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Introduc�on:  Metal working has played a pivotal role in 
human history, and the use of meteori�c iron in the 
manufacture of ar�facts from the Bronze Age has been 
well documented [1-4] with perhaps the most famous 
being the iron blade of Tutankhamun’s dagger [1] (Figure 
1). The details of the manufacturing process for these 
ar�facts are largely unknown, although they appear to 
have involved rela�vely low temperatures (<750 °C), 
based on, e.g., the preserva�on of kamacite and taenite 
lamellae within some ar�facts [3]. An important 
unknown is the extent to which the mechanical working 
of meteori�c iron gives rise to changes in the bulk 
composi�on during the forging process.

Forging iron manually introduces many variables such as 
actual peak and hold temperatures, amount 
of �me in the forge, the possible introduc�on 
of external contaminants such as flux, and 
the decrease in elemental concentra�ons 
due to the fluxing process.

By analyzing representa�ve samples of Gebel 
Kamil metal obtained at different stages 
during the forging of a set of knife blades, 
this ini�al study a�empts to determine 
whether forging temperatures below 
sub-solidus, 1440 °C [5] are high enough and 
long enough to cause frac�ona�on of 
elements as well as the dispersal of 
inclusions like schreibersite and troilite to 
create a uniform knife blade. The results of 
our study have implica�ons for the linking of 
specific ar�facts to known meteorite sources, 
including in ruling out or linking Gebel Kamil 
to Tutankhamun’s dagger. Figure 1. The iron dagger of 

Tutankhamun. A�er [1]. 

Experiments:  A set of knife blades was forged by Randy Haas of HHH Custom Knives, using 2.3 kg of 
Gebel Kamil meteori�c iron as star�ng material. The process is best described as diffusion forge welding, 
in which the metal pieces are heated below the mel�ng temperature (in this case 1200-1300 °C, for 
minutes to tens of minutes at each stage) and pressed together. A flux (20 Mule Team brand Borax) was 
used to assist in homogenizing the meteorite’s composi�on and ensuring a proper weld between layers. 
The forging process ensured that meteori�c inclusions such as phosphides (e.g., schreibersite) and 
sulfides (e.g., troilite) would not create faults (ini�a�on sites) in the final blade. Photos of the forging 
process are shown in Figure 2.

The high temperatures used in modern forging provides an upper limit relative to the 
inferred conditions used in ancient forging. Therefore, our results have implications for 
interpretation of meteoritic iron sources and conditions of metalworking in ancient times.

Analy�cal methods:  Four samples ranging in mass from 
40 to 50 g each, represen�ng Forging Stages 1 through 4, 
were subsampled for bulk analysis. Analyses were done 
on ~0.5 g subsamples dissolved and analyzed via 
solu�on ICP-MS using typical methods, using a Thermo 
Scien�fic iCAP RQ induc�vely couple plasma mass 
spectrometer at UAlberta, with a sample of the North 
Chile (Filomena) meteorite as an internal standard. Also 
analyzed was a 0.6 g subsample of unprocessed Gebel 
Kamil; this analysis served as an addi�onal check on the 
analy�cal method, as well as the star�ng composi�on 
with which processed samples could be compared. 
Elements analyzed include Co, Ni, Cu, Ga, Ge, As, Ru, Rh, 
Pd, W, Re, Os, Pt, and Au. Processed samples were also 
characterized using backsca�ered electron imaging with 
a Zeiss Sigma 300 VP-FESEM secondary electron 
microscope at UAlberta, opera�ng at 15 kV and 7.2-11.3 
mm working distance. A suite of other elements, 
including B, Na, Al, P, Ti, V, Fe, Mn, Zn, Se, Sr, Nb, Mo, Ag, 
Sn, Sb and Ba were also analyzed using a Perkin Elmer 
Elan 6000 instrument, in order to help determine the 
effect of forging on more vola�le elements.
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Results - SEM:  Textural and EDS-based composi�onal 
observa�ons obtained by SEM reveal numerous inclusions 
resul�ng from the hea�ng and working of the metal and 
the ac�on of the borax flux. The inclusions are variably 
enriched in Na, Al, Ti, Si, P, S, Ca, and Mn, and decrease in 
overall abundace from Stages 1 through 4 (Figure 4). 
Though the original plessi�c structure of Gebel Kamil [6] 
was not preserved, the bulk composi�on remained the 
same (somewhat analogous to thermal metamorphosis of 
chondrites into primi�ve achondrites).

Implica�ons & Conclusions:

1. The composi�on of Gebel Kamil is dis�nct, and forging 
insufficient to change its bulk composi�on. Therefore, 
Gebel Kamil can be conclusively ruled out as the source 
meteorite for Tutankhamen’s Dagger.

2. Forging meteori�c iron at sub-liquidus temperature does 
homogenize the iron thus losing its structure, but does not 
change the bulk composi�on of the main classifying 
elements. Therefore, a forged meteoritic iron artifact 
should be traceable to its source meteorite.

3. The lack of significant change in most of the more 
vola�le elements suggests that either higher temperatures 
or longer durations of forging would be required to 
significantly modify the concentrations of these elements.

With these data demonstra�ng a link between forged 
ar�facts and their source meteorite material, the poten�al 
exists to be�er quan�fy the degree to which a given ar�fact 
has been worked, and the condi�ons under which that 
working occurred.

Future experiments using fluxes available at �me of an 
ar�fact’s crea�on and measuring the ini�al elemental 
composi�on (especially vola�le elements) of the original 
meteori�c specimen could help be�er correlate an ar�fact 
to their meteori�c precursor. Furthermore, the results could 
also provide insights into that civiliza�on’s iron/metal 
working processes and capabili�es.

Figure 2. Progression of forging from raw Gebel Kamil meteorites (le�) to final product (right).

Results - Trace elements:  Results of analysis of Forging Stage 1 through 4 samples show that the 
composi�on of the meteori�c metal did not change significantly through the forging process, with the 
majority of siderophile elements remaining within 10% of the concentra�on obtained in unprocessed 
Gebel Kamil (Figure 3). No changes in Ni/Co or Ni/Fe (e.g., [2]) were observed. Although unprocessed 
Gebel Kamil has yet to be analyzed for addi�onal elements, preliminary results suggest changes in some 
of the moderately vola�le elements from Stages 1 through 4 (Figure 3), even though more vola�le 
elements (e.g., Zn, Ge) remained unchanged. Most devia�ons measured 

during the forging stages, 
including for more vola�le 
elements (Fig. 3), can likely be 
a�ributed to the flux and 
fluxing process. For example, 
Na and B are likely derived 
from the borax flux; Al was 
observed associated with flux 
in SEM images (Fig. 4). Other 
devia�ons are likely due to the 
extrac�on of certain elements 
via the fluxing process.

Changes in W, As, and possibly 
Ag, are likely from the spot 
welding (Fig. 2).

In contrast, other elements 
(e.g., Mn, Nb, Sr) may reflect 
actual loss incurred due to the 
forging and fluxing processes.  Figure 3. Changes in bulk composi�on of meteori�c metal during stages of forging. Siderophile elements typically used for 

classification are labeled on the left; all other elements, including more volatile elements, are labeled on the right side.

Figure 4. SEM backsca�ered electron images of samples of the four stages of forging of 
Gebel Kamil meteorites. Scale bar at lower right is applicable to all four images.
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