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Abstract 

The “Nanhai I” shipwreck of the Southern Song dynasty is the existent oldest and the most integrally preserved ship-
wreck in the world. Inside the shipwreck most of the ancient ceramics were covered with different types of concre-
tions. In our work, different types of concretions were analyzed using stereomicroscopy, X-ray fluorescence (XRF) 
and X-ray diffraction (XRD). Based on those analyses, we applied a new physical method of heating and boiling to 
soften the concretions and remove them from the ceramics. It turned out that this method was efficient to remove 
the white shellfish concretions, gray concretions and red iron concretions, which not only provided a good basis for 
the preservation of ancient ceramics of the shipwreck, but also benefited the archaeological research on ancient 
ceramics. 
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Introduction
Located around 20 nautical miles south of Dongping port 
in Yangjiang city, the “Nanhai I” shipwreck was found 
as shown in Fig.  1. Based on the excavation reports, 
the “Nanhai I” shipwreck is dated to the Southern Song 
dynasty of China (1127–1279AD). It was firstly discov-
ered in 1987, then salvaged and integrally raised from the 
sea in 2007. According to the preliminary calculations, 
this shipwreck has more than 6000 items on board and 
most of them are ceramics [1]. These ceramics are good 
materials to study the history of ancient ceramics, as well 
as their maritime trades. Although lots of ceramics from 
shipwrecks still have beautiful outward appearance with-
out concretions [2, 3], due to the impact of seawater and 
other harmful factors, another part of ceramics more or 
less have corroded or covered the concretions. For “Nan-
hai I” shipwreck, a number of ceramics have been greatly 
corroded and covered with different types of concre-
tions including seabed sediments, shellfishes and other 

substances. The concretions not only conceal the elegant 
and fine appearance of these ceramics, but also hamper 
further analyses on the ceramics themselves, and their 
conservation. Therefore, removing the concretions and 
restoring the ceramics to their pristine appearance is one 
of the conservators’ main tasks.

In the early 1970s, many researchers were already 
devoted to the preservation of ancient shipwrecks and 
their cargo [4–8]. In 1980s, with the discoveries and exca-
vations of numerous ancient shipwrecks in China, more 
and more Chinese scientists started to work on the pres-
ervation of ancient artifacts from shipwrecks. Yang Heng 
and Tian Xingling in Institute of Cultural Relic Research 
and Archaeology of China applied XRF, XRD and SEM–
EDS to analyze the corrosion of brown artifacts in the 
“Nan’ao I” shipwreck and found that the corrosion prod-
ucts mainly contained  CaCO3,  CaSiO3 and  Ca2SiO4. 
Based on the analyses, mechanical tools were chosen 
to remove the concretions [9, 10]. In 2013, Liu Wei and 
Zhang Zhiguo analyzed concretions of iron wares from 
three shipwrecks including “Nanhai I”, “Nan’ao I” and 
“Huaguangjiao I” with using multiple scientific tech-
niques. They found that concretions from the “Hua-
guangjiao I” and “Nan’ao I” mainly contained iron  (Fe3O4, 
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α-FeOOH, γ-FeOOH, Fe2O3 and some  Fe8(OOH)16Cl1.3), 
and calcareous concretions (aragonite and calcite), while 
concretions from the “Nanhai I” shipwreck contained cal-
careous and siliceous concretions. After that, the forming 
mechanism of concretions was discussed [11]. Moreover, 
some scholars also applied chemical methods to remove 
the concretions. For instance, Ma Yanru in the National 
Museum of China detected the chemical composition 
of the concretions from the “Huaguangjiao” shipwreck. 
Based on her analyses, chemical resolution was chosen to 
remove the concretions. A combination of 3% citric acid 
and 5% EDTA-2Na was adopted to soften the concretions 
[12, 13]. In addition, Bao Chunlei of Hainan Provincial 
Museum also analyzed different types of iron concretions 
from the “Huaguangjiao I” shipwreck and chose EDTA-
2Na (in order to dissolve calcareous concretions without 
harming the iron products) with 10% sodium thiogly-
colate or 5% oxalic acid (to dissolve the brown rust) to 
remove the concretions [14].

The researches mentioned above are of great impor-
tance for the removal of concretions in the “Nanhai I” 
shipwreck. However, considering lots of glazed ceram-
ics in the shipwreck which would be easily eroded by 
acid, the chemical method doesn’t seem to be a suit-
able method in this case. In our work, different types 
of concretions were analyzed, using X-ray fluorescence 
spectrometry (XRF) and X-ray diffraction (XRD). 
Based on those analyses, a physical method consist-
ing of heating and boiling to soften and remove the 

concretions from ceramics in the “Nanhai I” shipwreck 
was tested.

Experimental details
Sample description
Twenty-seven samples with different concretions from 
the “Nanhai I” Shipwreck (provided by Maritime Silk 
Road Museum of Guangdong, China) were selected for 
the experiment. All samples were dated to the Southern 
Song dynasty (1127–1279AD). From the appearance of 
the concretions, the samples were divided into four cat-
egories: white shellfish concretions, gray concretions, 
brown concretions and shallow gray concretions. Typi-
cal samples are shown in Fig. 2: Sample N09 (Fig. 21(a)) 
is one of white shellfish samples. Its concretion, only one 
small piece of white shell adheres inside the ceramic frag-
ment. Sample N20 (Fig. 22(a)) is one of gray concretions. 
The gray concretion covers almost half of white ceramic 
fragment. Inside the concretion, there also have smaller 
ceramic fragments. Sample N14 (Fig.  23(a)) and N25 
(Fig.  24(a)) are brown concretions. The ceramic pieces 
here are very small and completely covered in the concre-
tions. Sample N21 is shallow gray concretions (Fig. 25).

Microscopy observations
The concretion samples were observed with the Stere-
omicroscope (SMZ1500 Nikon, Japan), and the software 
used for image collection and analyses was the NIS-Ele-
ments D4.10.00.

Fig. 1 Geological location of “Nanhai I” shipwreck
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Micro X‑ray spectroscopy analyses
Micro X-ray Spectroscopy (EAGLE-III.XXL, USA) was 
employed to analyze the chemical composition of the 
samples. It was operated in the voltage of 40 kV and cur-
rent of 200 mA of the X-ray tube, vacuum optical route 
and a beam spot size of 300  μm. The resolution was 
137.5 eV at Mn–Ka and the dead time was close to 30%. 
The software for spectrum collection and analysis was 
the VISION32 program connected with the instrument.

X‑ray diffractometer investigation
MXP18AHF X-ray diffractometer (Mc. Japan) was 
equipped with a Cu X-ray tube, and operated at 40  kV 
and 100 mA. And DS, SS and RS were respectively 1, 1 
and 0.15 mm. It was used to analyze the crystalline struc-
ture of the samples.

Physical heating exploration
Based on XRF and XRD results, a physical heating proto-
col was adopted (Fig. 3):

1. Put the samples in the blast drying chamber for 1.5 h 
at the temperature of 170 °C;

2. If the concretions become soft and loose, remove 
them using a scalpel pry; if not, put them into the 
water bath at the temperature of 100  °C for 3  h. If 
then the concretions become soft and loose, remove 
the concretions using a scalpel pry; if not, repeat the 
heating process.

 
The heating blast drying chamber (DHG—9140, 

Shanghai Three Scientific Instruments Ltd.) was used to 
heat the samples, and an electro-thermostatic water bath 
(HWS26, Shanghai Yiheng Scientific Instrument Co., 
Ltd.) was applied to boil the samples.

The main purpose of using a physical method was to 
avoid acid corrosion on the ceramics glaze and to elimi-
nate the concretions without damaging the ceramics.

Compressive strength tests
In material science, the Peierls Stress is the maximum 
force that a material can bear before cracking, which is 
often used to describe the fragility and vulnerability of 
the material.

The tests were carried out in Sun Yat-sen University, 
using Electro-mechanical universal testing machine 
(WD-5A, Guangzhou Laboratory Instrument Company 
Limited). Because of its destructive characteristic, dif-
ferent modern materials including pottery and porcelain 
were used instead in this test. The sample preparation is 
as follows:

Fig. 2 The photograph of the samples from the “Nanhai I” Shipwreck: 
1a Sample N09 with concretion before the treatment. 1b Ceramic 
fragment of Sample N09 without concretion after the treatment; 
2a sample N20 with concretion before the treatment; 2b Ceramic 
fragments of Sample N20 without concretion after the treatment; 
3a Sample N14 with concretion before the treatment. 3b Ceramic 
fragments of Sample N14 without concretion after the treatment; 
4a sample N25 with concretion before the treatment; 4b Ceramic 
fragments of Sample N25 without concretion after the treatment; 5 
sample N21 with concretion
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  • Cut pottery and porcelain into square samples with 
the length of 10 mm (permissible variations might be 
10 ± 3 mm);

  • place square samples on test stage;
  • apply different pressures from 0  N to the pressure 

that would cause the cracking of the sample.

The experiment operations followed the national stand-
ard of China [15].

Results
Microscopy observations on the samples
The microscopy analyses were mainly carried out on 
the surface of the concretions but also in the interface 
between the concretions and the glaze of all the samples. 
The surface, the interface and the pores between the 
particles were observed under the microscope (Fig. 4a). 
Besides, some crevices between the concretions and 
the glaze were also spotted (Fig. 4b), which implies the 
softness and porous texture of some gray samples. Red-
dish and brown particles (Fig.  4c, d) between the con-
cretions and the glaze were also observed, as well as the 
excreta or secretions of marine shellfish (Fig.  4e). And 
the shadow gray concretions (Fig. 4f ) had a more com-
plex nature. They are composed of quartz with size of 
0 ~ 1 mm, shell debris with size of 2–3 mm and smaller 
white particles. The shadow gray concretions contained 
tight and dense particles concreted together, and mean-
while there were some holes between the shells and 
quartz on the surface.

Micro X‑ray spectroscopy analyses
The results of quantitative XRF analyses before physical 
heating are given in Table 1. The measurements were car-
ried out on the surface of most samples in the red, gray 
and white areas except shellfish samples. In each colored 
areas, three points were analyzed and an average was cal-
culated. The analyses show that, the amount of silicon, 
calcium and iron changes quite obviously, respectively 
ranging from 1.19 to 86.67%, 0.33 to 81.76% and 0.95 to 
69.52%. And most individual samples contain these three 
elements, but the content varies, depending on the type 
of concretion. For instance, the amount of silicon in the 
gray region is as high as 49.53–86.67%, calcium in the 
shadow-white area is 34.06–81.76%. The percentage of 
iron (9.71–69.52%) and sulfur (1.62–24.82%) is also very 
high in the brown area. Thus, gray concretions mainly 
contain silicon (Si) and calcium (Ca), while brown con-
cretions with red, dark red and brown particles contain 
silicon (Si), calcium (Ca), iron (Fe) and sulfur (S).

In order to better understand the chemical changes 
before and after the heating and boiling process, two 
typical samples (sample N23 and N25) were re-analyzed 
after the treatments. The comparative results regard-
ing the composition are shown in Table  2. After physi-
cal heating and boiling, the amount of sulfur decreased, 
while the amount of iron increased.

X‑ray diffraction results
XRD was used to determine the crystalline composition 
in gray and red particles. The measurements were carried 

Fig. 3 Process of the treatment
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out on typical samples: gray concretions on the N26, N21 
samples and brown concretions on the N23 and N25 
samples. In particular, brown concretions from the N23 
and N25 samples were re-assessed using XRD investiga-
tion after physical heating process.

Figure 5a shows the X-ray diffraction spectrum of the 
N26 gray powder. The peaks at 4.26, 3.34, 2.46, 1.81 and 
1.54 Å are consistent with α-quartz, while 3.85, 3.04, 2.28, 

1.98 and 1.88  Å are consistent with calcite. It suggests 
that the main phases of the N26 gray powder are quartz 
and calcite, and those of another sample the N21 (Fig. 5b) 
are α-quartz, aragonite, calcite and feldspar.

In Fig.  5c and d, the XRD spectrums of brown con-
cretions reveal the existence of pyrite, gypsum and 
α-quartz. The characteristic diffraction peaks of pyrite 
 (FeS2) decrease in these two samples after heating and 

Fig. 4 Micrograph on typical samples: a The interface of sample N20; b the interface of sample N22; c the interface of sample N3; d the interface of 
sample N23; e the interface of sample N7; f the surface of N21
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Table 1 The analytical results of the concretions of different samples by μ-XRF (wt %)

Samples wt%

Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 Cr2O3 MnO Fe2O3 CuO

N1-1grey 1.86 9.14 12.18 62.48 1.74 1.29 6.53 0.73 0.09 0.13 3.71 0.03

N1-1white 1.78 5.76 3.59 10.77 0.39 0.57 75.53 0.15 0.06 0.11 0.95 0.06

N2-1white 1.28 3.14 1.03 1.19 1.20 0.43 89.10 0.03 0.08 0.17 1.26 0.08

N2-1red 1.60 13.83 6.43 30.81 7.46 0.26 3.92 0.19 0.11 0.34 34.76 0.15

N3-1white 2.65 4.94 1.35 4.95 2.38 0.42 81.75 0.01 0.05 0.02 1.12 0.01

N3-1red 3.61 2.07 7.04 32.50 6.45 1.52 2.16 0.23 0.15 0.31 43.82 0.04

N4-1white 0.82 7.77 1.49 4.40 1.85 0.64 72.78 1.00 0.04 0.17 7.64 0.03

N5-1grey 2.31 3.12 7.41 68.26 4.39 0.83 7.99 0.53 0.08 0.19 4.51 0.12

N5-1white 1.42 6.58 2.28 14.06 3.12 0.51 68.12 0.06 0.06 0.29 3.05 0.05

N5-1red 1.77 5.34 3.82 11.20 4.61 0.39 21.30 0.23 0.12 0.39 50.18 0.02

N6-1red 1.67 0.65 5.26 18.65 1.62 0.52 0.94 0.24 0.11 0.72 69.51 0.02

N8-1white 0.54 1.69 1.88 10.60 7.61 0.52 56.84 0.25 0.12 0.22 19.21 0.03

N8-1red 4.20 2.29 4.82 19.22 24.82 0.48 7.90 0.20 0.19 0.28 35.47 0.04

N10-1red 2.27 1.98 4.53 31.18 5.37 0.80 1.58 0.33 0.14 0.22 51.18 0.04

N11-1red 9.50 8.67 7.90 6.99 19.73 0.04 0.33 0.09 0.13 0.28 46.27 0.01

N12-1white 1.11 13.33 4.61 29.29 5.08 0.81 40.81 0.22 0.04 0.11 4.37 0.01

N12-1red 1.85 5.24 1.59 20.42 19.58 0.45 22.17 0.14 0.12 0.30 27.88 0.03

N13-1red 1.46 1.40 14.72 40.64 2.28 2.57 0.58 1.00 0.06 0.11 34.96 0.05

N14-1grey 1.13 9.10 3.50 65.20 1.99 1.11 15.32 0.19 0.08 0.08 1.93 0.04

N14-1white 2.97 10.16 3.52 11.69 0.69 1.58 57.69 0.71 0.08 0.56 9.71 0.03

N14-1red 2.05 20.04 10.14 49.94 1.66 1.95 0.99 0.53 0.03 1.32 11.22 0.03

N15-1white 3.95 6.01 5.19 22.35 2.45 0.98 51.12 0.32 0.08 0.23 5.92 0.07

N15-1red 3.83 1.83 2.97 10.42 5.81 0.11 5.32 0.17 0.12 0.38 68.77 0.08

N16-1grey 1.33 1.82 2.9 72.65 9.78 0.60 7.11 0.26 0.03 0.08 3.20 0.12

N16-1white 1.34 5.40 5.75 22.32 2.59 1.23 51.31 2.16 0.08 0.16 7.25 0.08

N16-1red 2.49 6.27 10.65 44.57 7.75 1.78 8.99 0.60 0.06 0.24 16.41 0.06

N17-1white 2.33 3.14 10.72 57.50 7.62 3.07 7.21 0.20 0.04 0.21 7.69 0.03

N17-1red 2.50 1.75 7.07 27.03 10.64 1.45 1.07 0.26 0.13 0.24 47.39 0.05

N18-1white 1.72 3.94 3.37 9.55 2.53 1.03 67.69 0.32 0.04 0.30 7.67 0.04

N19-1grey 2.82 6.84 5.53 60.80 2.25 1.21 16.58 0.09 0.04 0.10 3.54 0.03

N19-1white 0.42 6.79 6.22 24.61 3.57 3.11 46.35 0.44 0.05 0.18 7.76 0.09

N20-1grey 1.17 9.20 13.97 61.45 1.82 3.49 4.07 0.57 0.02 0.22 3.88 0.02

N20-1white 1.51 8.56 1.67 4.54 0.46 0.59 77.70 0.33 0.03 0.65 3.63 0.02

N21-1grey 1.82 1.58 2.54 86.67 1.41 0.16 4.86 0.05 0.02 0.19 0.46 0.01

N21-1white 0.69 3.03 4.52 10.02 0.72 1.43 73.32 0.41 0.07 0.24 3.91 0.12

N22-1grey 1.58 7.32 11.56 51.38 6.14 1.87 13.44 0.63 0.07 0.18 5.6 0.07

N23-1white 10.87 6.11 1.52 1.83 15.73 0.16 61.46 0.03 0.04 0.23 1.71 0.02

N23-1red 1.02 7.12 1.255 2.72 22.89 0.31 54.14 0.04 0.07 0.26 9.71 0.01

N24-1grey 1.96 9.57 10.88 62.93 7.09 1.53 1.87 0.41 0.06 0.48 3.11 0.02

N25-1white 0.93 3.58 2.64 6.63 14.60 0.39 58.68 0.10 0.07 0.23 11.66 0.03

N25-1red – 8.98 0.095 17.73 24.66 0.09 3.93 0.09 0.13 0.44 43.50 0.04

N26-1grey 3.75 17.35 6.37 49.53 3.42 0.62 14.80 0.31 0.08 0.15 3.24 0.09

N26-1white 4.84 11.89 5.06 33.82 6.43 0.62 34.06 0.28 0.08 0.46 2.05 0.06

N27-1grey 3.37 9.30 11.39 62.13 1.96 2.23 6.67 0.30 0.06 0.05 2.40 0.03
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boiling treatments, which illustrates the reduction of 
 FeS2. Besides, the characteristic diffraction peaks of Gyp-
sum  (CaSO4·2H2O) almost vanish after the treatment 
(Fig.  5c),which implies the crystalline change or reduc-
tion of gypsum.

Physical heating exploration
Based on the microscopy, XRF and XRD results, a physi-
cal heating and boiling method was chosen. The white 
shellfish concretions began to loosen after heating 

method in the blast drying chamber. It could then, eas-
ily be pried up from the ceramic through the junction 
between shells and ceramics. Finally white shellfish con-
cretion could be removed, as shown in Fig.  21(b). The 
same phenomenon happened with the gray concretions. 
The concretions became granular, fragile and could be 
straightforwardly removed by hands. This kind of con-
cretions was also easily removed. As shown in Fig. 22(b), 
three different sizes of ceramics pieces appear after the 
treatment. For brown concretions (Fig. 23(a), Fig. 24(a)), 

Table 2 The chemical composition of N23 and N25 before and after treatment

Samples Wt%

Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 Cr2O3 MnO Fe2O3 CuO

N23 before 1.02 7.12 1.25 2.72 22.89 0.31 54.14 0.04 0.07 0.26 9.71 0.01

N23 after 1.38 2.04 8.76 37.45 16.17 1.05 1.37 0.51 0.02 0.16 30.95 0.01

N25 before – 8.98 0.09 17.73 24.66 0.09 3.93 0.09 0.13 0.44 43.50 0.04

N25 after 4.46 6.53 2.30 10.30 16.08 0.30 7.68 0.12 0.10 0.39 51.32 0.04

Fig. 5 a XRD spectrum of N26 sample; b XRD spectrum of sample N21; c comparative XRD spectrum of sample N23 before and after the treatment; 
d comparative XRD spectrum of sample N25 before and after the treatment
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which contained red, dark red and brown particles, the 
interface was not that strong after 2–5 times of treat-
ments of repeated heating and boiling. Although still 
hard, the concretions were possible to be removed by 
a scalpel. As shown in Fig.  23(b) and Fig.  24(b), serval 
smaller ceramics pieces present after removing the con-
cretions. On the contrary, the shallow gray (Fig. 25) was 
very compact and hard after several attempts, so the 
method of heating and boiling didn’t work here.

Compressive strength test
Table 3 sums up the results of compressive strength tests. 
Figure 6a and b are box diagrams of pottery and porcelain 
samples before and after repeated treatments. The com-
pressive strength of both the pottery and porcelain were 
almost similar before and after physical heating. After 
the treatment, the compression range of the ceramics 

scarcely changed, which suggests that the heating and 
boiling process could do little harm to the ceramics. 

Discussion
For the white shellfish concretions, microscopy observa-
tions show areas with what seems to be residues of mucus 
from the shells. Previous studies indicate that shellfish 
organisms like mussels could secrete a kind of adhesion 
protein with the name of Dopa in its foot protein, which 
usually helps shellfish organisms compactly attach to the 
surface of metals and rocks [16]. Generally, the higher 
proportion of Dopa the mussel contains, the more adhe-
sive it would be [17]. So the reason why the shellfish con-
cretions can easily be removed is probably related to the 
reduction of Dopa during the heating process.

Brown concretions are more complex because pyrite 
and gypsum coexist. According to the archaeologi-
cal excavation [1], the “Nanhai I” shipwreck not only 

Table 3 The compressive strength of samples

Pottery samples Porcelain samples

Before treatment After treatment Before treatment After treatment

Compressive 
strength (MPa)

Area of section 
 (mm2)

Compressive 
strength (MPa)

Area of section 
 (mm2)

Compressive 
strength (MPa)

Area of section 
 (mm2)

Compressive 
strength (MPa)

Area of section 
 (mm2)

13.20 133.67 13.20 127.74 137.20 176.64 112.50 161.17

17.00 115.09 14.40 127.87 146.90 168.92 133.50 179.98

12.60 149.26 12.30 122.77 105.80 174.85 106.00 177.13

17.10 157.89 18.30 135.56 143.20 179.66 98.90 199.61

13.30 124.28 16.10 110.50 92.20 171.86 100.90 177.77

12.50 141.73 12.50 118.52 94.80 175.24 141.80 171.77

12.70 140.70 19.10 117.68 102.80 179.17 138.00 170.72

18.70 111.53 13.80 125.10 117.60 164.14 121.40 158.41

15.50 123.71 16.90 129.94

Fig. 6 Compressive strength comparison before and after treatment: a pottery samples; b porcelain samples
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contained ceramics, but also had lots of iron products. 
Commonly, the formation of pyrite in sedimentary envi-
ronments is closely associated with sulphate activity 
reducing bacteria; and if the supply of iron is sufficient, 
pyrite can easily form [18]. Meanwhile, the acidic con-
dition in the seawater accelerates the dissolving of the 
biogenic shell and releasing of  Ca2+. Once the  Ca2+ and 
SO2−

4  become over saturated, then gypsum is formed 
[19]. Based on the research above, it is not very difficult 
to deduce the origin of pyrite and gypsum in the brown 
concretions. Our experiments prove that this physi-
cal treatment is efficient on the white shellfish, gray and 
brown concretions. The chemical research indicates 
that Pyrite  (FeS2) can spontaneously be oxidized when 
exposed [20].

The chemical reaction is as follows:

In other words, when the samples with  FeS2 inside are 
exposed, a very slow oxidization happens, and they 
release a bit of  SO2. The released gases would expand the 
pores in the concretions. The pore-expansion is one of 
the factors responsible for the easy-removal of the con-
cretions. On the other hand, the different expansions of 
both the ceramics and the concretions during the treat-
ment are also an important factor causing the loosen-
ing of the brown concretions. In addition, Gypsum 
 (CaSO4·2H2O) is resolved in hot water  (CaSO4·2H2O ⇋ 
 Ca2+ + SO2−

4  + 2H2O) [21], and the repeated heating and 
boiling process reduce the Gypsum in the concretions, 
which more or less makes the concretions loosen.

Most gray concretions have porous textures according 
to micro-analyses. A long period of observation indicates 
that the surface particles of the gray concretions began 
to fall down in the indoor environment in Guangzhou, 
China. This means that temperature and humidity did 
have some effects. So the heating process could acceler-
ate the evaporation of its interior gases such as  H2O,  CO2 
and eventually make it loosen. In contrast, another group 
of concretions with a shallow gray appearance was still 
very hard and compact after several times of repeated 
heating and boiling. These concretions are a mix of lots 
of smaller sized sand grains and shell pieces with differ-
ent shapes (Fig. 2), densely gathered together like cement 
blocks. Empirically, calcium carbonate found in concre-
tion was regarded as fragments of shells since a substan-
tial part of mollusk shells are composed of biologically 
formed calcite and aragonite [22]. However other smaller 
sized white grains are likely to be the result of chemical 
reactions in the sea; this will be studied in the future. 
Besides, the removal methods of the shadow gray concre-
tions need more investigations.

4FeS2 + 11O2 → 2Fe2O3 + 8SO2 ↑ + 3312.4KJ/mol.

Conclusions
Twenty-seven samples selected from the “Nanhai I” ship-
wreck were analyzed. The physical method of heating 
and boiling with few harm to the ceramic materials turns 
out to have some positive effects on the separation of 
white shellfish concretions, gray concretions and brown 
concretions. However, it cannot be used to remove the 
shadow gray concretions and a better removing method 
still needs to be found in the future.
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