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Beauty and chemistry: the independent origins of
synthetic lead white in east and west Eurasia
Bin Han 1, Bei Zhang2, Jianrong Chong2, Zhanwei Sun2 & Yimin Yang 1✉

Lead white is one of the most important pigments in human history, and its synthesis has

promoted the development of art and cosmetics. The corrosion approach to synthesize lead

white appeared in Greece during the fourth century BCE, and since then lead white has been

produced on a large-scale and widely used in painting and cosmetics across Europe. How-

ever, when and how synthetic lead white appeared in east Eurasia and whether it was also

involved with beauty remained unclear. Here, we investigate some white cosmetic residues

from the Liangdaicun site during the eighth century BCE in northern China through FTIR, XRD,

SEM-EDS, radioactive and stable carbon isotope analyses. The results show that these

residues were the earliest synthesized lead white in the world to date, which was produced by

the precipitation method in solution distinct from the corrosion method practiced in ancient

Greece. Thus, the synthesis of lead white should have evolved independently in east and west

Eurasia during the first millennium BCE. The mass production of synthetic lead white with

lower cost promoted the widespread use of white makeup in China and the Mediterranean

World, which triggered a cosmetic revolution and highlighted that the pursuit of beauty

stimulated the development of chemistry in human history, especially the earliest wet

chemistry practice in China.
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Introduction

Humans exploited natural mineral pigments in prehistoric
sites and cave art at least 40 thousand years ago (Aubert
et al., 2019; Wang et al., 2022) and then invented their

chemical synthesis to satisfy the ever-growing demand in art and
beauty activities. In antiquity, several raw materials have been
used together to produce synthetic pigments, such as Egyptian
Blue (CaCuSi4O10) (~3200 BCE), phosgenite (Pb2Cl2CO3) (~1400
BCE), China Purple (BaCuSi2O6) (eighth century BCE) and Maya
blue (eighth century CE), which play a decisive role in beauty
creation (Walter et al., 1999; Ma et al., 2006; Berke, 2007; Beck
et al., 2018; Cartechini et al., 2021; Li et al., 2022) and are
important for the development of art, cosmetics and chemistry
(Pulsifer, 1888; Schafer, 1956; Needham et al., 1976; Becker,
2022).

The lead-based white pigment, lead white, is usually referred to
as a mixture of two main lead carbonates, hydrocerussite
((PbCO3)2·Pb(OH)2) and cerussite (PbCO3). Lead white has been
a famous material for make-up use since antiquity (Gliozzo and
Ionescu, 2021) and one of the most important, employed and
valued white pigments in paintings and murals, with early reports
in Egyptian cartonnage from the Graeco-Roman Period (Scott
et al., 2003), and used in painting workshops on Fayum portraits
as early as the second century CE (Salvant et al., 2018). Lead
white then became ubiquitously used in European oil paintings
since the late Middle Ages (Stols-Witlox, 2014; Gonzalez et al.,
2017; De Meyer et al., 2019). In ancient China, lead white was
found on the pigment layers of Terra-Cotta Warriors (the late
third century BCE), which is currently the earliest application in
east Asia (Li, 1983).

The earliest method to obtain lead white was simply mining
natural cerussite during the 5th–2nd millennium BCE in south-
ern Europe (~4000 BCE) (Kramberger et al., 2021), Egypt (~3000
BCE) (Beck et al., 2018), Mesopotamia (~2500 BCE) (Hauptmann
et al., 2016), Iran (~3000 BCE) (Vidale et al., 2012), and Indus
Valley (~2500 BCE) (Vidale et al., 2016) (Fig. 1). Then, the
synthetic production method was adopted in the mid-first mil-
lennium BCE. In Europe, the corrosion method to synthesize lead
white first appeared during the fourth century BCE in ancient
Greece (Fig. 1), followed by Theophrastus, Vitruvius, Pliny the
Elder and Dioscorides recording the recipes (Pulsifer, 1888;
Katsaros et al., 2010). In the corrosion process, vinegar vapor,
heat, and carbon dioxide played key roles in transforming lead
into lead acetate and then carbonated into lead white (equations
1–4 in the Supplementary Material), but their functions were
usually ignorant and poorly described in ancient recipes
(Stevenson, 1955; Gonzalez et al., 2019; Photos-Jones et al., 2020).
The corrosion process is predominantly used in antiquity
(Pulsifer, 1888), and the synthetic nature of early Greek lead
white has been confirmed by AMS radiocarbon dating (Beck
et al., 2018).

However, there is no historical record or scientific analysis that
clearly described lead white synthesis in the first millennium BCE
in east Eurasia (Fig. 1). Thus, different hypotheses were proposed
about the origin of the lead white synthesis in east Eurasia. Joseph
Needham thought that lead white synthesis should have been
invented in the fifth century BCE in China through interpreting
an ancient Chinese recipe (No. 1 in Table S1) and then spread to
Europe (Needham et al., 1976). On the other hand, it is argued
that the technology of lead white synthesis was possibly intro-
duced into China from Europe (Wai and Liu, 1991) or ancient
Egypt (Huang and Qin, 2010).

Currently, an investigation of archeological findings about lead
white in east Eurasia is lacking to clarify the nature and synthesis
method of lead white during the first millennium BCE, e.g., the
absence of direct 14C dating for lead carbonate. Thus, the

worldwide scenario on early lead white synthesis is incomplete
and in debate. In this study, some archeologically excavated white
residue samples within miniature cosmetic containers at the
Liangdaicun site (Figs. 2 and 3) were collected and analyzed by
microscopy observation, Fourier transform infrared spectroscopy
(FTIR), X-ray powder diffraction (XRD), stable isotope 13C
analysis and radioactive 14C dating. The chemical analysis allows,
for the first time, to reveal the earliest known case of man-made
lead white in the world.

Materials and Methods
Archeological background. The Liangdaicun site is located in
Hancheng city, Shaanxi Province, northern China (Fig. 2). It was
the nobility cemetery of Rui state in the early Spring and Autumn
Period (~8th century BCE) (Sun et al., 2007; Sun et al., 2008; Han
et al., 2022). Many valuable artifacts have been unearthed from
nobilities’ tombs, including tomb M26 (occupier Zhongjiang, a
queen of Rui state), tomb M27 (occupier Ruigong, a king of Rui
state) and M300 (a female occupier from aristocratic class). In
these tombs, several small and ornate miniature bronze artifacts
were unearthed (Figs. 2–4, Figs. S1–S6, Supplementary Material),
notably, a set of ornate miniature bronze containers in the
queen’s tomb M26 (Fig. 3, Fig. S1, Supplementary Material).
These miniature containers, discovered in the tombs of the
contemporary aristocratic class, were deduced as cosmetic con-
tainers (Li, 2009). White residue aggregates were found inside six
miniature bronze containers (Figs. 3 and 4; Figs. S3–S6). Some
samples were taken from these containers and coded as LW-1 to
LW-6, whose detailed information is listed in Table 1.

Microscopic observation. Microscopic observation was con-
ducted using a Keyence VHX600 digital microscope. Scanning
electron microscopy (SEM) was conducted on a Phenom XL
coupled with an energy dispersive X-ray spectrometer (EDS)
system. For SEM analysis, the specimens were sprinkled on car-
bon adhesive tape. SEM observation was conducted at 15 kV with
a spot size of 1.2 nA, and EDS analysis was conducted at 15 kV
with a spot size of 8 nA.

FTIR analysis. FTIR analysis was conducted using a Nicolet 6700
(Thermo Scientific) FTIR spectrometer with an attenuated total
reflectance (ATR) accessory. A tiny portion of the residue was
placed on the ATR testing platform using a cleaned dissecting
needle. Spectra were acquired over the range of 4000–500 cm−1

using a resolution of 4 cm−1, with 32 scans per spectrum.

XRD analysis. XRD analysis was applied to the residue samples
by a Rigaku MiniFlex II Desktop X-ray diffractometer using Cu
Kα (λ= 1.5406 Å) radiation. A small amount of the residue was
ground into a fine powder and then dispersed evenly on a square
silicon tablet (1.5 × 1.5 cm) using ethanol solution. The sample
was then left to dry. The analysis was conducted with the fol-
lowing parameters: voltage of 30 kV, current of 15 mA, diver-
gence slit of 1.25°, anti-scattering slit of 1.25°, and receiving slit
width of 0.3 mm. Samples were scanned over an angular 2θ range
from 10 to 75° with a scanning speed of 3°/min. The approximate
contents of PbCO3 and Pb2Cl2CO3 were calculated using their
intensive peak areas.

Carbon and oxygen isotope analysis. Subsequent to physical
examination, sample material was bathed in less than 0.1 N
hydrochloric acid (HCl) at room temperature to effectively
remove all surface carbonate (potentially containing carbon from
secondary sources). Sonication was applied to shake loose debris.
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After rinsing to neutral, the sample was dried at 110 °C for
12–14 h and then examined under a microscope. After the pre-
treatment of acid etching, the samples are crushed and placed in
the reaction vessel, pulled to vacuum, purged two times with CO2

free air and pulled to vacuum. Since the samples are pure lead
carbonates (without mixing other carbonates, as in painting art-
works (Beck et al., 2019; Hendriks et al., 2020a)), the acid
hydrolysis method was applied to generate CO2. A 10% reagent
phosphoric acid/deionized water solution was then slowly added
to the reaction vessel containing the sample. More acid was added
slowly until the reaction appeared to have stopped. The vessel is
placed into a beaker with water in it and then onto a hotplate and
is heated at 80 °C for 2 h to facilitate full completion of the
reaction. The CO2 is then collected from the vessel. The radio-
carbon ages and carbon and oxygen isotopes were measured by
accelerator mass spectrometry (AMS) and isotope ratio mass
spectrometry (IRMS) at the Beta Analytic Radiocarbon Dating
Laboratory (Miami, Florida, USA). Calibration of the radiocarbon
dates was against the IntCal20 atmospheric calibration curve
(Reimer et al., 2009; Ramsey, 2017).

Results
The identification of lead carbonate in white cosmetic residues.
The FTIR analysis of all the samples (Fig. 5, Figs. S2–S6, Sup-
plementary Material) shows the characteristic peaks of cerussite

(PbCO3), including 678 cm−1 (a ν4-associated band produced by
the in-plane bending vibration of the CO3

2− group), 838 cm−1 (a
ν2-associated band produced by the out-of-plane bending vibra-
tion of the CO3

2− group) and 1050 cm−1 (a ν1-associated band
produced by the symmetric stretching vibration of the CO3

2-

group) (Catalli et al., 2005; Jones, Jackson, 2012). Almost all the
samples are composed of pure PbCO3, except for samples LW-1a
and LW-5, whose peaks also include 758, 648, and 638 cm−1,
which imply the presence of phosgenite (Pb2Cl2CO3) (Fig. 5)
(Stanley et al., 1991; Jones and Jackson, 2012). The residue
compositions were further confirmed by XRD analysis, which
showed that the main component was PbCO3 (Figs. S3–S6).
Pb2Cl2CO3 was detected as a minor component (~5%) in sample
LW-1a and a major component (~60%) in sample LW-5 (Fig. 5,
Fig. S5, and Table 1).

The morphology of the lead white crystal. The cerussite crystals
in the Liangdaicun cosmetic residue present elongated pseudo-
hexagonal, acicular and prismatic morphologies (Fig. 4 and Figs.
S7–S9), which reveal its formation process. The corrosion syn-
thetic process generally produced grainy and short prismatic
crystals and was usually a mixture of hydrocerussite and cerussite
(Welcomme et al., 2006; Sánchez-Navas et al., 2013; Gonzalez
et al., 2019), while the cerussite crystals precipitated in solution
would contain pseudohexagonal needle and rod crystal shapes in

Fig. 1 The earliest use of lead white (LW) in different regions. The symbol shapes represent different regions, and their colors represent different natures
of cerussite. This worldwide scenario of lead white use before the Common Era was drawn according to the references (Vidale et al., 2012; Hauptmann
et al., 2016; Vidale et al., 2016; Beck et al., 2018; Kramberger et al., 2021).
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both natural and artificial environments (Mellor, 1923; Sánchez-
Navas et al., 2013; Gonzalez, 2016). Thus, the cerussite crystal in
this study should be formed through precipitation in solution.

The carbon sources of lead carbonate. The δ13C values can serve
as an evaluation of carbon sources in lead carbonate crystal for-
mation. A previous study showed that cerussite, which has light
δ13C values (e.g., −13.5‰ to −19.1‰), was consistent with
crystal formation from a carbon source with a significant organic
carbon contribution (e.g., C3 plants) (Melchiorre et al., 2001; Gilg
et al., 2008). Differences in the δ13C values of organic-derived
carbonates and atmosphere-derived carbonate were also observed

in other minerals (Oskierski et al., 2013). The δ13C values in the
Liangdaicun cosmetic lead white residues were light (−15.6‰
and −18.8‰, Table S2, Supplementary Material), which indicates
its origin with a noteworthy organic carbon contribution, espe-
cially C3 plants, rather than only the in-take of atmospheric CO2

in crystal formation (Gilg et al., 2008).
Radioactive 14C dating serves as another proxy to determine

the age of carbon sources and can also distinguish synthetic lead
carbonate from natural cerussite. By principle, natural cerussite
that carried 14C signals during their mineral formation would be
significantly earlier (e.g., ~5000 years, as reported in Beck et al.,
2018) than the tomb age. In lead carbonate synthesis, atmo-
spheric carbon dioxide through different routes was incorporated

Fig. 2 The location and layout of the Liangdaicun site. a The location of the Liangdaicun site in northern China and b the location of tombs M26, M27 and
M300 within the Liangdaicun site. In b, the yellow symbols (mostly with tomb passage) represent tombs of the aristocratic class, and the gray symbols
represent tombs of civilians. Most of the tombs above the dashed line are not shown in the map except M300, M33, M502, M560 and M586. c is the
plane graph of tomb M27 (occupier Ruigong, a king of Rui state) and d is the plane graph of tomb M26 (occupier Zhongjiang, a queen of Rui state). The
graphs are in reference to the archeological report of the Liangdaicun site. M26 is a “甲”-shaped tomb with one tomb passage, while M27 is a “中”-shaped
tomb with two tomb passages (“甲” and “中” are typical tomb shapes for nobilities and elite burials during that period).
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at the time of synthesis. Accordingly, the radioactive isotope 14C
was fixed in the crystal in the form of carbonate and decayed over
time after its incorporation, thus making it possible for
radiocarbon dating. The method was applied on the precondition
that the 14C date of synthetic PbCO3 carried the 14C signal of the
coeval atmosphere and would theoretically match the burial date
of the corresponding tomb. This method was tested in the
analysis of ancient Greece cerussite (e.g., sample AGER-CA508 in
Fig. 6e), which was proven to be a synthetic product using
atmospheric CO2 in the corrosion process (Beck et al., 2018).

Samples LW-1a (cerussite & phosgenite) and LW-2a (cerussite)
from tomb M26 have been submitted to AMS radiocarbon dating
analysis because both samples are abundant in quantity. The 14C
analysis results are presented in Fig. 6. The measured radiocarbon
concentrations for both samples are 69.78 ± 0.26 pMC and
70.22 ± 0.26 pMC (Table S2, Supplementary Material). Their cali-
brated calendar dates present a short offset that was earlier than the
burial date of tomb M26 dated by 14C measurement of the lacquer
on the coffin (Fig. 6c) (Chen et al., 2009). Given the depleted 13C
isotope values, the organic plant carbon involved in lead carbonate
crystal formation may account for the short offset in 14C dating.

Discussion
The synthetic nature of lead carbonate. The FTIR and XRD
analysis showed that the cosmetic residues were pure cerussite or
a mixture with phosgenite in two samples. The morphological
features indicate that the cerussite crystals were precipitated in a
solution. The carbon δ13C isotope analysis demonstrates that the
carbon source was mainly from C3 plants. Although the age of the
lead carbonates does not fall exactly within the burial date of the
tomb (Fig. 6), it still reveals the synthetic origin of ancient
samples because natural cerussite was observed to have a sig-
nificantly larger offset (more than 5000 years) (Beck et al., 2018).
In fact, different carbon sources have a great influence on the
radiocarbon dating results of synthetic lead carbonate (Hendriks
et al., 2019; Hendriks et al., 2020b). For instance, when CO2

released from coal burning (fossil carbon source, much depleted
in 14C concentration) was involved in the synthesis reaction, it
produced an offset of more than 10,000 years (Hendriks et al.,
2019); when wood-derived carbon (either CO2 released from
burning or carbonate obtained from plant ash) was involved, it
produced short offset ahead of the burial time (as the observation
from Liangdaicun samples), while when CO2 in the atmosphere

Fig. 3 The layout of tomb M26 (occupier Zhongjiang, a queen of Rui state). a Miniature bronze items M26:138, M26:137, M26:261, M26:139, M26:135,
and M26:136 as a set of funerary items; b vertical view of tomb M26. In b, the blue box indicates the location of the items in the outer coffin sitting
northeast of the head of the occupier in tomb M26. Decorative patterns of these miniature vessels are illustrated in Fig. S1, Supplementary Material.
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Fig. 4 Some cosmetic bronze containers in Liangdaicun site and lead white residue inside. a The miniature bronze container of Fu (code M26:138); b the
white residue (LW-1a) on its lid; c the SEM observation of sample LW-1a with multiple stacks layout; d numerous pure lead white residue particles
scattered within the soil off the bottom of M26:138; e some elongated needles and prismatic lead white (LW-1c) gently separated from the soil of d; f the
SEM observation of sample LW-1c; g the miniature bronze container of round-foot jar (code M26:137); h the white residue (LW-2a) on its lid; i the SEM
observation of sample LW-2a with prismatic shape.

Table 1 White residues in miniature bronze containers from the Liangdaicun site.

Tomb code Occupier Datea Container code Sample code Residue location Identified minerals Source

M26 Queen Early period of SA M26:138 LW-1a Lid (inside) PbCO3 & Pb2Cl2CO3 Synthetic
LW-1b Inside wall PbCO3

LW-1c Bottom
M26:137 LW-2a Lid (inside) PbCO3

LW-2b Inside wall
LW-2c Bottom

M26:261 LW-3 Inside PbCO3 Possible synthetic
M26:139 LW-4 Inside PbCO3

M27 King M27:1073 LW-5 Inside PbCO3 & Pb2Cl2CO3 Synthetic
M300 Female Late period of WZD M300:29 LW-6a Inside rim PbCO3 Possible synthetic

LW-6b Inside foot

aWZD represents the Western Zhou dynasty (1046–771 BCE); SA represents the Spring and Autumn period (770–476 BCE).
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or released from dung fermentation was involved, it falls in the
burial time range due to the short living period of herbs (as the
fodder of the livestock) (Beck et al., 2018; Hendriks et al., 2019;
Quarta et al., 2020; Hendriks et al., 2020b). Nevertheless, deter-
mining the precise source of carbon involved in the chemical
reaction can be complex and is still an open question (Beck et al.,
2018).

The carbon from the C3 plants involved in the lead white
synthesis could account for the 14C dating offset observed in the
Liangdaicun samples. The wood carbon sources would have
slightly depleted values in 14C concentration compared to the 14C
signal of the coeval atmosphere of the tomb burial date, thus

resulting in a short offset ahead of the tomb burial time.
Moreover, as an explanation by Lucile Beck et al., a mixture of a
small portion of the old aged natural cerussite or synthesized
cerussite of early date in the residue might also cause this offset
(Beck et al., 2018).

Apart from the carbon sources, other evidence also indicates
the synthetic nature of the cosmetic residues. The detection of
phosgenite (Pb2Cl2CO3) in the cosmetic samples (LW-1a and
LW-5) indicates their synthetic origin, given its rare natural
occurrence (Walter et al., 1999; Beck et al., 2018). The large
number of pure PbCO3 particles with acicular and prismatic
shapes scattered in the soil off the bronze wall (showing no signs

Fig. 5 FTIR and XRD analysis of white residues. a FTIR analysis: (1) sample LW-1a and (2) sample LW-2a. b Powder X-ray diffraction patterns: (3) sample
LW-1a and (4) sample LW-2a. (5) and (6) are reference patterns for cerussite (PbCO3) and phosgenite (Pb2Cl2CO3), respectively.
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of corrosion) of M26:138 (Fig. 4d–f) indicated that lead white was
purposefully placed inside. The inner surface where the lead white
attaches to has no sign of corrosion after removing the white
PbCO3 during the sampling process. These large aggregations of
white residues are only found in the miniature bronze containers
and have not been observed in other bronze wares of the same
tomb. Additionally, bronze corrosion products of lead com-
pounds are always mixed with different copper compounds,
which are difficult to separate, while the white samples in this
study mainly contain pure PbCO3, and they were only found
inside the containers. Trace pyromorphite (Pb5(PO4)3Cl), usually
as an impurity in natural cerussite in China (Wang et al., 2008),
has not been observed in FTIR spectra, and phosphorus is not
detected in EDS analysis of all samples (Fig. 5, Fig. S8,
Supplementary Material). These facts further confirm the
synthetic nature of the lead carbonates from miniature cosmetic
containers (Table 1).

The synthetic route by the precipitation method. The ancient
recipe of phosgenite synthesis shows a mixture of PbO and salt
(Cl−) in water (Walter et al., 1999; Beck et al., 2018), so the
presence of phosgenite in two Liangdaicun samples further
indicates that the formation of lead carbonate crystals was in
solution, whose synthesis should start with PbO to firstly generate
soluble lead salts: one of the most important ingredients in the
precipitation method. Two water-soluble lead salts (lead acetate
and lead nitrate) are usually used to react with CO3

2− in the
solution for precipitation (equations 5–7 in the Supplementary
Material). Lead acetate can be easily produced through the
reaction of PbO and acetic acid (vinegar), of which the ingre-
dients are readily available in antiquity. Meanwhile, lead nitrate
was rarely used in ancient times to precipitate lead carbonate
until modern times, when it was industrially available (Pérez-
Villares and Bailon-Moreno, 2017).

Thus, the synthetic route of the precipitation method can be
divided into sequential steps. The acquisition of water-soluble
lead acetate was the first step in the synthesis. This can be easily
achieved by dissolving PbO in vinegar to produce lead acetate
solution. The carbonation of lead acetate into lead carbonate is

the second yet key step in lead carbonate formation. In this step,
there are two general ways to provide a carbon source: one is to
increase the dissolving of CO2 by slowly and constantly bubbling
CO2 into the lead acetate solution to form CO3

2− or increasing
the CO2 concentration above the solution, e.g., the smoke of
burning plants. Putting the lead acetate solution in a room filled
with an elevated concentration of CO2 released from wood
burning could favor the process; nevertheless, it could take quite a
long time for the carbonation process. It would be more efficient
to bubble CO2 into lead acetate solution (Eckert and Meldrum,
1972), while there is currently no evidence that such a bubbling
device has existed in the first millennium BCE in China.

The other way that can provide CO3
2− was using water-soluble

carbonate in plant ash. In ancient times, potassium carbonate
(K2CO3) was enriched in leaching solution from wood ash
(Gunneweg et al., 2010). By soaking, filtering and concentrating, a
solution containing potassium carbonate can be extracted from
plant ash, and when it is added into the lead acetate solution,
CO3

2− can react with Pb2+ to precipitate lead carbonate.
Moreover, the plant ash leaching solution or vinegar may include
other ions, such as Cl−, which would promote the formation of
phosgenite. In the presence of an elevated concentration of Cl−,
Pb2+ can react with Cl− to precipitate water-insoluble PbCl2.
Then, the dechlorination of PbCl2 can occur by adding basic
carbonate solutions and converting PbCl2 into phosgenite (pH
8–9) or pure cerussite (pH 10), decisively controlled by the
solution pH, which is observed in the basic ammonium
bicarbonate solution (Chen et al., 2017). Similarly, for samples
LW-1a and LW-5, the presence of Pb2+ and Cl− would
precipitate PbCl2, and then adding a weak alkaline solution of
K2CO3 from wood ash could convert it into a phosgenite/
cerussite mixture.

The debut of synthetic lead white in east Eurasia during the
first millennium BCE. The precipitation synthetic approach, as
revealed by Liangdaicun lead carbonate cosmetic residue, sheds
light on the re-explanation of an ancient recipe, which is specu-
lated to have appeared during the first millennium BCE: 黑铅之
错化为黄丹,丹之再化之成水粉, literally, “transform black lead

Fig. 6 The radiocarbon dating results. a and b are the calibrated dates for the lead white sample LW-1a and sample LW-2a from tomb M26 in the
Liangdaicun site, respectively; c and d are the calibrated dates for tomb M26 and M27, respectively (Chen et al., 2009); e the calibrated dates for the lead
white sample AGER-CA508 in ancient Greece (Beck et al., 2018). The bars underneath the probability distributions are the 95.4% confidence intervals. The
red column represents the supposed burial dates of tombs M26 and M27 according to the archeological context. The blue column represents the burial
date of sample AGER-CA508 (Beck et al., 2018).
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into yellow litharge (PbO, 黄丹), and litharge can transform into
lead white powder”. However, the recipe is written quite briefly
and does not describe some important factors, such as heat in the
oxidation reaction of lead (Pb→PbO) and heat & vinegar &
carbon source in releasing Pb2+ in the solution and successive
carbonation processes (PbO→Pb(CH3COO)2→ PbCO3/
(PbCO3)2·Pb(OH)2), so it is difficult to interpret this recipe
(Schafer, 1956; Needham et al., 1976; Zhu, 1983; Wai and Liu,
1991). With acquired information about the synthetic lead car-
bonate in Liangdaicun cosmetics, this recipe could be explained as
recording a precipitation method for lead white production and
had been used in the first millennium BCE (Schafer, 1956; Zhu,
1983), much earlier than Galen’s recipe in the second century CE
and reintroduced in France in 1803 (Homburg, De Vlieger, 1996).
However, ancient people may not recognize that when Cl− is
present in solution, phosgenite can be simultaneously produced
with cerussite.

The production of vinegar should have a great influence on the
debut of synthetic lead white in ancient China during the first
millennium BCE. The Zhou Dynasty in China (1046–256 BCE)
witnessed the large-scale production of vinegar, and the central
government set up a specialized official Xiren (醯人) in charge of
vinegar production in noble or royal households (Mazza and
Murooka, 2009). The discovery of Liangdaicun precipitated lead
white provided evidence for the recognition of the power of
vinegar (acetic acid) in the reaction to dissolve and solubilize
metal oxide for matter transformation in the first millennium
BCE. As a cheap, simple and nearly ubiquitous condiment,
vinegar was later widely used in pigment production and as a key
reagent in aqueous reactions that the alchemists experimented
extensively in their prescientific investigations (Ping-Yü and
Needham, 1959; T’Ien-Ch’in, et al., 1959; Pregadio, 2002;
Bourgeois and Barja, 2009; Mastrotheodoros et al., 2010; Ferrari
et al., 2021). As this study demonstrates, the use of vinegar in wet
chemistry is almost 1000 years earlier than the earliest literature
recording wet chemistry practice in ancient China, in which
vinegar was added as a reactive reagent with explicit directions
(36 Shui Jing, Thirty-Six Methods for the Bringing of Solids into
Aqueous Solutions, reference T’Ien-Ch’in et al., 1959). Although
the evolutionary trajectory of vinegar production and usage
through the eighth century BCE to the third century CE remain
largely unknown, our discovery forecasts the use of vinegar as a
key reagent in aqueous alchemy practice.

In addition, exquisite bronze extraordinarily arose in large
quantities during the late Shang and Zhou Dynasties
(thirteenth–third century BCE), and ancient craftsmen would
have experimented with metallic lead for chemical reactions, as it
was a key material in bronze production or pure lead funeral
objects (Chen et al., 2021). This should have contributed to the
use of lead/litharge and vinegar to make lead white. Interestingly,
residue analysis inside miniaturized bronze vessels also provides a
new perspective on the diversified function of bronze vessels, such
as cauldrons (miniaturized), which are widely distributed across
Eurasia (Wang et al., 2019; Bârcă, 2020; Liu et al., 2022).

The favorite of white color as an ideal physical esthetic
complexion has historically embedded in traditional culture in
China and has been associated with high social and economic
status. For instance, in the Classic of Poetry (the oldest existing
collection of Chinese poetry in the eleventh to seventh century
BCE), attractive figures were described by likening the complex-
ion to “jade” (有女如玉), “creamy” (肤如凝脂), and “white
moonlight” (月出皓兮), and the analogies directly showed the
white color with the connotation of pulchritude, pureness and
nobleness. The eagerness to white created a huge demand for
white makeup, especially among the noble class possessing a large
number of social resources. This cultural and social background

urged the debut of synthetic lead white in China during the first
millennium BCE.

The debut of synthetic lead white in east Eurasia during the
first millennium BCE marked renewed interest in the develop-
ment of chemical practices in China. The precipitation method of
the Liangdaicun lead white was distinct from the lead corrosion
synthetic approach that was predominantly used in ancient
Europe. Since east and west Eurasia have different synthetic
approaches, the synthesis of lead white should be invented and
practiced independently in east and west Eurasia during the first
millennium BCE. This can also be witnessed by scientific analysis
of archeological lead white in both regions. The early production
of lead white in ancient Greek (psimythion) and Roman (cerussa)
used the corrosion synthetic approach mostly using fermentable
materials as heat and carbon sources (Pulsifer, 1888; Beck et al.,
2018; Gonzalez et al., 2019), and the products were mainly a
mixture of cerussite and hydrocerussite. However, at the
Liangdaicun site in China, lead white production used litharge
and vinegar to produce lead acetate, which was then added
carbonate salt solution or CO2 for the carbonation of Pb2+ ion.
The main products include pure cerussite or a mixture with
phosgenite, distinct from European practice.

As this study demonstrates, the earliest wet chemical practice
in ancient China was observed for making lead white during the
eighth century BCE, which shed light on the earliest beginning of
inorganic reactions in aqueous medium insofar, much earlier
than the previous knowledge that wet chemistry in China
commenced at least with alchemist Ge Hong (葛洪, 283–363
CE) (T’Ien-Ch’in et al., 1959). Notably, lead white and lead
acetate later became important elements explored by alchemists
in ancient Chinese proto-chemistry activities (Schafer, 1956).
Nevertheless, the evolutionary trajectory of synthetic lead white
by the precipitation method after the first millennium BCE
remains largely unknown. Knowledge of matter transformation in
ancient times was an empirically based practice, and the role of
science has been used to explain and provide better control rather
than to open up new areas and disciplines (Smith, 1965).
Moreover, the illiteracy of ancient empiricists/technicians/alche-
mists, or more likely his/her desire to maintain secrecy, makes it
difficult to conduct a full comparative study on the development
of ancient chemistry (Levey, 1956; Leicester, 1961). Nevertheless,
chemical knowledge was transmitted and carried forward
continuously by the oral traditions of father to son through the
organization of craftsmen, as well as commercial intercourse and
industrial trades (Levey, 1960). For instance, the appearance of
the precipitation recipe for lead white in the west and the
corrosion recipe for lead white in the east (Table S1) implies
cultural and technical exchanges across the Eurasian continent.

Worldwide cosmetic revolution triggered by synthetic lead
white. Technical innovations are topics of enduring interest among
broader social sciences (Erb-Satullo Nathaniel, 2020), among which
archaeomaterial studies have shown enormous potential in outlining
cosmetic development in ancient China (Mai et al., 2016; Yu et al.,
2017; Han et al., 2021). Previously, when discussing the worldwide
scenario of lead white use before the Common Era, the Asian region
was usually ignored. As shown in Fig. 1, although archeological
evidence of cerussite use was reported in southern Europe (Kram-
berger et al., 2021), Egypt (Beck et al., 2018), Mesopotamia
(Hauptmann et al., 2016), Iran (Vidale et al., 2012; Holakooei et al.,
2022) and Indus Valley (Vidale et al., 2016), to date, no discovery
has been reported in the corresponding period (5th–2nd millennium
BCE) in the East Asian region. Clear historical descriptions also
helped recover the lead white synthesis in west Eurasia that the
corrosion synthetic approach first appeared in the fourth century
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BCE, which was predominantly used until modern times (Pulsifer,
1888). In east Eurasia, however, there were no clear descriptions
before the Common Era.

The discovery of synthetic lead white at the Liangdaicun site
highlights its earliest cosmetic usage in China, which further
validates the rise of the cosmetic industry in the early phase of the
Spring and Autumn period witnessed by the emergence of
miniaturized cosmetic containers (Fig. S10, Li, 2009; Han et al.,
2021). The innovative approach of lead white making constitutes a
highly influential contribution to the cosmetic industry development
during the first millennium BCE, which can be witnessed both
literarily and archeologically. Lead white was used not only by the
king/queen but also by the aristocratic woman (e.g., M300),
indicating its wide social use. In addition to women, noble men of
Rui state, the king from tomb M27 and the noble man from tomb
M49 at the Liujiawa site (Han et al., 2021), also used white
cosmetics. Male use of white make-up exemplified the earliest men’s
fashion of facial luminance in Chinese history. Cosmetics then
became more popular in the subsequent Warring States Period
(475–221 BCE) as an emerging era for white makeup advocating
facial attractiveness with white luminance, which is reflected in
contemporary historical records such as Han Feizi, Deng Tuzi Fond
of Beauty and Chu Ci, e.g., white face and black eyebrow (粉白黛黑)
is inferred as the use of lead white (Zhu, 1983). Apart from cosmetic
use, lead white was later continuously used in wall paintings, murals
or whitewash on the walls of buildings since the Han Dynasty
(second century BCE) (Schafer, 1956). Lead white also finds its way
into traditional Chinese medicine and alchemy elixir.

In western Eurasia, lead white has been made in notable
quantities since the fifth century BCE by Grecian and Roman
craftsmen. Its wide cosmetic use by females was archeologically
witnessed in the Greco-Roman world, while males were also
found to have started to use lead white cosmetic powders since
the Classical/Hellenistic period of Greece (Welcomme et al., 2006;
Katsaros et al., 2010; Beck et al., 2018; Photos-Jones et al., 2020).

Lead white has been widely used since the invention of its
synthesis approaches because its production is much simpler with
lower cost in comparison to phosgenite synthesis, which involves
repetitive operations (Walter et al., 1999; Beck et al., 2018) and is
suitable for large-scale production, as witnessed from the late
successful mass production of lead white pigment via the Stack/
Dutch process (D’Imporzano et al., 2021). The invention of
synthetic lead white triggered a cosmetic revolution in human
history since the mid-first millennium BCE, promoting its
prominent and widespread use as a readily available pigment in
cosmetics and painting in antiquity.

Inorganic pigments are usually mixed with lipid substances in
cosmetic applications with nuanced differences in different
backgrounds (Evershed et al., 2004; Pérez-Arantegui et al.,
2009; Giachi et al., 2013; Mariotti and Giachi, 2021; Pérez-
Arantegui, 2021). Lead white is also mixed with oil in painting
and cosmetic use (Walter et al., 1999; Polkownik, 2018;
Polkownik and Emmett, 2020). In ancient China, an
inorganic–organic mixture cosmetic recipe was also found
(monohydrocalcite+ ruminant adipose fat) (Han et al., 2021),
while lipid substances were not identified in the Liangdaicun
residues of this study. As a plausible explanation, the six
miniature vessels unearthed as a set in the queen’s tomb may
indicate their function as storage or making utensils, while the
lead white will be processed and mixed with oil upon application
to the face or body.

Conclusion
This study reports the earliest known case of synthetic lead white
produced by the precipitation method in the eighth century BCE.
This chemical technique was practiced ~1000 years earlier than

the recorded inorganic reactions in aqueous medium in the
third–fourth century CE in China, which promoted the study of
the history of chemistry practice in the Asian region. The origin
of lead white synthesis is of great interest for research on science
and technology development in ancient China, and knowledge of
lead white use in Asia allows us to compare its worldwide use
across the world. The synthetic lead white found at the Liang-
daicun site was several hundred years earlier than that of ancient
Greece, and both regions have different synthetic approaches,
indicating the independent origins and development of lead white
synthesis between east and west Eurasia during the first millen-
nium BCE. The large-scale production of lead white triggered
revolutionary worldwide use of white makeup and art pigment,
helping establish beauty roles cohering to different populations
with sociocultural identities and symbolisms. Lead white also
finds its way into one of the most valued white pigments in
western oil paintings and Chinese murals that profoundly influ-
enced art development. Whether in east or west Eurasia, synthetic
lead carbonates were always first used for beauty purposes, which
highlights that beauty played a critical role in the development of
chemistry practice.

As a further study of the topic, the review of the subsequent
development of lead white production, as well as the exploration
of the divergent patterns between the east and west Eurasia, is an
interesting topic that would need comprehensive research from
broader humanities and natural and social sciences. Further work
as well as attention and perspective from a wider range of dis-
ciplines would elaborate more details of the topic.

Data availability
The data used in the study are available from the corresponding
author upon reasonable request. Analysis information is also
provided in the Supplementary Information.
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