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The applications of analytic signal method in aegflagical investigations of
part of Lejja pre-historic site, south-eastern Mge

Abstract

The attempt to properly date the iron-age Lejja site has been the concern of some archaeologists for the past
few decades. The latest archaeological investigations of the area revealed that artefacts could be found at
depths below one metre. Excavation of such completely concealed features may involve wild-cat digging
which is prohibited at most locations in the community. To avoid discontinuity of the research resulting from
environmental restrictions, we have adopted a more environmentally friendly approach; that is, geophysical
mapping of the artefacts before excavation. Archaeo-magnetic data was acquired on regular 1 by 1 metre grid
covering a total area of 2400 sguare metre using proton precession magnetometer (Geometrics model G-
856AX). The analytic signal software used for inversion of the field data was first validated using synthetic
data obtained from Rao and Babu model. The result revealed presence of some archaeological features,
perhaps, a prehistoric iron smelting furnace and a mound nearby, both remaining in-situ and buried at same
depth of 1.76 metres. Also revealed were two other smaller features which were most like iron smelting slag
blocks buried at depths of 1.2 and 1.56 metres. However, permission was not granted for excavations that
were needed to confirm the above results.

Key words: Iron-age, artefacts, excavation, analsignal, inversion, model.

Introduction
Ejuona site is an integral part of Lejja archaeimlabsite, a well known prehistoric iron smeltirigesn south-
eastern Nigeria (Anozie, 1979; 1983; Okafor, 1983e-Uzomaka, 2006). Eze-Uzomaka (2009) who dated
Lejja site as earlier than 2000 B.C. emphasizednéned for intense archaeological research in tha &
recover more dates and clarify some claims abaubtlgin of the iron smelting technology in the ssdharan
Africa (Shinnie, 1985; ; 2003; Chami, 2007). The earlier excavations thate done in other parts of
Lejja made use of exposure of the outlines of thefacts, particularly furnaces, caused by erosiots
(Anozie, 1979; Eze-Uzomaka, 2009). Since a largabar of such features are more deeply buried and ma
not be noticeable on the surface due to sedimentatihat occurred over the centuries, their exdavatan
only be done through wild-cat digging which may ooty face environmental restrictions but may iweol
futile labour and damages to the cultural featuregond repair. It is therefore advisable thatlevhinis
scientific method of tracing human history is vexgsential, it must be applied very selectively.ofugon to
such problem may be an application of a more enuientally friendly approach (the use of geophysical
methods) prior to excavations (Clark, 1990; Tsakad Papazachos, 1992; Osellal., 2005; Martincet al.,
2006; ). The geophysical methods are mostly applied ahaeology to define the plan locations
and depths of the artefacts. Prominent among suethods is the magnetic method using analytic signa
technique.

Analytic signal method is one of the varieties oéthods of interpretations that are based on theotfise
derivatives of the magnetic anomalies to deterntagsative source parameters such as boundaries, pla
locations and depths (Thompson, 1982; Vakeal., 2004; Salem, 2005). The method does not require
knowledge of the direction of magnetisation anddfae it is useful in cases of remanent magnétisatlt is
applicable in all regions of the world, but mostpmntant at low magnetic latitudes such as EjuonjgalLe
(latitude of about $43") where reduction to the pole technique cadosalbe applicable due to the increase in
the complexity of anomalies from the subsurfaces®sicaused by the vector nature of the magnedlit. frhe
amplitude of the 3-D analytic signal of the totahgnetic field displays maxima over magnetic comstact
regardless of the direction of magnetisation, drateffore can be used to trace the outlines and etenthe
depths of magnetic bodies in the prehistoric irareling site. The study was aimed at using theildeta
magnetic data to determine the spatial locationangf existing artefacts in Ejuona by deploying amalytic
signal method. In order to properly interpret thal magnetic data, the purchased software wasvétglated
using synthetic examples. The synthetic data wenerated using Rao and Babu Algorithm.
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Materials and methods
A brief review of the analytic signal method is ded for understanding of its applicability in the
archaeological site. The 3-D analytic sighalvas given by Nabighian (1984) for a potential fialtomaly M

as

(M. M. M .

A=| —4 +—a, +i—34a, 1)
ox ay ’ oz

where éx,éy and éz are unit vectors in the ox, oy and oz directiof®estet al. (1992) showed that the

amplitude of the 3-D analytic signal at locatioryjcan be expressed

as
2 2
M) (oM oM
A%, Y)| = + + , 2)
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where 6_ anda— are the horizontal gradients, aﬁgl— is the vertical gradient of the total magnetiddie
X y z
The analytic signal amplitudes can be easily coegbutith commonly available computer software. tdev
to utilize this advantage in locating concealed natig sources, Nabighian (1972) derived the ratstiip
between 2-D analytic signal amplitudes and spé#diedtions of magnetic sources.  Such relationsiags
given by MacLeod et al. (1993) for the amplitudetaf analytic signal over 2-D magnetic contactegitd h as

- a
AX) (o] 3)
Also given for magnetic sheet (or dike) and cylindespectively are
A =0 (4)
(h2+x2)
and |A(X)| = W (5)

where X is the distance along the profile arnthe amplitude factor) is given by
a = 2M sind(l - cos’(1)sin(D)), (6)

where M is the strength of magnetisation (samegastéon 1), d is the dip of the magnetic sourcis, the
inclination of the magnetisation vector and D is tlirection of magnetisation.

MacLeod et al. (1993) have emphasized the depegderbhe shape of the analytic signal on depth laane
stated that the depth to the top of magnetic ssuce@ be determined from the shape of the anaigical
anomaly. The authors then gave the relationshiywd®n depth (h) and the widtk, »f the anomaly at half the
maximum amplitude from equations (3), (4) and &uaed by Atchutat al. (1981) and Roest al. (1992).
The equations are:

% = 3.46h, @)
and %= 1.533h 9)

for magnetic contact, dike and cylinder respectivel

In the analytic signal technique, it is typicallgsamed that the causative sources are near-vesteghlike
geologic structures (Nabighian, 1972; Roaisil., 1992; Hswet al., 1996), in which case, the analytic signal
maxima are located directly over the edges of thewires. The technique has been shown to betefein
interpreting subsurface magnetic contacts (Nabighi®72, 1974; MacLeosdt al., 1993; Hsuet al., 1998).
That is, the signal amplitudes exhibit maxima osentacts, and thus, can be used to trace the ewifimny
magnetic body provided source-sensor separatismadl (Wijnset al., 2005). Contact models can therefore
be used to approximate most of the very near-sarfiictures that are encountered in archaeologivel
engineering surveys.
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Application of synthetic data
A moderate size site of 40 m by 60 m, same as iteechosen at Ejuona, was used as a model for the
generation of the synthetic data. In order teegivgood trial to the methods of surface locatiod depth
determinations, four discrete sources with voluimetsveen 0.25 fand 1.12 mwere assumed with assumed
other source parameters such as susceptibility .65, 0various inclinations and declinations of the
magnetisation vector and depth of the sources. ORTRAN program, based on Rao and Babu (1991)
algorithm, was written using the above paramet@€eble 1) and others to generate the synthetic ntagne
anomalies. The results obtained were gridded antbaced (Figure 1) so as to view the anomaly patt€he
plan view of the source was also superimposed enmhgnetic anomaly map so as to assess the proper
positioning of the anomaly relative to the source.

Table 1 Magnetic source parameters for 4-body fsode

SIN a a h b h h Gy susc

1 250 255 150 155 10 20 -100 -100 005
2 100 110 300 31.0.01 3.0 00 00 .0®

3 350 357 250 258.01 3.0 00 50 .0®

4 | 480 490 180 190.01 20 80 00 09.

Note & & b, by, hy and hare distances in metresrresponding with those in Figure %, d,
and susc are inclination and dedlimabf magnetisation vector and susceptibility exgjvely.
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Fig. 1: Calculated magnetic anomalies superimposeitheir sources

In the attempt to access the performance of thpgsed technique in recovering the model plan looatand
depths, the synthetic magnetic anomalies were foemed using the analytic signal technique. Thalyit

signal amplitudes needed to compute the sourcésleydre obtained by drawing the profiles P-1 to &#bss
the analytic signal anomalies (Figure 2) and theldutles were obtained using the Golden softwanefdr)

digitizing facilities. Different orientations ohé profiles were used to access the effect of lprdfrections on
the computed depths. The depths to top of theetnsmlirces were calculated using equation 7 (fotam
model), where Atchuta Ra al. (1981), Roestt al. (1992) and MacLeoed al. (1993) defined the,yas width
of the analytic signal at half the maximum ampld@udlhe plan locations of the sources were alsaiéd by
scanning the centre of each analytic signal anorfaiythe point of maximum amplitude using therfer

facilities. The results obtained are shown in €ahl
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Fig. 2: Mapping the plan locations of the model netie

sources using analytic signal method

Table 2 Results of the inversion of the syntheéita

Anomaly x(m) y(m) Depth(m)

Number | Model Calc %Errorl Model Calc  %Errof Model Calc %Error
1 25.25 25.90 +£2.50| 15.25 15.38 +0.85 1.00 0.95 +5.00
2 10.50 11.00 4.55| 30.50 30.69 0.62 1.00 1.06 +6.00
3 35.35 36.42 +2.94| 2540 25.48 +0.31 1.00 1.03 +3.00
4 4850 49.02 +#1.10| 18.50 19.13 +3.30/ 1.00 1.05 +5.00

Field example
Acquiring the magnetic total field data involved kitay a grid consisting of a series of measuremeirttp
equally spaced along a series of parallel linese lihes were positioned so as to form a squack grhis type
of survey design was used to ensure that the me@asumt points defined a grid that sampled the magfietd
strength at a uniform spatial density. A base@tatvas also established to make provision for méigrdata
reduction. The magnetic total field data were thequired on a regular 1 x 1 metre grid coveringtal area
of 40 by 60 square metres in Ejuona village in &ejrchaeological site, south-eastern Nigeria. Aqgoro
precession magnetometer (Geometrics’ model G-856MKh resolution of 0.1 nT was deployed with
magnetic sensor height fixed at 30 cm above thargtcurface.

The acquired magnetic total field data were redugsdg the single-step technique of Ogah and L#26@i2),
and contoured to visualise the anomaly patternufeigd). The residual field were then transformegd b
computing the analytic signal amplitudes (Figurdrdin which the analytic signal shapes obtainedewesed
to calculate the depths to the magnetic sourcesh(Aaet al., 1981; Roestt al., 1992 ). The surface location
of each magnetic source was determined by scanh@gentre of its analytic signal anomaly for aipms of
maximum amplitude using tteerfer facilities. The results obtained are displayedatle 3.
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Fig. 3 Residual anomaly of Ejuona data
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Fig. 4 Analytic signal amplitudes of Ejuona magnetic data

Table 3 Magnetic source locations in Ejuona vilag

Anomaly X y depth error dist. across
number (m) (m) (m) +(m) anomaly(m)
1 1.10 26.98 1.76 0.24 6.60
2 3.44 35.42 1.76 0.24 3.07
3 8.54 36.03 1.20 0.08 1.92
4 44.69 39.79 1.56 0.21 1.27
Discussions

The inversion of the synthetic data revealed theinmal error limits of £0.31 to +4.55 percent in thedel
surface locations, and £3.00 to +5.00 percent @ tfodel depths of burial of the magnetic sourdegs t
validating the software in interpreting real arablagical magnetic data. The inversion of the rdata
revealed that the north-western part of the stugyg,aan area of about 12 m by 20 m, was a major iro
smelting activity area. The major analytic sigaabmalies (labelled 1 to 3) are noticeable in sinnall area.
The fourth major anomaly (labelled 4) can be foimi$olation at the extreme north of the study area
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In order to gain proper understanding of the site,archaeo-magnetic field of Figure 3 was upwanttioued

by 0.5 m (Figure 5). The effects of the very nsanface features which are unlikely to be of arokagical
interest were filtered out, revealing the anomalguence depicted in the major activity area eanfientioned.
The sequence begins with an anomaly having pogitite to the south (arrow 1) followed by a negafrode

to the north (arrow 2). This order was repeatethéaiiately towards the north as indicated by thevesr3 and

4 of Figure 5. In this area of study with geomdignfield inclination of about -1 the above sequence is an
indication of the presence of sources of magnétld that have positive susceptibility contrastthwiheir host
soils (Godio and Torino, 2005; Foss and McKenzi¥)9. Therefore the analytic signal anomaly (nerat

2) in Figure 4 appears to be the most archaeolhgicgeresting one in this study area. The repudtdicts the
two separate sources numbered 2 and 3. The esoliece, whose centre has the coordinates (3.423%as

a diameter of about 3 metres, analytic signal #&og# of 56.11 nTr and is buried at a depth of about 1.76
metres (Table 3). Immediately to the east of ihithe source labelled 3 with the plan positio(i8a54,36.03).

It has analytic signal amplitude of 59.03 nfna diameter of about 1.92 metres and buried a¢@nndepth of
about 1.20 metres. The grey colour background U@, Figure 4) close to the latter source shows that i
was not fired in situ, but perhaps, a repositioined smelting slag block which is suspected to Ipealuct of

a nearby smelting activity. Based on the aboveaes and the predictions of Eze-Uzomaka (2009), the
magnetic source at location 2 (Figure 4) is regdrdg a large iron smelting furnace with surfaceation,
(3.44,35.42) in metres, and buried at depth of Iri&dres. The wide-looking diameter of such furnée
metres) may be due to long period of firing.

The second major anomaly (labelled 1 in Figure g)an elongated, very high amplitude anomaly.
Unfortunately, the full size could not be recoverddhis problem was noticed at the trial contouriiuging the
field work, but an attempt to recover the wholemhaf the anomaly would mean extending the magnetic
profiles to cover a nearby main road which was pussible due to vehicular and pedestrian movemeltts.
displays higher analytic signal amplitude (125.69n1) than the sources at locations 2 and 3 (Figurewd,
occupies an estimated area of about 85mth the assumption that about 66% of it has beapped. It can
therefore be inferred from the analytic signal tethat it is a mound, made up of debris such aallssize slag
blocks, blooms, broken fired clay tools (e.g., t&y¢ charcoal, etc., that were thrown out of tharssy
furnace site and allowed to cool in the ambientngaggnetic field. The sources at locations 3 of Fgtirand
location C of Figure 5 are most likely another r&giponed iron smelting slag block and a bloom retipely.
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Fig. 5 Ejuona data upward continued by 0.5 matrk a

showing only major anomalies: A,Band D.
(Coordinates of the origirf22.75' E, 42.75' N)
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Conclusions

Ejuona village is among the locations popularly Wwnofor pre-historic iron smelting activities in L&
archaeological site. Piles of slag blocks at iflage square confirm this claim, but the iron stimgj furnaces
and other smelting materials are no longer visdtlehe surface. The search for these, using colveht
archaeological techniques has been the concewnod archaeologists for the past few decades (Anie9;
Okafor, 1993; Eze-Uzomaka, 2009). The need folicatons of the modern search tools has been adelyu
discussed under the introduction. One of the $astd most dependable techniques in such sitheis t
magnetic prospecting method. In this study, thegmeic data was inverted using the analytic signal
technique.

The application of analytic signal method to magnééata is similar to reduction to the pole (RTR)qedure
(Hansen and Pawlowski, 1989; Blakely, 1996) in Wwhice anomaly is made to seat directly over itseau
Since RTP is seldom applied at the low magnetitulZs (Silva, 1986; Lawal and Osazuwa, 2004; 2007)
Grant and Dodds (1972) in the development of theQWBAP (software) using fast Fourier transform (FFT)
processing system, achieved a similar result thabi used in MagPick to map subsurface sourcezgFidk,
the processing software used in this study, hasaitibity for interpreting the magnetic data usithg analytic
signal technique. The initial attempt was thedetion of the software using synthetic examples.

The inversion of the real magnetic data at Ejuatiage revealed presence of iron smelting furnacmound
and a slag block at the north-western part of tuelysarea. The results revealed the first twocsehs
remaining in situ at depth of 1.76 metres while ivdwapeared to be a displaced slag was found ctogleet
furnace but at the depth of 1.20 metres below themy surface. The other feature of archaeologtatest
might be a slag block remote from the activity zoat location (44.69,39.79) and at depth of abaG6 1
metres. The above computations would have beee affirmed if integrated techniques were appliddhis
could not be achieved due to logistic problem amdficmation through excavation was also not possihle
to environmental restrictions.

Acknowledgement
We appreciate the sponsorship provided by the Retro Technology Development Fund (PTDF) that led to
successful completion of the project. We also wvislappreciate Lejja community for allowing us aséo
the site investigated.

References
Anozie, F.N. (1979). Early iron technology in Iglzmd (Lejja and Umundu)West African Journal of
Archaeology, 9: 119 — 134.

Anozie, F.N. (1983). Preliminary archaeologicaldéts of early iron smelting in Igboland, south-east
Nigeria in B. Andah, Pierre De Maret, RabSoper (Eds.). The proceedings of theC®ngress of the
Pan-African Association of pre-history asthted studies, Jos, Nigeria; 182 — 185.

Atchuta Rao D., Ram-Babu, H.V., and Sanker Narakavi, (1981). Interpretation of magnetic anomatiae
to dikes: The complex gradient meth@dophysics, 46: 1572 — 1578.

Bann, P. (2003). Archaeology: A definitive guidegrCity Press, San-Francisco.

Blakely, R.J. (1996)Potential Theory in Gravity and Magnetic Applications, Cambridge University Press,
Cambridge. 441 pp.

Chami, F. (2007). Diffusion in the studies of tA&ican Past: Reflection from new archaeologidads.
African archaeological Review, 24 (1-2}8.

Clark, A. (1990)Seeing Beneath the Soil: Prospecting Methods in Archaeology. London B T. Batsford, 160
pp.

Eze-Uzomaka, P.l. (2006) Lejja iron smelting sheproposal for excavation made to the African Areblagy
Network, Kampala, 2006.

Eze-Uzomaka, P.l. (2009). Iron age archaeologyeial. Nigeria.Dimensions of African Archaeology: Sudies
in the African Past, 7: 41-51.



258 Foss, C. and McKenzie, K.B. (2009). Strategies taleh a suite of remanent magnetisation anomaliagelP

259 Presented at tiaustrian Socienty of Exploration Geophysicists (AHEConference held #delaide
260 Februry 2006.

261

262 Godio, A., and Torino, P. (2005). Integrated datacpssing for archaeological magnetic survéies.Leading
263 Edge, 24: 1138 — 1144.

264

265 Grant, F.S. and Dodds, J. (1972). MAGMAP FFT preoes system development notes, Paterson Grant and
266 Watson Limited, 230 pp.

267

268 Hansen, R.O. and Pawlowski, R.S. (1989). Reductmrthe pole at low latitutes by Wiener filtering.
269 Geophysics, 54: 1607 — 1613.

270

271 Hsu, S-K., Coppens, D. and Shyu, C. (1998). Deptinagnetic source using the generalized analygicasi
272 Geophysics, 63: 1947 — 1957.

273

274 Hsu, S-K., Sibuet, J.C. and Shyu, C.T. (1996). Hugolution detection of geologic boundaries from
275 potential-field anomalies: An enhane@dlytic signal techniqu&eophysics, 61: 373 — 386.

276

277 Lawal, K. M. and Osazuwa, |. B. (2004). Reductiorthie pole of the aeromagnetic data of Zaria ameeth
278 central NigeridBollettino di Geofisica Teorica ed Applicata, 45: 89 — 95.

279

280 Lawal, K. M. and Osazuwa, |. B. (2007). A stabitina procedure for the transformation of magnetitadfe
281 Journal of Science, 9: 19 — 28.

282

283 MacLeod, I.N., Jones, K. and Dal, T.F. (1993). 24lalytic signal in the interpretation of total mata field
284 data at low magnetic latitudEsploration Geophysics, 24: 679 — 688.

285

286 Martino, L., Bonomo, N., Lascano, E., Osella, Ad&atto, N. (2006). Electrical and GPR prospectinBalo
287 Blanco archaeological site, north-westrgentina.Geophysics, 71: B193 — B199.

288

289 Nabighian, M. N. (1972). The analytic sigal of tdbnensional magnetic bodies with polygonal crossise:
290 its properties and use for automatiwnaaly interpretationGeophysics, 37: 507 — 517.

291

292 Nabighian, M. N. (1974). Additional comments on #malytic signal of two dimensional magnetic bodigth
293 polygonal cross-sectidaeophysics, 39: 85 - 92.

294

295 Nabighian, M. N. (1984). Towards a three-dimensicmatomatic interpretation of potential field data
296 generalized Hilbert transforms — Fundatal relationsGeophysics, 49: 780 — 786.

297

298 Okafor, E. E. (1993)New evidence on early iron smelting from south-eastern Nigeria. In: Shaw T.; Sinclair
299 P.; Andah B.; and Okoko A. (eds). Hrehaeology of Africa: Food, Metals and Towns. Redge:
300 London, 432 — 448.

301

302 Ogah, AJ. and Lawal, K.M. (2012). Single-step teéghe of magnetic data reductiafournal of emerging
303 trendsin engineering and applied sciences, 3(5): 734 — 739.

304

305 Osella, A., de la Vega, M., and Lascano, E. (20@b).electrical imaging of an archaeological siténgs
306 electrical and electromagnetic meth@#mphysics, 70: G101 — G107.

307

308 Rao, D.B., and Babu, N. R. (1991). A rapid methodthree-dimensional modelling of magnetic anonsalie
309 Geophysics, 56: 1729 — 1737.

310

311 Roest, W. R., Verhoef, J. and Pilkington, M. (1R92agnetic interpretation using the 3-D analytignsl.
312 Geophysics, 57: 116 — 125.

313

314 Salem, A. (2005). Interpretation of magnetic daisg analytic signal derivativesseophysical Prospecting,
315 53: 75 - 82.
316



317

318

319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336

Shinne, P.L. (1985). Iron working in Meroe in Hasal, R. And P. Shinne (Eds.), African iron working,
Norwagean University Press, Norway—23b.

Silva, J.C.B. (1986). Reduction to the pole asraeiise problem and its application to low latit@d®malies.
Geophysics, 51: 369 — 382.

Thompson, D.T. (1982). EULDPH: A new technique foaking computer — assisted depth estimate from
magnetic dat&eophysics, 47: 31 — 37.

Tsokas, G.N., and Papazachos, C.B. (1992). Two+kioeal inversion filters in magnetic prospecting :
Application to the exploration for butiantiquities. Geophysics, 57: 1004-1013.

Vallee, M.A., Keating, P., Smith, R.S. and St-H#giC. (2004). Estimating depth and model type gisire
continuous wavelet transform of magndtta. Geophysics, 69: 191 — 199.

Wijns, C., Perez, C., and Kowalczyk, P. (2005). fAheap: Edge detection in magnetic data (Short Note
Geophysics, 70: L39 — L43.



