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Abstract: An archacomagnetic intensity study was conducted on nineteenth-century firebricks manufactured
in Scotland and used in an iron foundry in Melbourne, Australia, between 1842 and 1864 CE. Archaeointen-
sity results obtained from bricks with a single component of magnetization gave values of 61.45 + 0.89 and
61.92 + 6.84 uT. These values are in agreement with historical absolute intensity measurements taken at the
Melbourne geomagnetic observatory between 1858 and 1863 CE (61.17 + 0.078 pT) and with the gufm1
model based on mariners’ data. A high-temperature vector component, presumably acquired at the time of man-
ufacture in Scotland, was isolated in certain firebricks and an archaeointensity 0of48.3 + 8.39 uT was obtained,
which is consistent with the gufm1 model for Scotland at this time (48.79 pT). The dual archaeointensity record
of the firebricks supports their geographical provenance, highlighting the potential for archaeointensity data to
be used in archaeological artefact-sourcing studies, whilst anomalously high intensities recorded in one of the
bricks highlight potential contamination issues from non-Earth magnetic fields in archaeometallurgical
contexts. The new Melbourne archaeointensity data are the most precisely dated archacomagnetic data pro-
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duced so far for Australia.

There is a long-standing unbalance in archaeo- and
palacomagnetic data from the southern hemisphere
relative to the northern hemisphere. New high-
quality empirical data from under-documented
regions of the southern hemisphere are necessary to
document complexities of the Earth’s magnetic field
and overcome the modelling limitations linked with
unknown regional variability (e.g. Panovska et al.
2015; Constable et al. 2016). Progress has been
made over the last decade in generating new archae-
omagnetic data from South America (e.g. Hartmann
et al. 2010; Goguitchaichvili er al. 2015; Poletti
et al. 2016) and southern Africa (e.g. Neukirch et al.
2012; Tarduno et al. 2015; Hare et al. 2018). Along
with these regions, Australiais the other major acces-
sible southern hemisphere landmass and is yet to
receive similar attention from the archaeomagnetic
community, with the last archaeomagnetic study
from Australia published 37 years ago. Yet, Australia
has an outstanding potential for archacomagnetic
research given the long and extensive record of
human occupation since at least 65 ka (Clarkson
et al. 2017). Archaecomagnetic work in Australia is

perhaps best known for the ‘Lake Mungo excursion’
that was suggested to be recorded in Aboriginal
hearth features at Lake Mungo (Fig. 1) at ¢. 30 ka
(Barbetti & McElhinny 1972, 1976). The validity of
this event has since been discredited based on its
lack of reproducibility and potential for sampling
artefacts (Roberts 2008; Laj & Channell 2015). How-
ever, we note that re-dating of sediments surrounding
the hearths show that these accumulated at 42-30 ka
(Bowler et al. 2003) and thus the excursional data
could potentially be associated with the Mono Lake
(32ka) or Laschamp (41 ka) excursions (Singer
2014).

In conjunction with the archaeomagnetic work at
Lake Mungo, additional palaeodirections and abso-
lute intensities were produced for late Pleistocene
and Holocene SE Australia via Aboriginal fireplaces
and burnt tree stumps (Barbetti 1973, 1977; Clark &
Barbetti 1982; Barbetti ef al. 1983) (Fig. 1). How-
ever, much of this work was not published in full,
and the final archaeointensity dataset exists in the
published record only as part of a single figure in
Barbetti ef al. (1983). Moreover, given that these
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Fig. 1. Topographical map of SE Australia with the locations of the palacomagnetic and archacomagnetic study sites
discussed in the text. Insert of Melboume city centre showing the iron foundry site and the Flagstaff geomagnetic

observatory, about 1 km in the distance.

measurements were made decades ago, most of the
data were not treated with regular pTRM checks,
nor corrections for differential cooling rates or
anisotropy effects that are common in archaeological
materials (e.g. Chauvin et al. 2000; Genevey et al.
2008; Poletti et al. 2016; Gémez-Paccard et al.
2019; Hervé et al. 2019). In modern studies, these
treatments are deemed fundamental for paleointen-
sity experiments, and data lacking these are now dis-
regarded from modern data compilations (e.g. Poletti
et al. 2018). Besides the archacomagnetic work of
Barbetti, previous Holocene palacomagnetic field
records from Australia consist of one full-vector
palaecomagnetic record (relative palaeointensity
and directions) from lake sediments in NE Australia
(Constable 1985; Constable & McElhinny 1985),
and four Holocene directional-only records from
lakes and a lagoon in SE Australia (Barton &
McElhinny 1981; Barton & Barbetti 1982; Anker
et al. 2001; Gale et al. 2013) (Fig. 1). Thus, it is
clear that new high-quality archaecomagnetic and
palacomagnetic data are required from a variety of
archives to better constrain regional field variations
in the Australian region, which will also contribute
towards building archaeomagnetic reference curves
as adating tool for Australian archaeology and palae-
oclimate research (e.g. Lisé-Pronovost et al. 2016).

Australian Holocene palaeointensity data in the
GEOMAGIAS50.v3 database (Brown et al. 2015)

include the Thellier-style experiments on baked
archaeological materials, as reported in Barbetti
et al. (1983) (Fig. 1). These data indicate a weak
field from ¢. 6000 BP with a gradual rise until
4000-3000 BP, followed by a series of large-
amplitude changes with maximum intensities at
2000 BP, 1200 BP (750 CE) and 400 BP (1550
CE). The Holocene relative palaeointensity record
of Constable (1985) from NE Australia broadly
follows the same trends but does not cover the histor-
ical period and the most recent ¢. 1500 years of
large-amplitude changes, which are also not reflected
in geomagnetic field models (e.g. SED3k.1, Korte
et al. 2009; CALS3k.4, Korte & Constable 2011;
pfmOk, Nilsson ef al. 2014; HFM.OL1.AL1, Panov-
ska er al. 2015; Constable et al. 2016). The most
recent 400 years of geomagnetic field variability of
these models are anchored or evaluated with the
gufml historical model (Jackson ef al. 2000), a mas-
sive compilation of geomagnetic measurements by
mariners engaged in merchant and naval shipping.
Such models and direct measurements are excellent
to validate archaesomagnetic data where possible.
Mariners at sea (the gufml model: Jackson et al
2000) and scientists running the first magnetic
observatories on the continent in the mid-nineteenth
century provided the earliest direct measurements of
the magnetic field in the Australian region, soon after
Carl-Friedrich Gauss first developed the method in
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1832 (Gauss 1833). Here we report on archaeo-
intensity data derived from mid-nineteenth-century
firebricks used in a Melbourne iron foundry and
compare these data with unpublished absolute
intensity measurements over the same period per-
formed <1km away at a historical magnetic
observatory (Fig. 1). Building on an initial pilot
study (Lisé-Pronovost ef al. 2016), these constitute
the first archaeomagnetic application to the conti-
nent’s historical archaeological record.

Archaeological context and dating

The firebricks were sampled during archaeological
salvage excavations in 2014 on a small ¢ 30 m”
allotment at 556-560 Flinders Street, Melbourne,
Australia, located in the city’s central business dis-
trict (Fig. 1) (Mallett et al. 2015; Lisé-Pronovost
et al. 2016). The site preserved evidence of several
different occupation phases dating to soon after
the colonial city’s establishment in 1835. These
include early industrial works from 1842-64, and
later retail and commercial operations post-1864
and into the twentieth century. The firebricks were
derived from the industrial phase of site use, where
the allotment formed part of larger factory grounds
associated with ‘Langland’s Iron Foundry’,
Melbourne’s first early- to mid-nineteenth-century
engineering firm (Myers ef al. 2018). The bricks were
sampled unorientated from a secondary fill deposit
within a handmade-brick-lined well (Fig. 2a), which
was capped with iron slag deposited as a thick layer
across much ofthe site towards the end of the industrial
foundry phase (Mallett ef al. 2015). The capping slag
and underlying foundry occupation and pre-foundry
surfaces were subsequently cut for the placement of
new building foundations on the allotment in 1864,
constraining the age of the fill deposit, and thus brick
use, to between 1842 and 1864 (Mallett er al. 2015).

The firebricks themselves were manufactured in
Scotland and imported to Melbourne during the
foundry phase of occupation. FBW-1 and FBW-2
(Fig. 2b) were both manufactured in Tranent,
East Lothian, Scotland, by ‘John Grieve Bank Park
Firebrick Works’ (1860-93) as ascertained from
the brick stamp (Douglas er al. 1985). As such,
these bricks must have been used in Melbourne
some time between 1860 and 1864 towards the end
of the iron foundry phase. FBG (Fig. 2b) was manu-
factured by ‘Gamnkirk Fire Clay Co." (stamped:
‘Garnkirk Warranted’, ‘Patent’) from 1837 to 1901
in Lanarkshire, Scotland (Douglas er al. 19835).
Thus, according to archaeological context, it must
have been used in Melbourne some time between
1842 and 1864, although the brick may have
been fired in Scotland any time between 1837
and 1864. In a pilot thermal demagnetization study,

Lisé-Pronovost et al. (2016) demonstrated that a pro-
portion of samples exhibited a single-component
thermoremanent magnetization (TRM), indicating
that they were likely to have been heated to high tem-
peratures, overprinting any TRM formed by their
manufacture in Scotland. However, others showed
distinct dual-remanence components, suggesting
that they were subject to lower heating temperatures
in Australia and potentially preserve their original
manufacturing TRM from Scotland. The firebricks
themselves exhibit some visual evidence of heating,
which was also reflected in much of the pilot archae-
omagnetic data. As the firebricks were not sampled
from in situ foundry features (e.g. a kiln), however,
the exact way they were heated and used in Australia
is unknown.

Firebrick manufacture

Firebricks were produced following the Industrial
Revolution out of an increasing need for refractory
materials that could withstand extreme tempera-
tures and stress associated with process and manu-
facturing industries. Their production in the UK
during the nineteenth century was largely centred
in the midland belt of Scotland, with ‘fireclays’
extracted from coal-bearing deposits within the
Carboniferous-aged Millstone Grit Series (Douglass
& Oglethorpe 1993). Fireclays are classed as
aluminosilicates with up to ¢. 90% of their mineral
assemblage dominated by disordered kaolinite,
hydrous mica and quartz, along with minor inclu-
sions of chlorite, carbonaceous matter and iron
such as siderite (Highley 1982). Their refractory
properties are due to a high aluminium-oxide content
and lower proportions of mica, with historical fire-
bricks reported to contain ¢. 28—43% Al,O5 (Sander-
son 1990). Douglass & Oglethorpe (1993) provide
details on the manufacturing process of firebricks in
nineteenth-century Scotland: following extraction,
the fireclay raw material was broken down in a crush-
ing machine and transferred to dry pan mills. Then
10-15% of ‘grog’ (burnt brick and clay) was added
to the raw fireclays to reduce shrinkage during firing
and drying. After mixing and adding water to aid
plasticity, materials were transferred into brick
machines for moulding and dried or semi-dried on
heated floors before being placed into firing kilns.

Melbourne Magnetic Observatory

Scientific measurements of the magnetic field in
Melbourne were made by Georg Neumayer at the
Flagstaff Observatory (now the Flagstaff Gardens:
Fig. 1) between January 1858 and September
1862, and then at the new nearby Melbourne Obser-
vatory from September 1862 until February 1863
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fron foundry well

Fig. 2. (a) Iron foundry well where the bricks were found; (b) firebricks FBW-2 and FBG with the manufacture stamp,
and the internal view of brick FBW-2 with dark inner portion and light outer portion; (c) thin sections of the bricks
(vertical along the samples’ Z axis) showing a distinct colour change between interior and exterior in FBW-1; and

(d) magnified region of thin sections showing the difference in the fabrics of the bricks made by different manufacturers.

(Neumayer 1867). Magnetic directions were mea-
sured hourly and the absolute horizontal force was
measured monthly. Estimates of total field (F) values
are derived from the measured horizontal force
(H) and inclination (/) values using the equation:
F=H/cos(I). The monthly total intensity data
over the 5 year period (1858-63) exhibits a mono-
tonic straight-line decreasing secular variation
from 61.28 to 61.07 uT, with an average value
of 61.17 £ 0.078 uT.

Methods

Sample preparation

The firebricks were prepared for magnetic and
palaeointensity experiments at The Australian

Archaeomagnetism Laboratory, La Trobe University
in Melbourne, Australia. The bricks were drilled into
22 mm diameter cylinder cores using a water-cooled
bench drill from the stretcher side of the brick
to preserve historical brick stamps located on their
main flat face (Fig. 2b). The cores were then cut
into 25 mm sample sections, which provide a
transect of magnetic properties from one side of
the brick to the other. For this study, a total of 58
samples were analysed. Six samples per brick under-
went archaeointensity experiments (FBW-1-Al,
FBW-1-A4, FBW-1-C4, FBW-1-C5, FBW-1-D4,
FBW-1-D5; FBW-2-B1, FBW-2-B2, FBW-2-C1,
FBW-2-C2, FBW-2-C4, FBW-2-C5; FBG-Cl,
FBG-C2, FBG-C3, FBG-C4, FBG-C5, FBG-D1).
Six or more samples per brick were used for thermal
and alternating field demagnetization, six fresh sam-
ples for cooling-rate experiments, and 12 samples
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were used for further rock magnetic analysis. Thin
sections were taken from the bricks to look at fabric
differences and inclusions (Fig. 2c, d).

Magnetic analysis

Magnetic susceptibility, alternating field and thermal
demagnetization data were acquired at The Austra-
lian Archaeomagnetism Laboratory, La Trobe Uni-
versity, in order to characterize the magnetic mineral
assemblage. Mass-specific magnetic susceptibility
was measured at low field (3 g 0.465 kHz) using a
Bartington MS2 sensor prior to heating, and after
each thermal demagnetization step to assess for mag-
netomineralogical alteration. Alternating field demag-
netization was undertaken up to 80 mT in 29 steps
with an Advanced Geoscience Instruments Co.
(AGICO) LDAS5 Alternating Field Demagnetizer.
Thermal demagnetization experiments  were
conducted using a 30-33 step protocol from 0 to
700°C using a shielded Magnetic Measurements
MMTD80a Thermal Demagnetizer in a zero-field
cage. Remanence measurements were taken using
an AGICO JR-6 Spinner Magnetometer (2.4 pA m™!
sensitivity) and demagnetization data were processed
using PuffinPlot 1.03 (Lurcock & Wilson 2012). In
order to precisely characterize the magnetic rema-
nence carriers, hysteresis loops, backfield curves and
first-order reversal curves (FORCs) were measured
at room temperature using a Princetown Measure-
ments MicroMag Vibrating Sample Magnetometer
at the Australian National University Paleomagnetism
Laboratory and at the Institute for Rock Magnetism,
University of Minnesota, USA. Backfield curves
were deconvoluted using the MAX UnMix web appli-
cation (Maxbauer er al. 2016) and FORCs were pro-
cessed in FORCinel 3.06 (Harrison & Feinberg
2008) using VARIFORC smoothing (Egli 2013).

Archaeointensity experiment

The IZZ1 variant of the Thellier protocol (Yu &
Tauxe 2005) was used, with in-field and zero-field
pTRM checks (Thellier & Thellier 1959; Coe
1967; Riisager & Riisager 2001) to detect magneto-
mineralogical changes. The archaeointensity experi-
ment included 18 heating steps to 100, 200, 225,
250, 275, 300, 325, 350, 375, 400, 425, 450, 475,
500, 525, 550, 575 and 600°C. An applied field of
60 uT was generated for in-field steps using a
power supply EL301R plugged into the MMTD80a
thermal demagnetizer furnace, with remanence mea-
surements taken on the JR-6 spinner magnetometer.
Also included in the dataset are two samples fromthe
pilot study for whicha 12-step experimentand 40 pT
field were used (FBW-1-A1 and FBW-1-A4: Lisé-
Pronovost et al. 2016). y ¢ measurements were
taken during the experiment to monitor for magneto-
mineralogical alteration. The program ThellierTool

4.22 and its default class criteria were used for data
analysis (Leonhardt er al. 2004a), and the built-in
correction for magnetomineralogical alteration was
applied (Valet ef al. 1996). The correction uses the
cumulative alteration differences between pTRM
values and pTRM checks for a given interval. The
alteration criteria include d(CK), which is the differ-
ence between pTRM-check and related pTRM
acquisition normalized to TRM, and d(pal), which
is the ratio of uncorrected to corrected archaeointen-
sity normalized to the uncorrected value (values
shown in Tables 1 and 2) (Leonhardt er al. 2004a).

Archaeological artefacts, such as bricks, tiles and
ceramics, can have magnetic anisotropy that impact
the archaeointensity results (Rogers er al. 1979;
Veitch et al. 1984; Chauvin er al. 2000; Genevey
et al. 2008). The anisotropy of thermal remanent
magnetization (ATRM) was measured in six direc-
tions (+Z, —Z, +X, —X, +Y, —Y) for each sample
to evaluate and correct for the effect of magnetic
anisotropy on the archaeointensity data. The Z
direction was re-measured as a final step to check
for alteration. The experiment was repeated at tem-
peratures of 350 and 500°C in order to allow for
selection of the most appropriate ATRM correction
per sample, with a natural remnant magnetization
(NRM) fraction of >>30% and avoiding further alter-
ations by repeated heating. The anisotropy correc-
tion factor (FATRM) was calculated according to
Veitch ef al. (1984) using the Matlab code of Tema
et al. (2015). Fresh samples from FBW-1 and
FBW-2 were also measured to evaluate the possible
effect of magnetomineral changes during the archae-
ointensity experiment on the FATRM.

The cooling rate is also known to impact archae-
ointensity results because the laboratory fan-forced
cooling is typically much faster than the original
archaeological cooling when the ancient field was
recorded (Fox & Aitken 1980; Hervé er al. 2019).
The original cooling rate of the firebricks FBW and
FBG is unknown; however, rapid laboratory cooling
is known to overestimate the ancient field, and
cooling-rate correction factors can be calculated
with laboratory slow cooling (e.g. Genevey et al.
2008). Cooling-rate experiments were performed
on fresh samples following the method of Hartmann
et al. (2010) (see also Genevey et al. 2008; Genevey
& Gallet 2002) at the Paleomagnetism Laboratory at
the Australian National University, using an ASC
TD48 oven with in-house cooling-rate control. A
different oven was used because the oven at TAAL
does not allow cooling-rates experiments, and the
same applied field of 60 pT was set and monitored
in both ovens. Two fresh samples per brick were
measured at a rapid cooling rate (fan on, about
0.5-1 h; pTRMTr1), slow cooling rate (0.8°C/min;
pTRMs), and a second rapid (pTRMr2) cooling
rate at 350 and 500°C. Alteration is calculated
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Table 1. Archaeointensity results for the low-temperature component (M2) acquired in the iron foundry in Melbourne,
Australia

d

Brick Sample  Archaeointensity SD  Class Ty, T, N I g q d
(pal) (ck)

(uT) 0 (€O

FBW-1 Regular

Al 61.92 099 A 0.00 480.00 9.00 076 0.83 3950 200 0.70
A4-M2 66.41 473 B 0.00 35000 6.00 087 075 920 370 740
C4-M2 63.13 085 A 100.00 475.00 13.00 093 089 6130 130 1.10
C5 61.16 055 A 100.00 525.00 1500 0.74 089 7320 130 1.00
D4 61.49 077 A 100.00 525.00 15.00 0.60 092 4400 190 0.30
D5 60.63 064 A 0.00 575.00 18.00 0.91 092 7950 350 250
Average 62.46
SD 211
MMC-corrected
Al 61.46 096 A* 0.00 48000 9.00 075 083 3990 NA NA
A4-M2 61.50 397 B* 0.00 35000 6.00 0.87 075 1010 NA NA
C4-M2 63.22 L.00 A* 100.00 42500 11.00 0.86 088 4770 NA NA
C5 60.70 0.78 A* 0.00 575.00 18.00 0.89 091 6340 NA NA
D4 62.15 093 A* 100.00 575.00 17.00 0.70 093 4390 NA NA
D5 61.83 0.58 A* 0.00 60000 19.00 093 093 9300 NA NA
Average 61.81
SD 0.84

FBW-2 Regular
B1-M2 75.46 128 A 0.00 35000 9.00 098 065 37.80 200 2.00
B2-M2 72.02 067 A 0.00 40000 11.00 0.94 086 8770 210 3.00
Cl-mM2 73.50 081 A 0.00 37500 10.00 0.97 074 6480 070 1.60
C2-M2 68.41 062 A 100.00 400.00 1000 0.88 086 8270 110 2.30
C4 59.56 063 A 275.00 57500 13.00 071 091 6120 290 4.00
C5 63.23 070 A 0.00 575.00 18.00 0.97 092 BLI0 340 3.80
Average 68.70 0.79
SD 6.22
MMC-corrected
Bl-M2 73.94 L.17 A* 0.00 35000 9.00 099 065 4070 NA NA
B2-M2 74.19 089 A* 0.00 40000 11.00 093 086 6720 NA NA
Cl-m2 74.70 094 A* 0.00 37500 10.00 097 074 5720 NA NA
C2-M2 69.47 0.85 A* 0.00 40000 11.00 0.90 086 6360 NA NA
C4 64.46 1.01  A* 0.00 60000 19.00 0.93 094 5600 NA NA
C5 65.36 072 A* 0.00 60000 19.00 099 092 8290 NA NA
Average 70.35 0.93
SD 4.62

FBG Regular
C1 NA NA C NA NA NA NA NA NA NA NA
C2 60.55 1.4 B 0.00 60000 19.00 0.84 092 4540 520 7.20
C3 61.06 139 A 0.00 60000 18.00 0.95 052 2160 430 020
C4 69.38 155 A 200.00 60000 17.00 052 090 21.00 350 4.60
C5 68.68 218 A 250.00 600.00 15.00 0.57 089 1580 450 490
D1 64.05 092 A 200.00 60000 17.00 0.72 093 4720 260 3.40
Average 64.74
SD 4.14
MMC-corrected
cif 78.69 098 B* 250.00 60000 15.00 044 091 3220 NA NA
C2 56.22 1.77 A* 0.00 60000 19.00 0.81 092 2370 NA NA
C3 60.93 1.77 A* 0.00 60000 18.00 0.93 051 1660 NA NA
C4 63.53 1.64 A* 0.00 60000 19.00 0.89 084 2890 NA NA
C5 59.12 1.89 A* 0.00 575.00 18.00 0.89 0.88 2470 NA NA
D1 57.76 0.83 A* 0.00 52500 16.00 0.71 091 4520 NA NA
Average 59.51
SD 2.84

Average palaeointensity estimate and standard deviation are calculated for class A and B samples. Class C is unsuccessful.* indicates the
class after magnetomineral change (MMC) correction (Valet er al 1996).

rSi,g|'u'ﬁ(:a|1|:];.f higher PI value. Not used in average and standard deviation (SD) calculation; N, is the number of successive points in linear
fragment; f, is the fraction of NRM; g, is the gap factor; g, is the quality factor; d (pal), is the mtio of uncorrected o corrected archaeointensity
nomnalized to the uncorrected value; d(ck), is the difference between pTRM-check and related pTRM acquisition normalized to TRM.
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Table 2. Archaeointensity results for the high-temperature component (pM1) presumably acquired at the time

of manufacture in Scotland

Brick Sample H SD Class  Thnin Torix N F g q d d
(uT) tC) O (pal)  (ck)
FBW-1  Regular
Ad4-pM1 17.18 311 C 440 580 6 022 065 08 81 827
C4-pM1 24.26 609 C 525 600 4 016 049 03 65 28
MMC-corrected
A4-pM1 31,39 125 c* 440 580 6 015 057 02 NA NA
C4-pM1 31.07 1408 C* 525 600 4 014 056 02 NA NA
FBW-2  Regular
Bi1-pM1  50.19 438 C 400 575 8 052 072 43 464 355
B2-pM1 37.67 252 C 450 600 7 025 079 29 594 28.8
Cl1-pM1 37.76 231 C 425 575 7 023 076 29 33 19.1
C2-pM1 30.28 1.99 C 450 600 7 025 081 3.1 592 32
FBW-2  MMC-corrected
Bl-pM1  54.71 81 B* 400 600 9 098 077 51 NA NA
B2-pM1  48.52 3.07 B* 450 600 7 059 08 7.5 NA NA
Cl-pM1  44.98 362 C* 425 575 7 02 079 2 NA NA
C2-pM1 39.99 264 A* 450 600 7 06 082 74 NA NA
Average  47.74
SD 7.39

Average palacointensity estimate and standard deviation are calculated for class A and B samples. Class C is unsuccessful. *indicates class

after magnetomineral change (MMC) correction (Valet ef al. 1996).

N, is the number of successive points in linear fragment; f, is the fraction of NRM; g, is the gap factor; g, is the quality factor; d(pal), is the
ratio of uncomected to corrected archacointensity normalized to the uncorrected value; d(ck), is the difference between pTRM-check and

related pTRM acquisition normalized to TRM.

using the equation: 100 x (pTRMrl — pTRMr2)/
pTRMrl. The sample with the least alteration
per brick is used to calculate the cooling-rate correc-
tion factor using the equation: 100 x (pTRMrl +
pTRMr2)/2 /pTRMs).

The firebricks FBW-1 and FBW-2 have two vec-
tor components of magnetization on one of their
sides (Lisé-Pronovost ef al. 2016). An archaeointen-
sity estimate can be calculated for each component
following the two-step method of Yu & Dunlop
(2002) (Fig. 2). The first step is to identify the remag-
netization temperature (7%) at the vector junction.
The second step is to subtract the high-temperature
vector pM1 from the low-temperature vector M2.
pM1 is the vector remaining from the initial M1
(acquired during brick manufacture) after a subse-
quent heating to 7. pM 1 is subtracted from each fol-
lowing the thermal demagnetization step (7; < T*)
to obtain adjusted M2 values (M2*). This allows
two separate Arai plots and palaeointensity estimates
per sample (pM1 and M2¥: Fig. 3).

Results

Magnetic mineral assemblage

The magnetic mineralogy of samples from brick
FBG are relatively uniform and are characterized

-1

by an average y value of 229 x 10~* m’ kg
Wasp-waisted hysteresis loops (Fig. 4a) indicate
the presence of at least two contrasting coercivities.
The high-coercivity portion is reflected by about
40% of the NRM remaining after alternating
field demagnetization at 80 mT (Fig. 4c). Thermal
demagnetization of the FBG subsamples shows
that the main remanence unblocks at between 560
and 580°C (and up to 600°C), indicating that phases
of magnetite or oxidized magnetite dominate the
NRM (Fig. 4b). A minor portion of NRM remains
until ¢. 660-680°C, which is likely to relate to
the high-coercivity mineral hematite, whilst a small
inflection is also observed at lower temperatures of
c. 140-240°C, which possibly relate to Ti-substituted,
oxidized or epsilon iron oxides (Dunlop & Ozdemir
1997; Lopez-Sanchez et al. 2017). The orthogonal
projections are single component and somewhat
noisy (Fig. 5e, ), probably due to their friable texture
that may have slightly altered the directional data.
FBG has a homogenous fabric across the brick,
showing no colour variation (Fig. 2b, d). However,
the reuse of broken bricks with a similar sand temper
to FBW (see details below) can be identified as
distinct clasts within the brick.

Mineral magnetic data from bricks FBW-1
and FBW-2 exhibit greater variability because
each brick comprises two different types of
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Fig. 3. Cartoon of the idealized magnetic vectors in the
firebrick. NRM is the natural remanent magnetization;
M1 is the thermal remanence acquired during the brick
manufacture in Scotland; pM1 is the remaining
high-temperature remanence after a subsequent
lower-temperature heating event M2 in Australia; and
M2* is the adjusted vector used for the Arai plot
palaeointensity estimation. Archaeointensity estimates
can be calculated for pM1 and M2* following the
method of Yu & Dunlop (2002).

material: a darkerinner section and a white outer sec-
tion (Fig. 2b, d). This internal difference is likely to
arise from purposeful non-homogeneous material
being used for the brick manufacture (Douglass &
Oglethorpe 1993). Thin-section observations support
the manufacture details (cf. see the ‘Firebrick manu-
facture’ section) and reveal that the interior of the
FBW bricks has a fine-grained sand temper with a
high proportion of organic charcoal /plant remains
with void spaces created by their buming during
heating. In contrast, the exterior of the brick has a
larger proportion of coarser-grained sand temper
without organics. The light FBW samples have an
average y value of 371 x 107 m® kg~ These val-
ues are comparable in magnitude to those of FBG,
which is composed of similar light fireclays. Also
similar to FBG, the light-coloured exteriors of the
FBW bricks have slightly wasp-waisted hysteresis
loops and higher proportions of NRM remaining
after AF demagnetization at 80 mT, compared
to the dark sections (Fig. 4c). In contrast, the dark
interior sections have a higher average y value
(1314 x 10~* m® kg™"), higher remanence values
(Figs 4a & 5) and pot-bellied hysteresis loops with

very little high-field contribution, indicating the satu-
ration of most minerals in fields of 17T (Fig. 4a).
Thermal demagnetization data show that the main
portion of NRM is removed at 620-660°C for the
dark inner portion, and at a lower unblocking tem-
perature in the outer light portion of 520-560°C,
with a significant drop in remanence occurring at
lower temperatures (terminating at ¢. 240-400°C) in
most samples. Magnetomineralogical alteration dur-
ing heating is observed in some samples to varying
degrees at temperatures ranging from 200 to 700°C
(Fig. 5). There is no apparent link between the mag-
netic mineralogy of a sample and its single- or double-
vector component (Fig. 5), suggesting that it relates
to brick usage in the iron foundry and not the mag-
netic mineralogy (Lisé-Pronovost ef al. 2016).

Given the complex mineralogy of the FBW
bricks, FORC analysis (FORCinel: Harrison & Fein-
berg 2008) and back-curve unmixing (MaxUnmix:
Maxbauer et al. 2016) were conducted (Fig. 6).
Four magnetic mineral components were identified:
low (C1), intermediate (C2 and C3) and high (C4)
coercivities (Fig. 6). There are two main differences
between the dark and light portions. The first is an
additional contribution of intermediate coercivity
C3 in the dark inner portion (proportion of 46% for
FBW-2 dark), which is absent in the light portion.
The second is the greater proportion of the high
magnetic coercivity component C4 in the light
outer portion (proportion of 18% in FBW-2
light and 1% in FBW-2 dark: Fig. 6b). The FORC
diagrams of both the light and dark portions are, nev-
ertheless, similar, and include a prominent single to
vortex domain (SD) signature with closed contours
distributed along the central ridge and a negative
feature along the Bu axis (Roberts er al. 2014).
These are likely to relate to the dominant intermedi-
ate coercivity components (C2 and C3: Fig. 6) and
indicate excellent magnetic remanence recorders.
The lowest coercivity C1 (9 mT for a dark subsam-
ple; 28 mT for a light subsample) must reflect a
smaller proportion of finer magnetic grains given
the central ridge's intersection with the Bu axis
(as opposed to MD grains, which spread along the
Bu axis: Roberts er al. 2014).

Archaeointensity

The archaeointensity results for the low-temperature
vector M2 (Fig. 3) acquired in Melbourne are
reported in Table 1. The majority of samples are
class A, except for three samples identified by
ThellierTool default criteria to have undergone
magnetomineralogical alteration during heating
(FBW-1-A-M2, class B:; FBG-C1, class C;
FBG-C2, class B). Only one of the 18 samples is
of class C (unsuccessful), which represents a success
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Fig. 4. Magnetic mineralogy of the firebricks. Representative (a) hysteresis loops (grey) and corrected for high-field
contribution (black), (b) thermal demagnetization plots with magnetic susceptibility measured after each heating step
and (c) stepwise altemnating field demagnetization plots.

rate of 94%. The class C sample from the exterior of
FBG-C1 has distinctively higher magnetic suscepti-
bility and archaeointensity values (78.06 uT). An
iron slag stain visible on the sample is likely to

account for this higher value and was therefore
excluded from the average calculations. The average
regular archaeointensity values per brick are 62.46
+ 2.11 uT (FBW-1: six samples), 68.7 + 6.22 uT
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Fig. 6. Magnetic mineral difference between the dark (inner) and light (outer) part of the firebricks FBW-1 and

FBW-2 (same sample as in Fig. 4a ‘FBW-2 dark’ and

‘FBW-2 light’). Back-curve coercivity unmix components

(MaxUnumix: Maxbauer et al. 2016) and first-order reversal curve diagram (FORCinel: Harrison & Feinberg 2008)
for representative samples of (a) the dark (inner) part and (b) the light (outer) part.

(FBW-2: six samples) and 64.74 + 4.14 uT (FBG:
five samples). The magnetic mineralogy of the bricks
indicates no multidomain particles (Fig. 6), which
fulfills the fundamental criteria for applying the mag-
netomineralogical change (MMC) correction built
into the ThellierTool (Valet er al. 1996; Leonhardt
et al. 2004b). Applying the correction of Valet
et al. (1996) upgrades the aforementioned samples
that underwent magnetomineralogical changes to
classes B and A (e.g. FBG-C2: Fig. 7c). Applying
the correction to all samples returns slightly higher
standard deviations of archaeointensity estimates
per sample but a more precise archaeointensity esti-
mate (lower standard deviation) per brick (Tables 1
and 2). This ameliorated precision possibly relates
to the complex magnetic mineralogy and the variable
alterations that occurs within one brick (Fig. 6), as
also indicated by the d(pal) and d(CK) values often
being near the cutoff values for class A (5, 5) and
B (7, 10) (Table 1). The correction is thus considered

to advantageously account for subtle magnetomi-
neralogical changes within a brick and to provide
more precise archaeointensity estimates per brick.
The average MMC-corrected archaeointensity values
are 61.81 + 0.84 uT (FBW-1: six samples), 70.35 +
4,62 uT (FBW-2: six samples) and 59.51 + 2.84 uT
(FBG: five samples) (Table 1; Fig. 8). The magne-
tic anisotropy (ATRM) and cooling-rate (cool)-
corrected archaeointensity values for the experi-
ments at 350°C are presented in Table 3 and
Figure 8. The 350°C experiment is selected because
of a sufficient NRM fraction (average 50 + 14%,
ranging from 30 to 82%) and negligible alteration
(<3%). The average anisotropy correction factor
(ATRM)is 1.01 + 0.05 and the cooling-rate correc-
tion factors are 0.99 (FBW-1), 1.01 (FBW-2)
and 0.99 (FBG) (Table 3). We note that the ATRM
measurements were performed after palaeointen-
sity experiments during which some magne-
tomineralogical changes have occurred. Thus,
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Fig. 8. Archaeointensity results per firebrick. The average archaeointensity value and standard deviation are shown
before (regular: open symbol) and after corrections (corrected: in red), as well as for each individual correction,
including the magnetomineralogical change (MMC), magnetic anisotropy (ATRM), and cooling-rate (cool)
comrections. The horizontal lines indicate the average field intensity for East Lothian (48.79 pT) and Melboume
(61.02 uT) for the period 1842-1864 (gufm] model: Jackson et al. 2000; https://www.ngde.noaa.gov/ geomag-web /
Imodel=igrf#igrfwmm). Each brick has a vector component M2 acquired in Australia, and FBW-2 also has a vector
component pM1 presumably acquired in Scotland. Note that the ATRM and cool comections of FBW-2 pM1 are
calculated from the MMC-corrected archaeointensity because the regular archaeointensities are class C (cf. Table 2).

magnetomineralogical changes may have impacted
the anisotropy pre- and post-archaeointensity exper-
iment. Nevertheless, the ATRM results for the fresh
FBW samples are not distinct from the post-
archaeointensity experiment samples, and observa-
tions of the bricks fabric from thin-section imaging
(Fig. 2) indicate no visible preferred orientation.
The average full-corrected archaeointensity values
for MMC, ATRM and cool are 61.45 + 0.89 pT
(FBW-1: six samples), 70.43 + 5.81 pT (FBW-2:
six samples) and 61.92 + 6.84 uT (FBG: five sam-
ples) (Table 3; Fig. 8). The archaeointensity values
before and after corrections for FBW-1 and FBG
overlap within uncertainties. The values before and
after corrections also overlap for brick FBW-2; how-
ever, it has a higher average archaeointensity and
standard deviation than the two other bricks.

The archaeointensity experiment results for the
high-temperature vectors pM1 (Fig. 3) presumably
acquired in Scotland are reported in Table 2. They
are all class C and do not provide reliable archaeoin-
tensity estimates because of the small remanence
fraction (f: Table 2) and magnetomineralogical
alteration at high temperatures (d(pal) and d(CK):
Table 2). However, applying the correction of
Valet et al. (1996) upgrades three out of the four
samples from brick FBW-2 to classes A and B, and
an archaeointensity of 47.74 + 7.39 uT is estimated
(Table 2; Fig. 7). Three samples out of six represent
a success rate of 50%. The archaeointensity value
after anisotropy and cooling-rate corrections is
48.30 + 8.39 uT (Table 3; Fig. 8).

Discussion

Local magnetic field contamination and
insights into brick use

Despite FBW-1 and FBW-2 having the same manu-
facture history and magnetic mineralogy (Figs 4-6),
brick FBW-2 has a higher average archaeointensity
and larger standard deviation than the other bricks
and the expected value for Australia during this
period (61.17 + 0.078 pT: Fig. 8). Furthermore,
FBW-2 has a cross-brick transect from low to high
archaeointensities (c. 65 puT on one side for samples
C4 and C5 to =73 uT on the other side for samples
B1 and Cl: Table 1). The magnetic analysis revealed
no such trend in magnetic mineralogy, and the archae-
ointensity experiments are of the highest quality
(class A: Table 1). Therefore, FBW-2 was likely to
have been exposed to a contaminating magnetic
field in the iron foundry at the time it last cooled
down (e.g. fields produced via ironworking). If
this were the case, then it can be further inferred
that the source of magnetic field bias was located
on the side of FBW-2 exposed to relatively lower
temperatures: for example, higher archaeointensities
are recorded on the side with double-vector com-
ponents. These results highlight potential issues of
contamination by non-Earth magnetic fields at
archaeometallurgical sites, and further demonstrate
the potential for using such magnetic analyses to
help understand the context in which artefacts
were used.

Fig. 7. Orthogonal projection and Arai plot for representative samples of bricks (a) FBW-1 with double-vector
components M2 and pM1, (b) FBW-2 with double-vector components M2 and pM1, and (c) FBG with a
single-component M2. The regular and MMC-corrected Arai plot and associated relative paleaointensity estimates are

shown (ThellierTool: Leonhardt et al. 2004a).
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Table 3. Archaeointensity results for successful specimens (classes A and B after MMC correction)

A. LISE-PRONOVOST ET AL

Brick Sample

Archaeointensity (pT)

Regular MMC-comected FATRM  ATRM-comected cool-corrected Corrected

FBW-1 Al 61.92 61.46
A4-M2 66.41 61.50
C4-M2 63.13 63.22
C5 61.16 60.70
D4 61.49 62.15
D5 60.63 61.83
Average  62.46 61.81
SD 21 0.84
FBW-2 B1-M2 75.46 73.94
B2-M2 72.02 74.19
C1-M2 73.50 74.70
C2-M2 68.41 69.47
C4 59.56 64.46
C5 63.23 65.36
Average  68.70 70.35
SD 6.22 4.62
B1-pM1 NA 54.71
B2-pM1 NA 48.52
C2-pM1 NA 39.99
Average 47.74
SD 7.39
FBG Ciz NA 78.69
C2 60.55 56.22
C3 61.06 60.93
Cc4 69.38 63.53
C5 68.68 59.12
D1 64.05 57.76
Average 04.74 59.51
SD 4.14 2.84

1.00 61.73 61.30 60.66
1.01 67.07 65.75 61.49
1.00 62.88 62.50 62.34
1.03 63.18 60.55 62.08
1.01 61.98 60.88 62.02
0.98 59.54 60.02 60.11
62.73 61.83 6145

2,48 2.09 0.89

1.028 77.57 76.44 77.00
0.981 70.65 72.96 73.73
0.978 71.88 74.46 74.01
0.991 67.79 69.30 69.74
0.932 55.51 60.33 60.86
1.016 64.24 64.05 67.27
67.94 69.59 7043

7.54 6.30 581

1.028 56.24 55.26 56.80
0.981 47.60 49.01 48.07
0.991 39.63 40.39 40.03
47.82 48.22 48.30

8.31 746 8.39

0.998 NA NA 78.06
1.069 64.73 60.19 59.74
1.110 67.78 60.69 67.23
1.113 77.22 68.96 70.28
1.007 69.16 68.27 59.18
0.926 59.31 63.67 53.16
67.64 64.36 61.92

6.56 4.12 6.84

The archaeointensity value is provided for all corrections combined (comected), and for each comection individually, including the magneto-
mineral change (MMC), the anisotropy of thermal remanent magnetization (ATRM) and the cooling-rate (cool) corrections. FATRM is the

comection factor for anisotropy of the thermoremanent magnetization.

*Significantly higher PI value. Not used in the average and standard deviation (SD) cakulations.

Potential for artefact sourcing using
archaeointensities

Another result with potential applications in archae-
ology is the double archaeointensity record held by
the firebricks (Figs 3 & 5). Despite poorly defined
archaeointensities in the high-temperature compo-
nent pM1 because of the small remanence fraction
left and the more frequent alterations at high temper-
atures (Figs 4, 5 & 7), an average archaeointensity
of 48.3 4+ 8.39 uT was calculated for class A and
B samples of FBW-2 after corrections for magneto-
mineralogical changes, magnetic anisotropy and
cooling rate (three samples: Table 2). This result is
significantly lower than the historical field intensity
in Melbourne and is consistent with the firebrick’s
manufacture in East Lothian, Scotland, where the
magnetic field intensity is 48.62 pT for the period

1860-64 (according to the gufml model: https://
www.ngdc.noaa.gov/geomag/calculators /magcalc.
shtml?model=igrf#igrfwmm), this brick having
been produced post-1860 and used prior to 1864.
This value is also consistent with archaeointensity
values (48.8 + 1.10 uT) for 1800-70 burnt sand-
stone from the Bolsterstone glassworks near Shef-
field in the UK (Suttie 2010). Whilst in the current
study the brick stamps clearly confirm their place
of origin, in many cases the original provenance
of archaeological materials is not clearly known,
requiring sourcing analyses such as via X-ray fluo-
rescence. For the archaeointensity-based method to
be useful, the item in question needs to have acquired
and preserved a TRM at its place of origin. If any sec-
ondary heating took place post-import, such as the
present firebrick sample, the temperatures experi-
enced must be low enough not to have completely
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Fig. 9. Firebricks FBW-1 and FBG palaeointensity
result and Melbourne observatory data compared with
the model gufml (Jackson et al. 2000). Data from the
observatory are represented by dashed lines for the
monthly average and a symbol with error bars for the
average value.

overprinted the original TRM. Such factors need to
be taken into account when sampling: for example,
being sure to take bricks away from the main source
of secondary heat. A similar principle has been used
to identify heat-treated silcrete stone artefacts in the
archeological record stretching back to at least
72 ka (Brown ef al. 2009). A further requirement is
that past field intensities in the two locations must
be known and unambiguously different (e.g. present-
day South Africa at ¢. 25-29 uT and Victoria,
Australia at ¢. 59-60 uT).

Archaeointensity and magnetic observatory
data in Melbourne

The firebricks FBW-1 and FBG provide archaeoin-
tensity results that overlap with the gufm1 historical
model for Australia over the period 1842-64, based
on mariners’ data (Jackson er al 2000) (Fig. 8;
Table 1). The Melbourne archaeointensity data also
overlap with the Melbourne magnetic observatory
data (Fig. 9). There is a close fit in age and intensity
between the archaeointensity from FBW-1 (1860-
64: 6145 + 0.89uT) and the direct monthly
measurement averaged over 5 years (from January
1858 to February 1863: 61.17 + 0.078 uT). Fig-
ure 10 presents the Melbourne archaeointensity
data in the context of the available SE Australia
late Holocene data (last 3 ka) and model outputs
for Melbourne in the GEOMAGIA database. Models
CALS3k4 and SED3k.1 are based on the gufml
model for the last 400 years and thus return a good
fit (Fig. 10). In contrast, the models that are
not constrained by gufml overestimate (pfm9k:
Nilsson et al. 2014) or underestimate (HFM.O-
L1.AL1: Panovska et al. 2015; Constable er al.
2016) mid-nineteenth-century palaeointensity in
Melbourne. While HFM.OL1.AL1 underestimates
the historical gufm1 model, it plots within the uncer-
tainty of FBG (1842-64: 61.92 + 6.84 uT). The
poorly defined centennial- to millennial-scale mag-
netic field variability in SE Australia is further
reflected by model outputs differing by up to 12 pT
with an average difference of 6.1 + 2.4 uT (over
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Fig. 10. The firebrick archaeointensity data from Melbourne compared to geomagnetic field models outputs for
Melbourne (SED3k.1, Korte et al. 2009; CALS3k .4, Korte & Constable 201 1; pfm9k, Nilsson et al. 2014;
HFM.OLI.ALLI, Panovska et al. 2015; Constable et al. 2016) and the available Australian archaeointensity data
(Barbetti ef al. 1983) in the GEOMAGIA database (Brown et al. 2015). The lower panel is the intensity difference

between models outputs for the period —800 to 1900 CE.
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the period —800 to 1900 CE: Fig. 10), large scatter,
and large age and intensity uncertainties of the
archaecomagnetic dataset (up to +292 years and
=+ 8.8 uT) (Fig. 10). The closest palaeointensity out-
side Australia during the nineteenth century is also
consistent with this study and is from the North
Island of New Zealand, where the Tarawera basalt
dyke (38.22° §, 176.52° E) from the 1886 CE erup-
tion provides a palaeointensity value of 629 +
5.7 uT (Tanaka et al. 2009). The new Melbourne
archaeointensity data are the most precisely dated
archaesomagnetic data in Australia, with an age
uncertainty of +2 and +9 years for FBW-1 and
FBQG, respectively (Fig. 10).

Conclusion

The first historical archacomagnetic intensity
study in Australia was conducted on well-dated
mid-nineteenth-century Scottish firebricks. The
three studied bricks (FBW-1, FBW-2 and FBG)
have a high (94%) archaeointensity experiment suc-
cess rate, and two bricks (FBW-1 and FBG) provide
archaeointensities in agreement with absolute mag-
netic field intensity measurements performed at the
same time and place, and with the historical model
gufml (Jackson et al. 2000). More palacomagnetic
and archacomagnetic data of this type are required
from Australia to document the regional magnetic
field behaviour in this under-documented region of
the globe. The two bricks from the same manufac-
turer ‘John Grieve Bank Park Firebrick Works’
(FBW-1 and (FBW -2) have a similar magnetic min-
eralogy and were apparently exposed to lower tem-
peratures than the third brick (FBG) because they
retain a high-temperature magnetic vector compo-
nent (pM1), presumably acquired during the initial
firing fabrication in Scotland. Despite a low (50%)
success rate, the pM1 archaeointensity is in agree-
ment with the magnetic field in Scotland at the
time. This methodology has the potential to answer
questions about the origin of other fired technology
where there are questions over whether it was man-
ufactured locally or imported. Finally, one brick
(FBW-2) overestimates the expected field values
for Australia, suggesting brick usage in the iron
foundry somewhere near a local magnetic field at
the time of the brick’s last cooling. This work dem-
onstrates the potential of using archaeointensity
methods for artefact sourcing and artefact usage
investigations; a good addition to the toolkit of
magnetic sourcing techniques for archaeology (e.g.
Frahm & Feinberg 2013).
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