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Abstract
Pastoral nomadic groups in the Eurasian steppe were in existence for more than a few millennia, paving the way for the 
emergence of steppe polities that maintained close and dynamic interactions with their sedentary farming neighbors. Despite 
the critical role of iron materials in the genesis of these mobile political entities, surprisingly little is known about the mode 
of iron acquisition adopted by mobile pastoralist groups. This is particularly true for mobile communities located far away 
from the population centers where technological capabilities and material resources were more likely to converge in inno-
vative ways. In this article, we present a microscopic examination of small cast iron objects bearing evidence of a unique 
thermal treatment in the molten state to obtain rapid decarburization, specifically for small-scale steelmaking from a non-
local material, cast iron. This highly sophisticated technique was carried out on-site at a Mongol period habitation located in 
north-central Mongolia. These findings are important as they demonstrate that mobile pastoralists of the Mongolian steppe 
developed various methods of small-scale iron production that allowed them to enjoy a degree of self-sufficiency in one of 
the most critical areas of material culture, iron, and steel production.
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Introduction

Though technological innovations have a lasting impact on 
the history of societies, many times these changes transpire 
in unexpected ways that can be unrecognized for various 
reasons. Take, for example, the acquisition of iron and iron 
tools among mobile pastoralist groups of the Mongolian 
steppe. Long-standing tacit assumptions held that the dis-
persed mobile communities did not possess the technical 
capabilities required to supply themselves and thus relied on 

external sources for the acquisition of iron and iron objects 
(Khazanov 1994; Jagchid and Hyer 1979). In part, these 
assumptions owed to the fact that little attention was paid to 
nomadic iron production in general.

Recent metallographic studies of iron objects from 
the royal tombs of the first regional polity of the eastern 
steppe, the Xiongnu state (ca. 200 BC to 150 AD), have 
provided new perspectives (Park et al. 2010, 2018; Hon-
eychurch 2015). These elite grave sites provide evidence 
for large-scale iron production that could not be fulfilled by 
simply relying on imports from outside sources. Even more 
intriguing is that most of the objects recovered were derived 
from bloomery-based iron technology that was a technique 
different from the metallurgical traditions of neighboring 
sedentary communities of the contemporary Han Dynasty 
(Rostoker and Bronson 1990; Wagner 1996, 2008). Fur-
thermore, evidence has emerged from the analysis of iron 
artifacts retrieved from excavations at the Mongol Empire 
capital of Karakorum that suggests these steppe-derived 
metallurgical practices were maintained for centuries (Park 
and Reichert 2015).

Based on the most current research, there is little doubt that 
a bloomery-based iron tradition was the dominant mode of iron 
production practiced at major political centers in Mongolia 
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from at least the Xiongnu polity through to the Mongol Empire 
(Amartuvshin et al. 2012; Sasada and Ishtseren 2012; Ishtseren 
and Sasada 2014; Sasada and Chunag 2014). Given that these 
findings come from royal cemeteries and political centers, it 
is tempting to presume that iron production was controlled 
by political elites who used the distribution of this critical 
resource to co-opt the dispersed mobile pastoralist communi-
ties that formed their political base. Given the vastness of these 
mobile polities and the key strategic importance of iron, such a 
complete reliance on “down-the-line” support emanating from 
central places was unlikely. In fact, archaeological investiga-
tions in Mongolia have produced mounting evidence suggest-
ing that the presence of community-based iron production was 
commonplace (Houle and Broderick 2011).

Less is known, however, about the nature of technology that 
allowed for small-scale iron manufacturing and especially the 
local production of steel. Recent metallographic work (Park 
et al. 2019a, 2019b) on the iron assemblages from medieval 
mobile pastoralist sites in the Delgerkhaan Uul area (Fig. 1a) 
of eastern Mongolia has produced notable discoveries. These 
studies recognize the scale of production as a key factor to be 
considered in the implementation of a specific iron technology 
in steppe environments. Attention has since been directed to 
small iron fragments, conventionally thought of as scrap metal, 
that would otherwise have been overlooked as something of 
little practical or metallurgical value.

During the summer of 2019, numerous iron objects in the 
form of small irregular fragments were excavated from a Mon-
gol Period habitation site located in the Tarvagatai Valley of 
north-central Mongolia (see Fig. 1a). Based on the medieval 
archaeometallurgical analysis carried out in the east, their sig-
nificance was immediately recognized, and metallographic 
examination was carried out to determine their intended 
purpose and the engineering processes applied for their pro-
duction. This article presents a detailed account of the analy-
sis, results, and a discussion of the mode of iron acquisition 
employed in the forest-steppe region of north-central Mongolia 
as compared with that at Delgerkhaan Uul, located in the arid 
zone of eastern Mongolia.

Comments on the Tsagaan Ereg (TVP‑180) 
archaeological settlement

Formed by the Tarvagatai River, a tributary to the greater 
Egiin Gol River, the Tarvagatai Valley consists of approxi-
mately 120 km2 of habitable land in the forest-steppe 

region of the Baikal rift zone in north-central Mongolia. 
The basal elevation of the east-to-west flowing Tarvagatai 
River is approximately 950 msl (meters above sea level). 
Physical relief in the valley is created by the Buteel Moun-
tain range to the north and east (reaching 1850 msl) and 
the Khantain Mountain range to the south (reaching 1650 
msl). Over the last 10 years, the Tarvagatai Valley Pro-
ject (TVP) has conducted an intensive pedestrian survey 
of over 86 km2. As a result of these field efforts, multi-
ple regions in the valley have been identified as locales 
preferred for habitation by both mobile pastoralists in 
antiquity and present-day herders. Dozens of such areas 
have been subjected to intensive auger testing, geophysi-
cal prospection, and small- and large-scale block excava-
tions. For this study, we examine twenty iron and iron-
related objects recovered from the excavation of a Mongol 
period habitation at the Tsagaan Ereg site (TVP-180 see 
Fig. 1a). The Tsagaan Ereg site (TVP-180) was first identi-
fied during pedestrian survey given that large amounts of 
cultural material were eroding out of a cut bank incised by 
the Tarvagatai and Khujirt Rivers. The cultural material 
analyzed in this paper comes from “Dwelling #2” which 
was located along the edge of the cut bank created by the 
Tarvagatai River, as shown in Fig. 1b, an aerial photograph 
taken from a drone camera facing to the north toward the 
Khujirt River Valley. The rough extent of the dwelling was 
later confirmed by geophysical prospection conducted by 
Dr. Bryan Hanks of the University of Pittsburgh. Excava-
tions were carried out there in the summer of 2019 by 
archaeologists from the Mongolian National University, 
Yale University, and the University of Wyoming.

Following methodological examples employed at exca-
vations of Paleoindian dwellings (Kornfeld and Frison 
2000; Stiger 2006), a premium was placed on in  situ 
artifact identification and point-plot mapping. Specific 
attention was given to the recovery of highly accurate 
locational information for artifact types as related to 
soil conditions in order to distinguish disturbed versus 
in situ contexts for an accurate reconstruction of possible 
activity areas (Todd and Waguespack 2007). To further 
ensure tight locational integrity of excavated materials, 
the excavation of arbitrary 5 cm levels was conducted by 
trowel across an excavation block that was divided into 
1- × -1-m excavation units. These excavation units were 
further subdivided and excavated into 50-cm- × -50-cm 
quadrants. By confining excavation into small compart-
ments within the unit, the excavator’s attention was pur-
posefully focused on identifying artifacts in situ (Gard-
ner and Burentogtokh 2018). Additionally, this method 
of excavation provides tighter locational control over 
artifacts recovered from soils sieved through a 3 mm 
mesh screen. In total, 11 sq. m were excavated to a depth 
of approximately 1.2 m below the ground surface with 

Fig. 1   Map and site photographs. a A map of Mongolia showing the 
location of the archaeological site Tsagaan Ereg (TVP-180) in the 
Tarvagatai Valley, as well as the Delgerkhaan Uul, and Karakorum 
sites, mentioned in the text. b An aerial photograph taken from a 
drone camera facing to the north toward the Khujirt River Valley

◂
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excavations terminating at a sterile C soil horizon consist-
ing of loess deposits.

Based on the radiocarbon dating of two separate bone 
collagen samples, the habitation structure dates to cal. AD 
1290–1400. The time range of occupation is based on a 
bone collagen sample found in-place, embedded into the 
original floor of the dwelling space (F.S. 2611; UGAMS# 
44,800, cal. AD 1298–1400 95.4% probability) and a second 
bone collagen sample in the fill material deposited after the 
abandonment of the dwelling (F.S. 2487: UGAMS# 46,821, 
cal. AD 1290–1395 95% probability). Based on our current 
interpretation of the archaeological remains, we believe the 
occupants of the dwelling space created a circular, semi-
subterranean habitation by excavating approximately 51 cm 
into the underlying loess deposit and then erecting a non-
permanent superstructure (of unknown material) that was 
supported by a series of wooden posts. It also appears that 
at some point the structure was accidentally or intentionally 
burned down, a birch bark floor was then laid down over 
the subsequent ash lens, and the structure was re-inhabited. 
Upon abandoning the dwelling, loess sediment (possibly 
fill stockpile resulting from the original construction) and 
surrounding cultural debris were used to fill in the living 
area (Burentogtokh and Adiyasuren 2019). All proceeding 
artifacts we discuss in this paper were mixed with the loess 
sediment that was used to fill in the dwelling area. Given 
that radiocarbon dates from both the fill material and the 
living surface so closely overlap, we are confident that the 
refuse material mixed with the fill was from the time of 
occupation of the dwelling space.

Lastly, during the excavation of the dwelling space, a 
small iron-working feature was discovered in the south-
east sector of the living area (Fig. 2). This smelter con-
sisted of two rock-lined pits located immediately adjacent 

to one another. Both pits had an opening on their western 
side, and one pit held oxidized loess fill. The second pit 
contained small charcoal flecking, clinker, and slag mate-
rials and had two tunnels entering the pit from the south. 
These tunnels appear to be part of a flume that facilitated 
airflow. Based on the clinker, slag fill, and presence of a 
potential flume, it appears that this feature functioned as 
a small work area for smelting iron ore.

Comments on artifacts

The general appearance of the iron objects under considera-
tion is illustrated in Fig. 3 where the actual size of each can 
be inferred by referring to the common scale bar located near 
the upper right corner. These objects, selected for examina-
tion from the numerous metal fragments excavated, repre-
sent those relatively large in size. Their weight, however, is 
26.4 g or less except object #4, which weighs 52.8 g, with 
the majority of them being less than 10.0 g. Most of these 
artifacts are irregular in shape and bounded by uneven sur-
faces suggestive of treatments applied at high temperatures, 
which is further supported by the small metal piece tightly 
welded to the larger block at the bottom as indicated by the 
light arrow in objects #1 and 2.

For the benefit of later discussion, the objects in Fig. 3 
were arranged according to the type of materials and treat-
ments employed as determined by microscopic analysis, 
which is described in detail in the following sections. 
Objects derived from cast iron (#1–16) are placed ahead of 
those made of bloomery iron (#17–20). In objects #14, 15, 
and 16, the fracture surface created when they were broken 
off the parent article is still readily identifiable, indicat-
ing that they were given no significant thermal treatment 
subsequently. In contrast, the rest of the objects derived 
from cast iron have lost their initial shape as formed dur-
ing the original casting operation. The thermal treatment 
given to them afterwards was certainly responsible for this 
deformation. The deformation is particularly prominent in 
objects #1–9 displaying features characteristic of a solidi-
fication reaction. In contrast, the deformation in objects 
#11–13 does not clearly define whether the treatment was 
applied in the liquid state or not. Though not clearly vis-
ible in Fig. 3, object #10 takes the form of a thin plate with 
its cross-section tapered as would be expected in a blade, 
which is a clear sign of the application of mechanical 
working. It is important to note that if fragments labeled 
#14, 15, and 16 had been treated in the molten state then 
they would have been deformed resulting in the loss of 
their current shape, as was the case for objects #1–9.

Objects #17–20 of bloomery origin were included for 
the sake of thoroughness with the presentation of ana-
lytical results minimized as seen in Table 1. In general, 

Fig. 2   A photograph showing the two furnace structures installed in 
the southeast sector of the living area. The scale bar 20 cm in length 
is broken into two 10  cm sections, one of which is a single 10  cm 
block with the other broken into 1 cm blocks
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Fig. 3   The general appearance of the iron objects under consid-
eration. Objects #1–9 are fragments with an irregular surface profile 
characteristic of the solidification reaction from the partially molten 
state; #10 a plate with the tapered cross section as in a blade; #11–13 

fragments with a shape displaying no hint of a treatment given in the 
molten state; #14–16 fragments in as-cast states; #17–20 bloomery 
products. The objects are shown approximately to scale and labeled 
consistently with Table 1
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these samples possess structures and chemical composi-
tions qualitatively identical to those reported previously 
on the iron and iron-related assemblage derived from 
bloomery-based technology. Bloomery production was 
a contemporaneous technological practice evidenced at 
both Tasgaan Ereg and other nearby archaeological sites 
located within the Tarvagatai Valley (Park et al. 2020). 
However, bloomery production is substantially different 
from the technological process we identify in the objects 
made from cast iron scrap metal (#1–16) and discussed in 
detail below.

Metallographic examination

One or more specimens were taken from each of the iron 
objects illustrated in Fig. 3 for metallographic examina-
tion. The specimens were mounted and polished follow-
ing standard metallographic procedures (Scott and Schwab 
2019) and then etched using a solution of 2% nitric acid 
by volume in methanol, for investigation using an optical 
microscope and a scanning electron microscope (SEM: 
JEOL JSM-5410) in the secondary electron image (SEI) 

mode with the accelerating voltage set at 20 kV. The micro-
structures observed were used to infer the carbon concentra-
tion. The presence of other minor elements such as silicon 
(Si), phosphorus (P), and sulfur (S) was assessed using the 
energy-dispersive X-ray spectrometer (EDS) included with 
the SEM, the nominal detection limit of which is within 
a few tenths of a percent. The chemical composition was 
specified to the nearest 0.1% according to weight fraction. 
The EDS instrument was calibrated using cobalt (Co) as a 
standard while the built-in elemental standards provided by 
OXFORD instruments were utilized for quantitative chemi-
cal analysis. EDS spectra were taken from the surface of 
etched specimens away from corroded areas.

Figure 4a presents an optical micrograph covering the 
entire cross-section of object #1 in Fig. 3, exposed upon 
sectioning along the direction indicated by the dark arrow. 
The smaller piece placed at the upper right corner used to 
be part of the specimen attached to the lower left corner of 
Fig. 4a, which was separated during sampling. No structural 
discontinuity is visible in Fig. 4a near the boundary between 
the small rectangular upper block and the bottom plate, indi-
cating that they were once in the liquid state, which allowed 
for metal flow as illustrated in their complete welding. 

Table 1   The metal fragments examined from the medieval site at Tarvagatai in north-central Mongolia and their Field ID, mass, and chemical 
composition. The numbers labeling the objects are consistent with those in Fig. 3

a R, remelted; bF, forged; cCM, cementite; dGr, graphite; eHT, heat-treated in the solid state; fNA, not applicable; gND, none detected

# ID Treat Find Spot # Depth (cm) Mass (g) Composition (wt. %) Comments

C Si P S

Cast iron products
1 44-P10#1 aR 2242 80 20.0 1.0 0.8 0.5 0.9 2 pieces welded
2 38-P6#2 R 2318 86.8 26.4 1.3 0.7 0.4 0.9 2 pieces welded
3 33-P5#1 R 399 19.3 13.0 1.3 0.9 0.7 1.3
4 47-P12#5 R 2091 80.3 52.8 1.3 0.8 0.4 0.8
5 57b-P7#2 R 2552 95 9.8 1.3 0.3 0.4 0.8
6 23-P3#1 R 740 25 6.5 1.3 0.3 0.3 0.6
7 27-P3#9 R 2784 26.1 17.6 1.0–3.5 0.0–0.2 0.0 0.0
8 43-P9#1 R 2576 104 5.2 1.5–3.5 0.0–0.2 0.4–0.6 0.5–0.9; 1.6
9 55-P5#9 R 1369 16.7 2.5 0.8–1.0 0.6 0.0 0.0
10 54a-P4#2 R-bF 2415 97 1.6 0.8 0.2 0.0 0.2 Spherical cCM, blade
11 57a-P7#2 R 2554 95 0.9 1.5 1.1 0.4 0.6 Flake dGr
12 62d-P17#1 eHT 1902 73.4 1.4 1.3 0.5 0.6 2.1 Shapes display no 

hint of re-melting13 34-P5#2 As-cast 313 16.7 10.7 2.5 0.5 0.3 0.7
14 50-P19#1 As-cast 1859 66.7 25.9 1.0 0.4 0.3 2.1
15 49-P18#3 As-cast 1823 65 7.8 2.5 0.8 0.4 1.8
16 62b-P15#2 As-cast 1303 51.2 7.3 2.8 1.1 0.5 1.2
Bloomery products
17 30P4#4 fNA 2383 93.4 8.0  < 0.02 gND 0.3 ND Only ferrite
18 42P8#1 NA 2466 97.6 10.1 0.0–0.8 ND ND ND Ferrite and pearlite
19 40P7#1 NA 2535 99 8.3 0.1–0.8 ND ND ND Ferrite and pearlite
20 48P13#1 NA 905 36.7 2.5 0.0–0.5 ND ND ND Ferrite and pearlite
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The structure is remarkably uniform over the entire cross-
section except in a few limited areas. Figure 4b, an optical 
micrograph taken at arrow 1 in Fig. 4a, provides a magni-
fied view of the structure dominating the specimen, which 
consists of numerous dark particles of a roughly spherical 
shape with their boundaries being outlined by the bright 
layer. Figure 4c is a SEM micrograph covering roughly the 
same area as Fig. 4b, which is another attempt to visualize 
these spherical particles. The particles represent pearlite, 
and their boundaries are filled with cementite or white cast 
iron eutectic. It should be noted that the pearlite areas used 
to be occupied by proeutectic austenite, which was subse-
quently transformed into the current structure.

Such a unique spherical structure emerges when cast iron 
is treated at a temperature above the liquidus threshold (Park 
et al. 2019b). Under an oxidizing atmosphere, this treatment 
would cause decarburization to take place, allowing the 
molten cast iron to solidify at a relatively uniform tempera-
ture. In this case, the solidification reaction is not driven by 
heat flow but by the gradual reduction of general carbon con-
centration in the molten alloy, leading to the nucleation and 
growth of the primary austenite phase in the form of spheres 
rather than in dendritic forms. Given these conditions, the 
growth of primary austenite would continue until the process 
is terminated. The structure in Fig. 4b and c represents a case 
where the solidification reaction was nearly completed by 
the precipitation of proeutectic austenite, which subsequently 
transformed to pearlite. Further treatment would have had no 
molten alloys left at their boundaries to be precipitated in the 
form of eutectic, making it difficult to infer how the structure 
developed. The carbon concentration may then be determined 
at around 1.0%, given the structure in Fig. 4b and c consist-
ing primarily of pearlite particles of 0.77% carbon content 
with a little cementite-rich space at their boundaries. This 
value, though an approximation based on microstructure, is 
sufficient for discussion in this study.

Figure 4d, an optical micrograph enlarging the area at 
arrow 2 in Fig. 4a, shows dark particles, similar to those 
in Fig. 4b in size and shape, sparsely scattered over the 
eutectic background. The carbon concentration in this area 
is therefore a little less than 4.3% of the eutectic composi-
tion, a value much higher than the overall carbon level of 
the specimen determined at approximately 1.0%. The bright 
area evidently remained in a liquid state at the termination 
of the process when the rest of the specimen was nearing the 
end of the solidification reaction and was mostly filled with 
spherical proeutectic austenite. The fine eutectic structure as 
compared with the coarse proeutectic particles in Fig. 4d is 
an unmistakable sign of the remaining liquid solidifying rap-
idly during the subsequent cooling stage.

The opposite cases are confirmed in the areas appear-
ing darker than their neighborhood, one of which is located 
at arrow 3 in Fig. 4a. Microscopic examination at higher 

magnification reveals that they also consist of numerous 
spherical pearlite particles such as those seen in Fig. 4b. 
Their boundaries in these areas, however, were much 
reduced and barely visible. In these areas, the solidifica-
tion reaction during the controlled thermal treatment must 
have significantly reduced the molten alloy available for the 
following uncontrolled solidification. On the other hand, 
Fig. 4e, a highly magnified SEM micrograph taken at arrow 
3 of Fig. 4a, illustrates the presence of an unusual structure 
at the center of this dark pearlite area. In Fig. 4e, bright 
ferrite grains are preferentially positioned at the left and 
bottom edges, indicating that this particular metal part was 
completely decarburized. EDS analysis shows that the rest of 
the micrograph was filled with a material made primarily of 
iron oxide. This oxygen-bearing ingredient likely served as 
an agent indispensable for the promotion of such accelerated 
and complete decarburization.

Microstructures virtually identical to those illustrated in 
Fig. 4a were also observed in objects #2–6 of Fig. 3. Objects 
#7–11 had clear signs of a similar thermal treatment applied. 
The structural development, however, was not the same. 
Figure 5, covering the cross-section of object #7, is seen 
to consist of multiple regions of varying carbon concen-
tration, reflected in distinctly different microstructures. The 
vicinity of arrow 1 shows dark particles spread over a bright 
background of white cast iron eutectic. These particles take 
a roughly spherical shape just like those in Fig. 4b and d. 
Some of them, however, take the form of dendrites, which 
is indicative of slightly non-uniform temperature distribu-
tion set along their growth direction. Regardless of their 
exact shape, the dark areas represent the proeutectic area 
precipitated out of the liquid in a thermal treatment similar 
to that discussed above. The significant fraction of eutectic 
is indicative of an earlier termination of the process. The 
neighborhood of arrow 2, however, had no eutectic precipi-
tated, suggesting that the solidification reaction was com-
pleted by the growth of the proeutectic phase even before 
the process was terminated. That such a structural difference 
was observed in the above two areas, only a few millimeters 
apart, evidently reflects the steep gradient in oxygen poten-
tial established in the reaction atmosphere, which plays a key 
role in determining the rate of decarburization.

Figure 6a, a SEM micrograph from object #10 in Fig. 3, 
displays the cementite phase precipitated mostly in the form 
of fine particles, with some exceptions located in the pearlite 
regions. Such a peculiar structure allows the average car-
bon level to be determined near the eutectoid, 0.77%, and is 
indicative of the thermal treatment applied near the eutectoid 
temperature, 727 °C. This treatment, which transforms the 
lamellar cementite in pearlite into a spherical form, is fre-
quently accompanied by mechanical working as a means to 
enhance the transformation rate, which seems to have been 
the case with object #10, given that it assumes the shape of 

Archaeological and Anthropological Sciences (2023) 15:14 Page 7 of 14    14



1 3

Archaeological and Anthropological Sciences (2023) 15:1414   Page 8 of 14



1 3

a thin plate. Spherical cementite, particularly in high-carbon 
steel, is preferred as it improves fracture resistance upon 
impact loading. It is important to note that the two large 
particles indicated by the arrows in Fig. 6a represent iron 
sulfide. Such sulfide particles serve as a distinctive sign of 
cast iron smelted in a mineral coal-fired reaction environ-
ment (Park 2015; Park et al. 2019c). Those in Fig. 6a, there-
fore, confirm coal-smelted cast iron employed as the raw 
material for the given object. Their presence was identified 
in most cast iron-derived objects under consideration. No 
such particle, however, was found in the bloomery objects 
presented in Fig. 3.

Figure 6b, a SEM micrograph from object #11 in Fig. 3, 
shows that the graphite phase precipitated in the form of 
dark curved flakes. These are preferentially located at the 
boundaries between proeutectic particles such as those 
observed in Fig. 4c. The object must therefore have been 
given a similar treatment as discussed above. Upon its termi-
nation, however, the remaining molten alloy was apparently 
solidified to form gray cast iron eutectic, which consists of 
graphite and austenite. In this specimen, the silicon level 
as inferred from EDS analysis was particularly high and 
determined at around 1.1%. Such high silicon content was 
evidently responsible for the precipitation of gray cast iron 
eutectic (Park 1990).

Figure 6c, an optical micrograph showing the structure of 
object #14 in Fig. 3, consists largely of coarse pearlite forming 
the background with some cementite particles located in the 
bright areas, some of which are marked by the arrows labeled 
A. The average carbon content as inferred from this structure 
is approximately 1.0%. Object #14 is a fragment broken off 
a cast iron article. The fracture surface, which is still visible, 
suggests no thermal treatment was applied after the breakage. 
An iron-carbon alloy with such a low carbon level is not desir-
able for casting because of its high melting point and inferior 
flow properties. As such, the parent article of object #14 was 
likely cast from an alloy of much higher carbon content and 
then treated for decarburization to improve its impact resist-
ance. This treatment in the solid state was apparently suc-
cessful in reducing the carbon content. However, the numer-
ous sulfide particles remaining in the specimen, as shown in 
the arrows labeled B in Fig. 6c, suggest that the treatment 
was not effective at lowering the specimen’s sulfur level (see 
Table 1). Given the detrimental effect of sulfide inclusions 

on the material properties of steel, the possibility of reduc-
ing their density could be another advantage that is frequently 
overlooked in the discussion of the treatment applied to molten 
cast iron.

Finally, Fig. 6d, an optical micrograph taken of the speci-
men from object #16 of Fig. 3, illustrates the presence of 
numerous proeutectic dendrites with the space between 
them filled with cementite or white cast iron eutectic. This 
structure is typical of those emerging in the solidification of 
cast iron alloys whose carbon level is set significantly below 
4.3%. No sign is visible in Fig. 6d of a significant thermal 
treatment applied after the casting operation, which is in 
agreement with what is suggested by the object’s external 
appearance. The given object, if treated in the molten state, 
would undergo a similar transformation in its appearance 
with its carbon concentration reduced to the range of steel.

The carbon concentration of the specimens examined, 
and their silicon, phosphorus, and sulfur contents are pre-
sented in Table 1 along with brief information about arti-
fact ID, treatments applied, and mass. The numbers labeling 
the objects in Table 1 are consistent with those in Fig. 3, 
where objects #1–16 are derived from cast iron while objects 
#17–20 are of bloomery origin. Microscopic and visual 
examination confirms that objects #1–11 were treated in the 
molten state. Their carbon concentration mostly falls within 
the narrow range of 0.8 to 1.5%, with some exceptional cases 
where evidence of non-uniform and incomplete treatments 
was observed. It should be noted that objects #12–14, with-
out being treated in the molten state, had their carbon level 
reduced to 1.0–1.3%, suggesting a treatment applied in the 
solid state. Objects #15 and 16 with their carbon content 
set at 2.5 and 3.0%, respectively, may be representative of 
those items available in fragmentary form as cast iron feed 
materials for further treatments.

Discussion

A thermal treatment involving cast iron in the molten state, 
apparently for decarburization, was evident in the external 
appearance of the objects under consideration. A visual 
inspection could therefore readily distinguish between those 
with (objects #1–9 in Fig. 3) and without (objects #15–16) 
treatment. The latter represent fragments broken off from 
parent cast iron articles and, in their present form, have lit-
tle practical value. If treated for decarburization, however, 
they could be readily transformed into steel, an invaluable 
material for making highly functional items. The assemblage 
shown in Fig. 3, therefore, consists of closely associated 
metal objects as an input and an output material for an engi-
neering process intended for making steel from cast iron.

The unique microstructure consisting of numerous spher-
ical particles of pearlite with their boundaries filled with 

Fig. 4   Optical and SEM micrographs taken from the specimen of 
object #1 in Fig. 3. a Optical micrograph covering the entire cross-
section cut along the direction indicated by the dark arrow in object 
#1 of Fig. 3; the small piece presented at the upper right corner was 
broken off the bottom left part of the specimen. b Optical micrograph 
magnifying the area at arrow 1 in Fig. 4a. c SEM micrograph cover-
ing approximately the same area as Fig. 4b. d and e Optical and SEM 
micrographs enlarging the spots marked by arrows 2 and 3 in Fig. 4a, 
respectively

◂
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Fig. 5   Optical micrograph illus-
trating the structure observed in 
object #7 of Fig. 3

Fig. 6   Optical and SEM micrographs (a). b SEM micrographs showing the structure of objects #10 and 11 in Fig. 3, respectively. c and d Opti-
cal micrographs showing the structure of objects #14 and 16 in Fig. 3, respectively
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white cast iron eutectic graphically illustrates the phase tran-
sition occurring in cast iron when treated in the molten state 
for decarburization (Park et al. 2019b). In this treatment, 
the decreasing carbon level in the molten alloy drives the 
nucleation and growth of the proeutectic phase in spheri-
cal forms. If the treatment is terminated prematurely, the 
remaining liquid solidifies during the subsequent cooling 
stage to precipitate eutectic at the boundaries. As such, the 
fraction of eutectic in specimens thus treated may vary sig-
nificantly from zero to a hundred percent. This variability 
was in fact confirmed in some of the samples examined 
including objects #7–10. The structures observed in objects 
#1–6, however, were remarkably uniform and consistent, 
suggesting the existence of a technological guideline, though 
rudimentary, circulating as a reference for the process. The 
average carbon concentration inferred from these structures 
ranges from 1.0 to 1.3% as listed in Table 1, which was likely 
the target composition intended. This carbon level is well 
within the range of steel.

The major advantage of steel over cast iron is that it can 
accept substantial plastic deformation without being broken. 
In certain circumstances, this valuable property justifies the 
investment required for such a small-scale decarburization 
process by which small pieces of metal can be individually 
treated. Object #10 provides an example of those items decar-
burized and then forged into a usable form, in this case, a thin 
plate. Given the additional loss of carbon during the forging 
operation (Park 2008), its current carbon level of approxi-
mately 0.8% allows the original carbon concentration to be 
assessed at around 1.0–1.3%. This estimation agrees with what 
is inferred from objects #1–6, which were given a successful 
thermal treatment and were ready to be forged. By virtue of 
this technique, object #10 has enough carbon to ensure strength 
while its cementite phase precipitated in the form of spherical 
particles (see Fig. 6a) offers improved toughness. The tapered 
cross-section of the object suggests that it was in the process of 
being made into a microblade, weighing only 1.4 g.

By the time of the Mongol Empire, when the objects in 
Fig. 3 were produced, steelmaking by treating molten cast iron 
had long been practiced in the neighboring sedentary farm-
ing societies of eastern Asia. This technique, however, was 
employed primarily at an industrial scale and could not be 
applied to such a small-scale production effort as reflected in 
the assemblage of Fig. 3. In any case, the reduction of car-
bon concentration from 3.0 to 1.3%, as inferred from the data 
in Table 1, requires the reaction temperature to be controlled 
within a relatively narrow range at around 1300 °C. This tem-
perature control can only be achieved in a covered environment 
providing thermal insulation. A proper means to supply oxygen 
is also necessary whether for combusting fuels or for control-
ling the reaction atmosphere. The exact nature of the process 
and the infrastructure employed has yet to be documented in 
Mongolia. Considering the furnace features discovered at the 

Tsagaan Ereg settlement (Fig. 2), it is important to note that 
these were likely used for bloomery smelting and are too large 
to support the steelmaking operation discussed here (Park et al. 
2020). However, the presence of these furnaces does indicate 
the practical knowledge and technological capacity required to 
carry out such metallurgical processes.

The equipment needed to implement steel making from 
individually treated cast iron fragments, weighing mostly 
10.0 g or less, would not have been very large or complex. A 
small container, more like a crucible, with a means for sup-
plying necessary oxygen would have sufficed. The irregular 
shape of most objects in Fig. 3 also demonstrates that they 
were treated on a flat surface with nothing else to guide the 
shape formation during solidification. The reaction tempera-
ture therefore must have been set to have the molten metal 
confined by its own surface tension force. If the diffusion 
coefficient of carbon along the liquidus of the iron-carbon 
system is taken to be 10−4 cm2/s (Verhoeven 1975: 154), 
the distance of carbon diffusion for a hundred seconds is 
determined at approximately 1.0 mm. This distance is much 
larger than the microstructural scale observed in the treated 
samples (see Fig. 4b). With the proper control of reaction 
temperature and atmosphere, therefore, it may have taken a 
few minutes for most objects in Fig. 3 to have their carbon 
level reduced to the target range.

According to our typological and radiocarbon periodiza-
tion of sites with such steelmaking remains across the two 
regions, most objects were recovered from Mongolian Empire 
contexts (thirteenth–fourteenth centuries AD) with some 
exceptions dating to the prior Khitan period (tenth–twelfth 
centuries AD). This chronological estimation is in line with 
the extremely high level of sulfur detected in most iron objects 
since it was derived from the use of mineral coal in smelting, 
which commenced in Mongolia during the Khitan period and 
was carried forward into the period of the Mongol Empire 
(Park et al. 2008, 2015, 2019c). The successful implementa-
tion of this metallurgical process would not have been pos-
sible without a comprehensive understanding of the physical 
properties of iron-carbon alloys as determined by the various 
thermo-mechanical treatments applied. Moreover, the tech-
nique would not have been innovated if not appropriate for the 
needs and capabilities of daily life on the steppe. The fact that 
it was routinely practiced in several regions like the Tarvagatai 
Valley of northern Mongolia as well as at Delgerkhaan Uul, 
700 km to the southeast, underscores the uniformly high level 
of technological sophistication attained by mobile pastoral-
ists (Park et al. 2019a). Evidently, the pertinent technological 
methods were widely shared by pastoralist groups across the 
expansive Mongolian steppe.

Because this small-scale process was scaled to the needs 
of local herding communities, it is not the kind of technology 
expected to be employed in major central places, such as the 
imperial capital city of Karakorum. The technique, therefore, 
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was probably not borrowed from such central places or from 
surrounding sedentary neighbors but was developed indig-
enously within these outlying herding communities. However, 
cast iron in scrap form was a necessary input for this steelmak-
ing operation, and during this period, cast iron would have 
been a product of urban centers with large-scale, specialized 
metallurgical industries. As such, this particular mode of iron 
acquisition would have required connections to major popula-
tion centers with a capacity to produce and accumulate cast 
iron, and such access would have depended on the skills of 
local pastoralist groups to network within a setting of regional 
and inter-regional politics. Such a cast iron-based technology, 
therefore, points to local ironworking as a practice necessarily 
engaged with regional steppe political arenas, particularly for 
the acquisition of non-local raw materials.

This premise accords well with the assessed periodiza-
tion of the Tsagaan Ereg site, which was inhabited during 
the Mongolian Empire when steppe groups throughout the 
eastern steppe territory were under imperial administration. 
The Mongol Empire also notably integrated much of Eurasia 
into multiple large resource distribution networks (Erdenebat 
et al. 2022), and these long-distance exchange capabilities 
were also important for making cast iron from China widely 
available to steppe nomads in the north. It is important to 
remember, however, that indigenous bloomery-based tech-
nology was still in practice as a significant alternative for 
iron acquisition, indicating that iron production was achieved 
through two fundamentally different methods. Local pasto-
ralists, who likely practiced semi-specialized production, 
relied either on cast iron-based or bloomery iron-based 
technology or, as in the case of the Tsagaan Ereg settle-
ment, employed both methods simultaneously. This unique 
dual technological tradition probably allowed local herding 
groups substantial freedom and flexibility in securing the 
strategic materials of iron and steel that they required, with-
out relying too closely on external political networks which, 
as politics want to do, varied in dependability.

Conclusion

Of the numerous iron fragments recovered from the 
Tsagaan Ereg medieval habitation site in the Tarvagatai 
Valley of north-central Mongolia, a group of metal objects 
was subjected to visual and microscopic investigation. 
Most of them were small pieces less than 20.0 g in weight 
with irregular shapes and surface features characteristic of 
applied thermal treatments. Metallographic examination 
found this assemblage to consist primarily of metal 
fragments derived from cast iron with some notable 
exceptions of bloomery origin. Microstructures illustrating 
a thermal process practiced for making steel from molten 
cast iron were observed in many of those specimens 

examined. Dedicated to small-scale iron production with 
the capacity to treat small pieces of cast iron individually, 
this technique must have been pragmatic for small-scale 
iron acquisition as needed at the Tsagaan Ereg settlement 
site and the local community of the Tarvagatai Valley 
during the Mongolian Empire period. Outside such a 
small-scale setting, however, such technology would rarely 
have offered much practical advantage.

This unique technique evidently played a key role in the 
emergence of a technological tradition based on both modi-
fied cast iron and bloomery iron. The important role of cast 
iron as noted above suggests that pastoralist groups in the 
steppe had ready access to various supply chains to be pro-
vided with this non-local material. Even with such a heavy 
reliance on cast iron, however, indigenous bloomery iron-
based technology was still in practice. Such a dual mode 
of iron production, offering more options and flexibility, 
would have allowed most local groups to remain self-suffi-
cient with less external support necessary. The consistent 
microscopic data presented above alluded to an important 
fact that this steelmaking process was routinely practiced at 
such a small scale as to be run by a few workers who were 
not full-time specialists dedicated to metalworking; i.e., 
they were most likely metallurgical semi-specialists who 
also herded animals and held other local responsibilities. 
This capacity would have greatly expanded the number of 
local communities that could manage this technological 
process in order to fulfill their own need.

Key aspects of the Mongol medieval period may have 
stimulated the establishment of such a cast iron-dependent 
ironworking tradition. These likely included factors rang-
ing from political conditions, such as state-backed efforts 
to maintain extensive interaction networks (Honeychurch 
and Amartuvshin 2006), to technological factors including 
an overall increase in the consumption of cast iron (Park 
and Reichert 2015) and use of mineral coal-based smelt-
ing (Park et al. 2008; Park 2015). Though not mentioned 
in the historical sources, imperial authorities may have 
recognized the advantage of such an independent iron-
working tradition and likely encouraged and perhaps even 
sponsored its implementation. This individual mode of 
iron acquisition could have been instrumental for Mongol 
cavalry soldiers of the early imperial period who were 
expected to be a self-supplied force without depending on 
a central authority for the provision of mounts, weapons, 
and armor (Atwood 2004: 350). A similar technique prac-
ticed contemporaneously in eastern Mongolia (Park et al. 
2019a) suggests that communities across the vast Mongo-
lian steppe region were well connected and coordinated 
under uniform technological and political settings, ready 
to be mobilized.

Given its importance for small-scale and independent iron 
acquisition combined with the long history of cast iron use 
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and availability in Mongolia (Park et al. 2007, 2018), this 
unique steelmaking technology was likely conceived much 
earlier and reserved as an alternative production method 
with its advantages fully acknowledged. Given the inevitable 
reliance on non-local cast iron, its implementation was most 
likely determined by regional and inter-regional politics and 
social settings. The Mongol period certainly fostered one of 
the best environments for the full potential of this technol-
ogy to be exploited. It is important to note, however, that 
the metal assemblage from Karakorum, one of the many 
prominent political centers of the Mongol empire, has pro-
vided no convincing evidence of a similar technique having 
been practiced there (Park and Reichert 2015). Indeed, the 
technique under consideration was a nomadic innovation 
inspired by and dedicated to local steppe communities that 
would have supported an emphasis on flexibility as part of 
a long-standing cultural and social tradition on the eastern 
steppe (Honeychurch 2014). The dual technologies reflected 
in the metallurgical assemblages observed in the Tarvaga-
tai Valley and at Delgerkhaan Uul are precisely the kind 
of small-scale and diversified practices that would enhance 
productive options and alternatives for the needs of local 
nomadic communities. We anticipate that continued research 
on the extent to which this technique was implemented in 
conjunction with bloomery-based ironworking will provide 
further insight into the flexible nature of nomadic organiza-
tion and complexity in ancient Mongolia.
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