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Tables
Table S1. Analytical and baseline data for BS3-normalized diagnostic ratios (DRs) of CoDe and CiDe.

Markers
(spilled site) CoDe (Q-1) ~ CaDe (W)
DRinax 0.78 491
High-S reference DR (6700 ppm S) 0.14 1.04
fr (min) 25.48 27.98-29.96
Quantifier EIM (m/z) 95 95

This table lists the key analytical parameters of the chemical markers used for DR calculation (marker/BS3),
including the extracted ion mass (EIM, m/z) used for GC/MS peak integration, retention time (#r, min), and
maximum integration peak-area values used as baseline for the »-DR normalization. In comparison, this table
also provides the BS3-normalized DRs measured in the high-sulfur middle-distillate reference (6700 ppm S)
which was used for sulfur-proxy calibration. Note that these values were not used as the maximum values for
r-DR normalization.

Table S2. Canonical discriminant-function coefficients and explained variance of LDA models using
alternative DRx/gs3 variables.

Canonical R DR DR DR Percentage of
Variable CxD/BS3 C2B/BS3 C3N/BS3 XBS3 (e %)
T 1 3.15 0.74 0.038 0.011 82.08
’ 2 -0.20 2.68 0.036 -0.17 15.88
1 3.18 0.48 0.026 0.57 86.47
CoDe
2 -0.19 1.56 0.060 0.97 12.24
1 3.13 0.52 0.034 -0.015 86.42
CiDe
2 -0.23 1.61 0.074 0.015 12.02

The LDA models were constructed using a common predictor set composed of DRcypmss, DRc2pmBs3,
DRc3ns3, and DRx/ss3, where X represents the substitutable HDS-related marker (C3T, CoDe, or CiDe). The
coefficients for Canonical Variable 1 and Canonical Variable 2 are listed with the percentage of variance
explained by each canonical variable.

Table S3. Analytical uncertainty and repeatability of GC/MS peak-area integration, and BS3-
normalized diagnostic ratios.

Peak area uncertainty (RSD (%)) DR uncertainty (RSD (%))
Instrumental Precision Method Reproducibility Instrumental Precision Method Reproducibility
samples® A* B* S* A* B* S* A* B* S* A* B* S*
CoDe 1.30 498 353 546 152 200 0.78 344 256 546 152 2.00

CiDe 090 096 495 549 235 128 179 074 405 549 235 1.28

“A* and B* denote fresh diesel samples collected from companies A and B, respectively, whereas S* denotes
the high-sulfur (6700 ppm) diesel reference sample.




Table S4. Dilution-based operational detection and quantification levels of CoDe and resolved CiDe
peaks in representative diesel matrices.

High-S diesel peaks Fresh ULSD peaks
Marker S/N>3 S/N>10 S/N>3 S/N>10
CoDe  1/16 1/2 1/32 1/32
CiDe-1 1/32 1/8 1/32 1/32
CiDe-2 1/32 1/4 1/32 1/32

CiDe-3  1/2 NR 1/32 1/16
CiDe-4 1/2 NR 1/32 1/16
CiDe-5 1/4 NR 1/32 1/8

CiDe-6 1/8 NR 1/32 1/32

Values represent the lowest tested nominal diesel fraction satisfying the specified S/N criterion. S/N > 3 and
S/N > 10 were used as operational criteria for detection and reliable quantification, respectively. A value of
1/32 indicates that the corresponding criterion was still satisfied at the lowest diesel fraction tested; therefore,
the actual operational threshold may be lower than 1/32. NR, not reached within the tested dilution range.
These values represent matrix-specific, dilution-based operational sensitivity levels rather than absolute
concentration-based LOD/LOQ values derived from neat authentic standards.

Table SS5. The estimated sulfur contents (S-contents in ppm) for the diesel spill samples collected from
12 gas stations were derived using the diagnostic ratios DRcxp/Bs3. This chemical proxy was calibrated
against a reference crude middle distillate provided by Taiwan CPC Co., which had an S-content of 6700 ppm.

Oil-spilled . Mean Standard Deviation S-content (ppm) of
gas stations (SD) historic regulation limits
AB-1 3 1963.67 20.07 3,000
AB-2 4 1334.75 83.31 1,500
AC-1 5 903.20 199.08 1,500
AC-2 3 463.00 97.70 500
L-1 4 2120.50 427.13 3,000
L-2 3 93.00 70.83 350
M 2 124.50 11.50 350
N 5 154.60 72.42 350
P-1 6 30.67 2.87 50
P-2 3 136.67 17.15 350
Q-1 3 649.67 25.32 1,500
Q-2 2 339.50 45.50 350
S-1 3 833.33 99.37 1,500
S-2 2 423.00 61.00 500
T 5 192.00 41.39 350
\Y% 5 719.80 68.64 1,500
Y 7 96.71 18.77 350
X-1 2 202.00 28.00 350
X-2 5 48.40 31.15 50




Table S6. Cross-validated confusion counts for LDA models used in manufacturer discrimination.
Model A—A A—B B—A B—B

Baseline 59 4 0 21
+ CoDe 61 2 0 21
+ C1De 60 3 0 2
+ CoDe + C1De 60 3 3 18

Model definitions are identical to those reported in Table 1. Briefly, the baseline model comprised DRc2p/Bs3,
DRc31/Bs3, DRBs4/Bs3, and DRpips3; DRcobesss and DRcipesss were then added individually or simultaneously
as indicated. All variables therefore represent BS3-normalized diagnostic ratios. Rows represent the observed
manufacturer, and columns represent the cross-validated predicted manufacturer; thus, A—B indicates a
company A observation classified as company B, whereas B— A indicates a company B observation classified
as company A.

Table S7. Sensitivity analysis of cross-validated LDA performance using alternative marker
combinations for manufacturer discrimination.

CV Balanced

Model I\]I)(;.{Soaf C.B GiT BS4 Ph CoDe CiDe accuracy accuracy
(%) (%)
1 3 v — v v — — 92.86 90.48
2 v v v — — — 92.86 90.48
3 v v — v — — 94.05 96.03
4 v v — — v — 89.29 83.33
5 v v — — — v 94.05 91.27
6 v v — v — 91.67 88.10
7 v — v — — v 94.05 91.27
8 v v v — 82.14 72.22
9 v — — v — v 91.67 86.51
10 — v v v — — 90.48 88.89
11 — v v v — 90.48 88.89
12 — v v — — v 96.43 97.62
13 — v — v v — 92.86 90.48
14 — v — v — v 95.24 93.65
15 — — v v v — 91.67 88.10
16 — — v v — v 91.67 89.68
17 4 v v v v — — 95.24 96.83
18 v — v v v — 91.67 89.68
19 v — v v — v 91.67 89.68
20 5 v v v v v — 97.62 98.41
21 v v v v — v 96.43 97.62
22 6 v v v v v v 92.86 90.48

All predictor variables represent BS3-normalized diagnostic ratios, i.e., DRc2p/Bs3, DRc3t/Bs3, DRBs4/Bss,
DRpnBs3, DRcobesss, and DRcipesss. “No. of DRs indicates the number of BS3-normalized diagnostic ratios
included in each LDA model. A check mark (v') indicates that the corresponding diagnostic ratio was included
in the LDA model, whereas an em dash (—) indicates that it was excluded. CV accuracy represents the
proportion of correctly classified observations under cross-validation, and balanced accuracy was calculated
as the mean of the class-specific recall values for company A and company B. The four principal models
discussed in the main text are shown as Models 17 and 20-22. The highest performance values are shown in
bold.



Table S8. Cross-validated performance of LDA models for discrimination among sulfur-regulatory
manufacturing-era groups. All predictor variables represent BS3-normalized diagnostic ratios, i.e.,
DRc28/Bs3, DResnBs3, DRe3t/Bs3, DRexpiBs3, DRcopesss, and DRcipesss. A check mark (V') indicates inclusion
of the corresponding diagnostic ratio in the LDA model, whereas an em dash (—) indicates exclusion. The
baseline model comprised DRc2p/Bs3, DRc3nBs3, DRe31/Bs3, and DRexp/sss. In the decalin-substitution models,
DRc3t/Bs3 was replaced by either DRcopesss or DRcipess3. CV accuracy represents overall cross-validated
classification accuracy, whereas balanced accuracy represents the mean of the class-specific recall values
across the sulfur-regulatory groups. The highest performance values are shown in bold.

Model (B C:N T GD CoDe CiDe CV accuracy (%)  ooanced
accuracy (%)
Baseline v v v — — 83.33 89.60
CiT—>CDe v v v — 90.48 91.54
CGiT—>CDe v v - 89.29 92.69
+ CoDe v v v = 83.33 89.60
+CiDe v Y v - 83.33 89.60




Figures

Figure S1. Linear regression analysis of BS3-normalized relative diagnostic ratios using CoDe and CiDe
as reference variables. The scatter plots illustrate the correlations between individual 7~-DRmarerBs3 values
and the reference -DRs. Solid lines represent the least-squares linear fits, while shaded regions indicate the
95% confidence bands. Pearson linear correlation coefficients () and slopes are provided in the figure legend.

A. Cio-decalin (CoDe; vs. r-DRcope/Bs3)
Figure S1A(1). Fingerprint markers: n-alkylcyclohexanes (CH-6—CH-12), n-alkanes [n-heptadecane (n-C17)

and n-octadecane (n-Cis)], bicyclic sesquiterpanes (BS4 and BS10), and the isoprenoid phytane (Ph).
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Figure S1A(2). Fingerprint markers: PAHs (C:D (CiD and C;D); CiN—-CsN) and HDS product markers

(C2B, C.T-C3T).
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B. Cu-decalins (methyldecalins; vs. -DRc1pe/Bs3)
Figure S1B(1). Fingerprint markers: n-alkylcyclohexanes (CH-6—CH-12), n-alkanes [r-heptadecane (n-C17)

and n-octadecane (n-Cis)], bicyclic sesquiterpanes (BS4 and BS10), and the isoprenoid phytane (Ph).
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Figure S1B(2). Fingerprint markers: PAHs (C.D (CiD and C;D); CiN—C4N) and HDS product markers

(C2B, C.T-C3T).

+ D . cB * CN + CN
Siope | -0.284 Slope | 0.424 Slope | 0086 Slope | 0.050
0 rValue  -0.286 10 VoW rVaiue 046 10 51 1 rValue  0.103 10 @ rValue  0.068
Q-1
08 08 08 08
sAEhE-1
51
08 06 06 06
2 @ = 2
[$) 8 [$) [$)
04 04 04 04
w
02 02 W 02 02
0.0 00 00 00
00 02 04 08 DB 10 00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
C,De C,De C,De C,De
+ CN . cN . T . CT
Sope | 0.011 = Siope | 0.082 Slope | 0.795 Slope | 0693
18 =1 ) rvalue 001 1.0 51 Q1 rValue 0087 10 N rvalue 071 10 rValue 0698
L3 Q-1 W
08 08 08 08
08 06 06 06
=, Z ) o
© o4 © 04 © 04 © 04
- B
0z S I T ] W 02 02 02
ﬁﬂ«c-z . w W
HE 7 W e
0.0 g 00 00 00
00 02 04 08 DB 10 00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
C,De C,De C,De C,De




Figure S2. An expanded pairwise Pearson correlation matrix including BS3-normalized CoDe and
CiDe relative diagnostic ratios (r-DRs) alongside the previous established markers for comparison
[11]. Asterisks indicate statistical significance levels: p < 0.05, p < 0.01, and p < 0.001.
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Figure S3. Baseline PCA source identification model using four distinct BS3-normalized DRs. This
baseline PCA model used DRgsa/ss3, DRpnsss, DRcapmss, and DRcstsss as variables for the source
identification of spilled and fresh diesel samples [11]. This model is provided as the baseline reference for
comparison with the decalin-modified PCA models.
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Figure S4. Baseline LDA manufacturing-era classification model using the conventional HDS DRx/Bs3
variable. The baseline LDA model uses DRcxps3, DRc2p/Bs3, DRc3nBs3, and DRx/ss3 as predictor variables,
with X set to C3T. This model is provided as the baseline reference for comparison with the subsequent LDA
models in which the C3T DR is substituted with CoDe or CiDe DRs [11].

3000ppm
10 - + 1500ppm
9- - - 500ppm
] 350ppm
9 8_- [ 50ppm
o 7 ;;' .
gr? _ 10ppm
0 64 /| B3
N . *B-18
™ 5—_ _
249 Jatr
2 31 et/ TN
© /] SN
> 24 d 2 \
(—U 1 _- *S-1
Q
S 0-
C f
Q14
@) y
24
_3 - o

-4 -2 0 2 4 6 8 10I1I2l14 16 18
Canonical Variable 1 (81.94%)



Figure S5. Representative extracted ion chromatograms (EICs) of CoDe and CiDe generated from full-
scan GC/MS data. DR calculations for CoDe and C;De in source identification and manufacturing-era
estimation were based on the EIC of m/z =95. The additional superimposed EICs at m/z 95, 138, and 152 were
included as confirmatory traces for the molecular ion masses of CoDe (m/z 138) and CiDe (m/z 152),

respectively.
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