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ABSTRACT

Archaeomagnetic records from low-latitude sites are very scarce. Thus, the information
about the geomagnetic field evolution in South America or Ecuador is sparse and more data
are needed to constrain the field evolution in South America. In this study we present new
absolute archaeointensity results from a set of *4C well-dated (i.e. calibrated ages)
prehistoric archaeological sites in northern Ecuador (South America). Potsherd fragments
were sampled during archaeological excavations of 2 earthen mounds in the vicinity of
Atuntaqui and Otavalo cities, and pits at La Chimba site. The pottery covers 2 distinct
archaeological periods defined as 1) Ecuadorian Formative period (700 BC — 1AD) and 2) the
prehistoric Late period (1250-1505/1525 AD). Successful archaeointensity determinations
were obtained from 56 sherds using the Thellier-Coe protocol and their rock magnetic
properties. The absolute palaeointensity determinations have yielded Al values of 43.6 £ 1.3
uT for Atuntaqui, 34.2 + 1.4 T for the Otavalo Mound 3 (lower charcoal lens), 39.5 + 1.4 uT
for Otavalo Mound 3 (upper charcoal lens) and a range of absolute archaeointensities from
7.0£0.97 uT up to 42.2 £ 2.06 uT, with a mean average of 21.20 + 1.15 uT for La Chimba.
Archaeointensity (Al) determinations of the successful mean abolute archaeointensity for
the early phase (700-440BC) excavation levels 27.8 + 1.315 uT, middle levels phase (440-



40BC), 15.07 £ 0.78 uT and the late levels phase (44BC-250AD) 25.52 + 1.575 uT. These
results are in good correlation with the data from Palpa in South Peru as well as a few data
results from Colombia, South America.

1. Introduction

It has been known for several decades that archaeological artifacts can be reliable recorders
of the Earth’s magnetic field behavior in the past (e.g.

). The archaeological baked clays can
generally offer a better temporal and spatial resolution than volcanic rocks, mainly due to
their precise 1*C radiometric dating, and due to the fact that they can be found all around
the world without being limited to volcanic areas. The radiocarbon dating of the pieces of

pottery of northern Ecuador highlands was carried out using charcoal remains, (e.g.
maize, corn, organic food residues, ), as well as pollen and volcanic ash, for
Atuntaqui and Otavalo mounds .The
radiocarbon dating of La Chimba was based on and

where almost 40,000 specimens were recovered during excavations that started in 1972 at
La Chimba site, Pichincha Province, Ecuador. A listing (including weights and counts) of all
remains recovered from the 1989 investigations is provided in , including
diagnostic ceramics. ldentified macrobotanical remains at La Chimba include charred
specimens of small maize cobs and kernels, two types of tubers (potatoes and oca), and
seeds of quinoa, beans, and other unidentified types Potatoes, oca, and quinoa had not
been previously identified in archaeological sites in the northern highlands
Fifteen radiocarbon determinations were obtained from TP-7 and appear to encompass the
complete occupational history of La Chimba. Using absolute dates assigned to all levels
based on a non-quantitatively determined best fit radiocarbon depth-age curve, it appears
that initial occupation occurred sometime around 700 B.C. (2640 B.P. calibrated).
Occupation was apparently continuous until the site was abandoned around A.C. 250 (1700
B.P. calibrated). The ages of the different test units are summarized in and of
which presents a generalized chronological scheme for the site
. La Chimba is at present the earliest known Ecuadorian ceramic period site north of

Quito. Archaeomagnetic data, however, still remain sparse and very unevenly distributed in
both time and space to well-describe and understand the pattern of the geomagnetic field’s
secular variation (SV) over millennial timescales on a global scale

. For instance, very few data come from the
southern hemisphere and less than 3% of the archaeointensity entries in the GEOMAGIA

database come from sites with latitudes between -10° and 10°. In
particular, archaeomagnetic data from South America are scarce, and in many cases, come
from old studies that are characterized by scattering . Thus, in
order to enhance, improve and contribute to the development of reliable global
geomagnetic field models, it is necessary to improve the spatial global coverage with well-
dated and high-quality reference data . In this paper, we
present a new set of absolute archaeointensity determinations from pottery collections
recovered from three archaeological sites located at the highlands of north central Ecuador.
The new results were obtained with the modified Thellier-Coe protocol that implies that
instead of measuring the NRM first, we preferred to apply a TRM before heating the sample



in zero field
, including partial thermoremanent magnetization (pTRM)

checks that helps out to monitor possible magnetomineralogical alterations that can take
place during experimental heating. The ages of the samples studied were determined
through calibrated radiometric data and archaeological evidence based on diagnostic
pottery. Only, a few previous available studies from Ecuador, data from neighboring Peru
and Colombia covering the same time periods of our study are avaliable and were used for
comparison with our new archaeointensity determinations. It is very important to point out
that the archaeointensity results of this study will only be very useful and meaningful for the
study of the evolution of the generation of the geomagnetic field at equatorial latitudes of
~11° North and for a time windows of our analysis (i.e. 700 BC-1 AD, 1250-1505/1525 AD,
700-440BC, 440-40BC and 44BC-250AD) and within a 600-700 km circle

and centered at the northen Ecuador sites correlatable to the Earth’s
core generated signals. Beyond this circle (i.e. radius of 600—700 km) any attempt to
correlate to distant locations such as central America, Brazil, Argentina, Uruguay, Paraguay,
Chile and Bolivia is meaningless due to the way the geomagnetic field is generated.

2. Archaeological sites and studied material

The potsherds studied come from three prehistoric archaeological sites situated in northern
Ecuador : Atuntaqui (Mound 30, Lat. 0.34° S, Long. 78.2° W), Otavalo (Mound 3, Lat.

0.24° S, Long. 78.3° W) and La Chimba (Test Pits 5 and 7, Lat. 0.14° S, Long. 78.0° W).
The prehistoric Ecuadorian cultures excelled in the production of pottery, with each cultural
phase being characterized by its own style. Therefore, the pottery can also be used as an
important cultural marker .The
Atuntaqui and the Otavalo sites belong to the prehistoric Late Period (1250-1505/1525 AD).
This period is distinguished by large quadrilateral earthen mounds, which frequently are 100
m or more on a side and 10—-20 m in height, and which often have long (over 100 m) ramp-
like features on one side . The mounds are distributed in discrete clusters
throughout the northern highland region, and some of them are quite large both in area and
in the number of mounds. Surveys indicate that ramp mound sites are found in a range of
contrasting and closely juxtaposed environmental zones defined by significant differences in
elevation, temperature, and rainfall. Most sites, nevertheless, are clearly concentrated
within the temperate inter-Andean valleys between the 2000 and 3000 m in elevation. At
the Otavalo site, 4 mounds were found at a mean elevation of 2540 m, while at the
Atuntaqui site, 33 mounds were found at a mean elevation of 2440 m
The Late Period was originally defined in the 1970s as a result of chronological |nformat|on
obtained from a series of radiocarbon dates at the Cochasqui site, the Otavalo site, the
Pinsaqui site, and the Socapamba site . The dates for all sites fall after
1250 AD, while the date for the end of the period is the estimated time of the Inka conquest
of the northern highlands, about 1505/1525 AD. Both studied sites of Atuntaqui and Otavalo
are well dated and belong to this Late Period. In particular, the diagnostic red line crosshatch
on buff pottery found at Atuntaqui (mound 30) confirm this age while radiocarbon dating on
charcoal from the same mound gave a calibrated age of 1309—-1450 AD at 1 sigma (519 + 46
). Pottery and radiocarbon dates obtained for the Otavalo site also confirm that
the mounds pertain to the Late Period. Based on all the available chronological data, the



pottery studied from Atuntaqui (Mound 30) can be dated at 1309-1450 AD, the pottery
studied from Otavalo (Mound 3) can be dated at 1209-1390 AD for the Lower charcoal lens
and at 1263-1394 AD for the Upper charcoal lens
The age of the La Chimba site is much earlier, and belongs to the early ceramic perlod (700
BC- 250 AD). It is located at the 3180 m elevation in northeastern Pichincha Province (near
Olmedo). The site contains 3 m of well-preserved and stratified occupation deposits. Fifteen
radiocarbon dates indicate that these deposits span a period from 700 BC to about 250 AD
. A finely detailed pottery chronology has been established based on
the numerous distinctive pottery types found in the site. Three main subperiods are
recognized based on the most conspicuous pottery changes. The major subperiods are
presented in , and basically consists of an Early La Chimba Phase
(700-440 BC), a Middle La Chimba Phase (440-44 BC) and a Late La Chimba Phase (44 BC-
250 AD). The pottery studied here corresponds to different stratigraphic levels. Several
radiocarbon calibrated ages are available for the different levels that have made possible the
calculation of a polynomial regression date model for the La Chimba excavation site levels
. More information about the available radiocarbon
ages and the dating of the sites is given in and Table 1.1 published by
, shows the depth below the surface versus the ages of La Chimba site
, calibrated ranges for each date are depicted with
both one (thin horizontal line) and two (thick horizontal line) standard deviation ranges,
along with intercepts. A best fit curve, a suggested interpretation for the interpolated age of
each excavation level, has been superimposed on the date ranges, taken from
and . is a depth versus age (BP) polynomial regression date
model for the La Chimba excavation site levels in question (see also ). Radiocarbon
calibrations are from clam program based on a linear regression
depth-age model, using a mean depth below the ground surface of each excavation level.
For each site, several pottery fragments were collected with dimensions varying from 2 to 10
cm . From each fragment several specimens were prepared for rock magnetic
investigations and archaeointensity experiments. About one third of the potsherds studied
were of grey and black colors, which indicate that the pottery was burned under a reducing
atmosphere . The other two thirds of the potsherds were reddish, indicating that the
burning was probably generated during firing under oxidizing conditions . For the
archaeointensity experiments, specimens were cut in 1 cm?3 cubes and, were prepared for
the absolute archaeointesity determinations.

3. Magnetic mineralogy

The magnetic mineralogy of representative samples were investigated at the
Paleomagnetics and Petrofabrics Laboratory of the Hawaii Institute of Geophysics and
Planetology (HIGP)-SOEST University of Hawaii at Manoa (Honolulu, Hawaii), at the CIMaN-
ALP Paleomagnetic laboratory (Peveragno, Italy), and at the Geophysics Institute of the
University of Mexico (UNAM, Mexico).

Isothermal remanent magnetization (IRM) curves were obtained after imparting a stepwise
increasing direct field with an ASC pulse magnetizer up to 1 T and measuring the remanent
magnetization on a JR6 magnetometer. Thermal demagnetization experiments for a
composite three-axis IRM experiment were also performed by first applying a
maximum field of 1T along the z axis, then an intermediate field of 0.5 T along the y axis, and



finally a minimum field of 0.1 T along the x axis of the samples. Thermomagnetic curves of
continuing monitoring of the low-field susceptibility versus temperature (k-T) experiments
were conducted in air using a MFK-1 Kappabridge (Agico) equipped with a CS-3 attachment.

The specimens were progressively heated from room temperature up to 700 ° C and
subsequently cooled down to room temperature. Hysteresis measurements were performed
with a variable field translation balance (VFTB) up to 1.2 T. Saturation remanent
magnetization (Mr), saturation magnetization (Ms), and coercive force (Hc) were calculated
after removing the paramagnetic contribution. The hysteresis loops and the back-field
demagnetization curves of the saturation isothermal remanent magnetization (SIRM) were
determined. First order reversal curves (FORCs, e.g.
) were performed for representative samples of the four sites in question.

The IRM curves obtained for representative samples from the three sites show the presence
of a low-coercivity mineral that gets saturated in fields of around 0.2-0.4 mT . Such
results are confirmed by the thermal demagnetization of a three-axis IRM that also indicates
the dominance of a low-coercivity component . An intermediate magnetic component
was also noticed, while the high-coercivity component was generally very low, this The high
coercivity low unblocking temperature phase might be correlated to the HCSLT (high
coercivity, thermally stable, low Curie temperature) phase documented in several
archaeological features from different parts of the world (e.g.,

) imparted IRM was completely canceled at temperatures of

around 520 °C-560 °C, indicating the presence of a magnetite-type mineral. In some
samples, a decrease of the high-coercivity component can be noticed at around 240 °C

The thermomagnetic curves generally have very similar heating and cooling patterns
suggesting that the studied samples are thermally stable . In some cases, mainly from
the La Chimba site , the curves are not completely reversible, with the heating curve
being lower than the cooling one. This indicates that some magnetic changes may have
occurred during heating.

The Curie temperatures are around 550 °C-575 °C and indicate predominantly the Curie
temperature of magnetite. In addition to magnetite, there are other magnetic mineral

phases as can be seen from the Curie point diagrams such as pyrrhotite (Tc = 320 °C,

)), goethite (Tc =120 °C, ) Ti-poor magnetite (Tc = 550 ° C), Ti-maghemite
(Tc =600-620 ° C), llImenite, and Ti-hematite (Tc = 620—680 °C, ). These
primary and secondary magnetic mineral phases are shown in the microphotographs of

3.1. Microscopic observations under reflected light

Microscope optical inspection of four polished sections corresponding to selected pottery
fragments permitted an estimation of oxide mineral concentration subdivided into fractions
of titanomagnetite (Ti-Mag), titanohematite (Ti-Hem), and titanomaghemite .The
classification of was applied for textures and the method of
was used to determine oxidation states.
The results can be summarized as follows: Ti-Mag shows anhedral to subhedral texture with
ilmenite lamellas. There is a small content of (titano)maghemite and a large Ti-Hem content.
Ti-Mag seems to be the main magnetic carrier. However, it is not homogeneous with



ilmenite intergrowths showing a light grey-brown color, sometimes fractured or with a
brecciated texture. The general characteristics of magnetic mineralogy show a deuteric
oxidation of degree C1 and C3 and a possible light hydrothermal alteration.
Observations under the microscope suggest that Ti-poor Ti-Mag (almost magnetite) is the
dominant magnetic carrier. Although Ti-Hem and Ti-Mag are observed, their contributions in
remanent magnetization should be minor. Here, we would like to underline the importance
of the microscopy study to estimate the origin the remanence. Draeger et al. (2006) showed
that there are no proven magnetic tests to distinguish between thermoremenent and
chemical remanence, while the microscopic observation under reflected light is probably the
best way to discriminate between primary (TRM) and secondary (CRM) magnetizations. The
titanomagnetite-ilmenite intergrowth of the trellis or sandwich form is the principal feature
of the studied samples. This texture type is commonly developed during deuteric oxidation,
which occurs at temperatures higher than the Curie points of main magnetic carriers. Thus,
the magnetization measured is thermoremanent in origin.

3.2. Magnetic granulometry-hysteresis curves

The hysteresis parameters plotted in a modified plot have a wide
range of values, but the results mostly cluster within the pseudo-single domain (PSD) range
of magnetite, according to the plots for pure magnetite

3.3. First order reversal curves (FORCs)
First order reversal curves (FORC) were performed on representative samples from
Atuntaqui, Otavalo mounds as well as from La Chimba sites. Such curves are commonly used
to characterize coercivity and grain-size distributions in ferromagnetic minerals
. FORC diagrams

were calculated on four specimens with variable magnetic grain sizes as can be seen from
the modified Day diagram (see ) using an upgraded Variable Field Translation Balance
(VFTB). A number of FORCs, ranging from 20 to 80 (hysterons) have been obtained from
each specimen to generate a single FORC diagram. FORC analyses were performed to study
the domain type, composition and magnetic granulometry of four representative specimens
from the Ecuador collection of pot sherds. In general terms the archaeomagnetic specimens
of the pieces of pottery are relatively complex, and yield a mixture of diverse types of single
domain (SD), pseudo-single domain (PSD), i.e. in the single vortex state

as well as multi-domain (MD) particles. These hysteresis loops are the result of a
mixture of various magnetic phases as well as domain states

. The results of the magnetic granulometry shown in are about

wasp-waisted loops (i.e. 80% of them). The four FORC diagrams display a large
vertical spread (along the Bu axis) with peak distributions usually around below the Bu=0
axis and ranging from + 500 Oe (i.e. 50 mT). The Ecuador samples have FORC diagram
contours closing around a peak that occurs at coercivities (Bc axis) between 0 and 1200-
1300 (Oe, i.e. 120-130 mT)
Closed contours and a symmetric vertical profile (along a section parallel to the Hu axis), are
typical features of interacting single-domain (SD) grains . In summary
the magnetic particle size distribution is characterized by a combination of SD and MD
particles indicating a PSD behavior (i.e., in the single vortex state, , see



)) as depicted in . The predominant magnetic mineral phase is low-coercivity
magnetite as is shown in , which is supported by the results of the magnetic
granulometry and FORCs experiments as well.

4. Archaeointensity determination

Paleointensity (Pl) experiments were performed at the SOEST-HIGP Magnetic Materials,
Paleomagnetics and Petrofabrics Laboratory at the University of Hawaii at Manoa (Hawaii,
USA). A total of 58 pottery specimens were analyzed using the Coe version of the
classical Thellier and Thellier method. However, instead of measuring the NRM first, we
preferred to apply a TRM before heating the sample in zero field

. In this case, magnetomineralogical
transformations occur in the presence of a field, resulting in a CRM (chemical remanent
magnetization) component which is detected by a deviation of the NRM toward the oven

field direction. Each heating step (beyond 100 °C and up to 570 °C) was accompanied in most
of the cases by a pTRM check usually at the previous lower temperature step. The
experiments were conducted in a Pyrox oven with a capacity of 80 samples. Heating control
was carried out by three external thermocouples and accurate temperature control
monitored by three additional thermocouples located close to the samples. Cooling was
performed by sliding the heating chamber away from the hot specimens chamber as well as
passing water and air in the sample holder with the specimens in it. Measurements were
done using a JR-5 Spinner magnetometer (i.e. for the NRM, thermal demagnetization and for
the absolute paleointensity measurements) in the shielded room of the SOEST-HIGP
Magentic Materials, Paleomagnetic and Petrofabrics laboratory. Each series of experiments
was carried out on fifty eight 1-cm3 samples positioned a few millimeters away from each
other within the oven. The magnetization level of the samples, was too low to expect
significant interactions between adjacent samples, and effectively no remagnetization was
observed in the demagnetization diagrams of the NRM, except those caused by subsequent
magneto-mineralogical transformations in the presence of a field.
Representative Arai plots are shown in together with the evolution of the
NRM during thermal demagnetization. The paleointensity results have been summarized in
for the 56 potsherds that have yielded successful archaeointensity determinations
(Al). Therefore, we have selected Arai diagrams with various configurations. In most cases,
samples from the northern Ecuador potshards exhibit a linear slope over the same range of
unblocking temperatures as those that were used to define the characteristic direction of
magnetization. This illustrates the importance of considering the entire vector in the
interpretation of the Arai diagram. In a number of cases some pTRM checks deviate minutely
and negatively, but not very significantly, from the original TRM and must thus be
considered as marginally negative and had to be rejected. This is the case for a few samples
which exhibit at least two negative checks. In some other specimens only one pTRM check is
slightly negative. Samples from which pTRM checks were only slightly negative, were further
examined, taking into consideration other criteria such as the linearity of the Arai diagrams
and the magnetic stability of the vectorial plots. In all cases of the accepted samples, it is
striking that all data points define an excellent linear NRM-TRM segment over the entire
temperature spectrum that is associated with the decay of the NRM. Apart from some small
deviations of the checks, there would be no major reason to rule out such samples and there



is no ambiguity regarding the determination of their NRM-TRM slope. For the samples with
positive pTRM checks, the magnetic mineralogy is dominated by magnetite with a narrow
range of high unblocking temperatures . Note that these determinations point
out the importance of performing in principle pTRM checks at all steps of the experiment.
As mentioned above, the large deviations observed in some rejected samples are mostly
observed at samples characterized by different magnetic phases such as titanomagnetite
and/or some maghemite, (i.e. other minerals than pure magnetite). The relative proportion
of single domain magnetite with high blocking temperatures can be roughly estimated by

the amount of magnetization remaining above temperatures exceeding 400°-500 ° C.

. There
is a clear relationship between the complexity of the mineralogy and the fidelity of the
paleointensity experiment for the northern Ecuador samples. It is important to point out
that this magnetic mineralogy characteristic is consistent with the large success rate of the
archaeointensity studies because the magnetization of the archaeomagnetic materials is
mostly dominated by a unique mineral such as Ti-poor magnetite

Various methods have been suggested thus far to select the appropriate data for the best
absolute archaeointensity (Al) interpretation of the results despite the fact that much
debate questions what constitutes acceptable absolute paleointensity determinations. In the
best of cases, it is necessary for the samples in question to have reversible Curie point
determination curves, that in a certain way, gives evidence that no apparent
magnetomineralogical changes/alterations have occurred during the laboratory heating
procedure. Moreover, samples have to be characterized by an admixture of Pseudo Single
and Single Domains (PSD/SD) magnetic grain sizes, see . The ideal case is to have
the majority of the magnetic grain sizes characterized by Single Domain (SD) grains to have a
high success rate of Al determinations. As it can be observed from the magnetic grain sizes
diagram of , the great majority of the Ecuadorian specimens are in the PSD range and
close to the Super Paramagnetic (SP) theoretical envelope of

; also a very few samples are situated around the SD-Multidomain (MD) area.
For the selection of the successful Ecuadorian Al results, we have followed here three
fundamental criteria: (1) The characteristic (primary) remanent magnetization component
must decay to the origin of the vector demagnetization diagram (e.g. see univectorial
demagnetization diagram of , (2) The slope of the line in Arai plots must be linear
over the temperature range where the primary Thermo-Remanent Magnetization (TRM) is
resolved and (3) the partial TRM (pTRM) checks must not deviate significantly from the TRM
on sequential temperature steps as defined by NRM factor (%)
which represent the NRM fraction of the linear TRM-NRM portion that has been considered
for calculation of archaeointensity

The first criterion is used in various forms in current paleointensity studies

. Any deviation from the demagnetization path from the
origin of the vector demagnetization diagrams introduces a significant uncertainty in the
determination of paleointensity, as it reflects failure to isolate the primary TRM. When
plotted in sample coordinates, the evolution of the NRM direction also gives crucial
information about possible deviations caused by the CRMs that have unblocking
temperatures higher than the last heating step. Samples that exhibited remagnetization
during heating in the presence of the field are characterized by large directional swings of



the remaining NRM towards the direction of the applied field. In the Ecuadorian
archaeointensity study this was the case for a few rejected samples (i.e. four specimens) for
the analyses of the Al determination. This criterion is probably particularly effective as a
consequence of our protocol that requires that the laboratory TRM acquisition precede
demagnetization in zero field. The demagnetization diagrams are also important for
determining the temperature range over which the primary TRM has been isolated. Samples
in which a significant part of the stable TRM is carried by single domain (SD) grains of
magnetite generally are less affected by large viscous components, low-temperature
overprints, or other sources of overprints. In such cases, a significant percentage of the total
NRM intensity remains after removing any viscous components or overprints, allowing the
primary TRM to be resolved along the linear demagnetization paths that trend to the origin
of vector demagnetization diagrams, and allowing the viscous or overprinted temperature
range to be avoided in Arai plots.

The second criterion is to retain only Arai plots with a single linear slope within the
temperature range that lies above the viscous domain. We have required that the fit of the
line must be better than R = 0.98 as depicted in the Arai plots of of a high
percentage of the fifty six successful paleointensity determinations. Due to our selection
rules, the averaged number of points used for slope determination amounts to 17 and never
less than 9 and the best “f” (NRM fraction of ) parameters are
always greater than 75% percent . In our case the “f” parameter is up to ~96. It
is important to point out that this parameter is meaningless when there is a strong viscous
low-temperature component with an opposite direction to the characteristic remanence,
which is not the case for the samples in question and when the average quality factor lies
much beyond the limits of quality factor 1 or 2 that are usually required. In the case of the
Ecuador samples the quality factor ranges between 7.7 up to 33 . The mean
value of the gap ratio measuring the relative
uncertainty on the definition of the best-fit line is almost twice weaker than the acceptable
limit of 0.1 ; the range of the gap factor is from 0.002 up to 0.9
for this study.

Finally, the third criterion rejects the results if the pTRM checks were consistently negative:
that is they differ significantly from the initial TRM on several sequential temperature steps.
Different investigators use different cutoff values for what they consider significant, and
often base their rejection on single pTRM checks. Here, pTRM checks were considered to be
negative when they deviated by more than 5% from the initial TRM, and they did so on
sequential temperature steps. We believe that such cutoffs applied to single temperature
steps are somewhat arbitrary when pTRM checks are performed systematically after nearly
every heating step. Small deviations of the pTRM checks from the initial TRM can be caused
by mineralogical transformations or by experimental uncertainties. In the first case, the
subsequent thermal steps will typically be systematically accompanied by progressively
larger deviations, which confirms that the sample must be rejected. In the second case,
subsequent checks will not be negative, and hence a reliable paleointensity determination
may be obtained over the temperature interval. Generally, samples that failed the second or
third criterion had already notably failed the first criterion, which is the most effective data
selection criterion.

The detailed results of our successful archaeointensity determinations are given in

together with their statistical parameters. It worth noticing that the success rate of our
experiments was very high, obtaining successful results from fifty six out of the sixty studied



specimens. Low-field susceptibility vs temperature (k-T), SIRM, Curie point determinations,
magnetic grain sizes, FORCs, microscopic magnetic mineralogy and vector demagnetization
diagrams, as well as the summarized Al results given in , attest for the best results of
the experiments we have conducted on the potshards from Ecuador. There were four
specimens rejected because they failed the selection criteria imposed on all samples studied.
Another possibility that cannot be ruled out is that the rejected samples were affected by a
partial self-reversal thermoremanent magnetization (SRTRM) observed on these samples

, from the variable chemical phase separations during the quench
and annealing of metastable ferri-ilmenite compositions, due to inhomogeneous Fe—Ti
ordering and anti-ordering

4.1. Anisotropy and cooling rate corrections

Pottery is generally considered to be highly anisotropic and therefore it is important to take
into consideration the possible magnetic anisotropy effect on the Al determination

. According to the literature,
several approaches have been proposed for evaluating and eventually correcting such effect
since an error will be introduced in the determination of the archaeointensity. Among those,
probably the calculation of the anisotropy of thermoremanent magnetization (ATRM) is the
most precise and therefore the most recommended. For this reason, ATRM measurements
were carried out at the Paleomagnetics and Petrofabrics Laboratory of the SOEST-HIGP of
the University of Hawaii, by inducing a pTRM in six sample directions (i.e. +x, +y, +z, = X, -y,
- z). In order to correct this bias, it is necessary to determine the anisotropic tensor for each
sample, (Chauvin et al.; (2000)). Therefore, we proceeded to correct our archaeointensity
measurements by means of the anisotropy of TRM. The anisotropy-TRM (A-TRM) tensor (T)

was determined at 400 °C. The specimens under question were remagnetized at this
temperature in the six directions as mentioned above (i.e. +x, +y, +z, - x, -y, — z). All
archaeointensity values were corrected for the A-TRM according to
method, which first calculates the direction of the ancient field , the
correction factors range from 0.96 up to 1.4 and we used the software pmagpy-4.2.24.1 of L.
Tauxe.
For the past four decades it has been known from both the theoretical as well as the
experimental view points, that there are effects associated with cooling rates on the
acquisition of TRM
. Such research works have indicated that a misjudgment of

archaeointensity results from differences in the cooling rates. These results imply that the
influence of non-interacting single-domain particles yield effects of higher TRMs subsequent
to slower cooling runs. Furthermore, when there are muti-domain particles then there is a
lower acquisition of TRMs. The effect of the cooling rate on the TRM intensity acquired was
also determined and seems relatively low on our samples, with standard deviations lower
than 3% of the average value. We performed slow (~9 h) and fast cooling experiments (~2 h)
following the protocol applied by

.The
results of such corrections are reported in



5. Discussion
We present here new, well-determined absolute paleointensity results from three
archaeological sites from Ecuador. The new data come from precisely dated pottery, and
therefore offer a very valuable set of information about the past intensity variation in
Ecuador. At the same time, they enrich the global reference data from low-latitude sites that
are still very scarce worldwide.
The new estimated average archaeomagnetic absolute paleointensities obtained in this
study of 43.6 + 1.3 uT for Atuntaqui, 34.2 £ 1.4 uT for the Otavalo Mound 3 (lower charcoal
lens), 39.5 + 1.4 uT for the Otavalo Mound 3 (upper charcoal lens) and a range of absolute
archaeointensities from 7.0 £ 0.97 uT up to 42.2 £ 2.06, with a mean average of 21.20 £ 1.15
uT according to the stratigraphic levels for La Chimba (see and ) after the
anisotropy-TRM and cooling corrections were applied.
There are no previously published data from Ecuador, contemporaneous to our sites, that
could be used to compare our new results (GEOMAGIAS50. v3.3, ). Up to
now, to our knowledge, the only available archaeointensity records from Ecuador come from
much older archaeological sites, dated around 2000 BC
and therefore cannot be used for comparison. For this reason, we have used available
archaeointensity records from nearby Ecuadorian countries, such as Peru and Colombia.
Even though such data may come from distances of more than 1000 km away (around 1200
km, see ), we have still used them for comparison, as no other data are available so
far. Data from Peru and Colombia belonging to the last three millennia were collected from
the updated version of the GEOMAGIA database

and are plotted in together with our new absolute
archaeointensity results, including the results from
The new archaeointensity results from Otavalo (lower charcoal Iens) are in very good
agreement with contemporaneous data from Colombia, showing Virtual Axial Dipole
Momnet (VADM) values of around 8 x 10?2 Am?. Data from Otavalo (upper charcoal lens)
and Atuntaqui fit well with other data from Peru , even though the
available archaeointensity data from Peru are generally quite dispersed . The three
new intensity records from Otavalo (upper and lower lens) and Atuntaqui, indicate an
increase of the geomagnetic field’s strength from the 12th to the 13th century AD that is in
agreement with the trend shown by the Peru data that indicates high intensities around
1400 AD.
The mean archaeointensity value obtained for La Chimba site shows a quite low VADM value
of around 5 x 10?2 Am?2. That is however in excellent agreement with one contemporaneous
record from Peru that also shows low intensity for this time period. It is
worth mentioning that the dating interval available for the La Chimba site is quite large
(from 700 BC to 250 AD) but still, if the mean age and the mean intensity value are
considered, it confirms low intensity values at around the 2nd-3rd centuries BC. Taking
advantage of the radiocarbon dating model available for the various stratigraphic levels of
the La Chimba site, we have also tried to plot the archaeointensity values obtained for the La
Chimba pottery coming from the different stratigraphic levels towards the single levels

dating
To do so, we have used the dates obtalned according to the best-fit model based on the
radiocarbon datings . The La Chimba site shows general low intensity values,

even though some dispersion and some levels with higher intensity can be also observed
. The observed dispersion is probably due to the very small number of pottery



fragments available for some levels or to the levels dating that is based on radiocarbon
dating of charcoals and not on the dating of the pottery sherds themselves. Nevertheless,
the low intensity values around 300 BC are still clearly observed while a general trend of
intensity increase can be noticed towards the 1st century BC . In order to have a
better estimate of the archaeofield at La Chimba we have decided to calculate the break
down of the excavation levels of the successful mean abolute archaeointensity
determinations for the early phase (700—-440BC) excavation levels 27.8 + 1.315 uT, middle
levels phase (440—40BC), 15.07 £ 0.78 uT and the late levels phase (44BC-250AD) 25.52 +
1.575 uT,

6. Conclusions

The studied Ecuadorian ceramics proved to be excellent recorders of the past geomagnetic
field, rendering successful archaeointensity determinations with a high success rate. The
samples collected from the three different archaeological sites were well dated by means of
radiocarbon techniques and can therefore be used as reference points
for enriching our knowledge of the past Earth’s magnetic field intensity secular variation at
low latitudes (i.e. equatorial latitudes). Furthermore, they are the first published
archaeointensity data from Ecuador for the last three millennia. The new results show a
good agreement when compared to the other available data from Peru and Colombia.
However, the available reference intensity data so far from these countries generally show
great dispersion that makes difficult to arrive to clear assumptions about the geomagnetic
field’s strength behavior in this area of South America mainly because of Al data close to our
sampled sites. Unfortunately, the global geomagnetic field models cannot help either, as
they are based on an extremely low number of reference data from low latitudes, and they
are clearly biased towards Europe . Undoubtedly more data are
still required to better understand the Earth’s magnetic field at low latitudes, particularly
from the South American continent.
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Fig. 1. Location of the archaeological sites of the Atuntaqui mounds,
Otavalo mounds and La Chimba, situated in Northern Ecuador.

(a) (b)

Fig. 2. Representative pottery fragments from the archaeological sites of a)
La Chimba and b) Atuntaqui mounds.
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Fig. 3. (a) Calibrated radiocarbon determinations from TP-7. Calibrated
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A best fit curve, a suggested interpretation for the interpolated age of each
exca- vation level, has been superimposed on the date ranges. Taken from
Athens (1995) and Stahl and Athens (2001). (b) Depth versus age (BP)
polynomial regression date model for The La Chimba excavation site levels.
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Fig. 7. Microscope image of oxide minerals of selected representative ceramics, all of
irregular shape. Scale bar is in microns. (a) Sample 1A, from La Chimba Level 10, Ti-Mag
content is ca. 6% anhedral crystals (2-50 um) associated with ilmenite forming graphic

exsolutions and fluidal texture partly altered to Ti-Hem (12% content) and rutile (<2%); (b)
Sample 9B from Otavalo mound 3, Ti-Mag content is ca. 7% anhedral and octahedral
crystals (2-45 um) homogeneously disseminated, partly altered to Ti-Hem (4%),
associated to ilmenite or magnetite (3%) (oxidation stage from C4 to C6 in Haggerty’s
classification) forming ‘sandwich’ and ‘trellis’ type textures, sometimes completely altered
to Ti-Hem; (c and d) Sample 10c from La Chimba level 3, Ti-Mag content is ca. 1.5%
anhedral crystals (2-12 um) isolated disseminated and strongly altered to Ti-Hem,
pyrrhotite (7%) shows spheroidal and anhedral crystals (3-12 um) forming aggregates of
pyrrhotite spheroids of distinct size (10-45 um), Ti-Hematite (6%) are granular aggregates
(2-50 um) strongly skeletal aspect (this granulation could also be due to alteration), rutile
grains (3%) are homogeneously disseminated inside of the Ti-Hematite pseudomorph
matrix of the sample; (e and f) Sample 19D from Otaval mound “upper charcoal level”, Ti-
Mag content is ca. 6.5% anhedral and euhedral crystals (2-70 um) homogeneously
embedded in the vitrified rock fragments, it show ‘sandwich’ and ‘trellis’ type ilmenite
(0.5%) lamellas, and generally, Ti-Mag is partly to completely altered to Ti-Hem (10%, 5-
60 um) and rutile (2%) or perhaps just internal reflection of hematite. Pyrrhotite/Pyrite (?)
is ca 3% content of anhedral shape (2-60 um) and filling open spaces of tabular
ferromagnesian and Ti-Mag. The “white” lamellae are lImenites, the pink-brown residual
between the two lamellae corresponds to Low-Titanium magnetite (oxidation stage from
C4 to C6 in Haggerty’s classification). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. Hysteresis parameters plotted over the theoretical Day plots. Most
of the samples cluster in the pseudosingle domain (PSD) area. Dashed lines
are mixing curves from Dunlop (2002a). SP are super-paramagnetic, MD
multidomain, and SD single domain grain sizes. The color green represents
specimens from La Chimba, the yellow color represents a sample from
Atuntaqui and the red color represents samples from Otavalo mounds. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Archaeointensity results of samples from Atuntaqui and Otavalo, Northern Ecuador.
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Fig. 10. Arai archaeointensity plots and evolution of NRM during thermal
demagetization for two representative specimens of northern Ecuador.
Notice the well- defined linear NRM-TRM slope (from 100 C up to 530 -C)
and the positive pTRM checks (Arai diagrams on the left). The middle
diagrams represent the uni-vectorial behavior of the directional results
typical of the successful absolute paleointensity experiments. The far right
diagrams are the results of the normalized intensity of magnetization
indicating the predominance of one single magnetic mineral phase (e.g.
Valet et al., 2010), in this case Ti-poor magnetite (see Figs. 4-9 also).
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Fig. 11. Arai archaeointensity plots for representative samples from the
three sites. Black squares represent the initial NRM-pTRM measurements,
open squares are NRM-pTRM checks. Only diagrams with linear Arai plots
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Fig. 12. Geographic distribution of the Northern Ecuador Al site(s) included
within a 1200 Km radius circle centered at La Chimba, Ecuador.
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Fig. 14. Archaeointensity data from La Chimba site plotted with the
radiocarbon ages obtained from the different stratigraphic levels (see text
and Appendix A). The blue solid circles represent the successful mean
absolute archaeointensity determinations for the early phase (700-440BC)
excavation levels 27.8 + 1.315 uT, middle levels phase (440-40BC), 15.07 +
0.78 uT and the late levels phase (44BC-250AD) 25.52 + 1.575 uT. The
horizontal lines across the blue circles indicate the age ranges of the level
phases. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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