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1 INTRODUCTION

SUMMARY

We conducted an absolute palaeointensity (API) survey on Ethiopian volcanics from Early
Oligocene (Belessa section) and Middle Miocene (Debre Sina section). After a careful se-
lection based on the reversibility of high-field thermomagnetic curves from samples yielding
unambiguous palaeodirections, we restricted our analysis to five (resp. six) cooling units from
Belessa (resp. Debre Sina), submitted to both Thellier and Wilson-style experiments. X-ray
diffraction measurements and microscopical observations under reflected light gave us good
confidence in the reliability of the remanence carriers of the Belessa basalts, with pseudo-
brookite exsolutions in titanomagnetite (TM) grains, synonymous of an advanced stage of
high-temperature (i.e. deuteric) oxidation. In contrast, the Debre Sina trachybasalts may have
been submitted to low-temperature (i.e. post-consolidation) alteration featured by granula-
tion of TM grains and leading to a higher dispersion of API estimates. Compared to the
‘world palaeointensity database’, the lower dipole moment found in Ethiopia for the Early
Oligocene (30 & 8 ZAm?) than the Middle Miocene (65 + 20 ZAm?) is compatible with a
global increase of dipole strength from 30 Ma to present, and also suggestive of a dipole low
during the Oligocene. This observation must however be treated with caution because of the
over-representation of Plio-Pleistocene determinations in the global database and the partial
correlation between dipole strength and number of palaeointensity determinations.

Key words: Magnetic field variations through time; Magnetic mineralogy and petrology;
Palaeointensity; Palacomagnetism; Rock and mineral magnetism.

In addition to its reversal frequency f, the field can be described
by its rate of change during stable periods, called palacosecular vari-

The Earth’s magnetic field, generated by a dynamo process in the
fluid outer core, is a dynamical object that can stochastically reverse
its polarity. Since the Cretaceous Normal Superchron (84—124 Ma),
the reversal frequency has increased from 1 to 5 times per Myr
(e.g. Cande & Kent 1995; Ogg 2012), probably in response to a
gradual change in the thermal conditions imposed by the mantle
on the core (e.g. McFadden & Merrill 1984, 2000). The increase
in the reversal rate can alternatively be interpreted in terms of two
distinct segments with average rates of ca. 4 Myr~! for 040 Ma
and ca. 1 Myr~! for 40-80 Ma (e.g. Gallet & Hulot 1997; Lowrie
& Kent 2004), which either suggests rapid changes of the thermal
conditions at the core—mantle boundary (e.g. Courtillot & Olson
2007) or a spontaneous nonlinear transition of the geodynamo state
(e.g. Hulot & Gallet 2003).

ation. This latter quantity is traditionally quantified by the standard
angular deviation S of the virtual geomagnetic poles (also known
as VGP scatter) calculated from a population of individual poles
derived from several sites (e.g. Cox 1970; Cromwell et al. 2018), or
when permitted by the relative variability er in palaeointensity cal-
culated from site-mean estimates (e.g. Cronin ef al. 2001; Lhuillier
et al. 2017). Both quantities are assumed to reflect the geodynamo
state (e.g. McFadden er al. 1988; Lhuillier & Gilder 2013) and pos-
sibly correlate with f(e.g. Biggin et al. 2008; Lhuillier & Gilder
2013).

Finally, the field can be characterized by its absolute palacointen-
sity (API), most often recovered from stepwise Thellier-style exper-
iments (e.g. Thellier & Thellier 1959; Shcherbakov & Shcherbakova
2001) or alternatively from continuous Wilson-style experiments
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(e.g. Wilson 1961; Muxworthy 2010). Under the assumption of an
axial dipole field, API determinations are usually converted into a
virtual dipole moment (VDM, if the palacoinclination of the ob-
servation is known) or a virtual axial dipole moment (VADM, if
only the palaeolatitude of the observation is known), which are both
independent of latitude and thus useful for global comparisons. Al-
though API data suffer from inhomogeneous temporal sampling
and large experimental uncertainties, recent analyses of the avail-
able databases suggest a loose negative correlation between dipole
moment and reversal frequency (e.g. Tauxe 2006; Shcherbakov &
Sycheva 2013) in agreement with numerical dynamo simulations
(e.g. Aubert et al. 2010).

In this study, we focus on Ethiopian volcanics from Early
Oligocene and Middle Miocene to better describe geomagnetic vari-
ability in this region over the past 30 Myr. In a companion paper
(Lhuillier & Gilder 2019), we reported palacomagnetic and K-Ar
geochronological results of two piles of lava flows: a ca. 1-km-thick
one (Belessa section) dated around 29-30 Ma and related to the
Oligocene Afro—Arabian traps, as well as a ca. 700-m-thick one
(Debre Sina section) emplaced during the Miocene in two periods
around 10—11 and 14—-15 Ma. Combining these new results with the
available palacomagnetic studies in the Afro—Arabian region, we
argued that the VGP scatter was approximately 50 per cent higher
during the Early Oligocene (S = 14.2°[134.) or the Middle Miocene
(S = 15.0°]1%3") than during the Plio-Pleistocene (S = 9.7°[3%3).
As the reversal frequency f during the Early Oligocene is half that
for the Plio-Pleistocene, it appears that S and f are uncorrelated in
this near-equatorial region.

The aim of this paper is to complement the palacodirectional re-
sults from the Belessa and Debre Sina sections with API determina-
tions. Section 2 describes the sampling and magnetostratigraphy of
the two investigated locations. Section 3 delineates the experimental
methods employed for the determination of rock-magnetic proper-
ties and palaeointensities. Section 4 reports the results, laying the
emphasis on how the success or failure of Thellier or Wilson-style
experiments correlate with rock-magnetic properties or microscop-
ical observations. Section 5 finally provides a discussion of the field
behaviour in the Afro—Arabian region, supplemented by an analysis
of the global API database during the Cainozoic.

2 SAMPLING AND
MAGNETOSTRATIGRAPHY

2.1 Belessa section

The Belessa section, sampling the Early Oligocene Afro—Arabian
traps, is located on the northwestern Ethiopian plateau close to the
village of Belessa (12°24 07N, 37°41'32"E, 2450 m), ca. 35km
southwest of Gondar (Figs 1a and b). As reported in Lhuillier &
Gilder (2019), we sampled 69 sites over ca. 1km of stratigraphic
thickness, with an average stratigraphic spacing of 12 m for the
bottom 800 m (63 sites). Each site corresponds to what we identified
to be an independent lava flow and consists on average of eight
samples preferably collected on two or three distinct locations on
the bottom part of the flow. All sampled rocks are basalt, except
phonolite on three sites that yielded uninterpretable palacomagnetic
results.

From the bottom to the top of the section, we identified 300 m of
reverse polarity (R1) associated with chron C11r, 295 m of normal
polarity (N1) associated with subchron C11n.2n, 55m of reverse
polarity (R2) associated with subchron C11n.1r, and the last 400 m

Palaeointensities of Cainozoic Ethiopian volcanics 1483

of normal polarity (N2) associated with subchron C11n.1n (Fig. 2).
This interpretation is in good agreement with previous studies on the
history of the Afro—Arabian traps (Hofmann ef al. 1997; Rochette
et al. 1998; Coulié er al. 2003; Riisager et al. 2005) and consistent
with the successful K-Ar age determination (29.57 4 0.44 Ma) for
site B68 at the top of the section (Lhuillier & Gilder 2019). It
suggests that the whole section may have covered a time interval on
the order of 1 Myr.

2.2 Debre Sina section

The Debre Sina section, sampling the Miocene Tarmaber-Megezez
formation, is located on the northwestern Ethiopian plateau in
the vicinity of the town of Debre Sina (9°51’00”N, 39°45'46'E,
2700 m), ca. 150km northeast of Addis-Abeba (Figs 1b and c).
As reported in Lhuillier & Gilder (2019), we sampled 59 sites over
ca. 700 m of stratigraphic thickness with an average stratigraphic
spacing of 19 m for the bottom 350 m (26002950 m, 18 sites) re-
ducing to 9 m for the top 350 m (2950-3300 m, 41 sites). Each flow
was sampled with the same strategy as for the Belessa section. The
lower part of the section (2600-2950 m) is composed of rhyolitic
ignimbrites, whereas the upper part (2950-3300 m) is more basic,
with trachybasalts at the bottom and basaltic trachyandesites at the
top.

K-Ar age determinations suggest a 4-5 Myr hiatus between the
lower part of the section dated around 15.5-15Ma and the upper
part dated around 11-10.5 Ma (Lhuillier & Gilder 2019). The mag-
netostratigraphy only reveals normal polarities for the upper part,
which suggests a time duration shorter than 300 kyr. The lower
part is dominated by normal polarities with two reverse zones only
represented by one point, which suggests a duration shorter than
1.2 Myr.

3 METHODS

We introduce in this section the methods employed in this study.
We first conducted rock-magnetic measurements (Section 3.1) on
two pilot samples of each site to determine the hypothetical domain
structure and thermal stability. For sites showing both thermal and
directional stability, we carried out additional rock-magnetic mea-
surements, supplemented by X-ray structural analysis (Section 3.2)
and reflected light microscopy (Section 3.3) on at least two samples
per site to identify the remanence carriers and their oxidation stage.
We finally conducted Wilson-style (Section 3.4) and Thellier-style
(Section 3.5) experiments to determine APIs.

3.1 Rock-magnetic measurements

Rock-magnetic measurements were carried out at the University of
Munich on 5-mm diameter cores. Hysteresis and backfield curves
were made with a one-component Lakeshore Vibrating Sample
Magnetometer (VSM). The hysteresis loops were corrected for the
paramagnetic contribution by the slope above 0.5 T. From these
measurements, standard hysteresis parameters—saturation magne-
tization (Ms), remanent saturation magnetization (Mgs), coercive
force (Hc) and remanent coercive force (Hcgr)—were calculated
and the hypothetical domain structure was estimated from the Day
et al. (1977) plot using the ratios Mrs/Ms and Hcgr/Hc. Continuous
thermomagnetic curves Ms(7) of the saturation magnetization (in
a field of 200 mT) and x(7) of the magnetic susceptibility (at a
frequency of 3.4 Hz) were measured on a Variable Field Translation
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Figure 1. Location and field photographs of the investigated area. Panels (a) and (c): detailed maps of the Belessa (Early Oligocene) and Debre Sina (Middle
Miocene) sections. Panel (b): digital elevation map (ETOPO1) of Ethiopia. Panels (d) and (e): overview of the Belessa and Debre Sina sections. Panels (f) and
(h): sites B50 and B58 (basalts) from the Belessa section. Panels (g) and (i): sites M07 (ignimbrite) and M57 (trachybasalt) from the Debre Sina section.
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Figure 2. Magnetostratigraphy of the Belessa (Early Oligocene) and Debre
Sina (Middle Miocene) sections. The red triangles represent the sites se-
lected for absolute palaeointensity experiments. The geomagnetic polarity
timescale stems from Ogg (2012).

Balance while heating in air from room temperature to 600 °C. The
Curie points 7¢ were determined as the temperatures corresponding
to the minima of the first derivative of the Ms(T) or x(7) curves
(e.g. Fabian et al. 2013). To further assess the thermal stability of
the samples, successive heating cycles Mi(T) were measured for
peak temperature 7, = 100, 200, 300, 400, 500 and 600 °C, still
in an external magnetic field of 200 mT.

3.2 X-ray structural analysis

For 20 samples, the magnetic fraction, separated with a strong
neodymium magnet, was subjected to X-ray structural analysis at
the Geophysical Observatory of Borok with a STOE STADI multi-
purpose diffractometer (cobalt Ko radiation) at room temperature.
From the diffraction spectra, the ferrimagnetic phases were identi-
fied with their abundance and lattice constant a by comparison with
the Crystallography Open Database (Grazulis et al. 2009, 2012). For
a titanomagnetite Fe; _,Ti,O4, we estimated the ulvospinel content
x and oxidation parameter z (fraction of original Fe>*+ converted
to Fe’*) from the lattice constant @ and the Curie point Tc by
comparison with the Nishitani & Kono (1983) diagram.

3.3 Reflected light microscopy

For 30 palacomagnetic cores, ca. 1-cm-high slices were prepared
for reflected light microscopy. They were first manually polished
with silicon carbide foils (FEPA P180 to P320 with average particle
diameter from 80 to 40 ;m) to flatten and smooth down the surface.
They were then mechanically polished during 90-120 min with
a 1 um polycrystalline diamond paste, and 30 min with a 1/4 um
polycrystalline diamond paste. The polished sections were observed
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with a 50x oil objective mounted on a Leitz microscope. If necessary,
we used a magnetic colloid, according to the Bitter (1932) technique,
to better distinguish the magnetic contrasts within titanomagnetic
grains.

3.4 Wilson-style palaeointensity experiments

The Wilson (1961) method compares a specimen’s continuous ther-
mal demagnetization of the natural remanent magnetization (NRM)
with that of a full thermoremanent magnetization (TRM) induced in
a known laboratory field Bj,,. Over the chosen temperature range,
the proportionality factor between NRM and TRM, multiplied by
Biap, provides an estimate B,,. of the API. Such experiments were
conducted on 8.8-mm diameter cores at the Borok observatory us-
ing a custom-made, fully automated three-component VSM, which
operates with a sensitivity of 107*Am? (e.g. Shcherbakova et al.
2012, 2014, 2017). To ascertain the robustness of the API determi-
nations in the NRM—-TRM diagram, useful parameters are: j, the
relative standard error of the slope; £, the NRM fraction used for the
fit; fres, the residual TRM fraction at the origin.

3.5 Thellier-style palaeointensity experiments

The Thellier & Thellier (1959) method replaces in progressive
stages a specimen’s NRM with partial TRMs (pTRMs) induced
in a known laboratory field By,,. The experiments were carried out
on 8.8-mm or 1-in diameter cores according to the double-heating
protocol of Coe (1967) with pTRM checks, at the Borok obser-
vatory using the three-component VSM, and at the Munich Uni-
versity using an ASC-TD48 furnace together with an AGICO JR6
spinner magnetometer. For the Belessa section, a few specimens
were additionally submitted to the Thellier-IZZI protocol (Tauxe &
Staudigel 2004) at the Munich University using an Magnetic Mea-
surements thermal demagnetiser (MMTD) furnace together with a
2G-Enterprises cryogenic magnetometer.

To assess the robustness of the API determinations, the following
statistics were computed: 7, the number of temperature steps used
for the best-fit line on the Arai—Nagata diagram (Nagata et al.
1963); £, the NRM fraction used for the best-fit line on the Arai—
Nagata diagram; S, the standard value of the slope normalized by
its absolute value; ¢, the quality factor (Coe et al. 1978); MAD,
the maximum angular deviation of the free-floating directional fits
(Kirschvink 1980); «, the angular difference between the origin-
anchored and free-floating best-fit directions; DRAT, the maximum
difference ratio measured from pTRM checks (Selkin & Tauxe
2000); and CDRAT, the absolute value of the sum of the pTRM
differences (Kissel & Laj 2004).

4 RESULTS

4.1 Rock-magnetic overview of the samples

For the two investigated sections, the bulk hysteresis properties
shown in a Day plot (Figs 3a and b) mostly lie in the area usually
associated with pseudo-single domain (PSD) behaviour. High-field
thermomagnetic curves (Figs 3¢ and d) reveal a wide range of Curie
temperatures from 100 to 600 °C and sometimes the coexistence
of two ferrimagnetic phases, consistent with the presence of titano-
magnetite. A few ignimbritic samples at the bottom of the Debre
Sina section however did not fully demagnetize by heating to 600
°C, which suggests the presence of a small fraction of haematite.
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Figure 3. Rock-magnetic results for the Belessa section (left) and the Debre Sina section (right). Panels (a) and (b): Day plots. Panels (c) and (d): heating
branches of Ms(T) curves. Panels (e) and (f): heating branches of x(7) curves with their first derivative to better identify the Curie points 7c. The coloured
points/lines correspond to the sites selected for absolute palaeointensity determinations.

The Curie points of the main ferrimagnetic phase exceed 500 °C in
60 per cent of the cases for the Belessa section, only in 30 per cent
of the cases for the Debre Sina section.

Among the sites that yielded successful palacodirections (Lhuil-
lier & Gilder 2019), we identified five flows at Belessa (B31, B32,
B50, B56 and B58) and six flows at Debre Sina (M07, M14-15,
M42, M54, M57 and M58) characterized by a reversible behaviour,
to within 10 per cent, of the heating and cooling branches of the
MSs(T) curves up to 600 °C (Figs 4a and b and 5a and b). Only two
sites (B56 and M54) are fully optimal for API experiments (e.g.
Valet 2003), showing a single well-pronounced Curie temperature
at 580—600 °C (Figs 3e and f, Table 3). The other sites are dominated
by a high-temperature (7¢c = 500 °C) titanomagnetite phase, coex-
isting with a lower temperature (350 < 7 < 450 °C for Belessa,
200 < Tc < 300 °C for Debre Sina) titanomagnetite phase.

4.2 API results

For the six flows from Belessa, the demagnetization diagrams used
for the directional analysis showed a secondary component removed
by heating to 200 °C for sites B50 and B56 and to 400 °C for sites
B31, B32 and B58. For the six flows from the Debre Sina sec-
tion, the secondary component was easily removed by heating to

100-200 °C. For the two sections, the vector endpoint diagrams
for all API samples produced an unambiguous unidirectional de-
cay to the origin upon further demagnetization (Lhuillier & Gilder
2019).

We conducted on average ten Thellier and at least two Wilson
experiments per site. The results were generally easier to interpret
for the Belessa section, with the identification in most cases of a
unique slope in the NRM—TRM diagrams of the Wilson (Figs 4c and
d) and Thellier (Figs 4e and f) experiments. A caveat often found
for the Wilson experiments is that the TRM did not perfectly go to
the origin (Fig. 4d), which can be quantified by the y-intercept fres
of the linear fit. It suggests that a chemical transformation occurred
during the TRM demagnetization and often led to aberrant API
results. The palaeointensity results were in general less satisfactory
for the Debre Sina section because of the presence of two distinct
slopes in the NRM-TRM diagrams of the Wilson (Fig. 5c) and
Thellier (Figs 5d and e) experiments. In the absence of a strong
secondary component, we chose to interpret the slopes up to 400—
500 °C for the Thellier experiments (Figs 5d and e), before chemical
alteration indicated by negative pTRM checks occurred. The Wilson
method, based on a full TRM, was not productive for the Debre Sina
section because of the above-mentioned alteration occurring below
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Figure 4. Typical absolute palacointensity results for sites B50 (left) and B58 (right) of the Belessa section. Panels (a) and (b): iterative Ms(7) curves to check
thermal stability. Panels (c) and (d): NRM—TRM diagrams obtained from Wilson experiments. Panels (e) and (f): Arai—-Nagata diagrams with pTRM checks
(blue triangles) and pTRM-tail checks (green diamonds) obtained from Thellier experiments. The insets correspond to the associated vector endpoint diagrams.

See Sections 3.4 and 3.5 for the definition of the statistics.

the Curie point, therefore these results are not included in further
analyses.

The raw individual palaeointensity determinations are shown in
Fig. 6(a) (see also Supporting Information Table S1). In essentials,
the determinations from Debre Sina are twice higher but also twice
more scattered than those from Belessa. Thellier and Wilson deter-
minations are nearly indistinguishable for the Belessa section. For
each of the two methods, we computed site-mean values (Table 1),
which were then combined to produce time-averaged estimates at
29.5 Ma (from Sites B31, B32, B50, B56 and B58), at 14.5 Ma (from
sites M07 and M 14-15) and at 10.5 Ma (from sites M42, M54, M57
and M58).

We also produced a more conservative version of the estimates by
applying the selection criteria reported in Table 2 on the individual
determinations. The criteria were chosen slightly stricter than the
PICRIT-03 criteria (Kissel & Laj 2004) for the Belessa section,
more lenient for the Debre Sina section. Only seven specimens
from Debre Sina would indeed pass the selection process if the
criteria of Belessa were employed. It is however worth mentioning
that the choice of the strict or lenient criteria for the Debre Sina
section does not alter, to within 10 per cent, the site-mean averages.
The application of the criteria satisfactorily led to a 25-50 per cent
reduction of within-site dispersion for the Belessa section, whereas
no clear improvement was observed for the Debre Sina section

6102 A1enige |z uo sosn moBsel9 Jo ANsIoAuN Aq 2/ 2£525/28Y |/2/91 Z10BSqe-0ILe/IB/WOoo"dno"olwepeoe//:sd)y Woly papeojumoq



1488 F Lhuillier et al.

, ‘ | Mo7:627 , M57-1057 ‘ ,
T 1 1 | + t
heating (b) heating
1 cooling L cooling 1
08 {| — difference difference 08
0.6 106 o
= =
= 1042
T0.2
— ‘ ‘ ; : 0
0 100 200 300 400 500 600 O 100 200 300 400 500 600
temperature [°C]
‘ M57-1056 .
T T T
(c) B_  =23.0940.77uT
anc
8=0.020 +0.8
o
MAD = 12.7° +o062
a=05° £
f =007 +042
res 2 sy
f =051 z
B 230 uT 102
lab = °° M :
T =200-500°C
=2 1 1 1 1 10
0.2 0.4 0.6 0.8 1
TFiM/NF{M0
\ | M-07-0627A ‘ ° . M-57-1056B ‘ )
1.2 T T T =t T T T
(d) B n=16-11.44T (3=0.09) B,nc=28.7+3.2T (3=0.11)
o 1 £=0.59 0=5.56 | Tais0 1=0.62 q=4.73 +0.8 o
c j=
08—+ r =
© -+ 06 ©
g 0.6 1 L g
- +0.4
= 1 | =
0.4 o
02+ 5+ A t02%
T=100-400°C (N=7) T=100-450°C (N=9)
0 1 1 1 1 i 1 ‘ 1 0
0 0.5 1 1.5 2 0 0.5 1 15
pTRM gained pTRM gained

Figure 5. Typical absolute palacointensity results for sites M07 (left) and M57 (right) of the Debre Sina section. Panels (a) and (b): iterative Ms(7) curves to
check thermal stability. Panel (c): NRM-TRM diagram obtained from a Wilson experiment; Panels (d) and (e): Arai-Nagata diagrams with pTRM checks (blue
triangles) and pTRM-tail checks (green diamonds) obtained from Thellier experiments. The insets correspond to the associated vector endpoint diagrams. See

Sections 3.4 and 3.5 for the definition of the statistics.

(Fig. 6, Table 1). Of note is that the Thellier and Wilson site-mean
estimates remain nearly indistinguishable for sites B50 and BS56,
while the Wilson estimates are almost twice higher than the Thellier
estimates for sites B31 and B32. It indicates that the remanence
carriers exhibit a higher thermal instability for the specimens from
sites B31 and B32 than those from sites B50 and B56. This is not
visible from the Arai—-Nagata diagrams but can be anticipated from
the iterative Ms(7T) curves that are less reversible from 400-500
°C for the specimens from sites B31 and B32 than for those from
sites B50 and B56. Thellier determinations should be in this case
favoured because Wilson experiments are in principle only valid for
remanence carriers that are thermally stable up to their Curie point.
Since Wilson experiments are either indistinguishable from Thellier
experiments or not trustworthy, we only used Thellier results in the
rest of the study.

From the palacointensities and palacodirections (Lhuillier &
Gilder 2019), we computed the VDMs according to standard defi-
nitions (e.g. Tauxe 2010). The Thellier-derived between-site time-
averages are 3.0 £ 0.8 x 10%> Am? with N = 48 at 29.5Ma, 4.8 +
0.6 x 102 Am? with N =5 at 14.5Maand 7.8 & 1.3 x 10?> Am?
with N = 22 at 10.5Ma (Table 1). This suggests an increase of
the dipole moment from 30 to 10 Ma, an observation that will be
discussed in Section 5.

4.3 Robustness of the remanence carriers

To assess the robustness of the remanence carriers and possibly
explain the divergences between Thellier and Wilson determina-
tions, we carried out X-ray structural analysis and reflected light
microscopy on select specimens from the successful API results.
Crystallographic measurements were with some nuances in good
agreement with thermomagnetic experiments (Table 3). For the
Belessa section, two ferrimagnetic phases were usually detected,
whereas a fraction of 15 to 45 percent of weakly ferromagnetic
hemoilmenite, probably as a result of the exsolution of the primary
titanomagnetite, was also detected. We associated the titanomag-
netite of largest lattice constant a with the lowest observed Curie
point 7¢, noting that the detection of a unique titanomagnetite phase
for B56 partially disagrees with thermomagnetic curves. The use
of the Nishitani & Kono (1983) diagram to estimate the ulvospinel
content x and oxidation parameter z revealed that the phase with 7¢
<450 °C has more than 55 per cent of titanium whereas the titanium
content in the phase with 7¢ > 500 °C does not exceed 35 per cent.
All the titanomagnetite phases are moderately (0.45 < z < 0.65 for
B56 and B58) to highly oxidized (z > 0.85 for B31, B32 and B50).
For the Debre Sina section, the titanomagnetite phases detected by
X-ray diffraction satisfactorily matched the Curie points observed in
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Figure 6. Summary of the individual absolute palaeointensity results before
(panel a) and after (panel b) applying the selection criteria reported in Table 2.

the thermomagnetic curves. The titanomagnetites from sites M07,
M14 and M54 are titanium-poor (x < 0.20) and moderately oxidized
(0.40 < z < 0.70). The titanomagnetites from sites M42, M57 and
M358 are titanium-rich (0.55 < x < 0.70) and moderately oxidized
(0.15 < z < 0.45) for the low-T¢ phase, titanium-poor (0.20 <x <
0.25) and slightly oxidized (0.05 < z < 0.20) for the high-7¢ phase.

For the Belessa section, the polished sections from sites B50 and
B56 showed a reddish matrix and titanomagnetite grains with sys-
tematic exsolution of pseudo-brookite and hemoilmenite (Fig. 7a).
This corresponds to the most advanced stage of high-temperature
oxidation, namely, the class VI defined by Ade-Hall et al. (1968a).
Pseudo-brookite was unambiguously identified by its grey appear-
ance with bluish tint, its weak anisotropy and its typical wavering
intergrowth (e.g. Wilson & Haggery 1966; Wilson & Watkins 1967;
Ramdohr 1969; Bowles et al. 2011). The magnetic colloid covered
the titanomagnetite grains without clustering, which suggests that
the magnetic poles are evenly distributed over the surface because
the original titanomagnetite was exsolved in fine magnetite grains.
In contrast, the polished sections from site B58 showed primary
ilmenite lamellae typical of a tholeiitic basalt, and titanomagnetite
grains systematically filled with fine ilmenite lamellae only visible
in the presence of a magnetic colloid (Fig. 7b). This corresponds
to an intermediate stage of high-temperature oxidation, namely, the
class III of Ade-Hall et al. (1968a). Shrinkage cracks were pos-
sibly observed on some titanomagnetite grains (Fig. 7b), which
suggests that low-temperature oxidation may have also occurred
(e.g. Petersen & Vali 1987). Sites B31 and B32 finally showed ti-
tanomagnetite grains without visible intergrowths in 75 per cent of
the cases (class I of Ade-Hall ef al. 1968a) and with exsolution
of pseudo-brookite and hemoilmenite in 25 percent of the cases
(class VI of Ade-Hall et al. 1968a). Based on these observations,
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sites B50 and B56 with an advanced stage of high-temperature
oxidation would be the most appropriate for API experiments;
site B58 would be the most questionable for API experiments be-
cause of possible signs of low-temperature oxidation; sites B31 and
B32 are partially satisfactory with only one quarter of the titano-
magnetite grains showing an advanced stage of high-temperature
oxidation.

For the Debre Sina section, the polished sections of the rhy-
olitic ignimbrites (sites M07 and M14—15) showed little abundant
and usually small titanomagnetite grains. These grains exhibited
no intergrowth (class I of Ade-Hall et al. 1968a) or scarcely visi-
ble ilmenite lamellae (Fig. 7c, class III of Ade-Hall ef al. 1968a).
In contrast, the polished sections of the trachybasalts (sites M42,
M54, M57 and M58) showed in a systematic way titanomagnetite
grains with a granular texture (Fig. 7d), which is usually interpreted
as the signature of low-temperature alteration (e.g. Ade-Hall et al.
1968a; Ade-Hall 1969) and is assumed to be little favourable for
API determinations (e.g. Ade-Hall e al. 1968b). Whereas the gran-
ular texture was emphasized when a magnetic colloid was applied,
the 10-20 um exsolution patterns did not appear to be magnetic,
were moreover isotropic and are thus probably hemoilmenite. As a
conclusion for the Debre Sina section, we speculate that the gran-
ulation of the titanomagnetite grains is responsible for the higher
dispersion of the API determinations of the trachybasalts.

In summary, the remanence carriers of the Belessa basalts are
mostly titanomagnetite grains with pseudo-brookite exsolution,
synonymous of an advanced stage of deuteric oxidation. The re-
manence carriers of the Debre Sina trachybasalts are mostly gran-
ulated titanomagnetite grains suggestive a low-temperature oxida-
tion, whereas those of the Debre Sina ignimbrites are titanomag-
netite with scarcely visible ilmenite intergrowths.

5 DISCUSSION

5.1 Reliability of API determinations

Due to the low success rate of API experiments, a careful prese-
lection of the samples—either by checking the thermal stability of
the remanence carriers from Mg(7) curves or examining the shape
of NRM demagnetization diagrams—is generally highly profitable
(e.g. Valet 2003). The reliability of Thellier-style determinations is
then assessed by the use of statistical criteria to quantify technical
aspects of the results (e.g. Selkin & Tauxe 2000; Kissel & Laj 2004;
Biggin et al. 2007). As emphasized by Biggin & Paterson (2014),
the context and more qualitative aspects—such as the age constraint,
the nature of the remanence carriers or the reproducibility of the
results—are as important as, if not more than, the technical criteria
to judge the reliability of the average determinations.

For this study, the reversibility of the Ms(7) curves was certainly
a prerequisite, but not a sufficient condition to classify the reliability
of the investigated cooling units. First, failures of the Wilson exper-
iments for the whole Debre Sina section, presumably because of the
more pronounced propensity of the samples to chemical alteration
from 400-500° during the experiments, are not a proof that the
Thellier experiments are unreliable but make the estimates from the
Belessa section more favourable. Second, observations of opaques
under reflected light provides greater confidence in the estimates
from the Belessa section. Sites B50 and B56 are the most trustful
with an unambiguous signature of deuteric oxidation in an advanced
stage (pseudo-brookite exsolution in all titanomagnetite grains). On
the contrary, the reliability of the trachybasalts from the upper part
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Table 1. Site-mean absolute palaeointensity determinations (Banc) With their standard deviation (o (Banc)) and associated virtual dipole moment (VDM), before
and after applying the selection criteria (Table 2). Slon, Slat, Alt and Age report the longitude, latitude, altitude and age of the site. The next column reports the
palaeointensity method: T for Thellier, W for Wilson. The rows in italic correspond to the between-site time-averaged estimates. The Thellier results in bold

are those retained for interpretation.

Site Slon Slat Alt Age Method n Bane 0 (Banc) VDM n Bane 0 (Banc) VDM
(°E) (°N) (m) (Ma) (uT) (uT)  (102Am?) (uT) (nT)  (102Am?)

Belessa section Before selection After selection

B31 37.7242  12.4469 2100 29.8 T 11 13.0 3.1 33 7 11.8 1.8 3.0
B31 29.8 w 9 18.6 43 4.7 4 20.5 2.9 5.2
B32 37.7241 12.4474 2108 29.8 T 13 12.7 3.5 3.2 10 11.3 1.8 2.8
B32 29.8 w 7 15.9 44 4.0 4 18.0 2.8 4.5
B50 37.7004 12.4493 2369 29.3 T 12 10.0 2.7 2.5 12 10.0 2.7 2.5
B50 29.3 w 8 11.5 4.1 2.8 3 10.4 1.9 2.6
B56 37.7006 12.4480 2415 29.3 T 15 17.6 2.0 4.5 10 17.1 1.2 44
B56 29.3 w 8 16.7 1.6 43 6 16.9 1.4 4.4
B58 37.7008 12.4478 2433 29.3 T 14 8.6 2.5 2.2 9 9.6 1.6 2.5
B58 29.3 w 5 10.4 4.1 2.7 0 — — —
mean 29.5 T 65 12.4 34 3.2 48 12.0 3.0 3.0
mean 29.5 w 37 14.6 3.5 3.7 17 16.5 4.3 4.2
mean 29.5 T+W 102 13.5 3.5 34 65 14.0 4.1 3.6
Debre Sina section Before selection After selection

MO07 39.7672  9.8460 2637 14.5 T 6 17.8 2.9 4.6 5 18.7 2.2 4.8
M14-15  39.7305 9.9166 2879 14.5 T 19 21.4 2.0 5.5 0 — — —
mean 14.5 T 25 19.6 2.5 5.1 5 18.7 2.2 4.8
M54 39.7565  9.8588 2967 10.5 T 9 28.7 34 7.2 8 28.2 33 7.1
M57 39.7540  9.8585 3000 10.5 T 12 25.4 4.7 6.5 8 27.2 4.5 6.9
M58 39.7522  9.8575 3016 10.5 T 13 37.5 7.8 9.6 6 36.8 8.6 9.4
M42 39.7413  9.8551 3135 10.5 T 9 32.5 5.2 8.3 0 — — —
mean 10.5 T 43 31.0 5.2 7.9 22 30.7 53 7.8

Table 2. Selection criteria used in this study, to be compared with those of
PICRIT-03 (Kissel & Laj 2004). See Sections 3.4 and 3.5 for the definition
of the statistics.

Statistic Belessa Debre Sina PICRIT-03
Thellier experiments
n >5 >5 >4
B <0.1 <0.15 <0.1
q >5 >1 >2
f >0.5 >0.3 >0.35
MAD <10° <10° <7°
o <10° <10° <15°
|DRAT| <10% <I5% <7%
|CDRAT | <10% <15% <10%
Wilson experiments
B <0.01
S >0.5
Jres <0.1
MAD <5°
o <10°

of the Debre Sina section is the most questionable due to the obser-
vation of granular exsolution of the titanomagnetite grains, which is
usually ascribed to a secondary low-temperature oxidation process
that may have altered the original NRM. This caveat is directly as-
sociated with a higher dispersion of the API results in comparison
to those from the Belessa section. The higher palaeointensities of
sites M54, M57 and M58, although they pass our lenient selection
criteria, would thus need to be confirmed by other studies in the
same area.

Table 3. Structural analysis of titanomagnetite phases: Curie point 7¢ (de-
duced from thermomagnetic experiments); volume fraction f; lattice constant
a; ulvospinel content x and oxidation parameter z (both deduced from Nishi-
tani & Kono 1983). The second column represents the stratigraphic height
from the bottom of the section.

Site h Tc f a X z

(Specimen) (m) (°C) A)

Belessa section

B31(248A) 352 380 0.76 8.37 0.80 0.90
550 0.24 8.35 0.25 0.85

B32(258A) 361 350 0.44 8.38 0.85 0.85
520 0.56 8.34 0.40 0.95

B50(409A) 665 440 0.78 8.37 0.55 0.85
580 0.22 8.35 0.35 0.85

B56(460A) 711 610 1.00 8.35 0.05 0.65

B58(479A) 728 530 1.00 8.38 0.20 0.45

Debre Sina section

MO7(622A) 50 540 0.19 8.37 0.20 0.53
610 0.81 8.34 0.05 0.68

M14(683A) 290 580 1.00 8.36 0.10 0.53

M54(1023B) 380 540 1.00 8.38 0.18 0.40

M57(1056A) 413 290 0.53 8.43 0.63 0.45
480 0.25 8.41 0.25 0.20
540 0.22 8.38

M58(1059B) 429 225 0.64 8.45 0.70 0.40
480 0.36 8.42 0.22 0.05

M42(921A) 548 240 0.75 8.46 0.55 0.15
525 0.25 8.40 0.20 0.20

5.2 Field behaviour in the Afro—Arabian region

Only three studies reported API determinations in the Ethiopian
area: two for the stratoid basalts across the Réunion event during
the Plio-Pleistocene (Carlut ef al. 1999; Ahn et al. 2016), and one
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Figure 7. Typical microphotographs of titanomagnetite grains in the presence of a magnetic colloid: Sample B50-408 (top left) with pseudo-brookite (dark
brown) and hemoilmenite (light brown) exsolutions; Sample B58-475 (top right) with fine ilmenite exsolution lamellae and possible shrinkage cracks; Sample
MO07-626 (bottom left) with hypothetical ilmenite exsolution lamellae; Sample M57-1057 (bottom right) with small-scale (~ 1 um) granular exsolution of

ilmenite and larger scale (1020 pm) exsolution of hemoilmenite.

for the Afro—Arabian continental flood basalts during the Early
Oligocene (Riisager ef al. 1999).

For the Plio-Pleistocene, Carlut et al. (1999) and Ahn et al.
(2016) reported average VDM values of 5.6 £ 3.2 x 102Am?>
(from 50 individual determinations and 20 cooling units) and 3.7
+ 1.8 x 102Am? (from 39 individual determinations and 12 cool-
ing units) respectively. For the Middle Miocene, the Debre Sina
section yielded an average VDM of 6.5 £ 2.0 x 10*Am? (from
33 individual determinations and 5 cooling units). For the Early
Oligocene Lima-Limo section, Riisager ef al. (1999) determined
VDMs of 7.2 2.5 x 10*Am? for chron C11r (~30.3 Ma) and of
42 4+ 1.1 x 10°>Am? for Cl1n.1r (~29.5 Ma). In comparison, the
Belessa section yielded VDMs of 2.9 4 0.1 x 10*2Am? for chron
Cl1n.2n(~29.8 Ma)and of 3.1 & 1.1 x 10> Am? for chron C11n.1n
(~29.3 Ma). This leads to an average VDM 30 per cent lower for
Belessa (3.0 & 0.8 x 1022Am?, from 48 individual determinations
and 5 cooling units) than for Lima-Limo (4.6 £ 1.9 x 102Am?,
from 17 individual determinations and § cooling units). We however
note that the higher average VDM for Lima-Limo may be strongly
biased by two cooling units (LL17 and LL19) with below average
quality factors on the order of unit.

Whereas the VGP scatter was found to be 50 percent higher
during the Early Oligocene than during the Plio-Pleistocene in the
Afro—Arabian region (Lhuillier & Gilder 2019), the associated API
data available for this area do not reveal any clear trend (Fig. 8). This
may mean that the two quantities are uncorrelated, as it seems to be
the case between the VGP scatter and the reversal frequency in this
area (Lhuillier & Gilder 2019). It may also mean that the number of
independent API determinations in the Afro—Arabian region is not
sufficient to derive a robust trend.

5.3 Field behaviour during the Cainozoic

To try to extract more robust trends, we compared our new data
with the ‘world palaeointensity database’ (WPD) maintained by
the Borok Geophysical Observatory (e.g. Shcherbakov et al. 2002;
Shcherbakov & Sycheva 2006, 2013). This database includes all
known published results of reconstructed dipole strength (in terms
of VDM or VADM) obtained from eruptive or baked rocks. We fo-
cussed on the Cainozoic era and applied for each average estimate
the selection criteria of Perrin & Shcherbakov (1997): (i) at least
three individual determinations; (ii) a relative standard error lower
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Figure 8. Analysis of the ‘world palaeointensity database” (WPD) during the Cainozoic era. Panel (a): dipole strength as a function of age. Panel (b): probability
density function (pdf) of dipole strength for the 0—5 and 5-30 Ma intervals. Panels (c) and (d): average value and relative standard error as a function of the

number of determinations when data are grouped by 2-Myr windows.

than 15 per cent; (iii) the use of a check-point procedure. We more-
over only considered the palacointensity estimates obtained by the
Thellier method and those occurring during the periods of stable
polarity defined according to the authors’ prescriptions. This gave
us a set of 761 (out of 3209) average estimates for the investigated
period (Fig. 8a).

A linear regression on the 0—30 Ma interval suggests an increase
of the dipole strength from 3.5 x 10> Am? at 30 Ma to 7.4 x 102
Am? at present with a slope of 0.13 x 10?> Am? Myr~'. We note that
our estimates from Belessa and Debre Sina are in good agreement
with this trend, whereas the Plio-Pleistocene data from Ethiopia
(Carlut et al. 1999; Ahn et al. 2016) lie below the trend (Fig. 8a,
black line). It is however important to bear in mind that 78 per cent
(resp. 64 per cent) of the average estimates from the Cainozoic data
set are younger than 5 Ma (resp. 1 Ma). According to Kolmogorov-
Smirnov or Anderson-Darling tests, the probability that the 0-5
and 5-30 Ma subsets are taken from the same population is close
to zero (Fig. 8b), suggesting a distinct behaviour during the Plio-
Pleistocene. If the 0—5 Ma data are discarded, a linear regression on
the 5-30 Ma interval reveals an absence of correlation between age
and dipole strength (Fig. 8a, red line), which leads to overestimate
by 40percent the Belessa determinations and underestimate by
30 percent the Debre Sina determinations. If a linear regression
is done from 2to 30 Ma, an intermediate behaviour is found with
a negative slope of ca. 0.05 x 10> Am?> Myr~!, still showing a
disagreement with Belessa and Debre Sina estimates.

Given the present state of the database, the two end-member
scenarios—dipole low during the Oligocene on the one hand,
constant dipole strength during the whole Cainozoic era on the

other hand—are difficult to discriminate. As shown by Perrin &
Shcherbakov (1997), the mean value (M) and standard deviation
o (M) of the dipole strength over a given time window tend to cor-
relate with the number N of palaeointensity determinations. For the
Cainozoic era, an analysis by 2-Myr windows indicates that (M)
linearly increases with log (N), by 230 per cent when N grows from
1 to 1000 (Fig. 8c). The relative standard error o(M)/ (M) seems
to follow the same trend, with the difference that it may plateau at
around 40 per cent from N = 25 (Fig. 8d). This suggests that a min-
imum of 25 independent determinations are probably desirable to
yield a robust average of the dipole moment. As such a requirement
is difficult to achieve for the whole Cainozoic unless three 20-Myr
windows are considered, we cannot rule out that the dipole low dur-
ing the Oligocene stems from an insufficient sampling during this
period.

6 CONCLUSIONS

We determined the APIs of five Early Oligocene and six Middle
Miocene cooling units from Central Ethiopia that, compared to the
WPD for the Cainozoic era, lead to the following conclusions:

(1) The new determinations are compatible with an increase of
the dipole moment from 30 Ma to present, thereby suggestive of a
dipole low during the Oligocene.

(2) The alternative interpretation of a uniform dipole strength
during the Cainozoic cannot be ruled out because of both the scarcity
of the data prior to 5 Ma and the partial correlation between dipole
strength and number of palaeointensity determinations.
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From a rock-magnetic point of view, microscopical observations
of titanomagnetite grains under reflected light indicate that:

(1) Wavering exsolution patterns of pseudo-brookite, tradition-
ally associated with high-temperature oxidation, correlate with an
enhanced thermal stability of the remanence carriers and conse-
quently produce robust palacointensity estimates.

(2) Granular exsolution with ilmenite grains of ~1 um diameter,
presumably associated with low-temperature oxidation, produces
on the contrary unsuitable material for Wilson experiments and
dispersed Thellier palaeointensity results.
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