaps of the difference (ΔΔ14C) between observed and modelled Δ14CChl 138 

values on a biplot for soil turnover time (Ts, years) versus soil proportion (Ps, %) for each of 139 

the eight samples collected in different years. The ΔΔ14C value larger than the 2σ analytical 140 

error of CSRA (>16‰) was not considered in this plot. The white arrows denote the smallest 141 

ΔΔ14C values (i.e., the most plausible models). 142 

 143 

Figure S16. The ΔΔ14C heatmap that overlayed all the eight heatmaps in Figure S12. The 144 

arithmetic mean of the ΔΔ14C values from the eight years are shown. The white arrow denotes 145 

the smallest ΔΔ14C value (i.e., the most plausible model). 146 
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Figure S1a 149 
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Figure S1b 152 
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Figure S1c 155 
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Figure S1d 158 
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Figure S1e 161 
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Figure S1f 164 
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Figure S1g 167 
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Figure S1h 170 
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Figure 2 173 
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Figure S3a 176 
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Figure S3b 179 
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Figure S3c 182 
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Figure S3d 185 
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Figure S3e 188 
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Figure S3f 191 
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Figure S4 194 

  195 

1952 1965 1966 1968 1973 1982 1995 2007

Calendar year (CE)

P
e

a
k
 a

re
a

 o
n

 O
rb

it
ra

p
 M

S
 (

%
)

0

10

20

30

40

50

60

70

80

90

100

Pheo a Pheo a allomer 1 Pheo a allomer 2 Pheo a allomer 3 Pheo a allomer 4



Ishikawa et al. Δ14C of chlorophyll a in archival oak leaves 

 24 

 196 

Figure S5 197 
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Figure S6 200 
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Figure S7 203 
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Figure S8 206 
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Figure S9 209 
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Figure S10 212 
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Figure S11 215 
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Figure S12 218 
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Figure S13 221 
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Figure S14 224 
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Figure S15 227 
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Figure S16 230 


