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Abstract
Cultural relics constitute a precious part of human cultural heritage, making the early
and comprehensive recording of their digital information increasingly urgent. Pig-
ment identification on painted relics, however, remains hampered by scarce reference
spectral databases, by library construction and validation protocols ill-suited to the
task, and by the absence of site-specific pigment libraries. Here we construct a three-
tier reflectance spectral library for Caves 7 and 8 of the Yungang Grottoes (Datong,
China), combining commercial pigment standards, references migrated from public
libraries and a Yungang-specific archive. In situ point spectra are matched within
colour families against the library using a weighted score combining spectral angle
mapping (SAM) and Euclidean distance, converted into a graded decision via two
thresholds. Migrating the reference spectra increased gypsum re-identification from
0/15 to 14/15. On chemically confirmed reference points, pigment-group accuracy
under leave-one-out re-fitting was 88.0% (95% confidence interval (CI) 78.7–93.6%),
and the high-confidence zone covered 40.0% of points with no errors. Raman spec-
troscopy and scanning electron microscopy with energy-dispersive X-ray spectroscopy
(SEM-EDS) revealed later interventions, including repainting containing emerald
green. We thus establish a pigment classification and distribution survey of Caves 7–
8, yielding a unified pigment inventory, and complete the application by transferring
from point spectra to wall-scale hyperspectral imagery. This three-tier library frame-
work is readily transferable to other painted heritage sites and provides a spectroscopic
basis for long-term conservation monitoring and informed restoration decisions.

Keywords: Yungang Grottoes; hyperspectral technology; three-tier spectral library;
spectral matching; chemical corroboration
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1 Introduction

Pigments are the material basis of polychrome
relics: what the paints are made of bears on two
distinct questions — how the caves were decorated
and redecorated over time, and how what survives
should now be conserved. The Yungang Grottoes
(Datong, Shanxi Province, China) were carved
mainly in the fifth century CE and inscribed
on the UNESCO World Heritage List in 2001;
they preserve one of the world’s largest ensembles
of polychrome stone sculpture, but centuries of
weathering, dust deposition and repeated repaint-
ing have blurred the palette, and the sandstone
beneath it is chemically active: salt crystallisation
and sulphation are documented deterioration pro-
cesses at the site [1]. Once pigments degrade or
flake off, the information they carry is unrecov-
erable. Building a pigment spectral library and
recording the pigments over the long term is
therefore an urgent task.

Sampling-based analysis has long supplied the
reference picture of grotto polychromy [2, 3],
and its authority is hard to match: a micro-
sample submitted to Raman spectroscopy or
electron microscopy identifies a phase outright.
But every extraction is irreversible, and on
surfaces that may have been renewed many
times, sampling can never approach the spatial
scale on which the paint actually varies. Non-
invasive in-situ identification makes the oppo-
site trade, accepting lower specificity per mea-
surement in return for full-surface coverage and
no damage [4–7]. Among non-invasive tech-
niques, visible–shortwave-infrared (VNIR–SWIR)
reflectance spectroscopy occupies the complemen-
tary position [8, 9]: one spectrum carries both the
electronic transitions diagnostic of chromophores
and the vibrational overtones of hydroxyl, struc-
tural water and carbonate, it is acquired in sec-
onds at arm’s length, and the same measurement
principle scales from single points to imaging.
What a reflectance spectrum does not carry is an
intrinsic identification: it names a pigment only by
comparison with a reference.

That comparison is only as good as the
collection behind it, and such collections have
been assembled for three decades, mostly for
point-based techniques: the Raman libraries of
Bell et al. [10] and of Burgio and Clark [11]

remain standard references in conservation sci-
ence. Reflectance and imaging collections have
multiplied more recently, abroad and in China
alike. Cosentino’s FORS database offers down-
loadable spectra of 54 historical pigments in
four binders but stops at the near-infrared [12];
the INFRA-ART open-access library integrates
ATR-FTIR, Raman, XRF and shortwave-infrared
reflectance for over 900 reference materials [13];
and the HYPERDOC dataset provides 1681
hyperspectral datacubes of historical documents
and ink mock-ups over 400–1700 nm [14]. In
China, the Dunhuang Academy established a stan-
dard multispectral image database of 29 paint
materials used in the Dunhuang murals [15], and
the online TPP spectral library of typical pig-
ments used in Chinese paintings was built at the
Beijing University of Civil Engineering and Archi-
tecture [16]. None of these, however, was built as
a reflectance matching library for the materials of
Yungang.

Existing collections share three limitations,
and each shapes one part of the present design.
The first is coverage: standards are mostly labo-
ratory pure materials, not cross-anchored against
micro-analysis of the site itself, so the commer-
cial mineral pigments used in modern restoration
at Yungang and the site’s own alteration products
are absent, and real aged surfaces are poorly rep-
resented [12, 13]. The second is reliability: existing
collections do not grade their answers, so on aged,
dust-covered and intimately mixed paint, forc-
ing every measurement into a best-match label
returns assignments more confident than the evi-
dence warrants, a concern also raised by recent
reliability-graded work on sooty murals [17]; what
is needed is a decision that carries a grade and can
decline to name. The third is chronology: exist-
ing collections do not screen candidates by period
either, yet where overpaintings of different periods
share one wall, a spectrally plausible candidate
may be historically impossible, so candidates must
be screened for chronological plausibility before
they are named.

The main work of this paper is as fol-
lows. (1) A tiered and transferable construction
method for a pigment spectral library is proposed,
which combines commercial standards, public-
library references migrated under an explicit
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Fig. 1 Overall study design: the painted surfaces of Caves 7–8, measured by in-situ point reflectance spectra and represen-
tative micro-sampling, pass through the workflow from the three-tier spectral library to chemical corroboration (Raman,
SEM-EDS), identification of the 1035 survey points and wall-scale hyperspectral mapping, with representative outputs of
each module shown below; dashed links mark feedback into the site archive.

shape check and dual validation, and a Yungang-
specific archive anchored by Raman and SEM-
EDS micro-analysis. (2) Pigments are identified
by weighted spectral matching of the spectral
angle mapper and Euclidean distance, with fit-
ted rejection thresholds converting match scores
into graded decisions and a reference that post-
dates the site raising a chronological-anomaly flag
instead of a name. (3) The procedure is applied to
all 1035 colour-labelled survey points of the two
caves, yielding the unified pigment inventory of
Caves 7–8. (4) The application is completed by
a transfer path from point spectra to wall-scale
hyperspectral imagery. Figure 1 summarises the
design.

2 Materials and methods

2.1 Study site and painted surfaces

The survey plan follows the architecture. Each of
the two caves comprises a front and a rear cham-
ber, with domed ceilings, arched doorways, attic
storeys and numerous niches, and surviving poly-
chromy occurs on sculpted figures, architectural
members and ceiling coffers. Measurements were

therefore organised by structural unit — front
chamber, rear chamber, arch, dome, attic and key
niches — so that every colour family was cov-
ered, with important niches and domes sampled
at higher density. Numbered layers cited below,
such as arch layer 3, refer to the working levels of
the scaffolding erected from bottom to top inside
the caves (six levels in each cave), on which the
instruments were positioned during acquisition.

2.2 Instrumentation and data

acquisition

Point reflectance spectra were collected in situ
with an ASD FieldSpec 4 portable field spec-
trometer covering 350–2500 nm (Table 1), which
yields 2151 channels at 1 nm spacing from three
detectors: a silicon photodiode array and two ther-
moelectrically cooled InGaAs detectors. The ASD
FieldSpec 4 uses a holographic diffraction grat-
ing for spectroscopic analysis. When composite
light from the sample strikes the grating, light
of different wavelengths is diffracted and reflected
at different angles, thereby spatially separating it
into a series of monochromatic beams of different
wavelengths, which are then precisely measured
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Table 1 Specifications of the instruments

Parameter ASD FieldSpec 4 GX-0410H

Spectral

range

350–2500 nm 400–1000 nm

Spectral reso-

lution

3 nm 2.8 nm

Channels 2151 300

Acquisition Point measure-

ment

Push-broom line

scan, 1920 pixels

per line

by a three-detector system optimized for differ-
ent wavelength bands. The instrument measures
12.7 × 35.6 × 29.2 cm, weighs 5.44 kg, and the
acquisition probe carries an internal halogen lamp.
Acquisition followed a fixed routine: 20 min warm-
up; white-reference calibration at each acquisition
session and whenever the illumination changed;
multiple spectra per point acquired and averaged,
with positions marked on colour photographs;
and immediate re-measurement whenever wave-
length drift, abnormal reflectance or excessive
noise appeared. Ambient illumination was kept as
low as practicable to suppress stray light. Repre-
sentative points were micro-sampled for corrobo-
rative Raman and scanning electron microscopy
with energy-dispersive X-ray spectroscopy (SEM-
EDS) analysis. Sampling points were chosen to
cover the six colour families across the main
structural units and scaffold levels, with prior-
ity given to points representative of the prin-
cipal identifications. Wall-scale mapping uses a
push-broom hyperspectral camera (GX-0410H,
Guangzhou Guangxin Technology Co. Ltd) oper-
ating as a grating line scanner over 400–1000 nm,
with 2.8 nm spectral resolution (FWHM) in 300
channels, 1920 spatial pixels per line (Table 1).

2.3 A tiered, transferable

reflectance spectral library

The unified library is organised in three tiers. The
first is a commercial standard set collected in the
laboratory: 60 commonly used pigments, mainly
mineral with a few plant-based and synthetic
products, from three Chinese suppliers (Jiangsix-
utang, Tianya and Jinyuan Sunshine), comprising
269 spectra in 90 brand–grade groups. The sec-
ond consists of mineral references migrated from

public libraries: 55 spectra from the USGS splib-
derived rock library (gypsum, celestite, haematite
and nano-haematite, goethite, limonite and mala-
chite) and 4 from the ECOSTRESS/JPL library
(anglesite SO-10A and atacamite H-4A in three
grain sizes) [18, 19], totalling 59 migrated spec-
tra in 9 groups. The unified identification library
thus comprises 328 spectra in 99 groups. A full
rock library of 1276 common rock-forming min-
eral spectra is kept separately, for recognising bare
stone and weathering crusts.

The third tier is the Yungang-specific archive,
built from the results of chemical detection and
spectral matching: whenever micro-analysis con-
firms a pigment group or a characteristic mixture
on in-situ points, the mean spectrum of those
points enters the archive as an identification entry.
The archive therefore grows as the chemical work
proceeds, and its composition as established here
is reported together with the micro-analytical
evidence.

Candidate spectra from outside enter the uni-
fied library only through a three-step admission
process, which applies both to references migrated
from public libraries and to new archive entries
added as the chemical corroboration campaign
proceeds. In step 1, shape screening, a candi-
date’s value range and absorption features must
be consistent with the target mineral, so that mis-
labelled, overly noisy or instrument-incompatible
spectra are removed before they can participate
in matching. In step 2, import with dual val-
idation, admitted candidates take effect only if
neither re-identification accuracy on the chemi-
cally confirmed reference points (Sect. 3.2) nor
library leave-one-out cross-validation (LOOCV)
accuracy degrades; if either does, the whole batch
is rolled back, so that performance cannot silently
decline as the library grows. In LOOCV, each
library entry is held out in turn and reclassified
against the remainder. In step 3, size balancing,
each import is limited to about ten spectra per
group, so that identification reflects spectral fit
rather than group size.

2.4 Spectral matching and graded

decision rules

Raw spectra are splice-corrected, replicate-
averaged and truncated to 400–2400 nm to remove
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noisy instrument edges. The spectral angle map-
per (SAM) treats spectra as n-dimensional vectors
X and Y and measures their included angle
(Eq. 1); depending only on spectral shape, it is
robust to illumination and albedo changes [20].
Euclidean distance (ED) measures the straight-
line distance between two spectra (Eq. 2) and is
amplitude-sensitive, so it complements SAM. The
combined score normalises both measures to [0, 1]
over the candidate set and averages them with
weight w (Eq. 3); scores closer to 0 indicate closer
matches. The weight is selected by grid search
over w ∈ [0, 1] on the chemically confirmed ref-
erence points, the optimum forming a plateau at
w = 0.4–0.6 from which w = 0.5 was adopted.
Scores are aggregated from spectra to brand–
grade groups by keeping each group’s best-scoring
spectrum.

SAM(X,Y ) = arccos
X · Y

∥X∥ ∥Y ∥
(1)

ED(X,Y ) = ∥X − Y ∥2 (2)

S = w
SAM− SAMmin

SAMmax − SAMmin

+ (1− w)
ED− EDmin

EDmax − EDmin

(3)

Unlike conventional spectral matching, which
accepts the best candidate as the result, the com-
bined score S of Eq. 3 is here passed through
two graded decision layers, both fitted on the
chemically confirmed reference points (Sect. 3.2):
one judges the reliability of the match, the other
judges chronological plausibility. The first layer
is a graded rejection rule. Matching ranks every
library candidate by S; writing s1 and s2 for
the scores of the best and the runner-up candi-
dates, the margin ∆s = s2 − s1 measures how
clearly the best candidate wins. A point falls in
the high-confidence zone when s1 ≤ 0.15 and
∆s ≥ 0.05, in the tentative zone when s1 ≤ 0.30,
and in the to-review zone otherwise, so that mixed
and aged material is flagged for review instead
of being forced into a label. The two thresh-
olds were selected on a candidate grid (s1 ∈
{0.05, 0.10, 0.15, 0.20}, ∆s ∈ {0.00, 0.02, 0.05}) by
maximising high-confidence-zone correctness first
and coverage second, with ties broken towards the
stricter threshold.

The second layer handles chronology. The Yun-
gang Grottoes were built in the Northern Wei

period, so a pigment that does not belong to
that period is flagged as chronologically anoma-
lous rather than identified. On this basis the
legacy Prussian-blue indicator competes in match-
ing but never returns a name: a point whose
best overall candidate is the indicator is flagged
as chronologically anomalous, and its in-library
decision is read at indicative level. The complete
procedure runs from acquisition and preprocessing
through SAM, ED and weighted matching, graded
rejection and diagnostic flagging to chemical cor-
roboration (Fig. 1).

3 Results

3.1 Composition and internal

separability of the library

Figure 2a shows the mean characteristic curve
of each colour family, averaged over the 328
library spectra (99 groups), with the mean of
the 1276 rock-library spectra as bedrock refer-
ence. Black stays below 0.1 reflectance over the
full range. White is bright at 0.41–0.77. Yellow
and red peak at 0.55–0.65 and show the S-shaped
reflectance rise between 550 and 700 nm typ-
ical of iron-family pigments. Green peaks near
500 nm with the visible-range absorptions of cop-
per compounds, and blue peaks at 450–500 nm.
The SWIR absorptions near 1400, 1900 and 2200–
2350 nm, arising from overtones and combinations
of hydroxyl, structural water and carbonate, pro-
vide the key bands for separating pigments within
a family. The rock mean approaches white and
yellow in amplitude but lacks the visible-range fea-
ture edges, so amplitude alone cannot separate
pigment from substrate; this is the direct rea-
son for keeping a shape measure in the matching
procedure. That the families separate is a prop-
erty of the data. In the feature space spanned
by the visible red-edge slope (550–700 nm) and
the continuum-removed 2200–2350 nm absorption
depth — two quantities read directly off each spec-
trum, with no training involved — the six families
occupy distinct regions (Fig. 2b).

Before matching field points, the library’s
internal consistency was assessed at colour-family
level by LOOCV (Fig. 2c): each of the 328 entries
was held out in turn and reclassified against the
rest with the same preprocessing and scoring.
Accuracy is reported as overall accuracy (OA =
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Fig. 2 Characteristics and internal consistency of the unified library. (a) Mean characteristic curves by colour family with
member spectra in light lines, and the rock-library mean as bedrock reference; shaded bands mark the diagnostic SWIR
absorption regions, and the 1300–2400 nm segment is magnified on the right because the hydroxyl, structural-water and
carbonate absorptions that separate pigments within a family concentrate there. (b) Distribution of the 328 entries in the
feature space of visible red-edge slope against continuum-removed 2200–2350 nm absorption depth, coloured by family. (c)
Colour-family leave-one-out cross-validation confusion matrix of the weighted combination.

C/N , with C of N entries correctly reclassified)
and Cohen’s kappa (κ = (OA− pe)/(1− pe), with
pe the chance-agreement term from the true and
predicted class counts), and confidence intervals
on the proportions reported in this paper are 95%
Wilson score intervals. The weighted combination
(w = 0.5) reaches OA = 0.970 and kappa = 0.962,
comparable to SAM (0.976 and 0.970, a difference
of two spectra) and clearly above ED (0.939 and
0.924). The combination is adopted because ED’s
amplitude term supplies independent information
for distinguishing same-shape spectra of different
brightness on aged surfaces, and because the two
metrics together span the (score, margin) space on
which the graded rule is calibrated.

3.2 Spectral matching results

This section first walks through two representative
cases — cinnabar and gypsum — and then reports

the performance of the fitted rule on the chemi-
cally confirmed reference points and the decision
space it defines.

The cinnabar points serve as the represen-
tative case, because red is the family in which
the shape-versus-amplitude trade-off is most vis-
ible; the same behaviour appears in the other
chemically confirmed pigment groups. The spec-
tra of the 12 cinnabar reference points (Fig. 3a)
share their shape, with the diagnostic red edge
near 600 nm always present, while their ampli-
tude varies between about 0.35 and 0.70 with
ageing, dust and measurement geometry. Match-
ing the mean spectrum within the red sub-library
shows how the three measures respond (Fig. 3b–
d). SAM, reading shape alone, admits the shape-
similar red ochre among its leading candidates
— the confusion risk of a pure shape measure
among warm iron-family pigments. ED, which
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retains amplitude, returns candidates that con-
verge on cinnabar-type products of three brands,
the only non-cinnabar entry being a carmine paste
at fourth rank. The weighted combination inher-
its this amplitude cue and likewise converges on
cinnabar-type candidates, so the first candidate is
stable whether judged by amplitude alone or by
the combination.

The second case demonstrates the decisive
role of library completeness and the quantities to
which the weighted matcher responds (Fig. 3e–
g). Gypsum (CaSO4) is chemically confirmed in
the micro-samples, yet the library long lacked any
gypsum reference. All 15 gypsum-group reference
points failed re-identification before migration —
the gypsum group never entered the candidate
ranking at all — and white points were forced
onto muscovite-white entries whose flat, bright
near-infrared plateau contradicts the measured
hydration bands at 1450, 1750, 1940 and 2200–
2350 nm (Fig. 3e). After eight USGS gypsum
spectra were migrated, re-identification reaches
14/15, and 54 of the 179 white points (30%) return
gypsum as first candidate (Fig. 3f). No change was
made to the algorithm between these two states.

The top-ranked entry is consistently the same
spectrum: the only low-albedo gypsum reference
among the eight, with a maximum reflectance of
0.42 against 0.85–0.95 for the other seven. It is
a SWIR-only source measurement whose visible
to near-infrared segment was edge-filled at migra-
tion, drawn dashed in Fig. 3f. Aged white surfaces
reflect only 0.09–0.39, so the amplitude-sensitive
ED component prefers this entry, whereas pure
SAM, dominated by the macroscopic slope differ-
ence between bright powders and dark weathered
walls, never ranks gypsum first (best rank 14).
A single favourable reference is insufficient evi-
dence for a site-scale claim, so the assignment
was tested against evidence independent of the
score. The gypsum-specific 1750 nm band is sig-
nificantly deeper at gypsum-first points than at
other white points (median 0.027 against 0.020;
Mann–Whitney z = 3.0, p ≈ 0.002; 1940 nm
band p ≈ 0.03); 52 of the 54 points show at
least three of the four gypsum bands (Fig. 3g);
and the chemically confirmed points anchor the
assignment.

Under leave-one-out re-fitting, the first-
candidate score s1 assigns 88.0% of the chemically
confirmed reference points to the correct pigment

group (95% CI 78.7–93.6), and the fitted param-
eters are entirely stable across folds: every fold
re-selects w = 0.5 and the (0.15, 0.05) thresholds.
The leave-one-out estimates are the ones quoted
throughout this paper.

Figure 4 maps the re-identified reference points
into the decision space spanned by s1 and the
margin, and shows where the discriminative power
sits. The mean margin is 0.049 for correctly re-
identified points against 0.016 for incorrect ones, a
separation the first-candidate score s1 alone does
not provide: wrong assignments are not usually
distant matches; they are matches with a close
runner-up. The fitted rule (s1 ≤ 0.15 and mar-
gin ≥ 0.05) isolates a high-confidence zone of 30
points (40.0% coverage), all correct in sample and
error-free under leave-one-out re-fitting (95% CI
88.6–100), and separates these near-identifications
from the tentative zone, whose points require
chemical corroboration before naming.

3.3 Chemical evidence and later

interventions

Figure 5 redraws the chemical evidence from the
tabulated and digitised micro-analytical data. In
the cinnabar case (sample 7-2), the Raman bands
at 250 and 336 cm−1 are consistent with α-HgS
reference values (ca. 252 and 342 cm−1) [10, 11],
and SEM-EDS reports S and Pb as dominant ele-
ments: the sulphur is accounted for by HgS itself,
and the lead indicates a co-occurring lead phase
that the Raman spectrum identifies as minium.
Across all samples, the measured band positions of
the assigned pigments fall at or near the reference
positions (Fig. 5a), and the elemental pattern sep-
arates the copper greens (Cu–Cl), lead whites and
reds (Pb–S), iron reds (Fe) and sulphate whites
(Ca–S) (Fig. 5b). At EDS resolution the Hg M and
S K lines overlap near 2.3 keV, so mercury-specific
confirmation rests on the Raman bands.

Mixing is ubiquitous, with minium accom-
panying cinnabar and emerald green accom-
panying atacamite. Combining the two micro-
analyses, the chemically confirmed pigments are
cinnabar, minium, red ochre (haematite group),
carbon black, atacamite, azurite, lapis lazuli,
celestite, anglesite and paper/pasting organic
residue; gypsum is likewise confirmed, with one
further suspected occurrence. Throughout, “red
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Fig. 3 Representative cases. (a) In-situ spectra of the 12 cinnabar reference points. (b–d) SAM, ED and weighted-
combination (w = 0.5) matching of the cinnabar mean spectrum in the red sub-library. (e, f) Gypsum before and after
reference migration: before, white points were forced onto muscovite-white references whose flat, bright near-infrared plateau
contradicts the measured hydration bands; after migrating eight USGS gypsum spectra, the first candidate is rock-library
gypsum and the measured hydration bands align (dashed: edge-filled 400–1400 nm segment of the winning SWIR-only ref-
erence). (g) Continuum-removal corroboration over four diagnostic windows (left), with the 1750 nm band depth by group
(right; dashed line: 0.02 detection threshold).
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Fig. 4 Distribution of the chemically confirmed reference
points in the decision space of the graded rule (w = 0.5,
400–2400 nm): the first combined score s1 against the mar-
gin (runner-up minus best). Dashed lines mark the fitted
thresholds (s1 = 0.15, margin = 0.05), and shading marks
the high-confidence, tentative and to-review zones. The
high-confidence zone is error-free at 40.0% coverage in sam-
ple, and remains error-free under leave-one-out re-fitting
(95% CI 88.6–100).

ochre” and “ochre” denote the earthy red pig-
ments of hydrated iron oxide (Fe2O3 · nH2O); the
two groups share one chemical attribution (both
anchors are Raman-identified as haematite) and
are separated on spectral hydration features, so
their mutual discrimination reads as within-family
discrimination by spectral criteria.

Three chemical findings bear on the caves’
later history, and none of them could have been
reached by reflectance alone. Anglesite (lead sul-
phate white, PbSO4), together with the detected
paper/pasting organic residues, indicates later
restoration or foreign coatings; anglesite is a sul-
phation product of lead white and may arise either
from alteration of historical lead white or from
later lead-based repainting; distinguishing these
requires stratigraphic evidence, so we report it as
a lead-bearing coating of uncertain date. Raman
micro-analysis further indicates emerald green,
synthesised only from about 1814 [21], mixed with
atacamite on green surfaces (samples 7-P-1, 7-1,
8-D-6 and 8-D-7); SEM-EDS detected no As, con-
sistent with a small emerald green fraction [22],
so the finding is reported at indicative level. The
mean in-situ spectrum of these samples entered
the archive as the “emerald green–atacamite mix-
ture” identification entry (Fig. 6): the in-situ sin-
gle spectra of the four Raman-indicated samples
agree in overall shape, and their mean forms the

entry. Comparison with a commercial malachite
reference shows the mixture to be spectrally dis-
tinct from the pure copper-green entries already
in the library. Finally, 8 of the 30 blue points hit
the Prussian-blue indicator spectrum; since Prus-
sian blue was synthesised only in 1704 [23], these
points may indicate local later interventions and
are counted at indicative level.

3.4 The full survey and the unified

pigment inventory

The validated procedure was applied to the full
point survey to establish the pigment distribution
of Caves 7–8 as a basis for conservation plan-
ning and art-historical research. Each of the 1035
colour-labelled points was processed by weighted
matching and graded rejection, and 343 points
(33%) fall in the high-confidence zone. Figure 7
gives the first-candidate pigment composition of
each colour family.

The red family (408 points) is dominated
by iron-family reds: natural-ochre-type products
take 178 first candidates and red-ochre-type prod-
ucts 120, followed by nano-haematite (27) and
haematite (25) references. The yellow family (161
points) splits between gold-powder products (92)
and yellow-ochre- and goethite-type entries (42
and 25). The white family (179 points) divides into
muscovite-white products (122) and gypsum (54
of the 179 white points), the site-scale counterpart
of the case in Fig. 3f, with ivory white and angle-
site first at two points and one point, respectively.
The blue family (30 points) divides into azurite-
type (17) and lapis lazuli-type (13) candidates;
8 of these points also hit the Prussian-blue indi-
cator and are reported as chronological-anomaly
flags. The green family (115 points) is dominated
by malachite-type products (98), with atacamite
first at 17 points, and 50 green points are assigned
to the “emerald green–atacamite mixture” entry
at indicative level. The black family (142 points)
divides into magnetic-black products (99), carbon-
black products (26) and mica-black products (17).

The unified inventory resulting from this appli-
cation is assembled in Table 2: 18 entries over
the six colour families, with main compositions
and occurrences. By family, the survey identifies
cinnabar, minium, red ochre and ochre among the
reds; yellow ochre and gold powder among the
yellows; muscovite white, gypsum and anglesite
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Fig. 5 Chemical corroboration from the micro-analytical data. (a) Digitised Raman traces of six representative samples,
normalised and vertically offset; coloured ticks mark the reference band positions of the ten Raman-active phases, including
the indicative emerald green, with lazurite being the blue mineral of lapis lazuli [10, 24]. (b) Elements reported by SEM-
EDS for each sample.

Fig. 6 Spectral composition of the “emerald green–atacamite mixture” identification entry (400–2400 nm): in-situ single
spectra of the Raman-indicated samples 7-P-1, 7-1, 8-D-6 and 8-D-7 (thin lines), their mean (thick black line; the identifi-
cation entry) and a commercial malachite reference (red line).
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Fig. 7 Colour classification results. Each bar gives the first-candidate pigment composition of one colour family, like-named
candidates merged and the remainder grouped as “Others”; hatched sub-bars mark diagnostic flags.

Table 2 Unified pigment inventory of Caves 7–8: chemical compositions and main occurrences

Colour Pigment Main composition Main occurrence

Red Cinnabar HgS Cave 7, arch layer 3
Red Minium (red lead) Pb3O4 Cave 8, key niche
Red Red ochre Fe2O3 · nH2O Cave 7, arch layer 2; dome
Red Ochre Fe2O3 · nH2O Cave 7, rear chamber layer 6
Yellow Yellow ochre Hydrated iron oxide Widespread (Caves 7–8)
Yellow Gold powder Au Widespread (Caves 7–8)
White Muscovite white KAl2(AlSi3O10)(OH)2 Widespread (Caves 7–8)
White Gypsum CaSO4 Cave 7, attic storey
White Anglesite PbSO4 Domes of Caves 7–8
White Paper/pasting (substrate, not

pigment)
Organic matter Cave 7 (rear chamber and dome)

Black Carbon black C Cave 7, dome
Black Magnetic black

(magnetite-type)
Fe3O4 Mainly Cave 8 rear chamber; scattered in

both caves
Green Atacamite Cu2(OH)3Cl Green areas (Caves 7–8)
Green Malachite CuCO3 ·Cu(OH)2 Green areas (Caves 7–8)
Green Emerald green–atacamite

mixture
Cu(CH3COO)2 · 3Cu(AsO2)2 +
Cu2(OH)3Cl

Green areas (later repainting,
Raman-indicated)

Blue Azurite 2CuCO3 ·Cu(OH)2 Cave 7, rear chamber layer 6
Blue Lapis lazuli (Na, Ca)4 – –8 (AlSiO4)6(SO4, S, Cl)2 Cave 7, rear chamber layer 5
Blue Celestite SrSO4 Cave 7, rear chamber layer 6; Cave 8, dome

among the whites, together with paper or pasting
residue on the substrate; magnetic black and car-
bon black among the blacks; atacamite, malachite
and the emerald green–atacamite mixture among
the greens; azurite, lapis lazuli and celestite among

the blues. This constitutes the pigment account of
Caves 7–8 as established by this work.
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3.5 Wall-scale hyperspectral

inversion

The camera covers 400–1000 nm (Sect. 2.2),
well short of the point spectra, but the prin-
cipal colour-diagnostic features lie inside it: the
S-shaped edge of iron-family pigments at 550–
700 nm, the absorption edge of cinnabar near
600 nm, and the visible-range absorptions of
copper greens and azurite-type minerals. Clas-
sification at colour-family and main-pigment-
group level therefore remains supportable, while
within-family mineral-phase discrimination weak-
ens. Library spectra were resampled to the camera
bands and the graded rejection thresholds re-
calibrated within 400–1000 nm; pixels are then
classified by the same weighted matching and
graded rejection, with sub-threshold pixels left
unclassified. Spatially contiguous pixels of the
same class are grouped into regions, which is what
the region counts below refer to.

Figure 8 shows an inversion example for a ceil-
ing coffer area. Colour patterns barely discernible
in the true-colour composite, obscured by ageing
and dust, appear clearly in the classification map.
Green areas are dominated by malachite-type
material, red areas by haematite-group material
(red ochre and ochre) and haematite–minium–
cinnabar mixtures, black outlines are carbon
black, and blackened-minium areas form their own
class. The emerald green areas (12 regions) and
white anglesite areas (2 regions) agree with the
point-level chemical evidence for later repainting,
and suggest that the interventions detected at
sampled points extend over whole surfaces.

4 Discussion and conclusions

This work has built a three-tier transferable
reflectance spectral library for the painted sur-
faces of Yungang Caves 7–8 and an identification
procedure that reports graded decisions rather
than bare similarity scores. The library com-
bines commercial standards with public-library
references migrated under a shape check and
dual validation (328 spectra in 99 groups), and
a Yungang-specific archive anchored by micro-
analysis. On chemically confirmed reference points
the first-candidate score s1 reaches 88.0% accu-
racy under leave-one-out re-fitting (95% CI 78.7–
93.6), the high-confidence zone stays error-free

at 40.0% coverage, and library LOOCV reaches
OA 0.970 at colour-family level. Applied to all
1035 colour-labelled survey points, the procedure
yields the unified pigment inventory of Caves 7–8
(Table 2); chemical evidence reveals later interven-
tions that a purely spectral survey could not reach,
including lead-sulphate coatings of uncertain date,
emerald green-bearing repainting and eight blue
points flagged as chronological anomalies by the
Prussian-blue indicator; and the transfer path
from point spectra to wall-scale hyperspectral
imagery is established (Fig. 8). Compared with
current practice, the library is built for the site
and extended under explicit quality control that
can and did reject a batch; identification returns
a graded decision and declines on two thirds of
the survey rather than a name for every measure-
ment; and anchoring the archive in micro-analysis
turns identification and validation into a single
loop in which each confirmed point improves the
next round of matching.

Nevertheless, this study has limitations. First,
the treatment of mixed pigments remains coarse,
no general unmixing method has been established.
Second, spectral data have so far been collected
only from Caves 7–8, not from the remaining
caves. Third, no time-series of in-situ spectral
records has been accumulated, so the ageing state
of the pigments and its spectral signature remain
unquantified. These limitations define the next
steps: (1) build a pigment database spanning dif-
ferent particle sizes and mixing ratios to support
spectral unmixing of mixtures; (2) extend spec-
tral acquisition and chemical corroboration to
the whole cave complex, progressively enriching
the pigment spectral library; and (3) accumulate
in-situ spectral time-series and, combined with
gradient-aged spectra from artificial ageing exper-
iments, develop a model to invert for the degree of
ageing. When transferring to other sites, the com-
bination weight and rejection thresholds must be
re-fitted on local chemically confirmed reference
points rather than adopting the values reported
here. Accumulating a site-specific archive from
chemically confirmed points and feeding it back
into the identification library offers a reproducible
framework for the long-term digital documenta-
tion of a site’s pigments, and will benefit the
digital conservation of cultural relics.
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Fig. 8 Wall-scale hyperspectral inversion example. Left: true-colour composite. Right: per-pixel pigment classification map.
Library spectra were resampled to the camera bands (400–1000 nm) and pixels classified by weighted matching (w = 0.5)
with re-calibrated graded rejection thresholds, leaving sub-threshold pixels unclassified; the legend gives the per-class counts
of spatially contiguous same-class regions (263 in total).
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