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Fig. l. Map of the Adirondack region of New York. The bloomery forge sites studied are in Essex, Clinton, and the eastern 
part of Franklin counties. The exact locations are given by Allen and others (1991). (From W. B. Taylor, "Special Report on 
Coal, State of New York No. 71 in the Senate, March 18, 1865") 

written by professional metallurgists from 
outside the region. In the first of these pro­
fessional papers, Hunt (1869) gave a gen­
eral description of bloomery operation pri-

marily on the basis of his visits to the forges 
atAusable Forks and New Russia. The oth­
er two professional reports were written 
during a revival of interest in direct reduc-
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Fig. 3. Magnetite grains of the ore reacting with slag in the bloomery hearth. The reaction is concentrated at approximately 
equally spaced points along the perimeters of the ore grains, causing small bits of ore to break off and enter the slag. Specimen 
from Wilder's forge site, collected by R. S. Allen. Length of the area photographed is 1.5 mm. 

drites partially reduced to iron metal are 
present. Other mineral constituents are 
rarely found. 

Although the range of constituents in the 
slag is small, the range of structures is large 
and many samples are heterogeneous, even 
on the scale of a single thin section. Both 
porous and dense layers, contacts between 
successive flows, and changes in the con­
centration and habit of wustite dendrite s 
are often present in the same specimen. This 
suggests that conditions within the slag in 
the bloomery hearth were heterogeneous in 
space and variable in time, and that the 
resulting variations in the slag were not 
evened out by subsequent mixing. 

Photographs of sections through two 
skulls are shown in Figure 5. The sample 
from the Penfield Forge (12.5 x 9 x 5.5 
inches, 26.5 pounds) is among the smaller 
of the skulls found, while that from Cald­
well (19 x 14 x 4 inches, 66.6 pounds) is 
close to the average size. The Penfield sam-

pie contains iron particles ranging in size 
up to 5 mm.; the one from Caldwell has iron 
particles up to 10 mm. as well as a piece of 
agglomerated iron. The matrix of both is 
fayalitic slag that contains bubbles and 
wustite dendrites in moderate abundance. 
The included charcoal fragments are often 
surrounded by rims of iron. The top surface 
of the example from Caldwell forge has a 
characteristic rough texture, and exami­
nation of the section shows that this is due 
to magnetite particles that were reduced to 
sponge iron but not welded together. 

Skulls are abundant at the sites where 
there was large-scale production of iron, 
such as Clintonville and Penfield. At Clin­
tonville, skulls were used like ashlar blocks 
to build one wall of the canal that delivered 
water to the newer of the two forges on the 
site. At the Penfield forge, there is a pile of 
skulls at least six feet high and 30 feet long. 
We estimate that there was a skull for each 
bloom made. 
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Fig. 4. Magnetite grains reduced to sponge iron. The porous structure results from the decrease in volume as the iron oxide 
is converted to metal. Length of the area photographed is 4.4 mm. Specimen from the Nordsville forge site, collected by R. 
S. Allen 

Figure 6 shows views taken in the field 
of the upper and lower surfaces of a broken 
slag bottom found at the Penfield forge. 
The upper surface is concave, the bottom 
surface is flat and has square corners. A 
nine-inch long section through a fragment 
of a bottom from the Caldwell forge is shown 
in Figure 7. The greatest thickness of the 
section is three inches. The photograph 
shows how the lower surface is smooth and 
almost perfectly flat. Long, columnar grains 
of fayalite are oriented perpendicular ly to 
the lower surface. Charcoa l particles found 

at the top surface are surrounded by thin 
iron rims, and there are a few agglomerated 
particles of iron up to 5 mm. long in the 
slag matrix. Magnetite grains reduced to 
metal, common in the skulls, are not pres­
ent, but the wustite content is very great. 

Slag bottoms are found at the sites where 
skulls are found, but in smaller quantities. 
At the newer forges, they have smooth low­
er surfaces; at the older, these surfaces are 
more likely to have small-scale roughness . 

The characteristics listed in Table 2 have 
been used to classify the slag fragments. 

Fig. 5. Sections of slag "skulls" collected at (above) the Penfield forge (Iron ville, New York) and (below) the Caldwell forge 
(Clayburg, New York). The principal component of the slag is fayalite . Also present are free wustite, former magnetite grains 
reduced to sponge metallic iron (like those in Fig. 4 but not resolved at th is magnification), rims of iron surrounding charcoal 
particles, and larger pieces of iron formed by the agglomeration of particles of sponge iron. The Penfield skull is 12.5 inches 
long, the Caldwell, 19 inches. (Photographs by William Sacco; the Clayburg sample was collected by Gordon Pollard) 

Fig. 6. Two views of a slag "bottom" photographed in the bed of the stream below the Penfield forge site. We interpr et 
the upper photograph as showing approximately half of the piece of slag that occupied the bottom of the forge hearth ; the 
hollow on the top was occupied by the bloom. The length of the measuring rod is 350 mm. T he lower photograph shows a 
cross section of this same "botto m." We interpret the flat surface as the contact between the slag and the bottom plate of the 
forge hearth. The length of the scale is 12 inches. 
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Fig. 7. Section of a slag "bottom" from the Caldwell forge site. Columnar fayalite crystals extend upward from the flat 
bottom surface. Unlike the "skulls ,'' the slag in the "bottom " is free of iron particles, although there are iron rims around 
some of the pieces of charcoal near the top of the specimen . The length of the section is 230 mm. (Specimen collected by 
Gordon Pollard; photograph by William Sacco) 

When compared to these characteristics, we 
find that the specimens can be divided into 
two classes, plate and massive. The plate 
slag is character ized by the presence of ap­
proximately parallel faces formed upon so­
lidification. One face is usually smooth while 
the other retains impressions formed by 
contact with a granular surface. Any of the 
other features listed in Table 2 may also be 
present in plate slag. The massive slag has 
a high concentration of fine porosity and 
no parallel surfaces formed during solidi­
fication. Relatively few of the hand speci­
mens of slag have macroscopic pieces of 
meta l, contact between the rough and 
smooth surfaces, or rope structure. Multi­
ple flows and pieces of charcoal are about 
equally likely to be present or absent. 

A representative piece of plate slag is 
shown in Figure 8. It is 0.8 inch th ick and, 
since it is bounded by fracture surfaces, is 
a fragment from a larger piece. The top was 
formed by solidification of a free liquid sur­
face, and is pierced in places by bubbles 

TABLE 2. Characteristics of hand specimens of 
slag 

1. Thickness, where two parallel surfaces could be 
identified 

2. Impressions of contact with a structure against 
which the slag solidified 

3. Contact of two characteristic surface features pre­
served on the sample (as distinct from surface 
features separated by fractured edges) 

4. Rope structure, indicating flow of liquid slag of 
such high viscosity that a level surface could not 
be formed 

5. Smooth surface, formed by fluid sufficiently fluid 
to make a level surface 

6. Multiple flows 
7. Charcoal impressions or contained charcoal 
8. Ore particles visible on the surface of the slag 
9. Impressions of a granular substrate in contact with 

the slag 
10. Columnar structure visible on fractured surfaces 
11. Dense slag; material largely free of porosity 
12. Large pores or blisters on the surface or within 

the slag 
13. Small pores in the slag 
14. Macroscopic pieces of iron present 
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Fig. 8. Broken piece of "plate" slag from the site of Valley Forge, Elizabethtown, New York. The smooth surface marked 
by bubbles is interpreted as the top surface of a flow of liquid slag tapped from the bloomery hearth. The bottom surface 
(shown below) has quartz and magnet ite grains imbedded in it; we interpret this as a sample of ore spilled on the floor in front 
of the hearth. Slag was tapped from the hearth onto the floor, where it solidified. The plate of slag is 20 mm. thick. (Specimen 
collected by Morris Glenn; photographs by William Sacco) 
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Fig. 9. Fragment of a bloom from the site of the Clintonville Forge. Magnetite grains reduced to sponge iron were settling 
through liquid slag and agglomerating into solid iron at the time the process was arrested by freezing of the slag. During 
agglomeration, the small-scale porosity was eliminated by the action of surface tension at the iron-slag interface, but the large­
scale porosity remains. The width of the area photographed is 14 mm. (Specimen collected by Morris Glenn; photograph by 
William Sacco) 

that have burst upward through the cooling 
liquid. The lower surface solidified in con­
tact with a mixture of sand and ore grains, 
some of which have become imbedded in 
the slag. The ore particles are cleavage frag­
ments of magnetite about 0.1 inch in size. 
The microstructure of this slag consists of 
a glass matrix, wustite dendrites, fayalite 
crystals that were just beginning to form as 

solidification took place, and a few micro­
scopic iron drops. Magnetite grains that had 
been reacting with the liquid slag at the 
time of solidification are also present. 

Metal 
Twenty-one metal samples were collect­

ed at the forge sites including three bloom 
fragments, four examples of the primary 
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Fig. 10. Agglomeration of sponge iron particles formed by the reduction of magnetite grains into a bloom. As the grains 
come into contact with the solid iron, the small pores are closed and the slag·th ey contained is expelled. The bloom iron is 
carburized by the charcoal fragments that it contains. Specimen from the Clintonville forge site. Polished surface etched with 
4 percent Nital. Length of the area photographed is 2.8 mm. 

product (forged bar), eleven secondary 
products (such as nail plate), one fragment 
of a forge plate, and two fragments of forge 
machinery. Two examples of Champlain 
iron were placed in the collection of the 
Metallurgical Museum of Yale College by 
Professor A. E. Verrill after his visit to the 
properties of the Essex and Lake Cham­
plain Ore and Iron Company in 1865. 

The small number of bloom fragments 
found suggests that the blooms were suf­
ficiently coherent to hold together while be­
ing removed from the hearth, carried to the 
helve hammer, and forged into bar. Figure 
9 is a section through one of the bloom 
fragments. Magnetite particles that have 
been reduced to metal are surrounded by 
slag (top and center of the picture). These 
grains were agglomerating into coherent 
metal when the process was arrested by so­
lidification of the slag. The welding of the 
grains of sponge iron is shown in more de­
tail in Figure 10. The reduced magnetite . 

grains are carbon free and retain their form 
while they are .surrounded by slag and not 
-in contact with other grains. Once they set­

. tie on coherent metal, they weld together. 
Surface tension forces then expel the slag 
inclusions that are smaller than about 0.1 
to 0.2 mm. when these are within a distance 
of 0.25, to 0.35 mm. of the surface. Larger 
slag-inclusions have to be expelled either 
by the weight of the metal above or in sub­
sequent hammering. Localized carbur iza­
tion of the iron by included charcoal frag­
ments takes place soon after the iron is 
consolidated. 

The final process carried out at the forges 
was hammering the blooms into bars. Sev­
eral examples of remnant parts of forged 
bars were found, including the end of a two­
inch square bar from the Caldwell site (Fig. 
11). The lip on the severed end and defor­
mation structure within show that the bar 
was sheared .while still hot,probably as the 
last.step in theforging operation. The con-
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Fig. 12. This photograph of Windham forge in New Jersey was taken in 1892, about ten years after the forge was abandoned . 
The blowing engine, with its horizontal cylinder, is on the right. There is an accumulator for maintaining a steady blast 
pressure on top of the cylinder. The water wheel that drove the blowing engine is in the back. Remains of the bloomery hearth 
can be seen at the base of the brick stack, which encased the iron pipes of the heat exchanger that preheated the air blast. 
The remains of the forge hammer and the stamp mill used to pulverize the ore are not visible in this view. (Photograph courtesy 
George Sellmer) 

closure (e.g., Fig. 12). The blowing engine 
had a horizontal cylinder and was driven 
by a pitchback waterwheel; another pitch­
back wheel powered a stamp mill, and a 
helve hammer was run from an undershot 
wheel. One of the two forge hearths is vis­
ible in the picture. The hearth, about 3 feet 
wide, was surmounted by a tapered brick 
stack fitted with a damper at the top. Close 
study of another photograph shows pipes 
for preheating the air blast within the stack. 
We hypothesize that the hot blast appa­
ratus was installed when the forge was re­
built in 1849. 

Another bloomery, Lower Longwood 
forge, had a hearth with outside dimensions 

of 8.5 x 7 .5 feet and walls about 2 feet thick 
(Lenik 1970); a photograph of the ruins of 
this forge discovered by Sellmer shows a 
tapered stone stack above the hearth that 
probably housed hot blast apparatus. 
Bloomingdale Forge was built in 1800, re­
built in 1839 and 1841, and closed about 
1882 (Ransom 1966: 96-99). It had stamps, 
a hearth stack, and a blowing apparatus 
similar to that at Windham. The hearths 
at all these forges are about the same size 
and shape as the one described by Hermelin 
(1931: 55) and, therefore, appear to be de­
rived from the German bloomery design 
used in New Jersey in the eighteenth cen­
tury. We have no evidence to show whether 





ROBERT B. GORDON AND DAVID J. KILLICK 161 

Fig. 13. Section of a lump of slag recovered from the site of Merriam's forge, Westport, New York, showing the early stages 
of bloom formation. Iron rims have formed around charcoal fragments incorporated in the slag. These rims grow by capturing 
particles of sponge iron (formed by the reduction of magnetite grains) as they fall through the slag to the bottom of the hearth. 
The face of the section is 160 mm. across. (Specimen collected by Morris Glenn, photo by William Sacco) 

of the process, a lip was formed around the 
top of the bloom that would retain a pool 
of slag. This pool was needed as a basin of 
liquid in which the metal particles were 
protected from oxidation near the tuyere 
while they settled onto the top surface of 
the bloom. Part of the bloom smelter's skill 
was in the placement of the ore on the hearth 
so as to form and retain a rim around the 
edges of the bloom to hold the pool of slag. 
Ore grains converted to metal in the re­
ducing zone just above the level of the tuy­
ere passed through the oxidizing zone in 
the descending slag that, being rich in iron 
oxide, kept them from being decarburized. 
They then settled through the slag pool and 
were incorporated into the bloom below. 
Excess slag spilled over the edge of the 
bloom and accumulated to the level of the 

tap holes in the front plate of the hearth, 
where it could be drawn off from time to 
t ime. If the ore were used with maximum 
efficiency, slag tapped from the hearth 
should be free of metal particles and of iron 
oxide in excess of that needed to form fay­
alite. (Such excess iron oxide would appear 
as wustite dendrites in the solidified slag.) 

The descriptions of the operation of the 
American bloomery by Louis (1880) and 
Egleston (1879-1880) do not tell us what 
happened to this pool of slag when the 
bloom was removed from the hearth, but 
they say that, after the blast was turned off 
and the charcoal raked out, water was 
thrown on the bloom to cool it. We infer 
that this cooled the pool of slag enough 
that, when the bloom was taken from the 
hearth, the solidified slag could be tipped 
















