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[1] Paleointensity and archaeointensity studies since the 1950s have produced numerous
geomagnetic intensity data for the last seven millennia. As a consequence of different
experiments and materials, there is a complex and internally inconsistent picture of the
geomagnetic field behavior. In this study we present data using a recently developed
experimental design on a heretofore unexploited recording medium: copper slag deposits.
Our results, based on hundreds of specimens from various archaeometallurgical sites
of the Southern Levant, demonstrate the applicability of copper slag material for
archaeointensity studies. In addition to frequently exhibiting good experimental behavior,
slag has further advantages such as dense multilayer deposits and in cases embedded
charcoals, which open the door to data sets with excellent age control and resolution. The
data presented here augment the high quality database from the Middle East and support
previously observed periods of rapid change of the intensity of the geomagnetic field.
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1. Introduction

[2] Enormous effort over many decades has produced a
huge amount of data for the ancient geomagnetic field.
These data have been incorporated into increasingly sophis-
ticated models. The GUFM model of Jackson et al. [2000]
allows the interpolation of geomagnetic field vectors as a
function of time and location for the last 400 years based on
human measurements. Korte et al. [2005] and Korte and
Constable [2005a, 2005b] have extended the analysis to the
past 7 ka by using records of lava flows, sediments and
archaeological materials in the CALSK7.2 model.
[3] The behavior of the geomagnetic field over the

Holocene is of interest to a wide variety of investigators
including geophysicists, archaeologists, historians, and
paleoclimate researchers. The geomagnetic field is one of
the primary controls of radiocarbon production hence
strongly affects the radiocarbon calibration curves [e.g.,
Peristykh and Damon, 2003]. Sorting out field variations
is key to interpretations of past solar activity [e.g., Usoskin
et al., 2006]. An accurate model of geomagnetic field
variations of the sort being assembled by for example Korte

and Constable [2005a] could ultimately provide the long
awaited timescale based on secular variation. There has
been a recent revival of interest in possible connections
between geomagnetic field behavior and climate [e.g.,
Yamazaki and Oda, 2002]. In addition, the geomagnetic
field has significantly reduced in strength over the last few
decades, leading to speculation that it could collapse entirely
as it undergoes a reversal of polarity [Hulot et al., 2002]. The
decay in field strength appears to have begun more than
160 years ago [Bloxham, 2003] yet prior the mid 1800s there
are no actual measurements of field strength. Study of this
problem must rely on ‘‘accidental records’’ such as those
retained in rocks or fired archaeological materials.
[4] Analysis of the time evolution of the geomagnetic

field requires full vector information. The directional vari-
ability has been studied extensively by paleomagnetists, and
is easier to retrieve than the intensity of the ancient magnetic
field. The time of recording (age of rocks or archaeological
artifacts) is also usually hard to achieve in high precision. In
fact, ancient geomagnetic field intensity is perhaps the most
difficult observable to determine using paleomagnetic tech-
niques [see, e.g., Valet, 2003]. While a thermal remanent
magnetization (TRM) can retain an excellent record of the
geomagnetic direction, recovery of the intensity requires
arduous laboratory experiments, the interpretation of which
can be controversial. The assumptions behind the method
demand that the experimental material retains a primary
magnetization of thermal origin and also behaves ‘‘well’’
during the paleointensity experiment. Crucial requirements
are that the material (geological or archaeological) not alter
during the experiment and that the temperature at which the
material becomes magnetized (the blocking temperature) is
the same as that at which it becomes demagnetized (or
remagnetized) (the unblocking temperature). The optimal
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experimental design builds in tests for these assumptions so
that spurious data can be identified and rejected.
[5] Even if the intensity can be measured with high

confidence, it is of little value without a rather precise
knowledge of the sample’s age. Volcanic rocks are frequently
used for absolute paleointensity measurements. They can
meet the requirements for paleointensity analysis, and in
addition can often be dated by radiometric methods. The
accuracy depends on the method chosen for a given age
span. Age determination of young (<50 ka) lava flows, the
target of many paleointensity studies, frequently depends on
the association of rare organic materials trapped in or under
the rock. Sediments can also be used for study of the ancient
geomagnetic field [see, e.g., Tauxe and Yamazaki, 2007],
but paleointensity information is at best relative and the
timescales are sometimes difficult to constrain. Because
archaeological materials can often be dated by radiocarbon
or by cultural context they have long been attractive
targets for studies of the ancient magnetic field [see, e.g.,
Folgheraiter, 1899; Thellier, 1938].
[6] The symbiosis of archaeology and archaeomagnetism

has a long and distinguished record. The study of the
ancient geomagnetic field requires materials that retain a
record of the magnetic field vector that can be retrieved in
the laboratory. On the other hand, archaeomagnetic studies
might be of benefit to archaeological studies. Comparison of
the magnetic vector with previously established variations
of the magnetic field can provide age constraints on poorly
dated archaeological material. Yet prior efforts in archae-
omagnetism have been hampered by the difficulty in
obtaining the strength of the vector owing to the lack of
suitable material and/or poor age control. As a result, many
regional data sets are highly scattered during certain time
intervals, hindering the development of geomagnetic field
models that would enable interpolation of geomagnetic field
vectors with high reliability.

2. Middle East Paleointensity Records

[7] As one of the hearth areas for the beginnings of
sedentism, the emergence of agriculture, and the rise of
social complexity, the Middle East has a wealth of archae-
ological sites. Archaeological remains that are suitable for
archaeomagnetic investigation first appear in the region
some 10,500 years ago, during the ‘‘Neolithic revolution’’
[e.g., Simmons, 2007]. During this period humankind first
invented pyrotechnological products such as ceramics, in
addition to the first use of mud bricks in sedentized
settlements. Archaeological fired clay has been the primary
material for archaeomagnetic investigation.
[8] Paleointensity variations in the Middle Easter over the

last seven millennia (see Figure 1 and caption) have been
the focus of intensive studies. As summarized by Genevey
et al. [2003], different records over the past five millennia
from Syria, Central Asia and Bulgaria agree quite well,
while those from about 7000 to 5000 years ago do not.
Geomagnetic field intensity estimates obtained from Syrian
bricks and pottery samples from between 6000 and
7000years ago are about 70% of the present field intensity
[Genevey et al., 2003; Gallet and Le Goff, 2006], while
records from Bulgaria, Georgia and Central Asia show
values up to and exceeding the present geomagnetic field

intensity [Kovacheva et al., 1998; Burakov and Nachasova,
1988; Nachasova and Burakov, 2000]. Differences in
experimental design, data selection criteria, or genuine
spatial variability in the ancient geomagnetic field are
possible explanations for the discrepancies and new data
are required to solve this problem.
[9] The data from Syria of Genevey et al. [2003], Gallet

and Le Goff [2006], and Gallet et al. [2006] are the best
archaeological paleointensity data from the region. They are
well dated and mutually consistent. The data of Gallet and
Le Goff [2006] and Gallet et al. [2006] were not included in
the CALS7K.2 model, so they serve as a test of its
predictive capability. We show the model predictions for
Syria as a dashed line in Figure 1. The CALS7K.2 model
has a variable degree of success in predicting paleointen-
sities from Syria. There are times during which the
CALS7K.2 predictions underestimate the Syrian data by
some 10%. This is likely due to the high degree of scatter in
the published data during these time intervals and the
limited resolution of the model, as pointed out by Korte et
al. [2005] and in more detail by Korte and Constable
[2006]. It seems that more, well dated and experimentally
reliable data would be helpful in improving the CALS7K
type models.

3. Archaeometallurgy in the Southern Levant

[10] To overcome the main two difficulties of suitability
for the paleointensity experiment and age resolution of
archaeological materials, we have begun systematic inves-
tigations of archaeological copper smelting slag deposits.
Slag deposits, formed by fast cooling melts derived from
silicate and carbonate copper ores, may be nearly ideal for
paleointensity study. Many slag samples have portions that
are very fine grained. Many specimens have magnetic
particles that are extremely small, spanning the size range
that is most desirable for the intensity experiment. In some
cases slag can be collected as oriented or at least partially
oriented (horizontal) samples, allowing directional analysis
as well. Frequently, slag traps charcoal fragments from the
smelting furnace which would enable radiometric dating by
14C. Hence slag has the possibility of combining the
advantages of good performance during the paleointensity
experiment and the availability of precise radiometric dates.
In many localities slag deposits are found as large multilayer
waste mounds which represent intensive copper production
in certain periods (Figure 2). Profiles of such mounds could
be an invaluable high resolution recording of the geomag-
netic field intensity in these periods.
[11] The copper ore rich district of southern Israel and

Jordan is one of the most comprehensive regions for mining
and metal production sites spanning the Chalcolithic
(ca 4500 BCE) through Islamic periods (ca 1516 CE). Slags
from the Levant provide an exciting new sample set for
refining the archaeointensity curve. In turn, intensity data
could be used to help sort out controversies regarding ages
of material obtained prior to modern, sophisticated excava-
tions (i.e., samples of the same age should have the same
intensity).
[12] The first evidence of copper production in the

Southern Levant goes back as early as the 5th millennium
BCE and corresponds with the period of metallurgical
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innovation throughout the ancient Near East [e.g., Avner,
2002; Rothenberg, 1990; Hauptmann, 1989; Levy and
Shalev, 1989]. For the first time humankind learned to
produce metallic copper from ore, an elaborate process that
signifies a notable change in the archaeological records. The
art of smelting requires pyrotechnological skills such as
furnace construction to achieve temperatures above 1100�C.
The basic technique involved preparation of the smelting
mixture (copper ores and other minerals which are used as
fluxes), charcoal manufacture and construction of high-
temperature furnaces. These probably made use of a bellows
system including tuyères and/or bellows pipes from the
beginning.
[13] Beyond the basic elements, the techniques used for

making copper vary in different regions and different times.
There were significant developments in certain archaeolo-
gical periods such as the use of wind-powered furnaces
during the third millennium BCE or large scale industrial
production in the first millennium BCE [e.g., Hauptmann,
2000].
[14] The most dominant remnants of copper production

activities are deposits of slag, the solidified residue of
melted material that remains after the extraction of copper
from the mixture of ores and fluxes. Slag pieces can be
found in different quantities and sizes in almost every

archaeological site where copper production occurred,
from small scale workshops to ancient industrial scale
production.
[15] The Southern Levant has an abundance of archaeo-

metallurgical sites. These are concentrated mainly along the
two sides of the ’Arava valley (Wadi Arabah) which straddles
the southern border of the modern states Jordan and Israel
(Figure 3). The largest center of copper production in the
eastern Mediterranean (excluding Cyprus) is the region of
Faynan in the northern ’Arava valley [e.g.,Hauptmann, 2000;
Levy et al., 2001, 2002, 2004; Hauptmann and Weisberger,
1987, 1992]. It contains slag deposits spanning the last six
millennia that were initially studied by the German Mining
Museum [Hauptmann, 2000] and most recently are the
focus of intensive archaeometallurgical investigation as part
of the University of California in San Diego/Department of
Antiquity of Jordan Edom Lowland Regional Archaeology
Project [e.g., Levy, 2006]. Further south in the ’Arava
valley, a smaller copper production center is located in the
region of Timna in Israel. Its slag deposits, probably
spanning the last 6500 years, were investigated for more
than 40 years by the ’Arava archaeological expedition [e.g.,
Rothenberg, 1999, 1990]. Intermittent archaeological re-
search in Timna continues to today.

Figure 1. Summary of available archaeointensity data from the Near and Middle East for the last seven
millennia, the period since the inception of copper smelting. The magnetic intensity is expressed as
Virtual Axial Dipole Moment [Z = 1021]. Large green triangles are data from Syria of Genevey et al.
[2003], blue squares are from Gallet and Le Goff [2006] and brown dots are the Syrian data from Gallet
et al. [2006]. Open circles are data from thermally blocked remanences from the Near East of Aitken et al.
[1984]; Athavale [1969]; Hussain [1983, 1987]; Odah et al. [1995]; Odah [1999]; Nachasova and
Burakov [1995]; Walton [1977, 1986, 1990]. The small open squares are data of Games, [1980] that are
largely from adobe bricks (not a thermal remanence). Predicted VADM values for Syria by CALS7K.2 of
Korte and Constable [2005a] are shown as dashed line. The present field value is shown as a solid black
line (�80 ZAm2).
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[16] Beyond these two large-scale copper production
centers mentioned above, there are additional sites with
copper industry remains in other parts of the Southern
Levant such as the southern Sinai Peninsula [Bachmann,
1980; Rothenberg, 1987] providing a continuous sequence
of slag deposits spanning the past 5500 years. The great
abundance of slag remains in archaeometallurgical sites
enables us to create a collection of slag samples with a
large range of ages, locations and types.

4. Slag Material

[17] Slag samples vary in chemical composition, appear-
ance, size, mineralogy and texture depending on the original
ore and flux mixture and the specific technique of smelting
used. In the Southern Levant, where the copper ores
originate mostly in sandstone host rocks [Schlomovitz et
al., 1999], slag is usually composed of two major mineral
groups: silicates and iron oxides. Each mineral group
comprises between 10–40% of the slag weight (Table 1).
In some cases, the dominance of iron oxides can be replaced
by other minerals depending on the different types of fluxes
used. For example in Faynan, owing to the high manganese
concentration in the ore, no additional iron flux was added

during smelting. The resulting slag is therefore lower in iron
and higher in manganese [e.g., Hauptmann, 2000] (Table 1).
[18] Copper production technologies and slag typology

are subjects of active research. In this study we applied a
crude typology based on available studies from the Wadi
’Arabah research area [Hauptmann, 2000; Rothenberg,
1990]. Our typology derives from the two main technolo-
gies that produced different types of slag (here called
informally ‘‘furnace slag’’ and ‘‘tapping slag’’), which have
easily distinguishable visual differences.
[19] The earliest technology, which produced furnace

slag, used pit furnaces (see example in Figure 4a) into
which ore and flux were introduced with or without a
crucible. The smelting process resulted with incompletely
smelted ores, that were part of relatively inhomogenous
slag. The slag was usually taken from the furnace and
crushed (see Figure 4b) to extract the copper prills. Some-
times they were remelted to further extract copper. The
furnace slag procedure was developed in the Chalcolithic
(ca 4500–3600 BCE) and was common until the Early
Bronze Age II (ca 3000–2000 BCE) when it was replaced
by the ‘‘tapping technology’’.

Figure 2. Sampling profile of large slag mound at Khirbat al-Jariya, Jordan. The accumulation of
multilayer slag waste has the potential for high resolution archaeointensity investigation in certain
periods.
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[20] Tapping slag is the result of a complicated smelting
process aimed at achieving complete separation between
slag and metallic copper. In this technique the heaviest part
of the melted mixture sinks to the bottom of the furnace and

solidifies in the form of a copper chunk. The lighter material
was tapped off and allowed to pour out of the installation.
This tapping slag cools on the ground and frequently has
observable flow textures (Figures 4c and 4d) and can be

Figure 3. Map showing the locations of sampling sites from Table 2 (red dots). Also shown are Timna
and Faynan, the two main areas of copper production in the Southern Levant.

Table 1. Examples of Mangenese, Iron, Silica and Copper Content (by % Weight) of Copper Slag From Representative Locations

Ref.a Phaseb Analysis (XRD) MnO % FeO % SiO2 % Cu % Samp. ID Loc.c Arch. Periodd

FS
1 - - 21.69 34.25 15.12 58a Timna 39b Chal.
1 Del, Fay, Q, Sp 2 49.51 30.71 1.3 50 Timna 39b Chal.
2 Q, Del 0.02 12.1 38,8 21.5 284-2235-2 ASH EB I
2 Fay, Mag, Cup 0.01 45.1 10.2 9.4 284-2262 ASH EB I

TS
5 - 2.7 32.9 35.7 2.3 LR5 Timna 2 LBII-IrAI
5 - 3.5 40.4 36.1 0.32 LR7 Timna 2 LBII-IrAI
3 Teph, Glass 40.7 3.9 32.7 0.37 2/5A KEN Iron Age
3 Teph, Glass 37.5 3.61 32.1 0.4 2/2B KEN Iron Age

ATS
3 Bust, Teph, Glass 32.9 5.26 42.6 0.56 1/23A Fenan 1 Roman
4 - 1.74 27.9 38.63 0.99 127B Timna 28 Early Islamic
4 Sp, Hed 2.03 37.83 24.73 1.28 134 Timna 28 Early Islamic
3 Kneb, Px, Glass 14.3 38.4 34 1.33 6/2A El Furn Mamluk

Slag types: ATS = Advanced Tapping Slag, FS = Furnace Slag, TS = Tapping Slag.
aReferences: [1] Lupu [1970], [2] Segal et al. [2004], [3] Hauptmann and Weisberger [1987], [4] Rothenberg [1990], [5] Lupu and Rothenberg [1980].
bPhases: Bust = Bustamite, (Mn,Ca)3Si3O9, Chal. = Chalcolithic, Cup-Cuprite, Cu2O, Del = Delafossite CuFeO2, Fay = Fayalite, Fe2SiO4, Hed =

Hedenbergite, CaFeSi2O6 (Pyroxene), Kneb = Knebelite, Fe2SiO4, Mag = Magnetite, Fe3O4, P = Pyroxene, Q = Quartz, Sp = Spinel, Teph = Tephroite,
Mn2SiO4.

cLocalities: ASH = Ashqelon-Afridar, KEN = Khirbat en Nahas.
dArchaeological Periods: EBI = Early Bronze I, IrAI = Iron Age I.
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very glassy (Figures 4e and 4f). Tapping technology
evolved considerably through time culminating in the
Islamic Period (640–1099 CE) with the introduction of
huge slag rings (Figure 4g). These were made by pouring
the melt into a prebuilt depression and enabled the fast
removal of the production waste (i.e., slag) and the contin-
uous operation of the smelting installation, thus producing a
large amount of copper.
[21] It is likely that tapping slag cools to ambient

temperature very quickly (within less than an hour) and
furnace slag cools more slowly, but is cool to the touch
within a few hours. In many cases, slag has a glassy texture
with iron oxide and metal phenocrysts. Although tapping
slag tends to be glassier than furnace slag, glass is still
observed in furnace slag.
[22] The ring in the tapping slag cake was made to allow

the slag makers to move the slag cake around while it is still
too hot to touch. It is therefore possible, if not likely, that

such slag will have multicomponent remanences reflecting
the high temperature quenching component followed by
lower temperature components acquired as the slag cake is
moved about. A similar effect could occur also in furnace
slag when the furnace was broken apart while it was still
hot.

5. Sample Collection and Age Determination

[23] We collected slag samples from 27 archaeometallur-
gical sites in Israel and Jordan (Table 2). In addition to
furnace and tapping slag, some of the samples are from
fired clay related to the copper industry (see examples in
Figures 4h and 4i). These are primarily fragments of
crucibles and furnace linings that mostly originate from
the same context as our slag samples. Other slag samples
derive from Bronze production, which together with the
fired clay samples enable us to investigate a wider range of

Figure 4. Examples of different sample types. (a) Intact furnace with in situ slag attached to the clay
wall (Furnace Z at Timna 2, Late Bronze Age-Early Iron Age, Israel). Scale approximately 15 cm. (b)
Broken furnace slag pieces (from the site of Timna 39b, Israel). (c) Broken tapping slag plate with flow
texture (Tell Hara Hadid, Early Islamic period, Israel). (d) Complete tapping slag with flow texture
(Khirbat Hamra Ifdan, Faynan, Jordan). (e) and (f) glassy fragments of tapping slag (Khirbat en-Nahas,
Iron Age, Jordan). (g) ‘‘Slag cake’’ (Beer-Ora valley, Early Islamic period, Israel). (h) Fragment of clay
crucible with thick slag glaze (Tell Garisa, Early Iron Age, Israel). (i) Rod clay and fragments of clay
linings of a wind operated furnace (site of Fenan 15, Early Bronze Age II-3, Jordan).
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materials derived from high-temperature industry as well as
to compare among them.
[24] Most of the samples were collected during a field

survey from a variety of archaeological contexts. The
survey was carried out during the years 2004–2005 under
the auspices of TL and MN in Faynan area and UA and A.
Holtzer in Timna. Other samples were taken from collec-
tions of previous archaeological excavations with the exact
locations well known (e.g., the sites of Shiqmim and
Khirbat Hamra Ifdan, see Table 2) providing the best
reference for further analysis.
[25] The main criteria used for choosing the sites were:

(1) dating quality, with priority given to sites that have well
established archaeological dating or good results from
14C measurements; (2) sites from periods that have
distinct geomagnetic archaeointensity trends in previous
studies, such as the conspicuous peak in the Iron Age
(ca 3000 years ago) and the low in the Chalcolithic-Early
Bronze Age (ca 5500 years ago); and (3) sites in which

archaeointensity data might help solve questions concerning
the history of metallurgical technology, such as Timna 39b
and Timna 149.
[26] The archaeological context constraining the age

information of the slag collection (see Table 2) is of variable
quality. We have developed a scheme of qualifying the age
of a sample based on the complex reality of archaeological
investigation in our research area. At this point, slag
samples themselves have not been directly dated with
radiocarbon techniques (although that will be done for many
samples in the future). Therefore a given age determination
depends on both the archaeological context and the
reliability of the age assigned to a given locality. The age
may be precise, but the archaeological context tying a given
sample to a given age may be weak or controversial. In
order to qualify the context itself, we make use of various
objective categories that relate to the methods of the
archaeological investigation. For example, an age can have
a small uncertainty, but the tie to a particular piece of slag

Table 2. Site Locations and Age Constraints

Site Locality Typea Latitude Longitude C.b Agec Q.d Meth.e Ref.f

IS01 Hai-bar FS 29.830 35.020 S 5350 ± 1100 5 A 1
IS02 Timna 149-hill top FS 29.792 35.001 S 4100 ± 150 5 A 2,3,5,6
IS03 Timna 149-hillside FS 29.792 35.001 S 4100 ± 150 2 A 2,3,5,6
IS04 Timna 28 TS 29.716 34.984 S 1100 ± 150 2 C 4,7,9
IS05 Timna 2 TS 29.784 34.948 S 3175 ± 75 2 C:A 10
IS06 Timna 2 TS 29.784 34.948 S 3175 ± 75 2 C:A 10
IS07 Beer Ora Hill FS 29.717 34.985 S 3735 ± 20 2 C 6
IS08 Timna 3 TS 29.779 34.952 S 3175 ± 75 2 A 5
IS09 Timna 30 TS 29.771 34.947 S 2810 ± 60 3 C:A 10
IS10 Tell Hara Hadid TS 29.589 34.965 S 1150 ± 150 3 A 1
IS11 Timna 39b FS 29.762 34.994 S 6150 ± 250 6 A 6,11–13,33
IS14 Shiqmim FS/C 31.195 34.639 E 6225 ± 50 1 C 14–16
IS15 Yotvata EB FS 29.885 35.046 S 4600 ± 350 5 A 1
IS16 Yotvata Nabataean TS 29.885 35.046 S 1950 ± 100 1 A 1
IS17 Yotvata Fortress FS 29.890 35.058 S 5810 ± 500 3 C 17,8,6
IS18 Givat Yocheved TS 29.648 34.939 S 1150 ± 150 6 C 9,18,10
IS19 Eilot quarry FS 29.589 34.952 S 4600 ± 350 5 A 1,20
IS20 Ashkelon-Afridar FS/C 31.679 34.556 E 5425 ± 125 4 A:C 21–24
IS21 Tell Gerisa BS 32.091 34.806 E 3050 ± 100 3 A 25
IS22 Tell Dor BS 32.617 34.916 E 3050 ± 100 1 A 26
IS23 Timna 149-hill top FS 29.792 35.001 S 4100 ± 150 6 A 2–6
IS24 Timna 39b FS 29.762 34.994 S 6150 ± 250 6 A 6,11–13,33
IS25 Mitzpe Evrona TS 29.695 34.987 S 1150 ± 150 3 A 9
JS01 Fidan 4 FS/C 30.673 35.385 S 5200 ± 250 1 C 27,28
JS02 Khirbat al Jariya TS/C 30.707 35.452 S 2980 ± 110 1 C 28
JS03 Khirbat en Nahas TS 30.681 35.437 S 2800 ± 50 1 C 29,28,30
JS04 Fenan 15 FS/C 30.629 35.497 S 4550 ± 300 1 A 28
JS05 El-Furn TS 30.675 35.447 S 700 ± 50 1 A 28
JS06 Khirbat Hamra Ifdan TS 30.663 35.393 S 2950 ± 200 4 A 31,32
JS07 Wadi Fidan 77ag FS 30.674 35.391 E 2950 ± 200 3 A 32
JS08 Khirbat Hamra Ifdan FS 30.663 35.393 E 4050 ± 100 1 A:C 31
JS09 Khirbat Hamra Ifdan FS 30.663 35.393 E 4400 ± 150 1 A:C 31
JS10 Fenan 7 TS 30.630 35.495 S 2850 ± 100 5 A 28
JS11 Fenan 1 TS 30.626 35.495 S 1790 ± 145 2 A:C 28

aType: FS, furnace slag; TS, tapping slag; C, clay; BS, bronze production slag.
bCollection method: S, Surface collection during survey; E, Collection from excavation.
cAll ages are years before 1950.
dAge quality: 1, Excellent; 2, Moderate to excellent; 3, Moderate; 4, Moderate to Poor; 5, Poor; 6, Controversial.
eDating Methods: C: 14C (ages are calibrated BP), A: archaeological context.
fMost relevant references: [1] U. Avner, personal communication, 2006, [2] Rothenberg and Shaw [1990a], [3] Rothenberg and Shaw [1990b], [4]

Rothenberg [1999], [5] Rothenberg and Glass [1992], [6] Avner [2002], [7] Sharon et al. [1996], [8] Segal and Carmi [1996], [9] Avner and Magness
[1998], [10] Rothenberg [1990], [11] Rothenberg [1978], [12] Rothenberg and Shaw [1990b], [13] Muhly [1984], [14] Gilead [1994], [15] Shalev and
Northover [1987], [16] Burton and Levy [2001], [17] Meshel [1993], [18] Willis [1990], [20] Avner and Naor [1978], [21] Segal and Carmi [2004], [22]
Gophna [2004], [23] Golani [2004], [24] Y. Yekutieli, personal communication, 2006, [25] Z. Herzog, personal communication, 2005, [26] Ilan [1999],
[27] Adams [1999], [28] Hauptmann [2000], [29] Levy et al. [2004], [30] Levy et al. [2005], [31] Levy et al. [2002], [32] T. Levy, personal communication,
2007, [33] Burleigh and Hewson [1979].

gWadi Fidan 77a is also known as Khirbet Glueck.
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may be unclear because it was collected from the surface
(and not from more confined excavated locus) or because
the date derives only from an insecure ceramic typology, or
other methodological variables. In addition, some of the
dates for our slag localities are under scholarly debate, with
quite distinct ages being advocated.
[27] To summarize the relative quality of our slag ages,

we have assigned each age a number from 1 to 6 where by 1
is considered excellent and 5 is poor. Controversial sites are
assigned a number 6. The main criteria for characterizing
the age reliability are the archaeological context and the
dating technique. We have more confidence in the ages of
samples from excavations than surface surveys. Similarly
samples that were collected from sites dated with radiocar-
bon rate better than those dated by ceramic typology alone.
For the purposes of geomagnetic field modeling, only those
with quality determinations of 1 and 2 should be considered.
[28] Slag has the potential for independent dating without

the need of relying on the archaeological context. In many
samples, mostly from the more advanced production tech-
niques, we find pieces of charcoal embedded inside the slag
which can be used for 14C dating method (Figure 5). We
have not yet obtained new dates for the current study.
[29] In this research all of the samples were collected

unoriented, enabling us to determine only the intensity of
the ancient geomagnetic field. In rare cases we find furnaces
in situ (see, e.g., Figure 4a) suggesting the possibility of full
vector analysis in future studies. Moreover, tapping slag
frequently has quasi-horizontal surfaces which could be
used for partially orienting such material.
[30] From each sample (here taken to be a single piece of

slag and/or ceramic), we isolated four to twelve specimens
ranging from 2 to 7 mm in diameter. Where possible we
selected the glassiest material from the outer margins of
the slag sample. The specimens were inserted into non-
magnetic glass tubes (1 cm in diameter) and fixed into
position with silica filter paper and potassium-silicate glue.
The tubes were scribed to maintain orientation throughout
the archaeointensity experiment. In addition, small chips
from the slag specimens (<30 mg) were prepared for
hysteresis experiments.

[31] In this study, every coherent fragment (piece of slag
or clay) that we collected is called ‘‘sample’’, and every chip
of a sample is called ‘‘specimen’’. The full name of a
specimen designates its location. JS stands for Jordan, IS
stands for Israel and the next two digits represent the site.
The sample piece is designated with a letter and the
specimen number with the last two digits. For example,
specimen JS01b03 is the third specimen from the b sample
from the Wadi Fidan 4 site in Jordan. We catalogued and
stored all of our samples in the paleomagnetic laboratory of
the Institute of Earth Sciences in the Hebrew University of
Jerusalem, and they constitute a large inventory for future
research.

6. Magnetic and SEM Characterization of the
Samples

[32] Hysteresis behavior was determined for representa-
tive slag specimens (Figures 6 and 7). Hysteresis loops (see
insets to Figure 6) were analyzed as follows. First the high
field slope (chf) was subtracted from the loop. The statistics
of interest here are the saturation magnetization (the satu-
ration value of the slope corrected loop, or Ms), the
saturation remanence (the y-intercept, or Mr) and the
coercivity (x intercept or Bc). The ascending curve was
subtracted from the descending curve to calculate the so-
called ‘‘DM curve’’. The field at which the DM curve is
50% of the initial value is the coercivity of remanence Bcr

[see, e.g., Tauxe and Yamazaki, 2007]. We plot the ratio of
saturation remanence to saturation versus the coercivity in
Figure 7a and versus the ratio of coercivity to coercivity of
remanence in Figure 7b. These plots suggest that magnetic
grain size of the slag material ranges from single domain
(Mr/Ms > 0.5) to multidomain (Mr/Ms < 0.05).
[33] As part of the paleointensity experiment described in

the following, we obtain blocking temperature spectra for
all the specimens. These are highly correlated with the type
of ore used in smelting. As noted before, some slag samples
have high iron concentrations relative to manganese where-
as others (typically from the Faynan region) have lower iron
and higher manganese concentrations. Figure 8a shows the
blocking temperature spectra from typical iron-rich speci-
mens. These are quite common in the slag from Israel.
Figures 8b and 8c show blocking temperature spectra from
typical manganese-rich specimens common in the Jordanian
slag. The iron-rich slag has blocking temperatures charac-
teristic of magnetite (maximum of around 580�C), whereas
the manganese rich slag has lower blocking temperatures
ranging from around 300 to 450�C (Figures 8b and 8c) typical
of copper-manganese ferrites [Rezlescu and Cuciureanu,
1970] observed in Faynan [Hauptmann, 2000].
[34] We have analyzed representative furnace and tapping

slag samples using petrographic and scanning electron
microscopes. We detected large scale textures and in cases
some mineralogical character using the simple petrographic
light microscope, but detailed analysis of the chemical
composition, representative mineralogy and textures was
achieved by using SEM. In addition to copper, iron and
silica minerals, we observed native copper prills in various
sizes (Figure 9). Even in the case of tapping slag, only a
small portion of the sample has a glassy texture (see
enlargement in Figure 9), nevertheless, these ‘‘pockets’’ of

Figure 5. Slag with charcoal embedded in it.
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Figure 6. Representative hysteresis loops. The behavior ranges from nearly ideal single domain (a and
b) to multidomain (f).

B08101 BEN-YOSEF ET AL.: ARCHAEOINTENSITY OF COPPER SLAG

9 of 26

B08101



glassy material appear also in furnace slag. Some general
examples of common mineralogical phases of slag are
presented in Table 1.
[35] Slides made from a cross section of tapping slag

reveal clear flow textures expressed also in the mineralo-
gical crystallography (Figure 10). The advanced technology
that produced tapping slag involves pouring the molten
material out of the furnace and the material probably cooled
during flow. As mentioned above, these flow textures are
visible also at the sample level (Figures 4c and 4d). The
flow texture could have a direct influence on the anisotropic
characteristic of tapping slag samples as was observed for

other material with ‘‘enforced’’ textures (i.e., ceramics
[Aitken et al., 1981]).

7. Controlled Remelting of Slag Material

[36] To investigate the potential for slag material to retain
a record of the magnetic field in which they were formed,
we remelted two slag samples under controlled conditions
and a known magnetic field intensity. One sample (IS12a)
was originally a furnace slag from an ancient technology
(Yotvata Fortress) and the second (IS13a) was originally
a tapping slag from an advanced technology (Yotvata-
Nabataean). We crushed the samples into fragments of

Figure 7. (a) Plot of Mr/Ms against coercivity. (b) Plot of the same against Bcr/Bc.

Figure 8. Blocking temperature spectra of typical slag samples. (a) Iron-rich sample (IS08) from Timna
3, Israel. (b) Manganese-rich ore sample (JS04) from Fenan 15, Jordan. (c) Manganese-rich ore sample
(JS06, JS08, JS09).
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few centimeters and placed them in ceramic crucibles. We
used a high temperatures furnace (Model 88-D, AMKinls)
for heating the samples. Melting was done in two stages. In
the first stage we used 1200�C for 50 min, and in the second
stage we used 1300�C trying to achieve full melting of the
slag. After 40 min the tapping slag sample was completely
remelted. We took it out with a tong and placed it in a
designated location in which the intensity of the magnetic
field was measured with three-axis fluxgate magnetometer
(35.8–36 mT). After about 15 min the sample was solid
again, and it had cooled to below the Curie temperature. We
continued to heat the furnace slag sample for additional
30 min, and although it was still only partially molten we
took it out and placed it to cool in the same designated
location with known magnetic field intensity. We prepared
three specimens from each sample for the ‘‘paleointensity’’
experiment described in the next section.

8. Paleointensity Experiment

8.1. Basic Concepts

[37] Paleointensity experiments rely on the fundamental
observation that in low fields like the geomagnetic field,

thermal remnant magnetization (TRM) is approximately
linearly related to the field in which the material cools.
While this is not true for highly elongated magnetic par-
ticles [see Selkin et al., 2007], it is likely to be true for the
roughly equant magnetic particles characteristic of slag.
[38] In Thellier-Thellier type experiments [Thellier and

Thellier, 1959], we replace the natural remanence (NRM)
progressively with a laboratory TRM. The NRM/TRM ratio
multiplied by the laboratory field gives the estimation of the
ancient geomagnetic field. We heat the specimens in stages,
at least twice to each successive temperature step. This
progressive approach allows the detection of nonideal
behavior that would violate the assumptions in the tech-
nique and lead to unreliable paleofield estimates.
[39] There are two commonly used protocols for the

Thellier-Thellier experiment. In the zero-field, in-field’’
(ZI) experiment [e.g., Coe, 1967] specimens are heated first
to a given temperature T1 (Figure 11) and cooled in zero
field. The portion of the NRM with blocking temperatures
(Tb) below T1 will be demagnetized (shown as white). Then
the specimen is heated again to T1 and cooled in a
laboratory field Blab, acquiring a partial thermal remanence
(pTRM) with a maximum blocking temperature of T1

Figure 9. Backscattered image of slag sample from Timna 149, Israel (Electron probe micrograph). The
sample contains (a) copper prills, (b) SiO2 grains (mostly quartz), (c) glassy matrix and (d) copper and
iron oxidized minerals.
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(shown as grey). Often, (for example after the temperature
step labeled T3) an intermediate step is also performed
whereby the specimen is heated to some lower temperature
(e.g., T1 in Figure 11) and cooled in Blab remagnetizing that
portion of the remanence with unblocking temperatures
below T1. This is done to check if the partial thermal
remanence (pTRM) acquired in T1 is the same as that
acquired initially. This step is known as the ‘‘pTRM check’’
step and is helpful in detecting changes in the capacity
of the specimen to acquire TRM caused by alteration
during the experiment. Such changes lead to bias in the
resulting NRM-TRM relationship and unreliable paleointen-
sity estimates.
[40] Following an in-field step (for example at T3 in

Figure 11), the specimen can be heated again to T3 and
cooled in zero field. This step, the so-called ‘‘pTRM tail
check’’ step of Riisager and Riisager [2001], can detect if
the pTRM acquired at T3 is completely erased by reheating
to T3. In other words, it tests whether the maximum block-

ing temperature of the pTRM is equal to the maximum
unblocking temperature Tub, a critical assumption in the
Thellier-Thellier method.
[41] The ‘‘In-field, zero-field’’ (IZ) experiment [e.g.,

Aitken et al., 1988] reverses the order in which the rema-
nences are measured. The specimen is first heated to some
temperature (e.g., T2) in Figure 11 and cooled in Blab, then
reheated to T2 and cooled in zero field. The pTRM check
step can be performed after the zero field step, but the
pTRM tail check step is not possible.
[42] We used the ‘‘IZZI’’ experimental approach for our

preliminary study of the metallurgical slag described by
Tauxe and Staudigel [2004] and Yu et al. [2004]. (In fact,
this procedure was first applied to these slags.) We combine
the IZ and the ZI protocols by alternating between them in
the experiment shown in Figure 11. The ‘‘IZZI’’ method
incorporates the advantages of both protocols, allowing most
of the key assumptions in the Thellier method to be more
thoroughly tested with no increase in experimental effort.

Figure 10. (a) Flow texture in tapping slag sample from Timna 28 (SEM). (b) Same sample in different
magnifications.

Figure 11. Schematic diagram of the IZZI experimental protocol (see text).
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