Magnetic stripes of a transitional continental rift in Afar
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ABSTRACT

Magnetic stripes parallel to mid-ocean ridges are one of the most significant consequences of
seafloor spreading, and have played an essential role in the establishment of the plate tectonics
theory and the determination of seafloor spreading rates. Similar magnetic anomaly patterns
have not been well documented subaerially in continental rifts transitioning into seafloor spread-
ing centers. Here, using high-resolution magnetic data that were collected across the Tendaho
Graben in the Afar Depression, Ethiopia, we document one of the first examples of subaerial
magnetic lineations similar in pattern and amplitude to those that characterize seafloor spread-
ing centers. The ~50-km-wide graben is the southernmost structural and geomorphological
expression of the on-land continuation of the Red Sea propagator, which is taken to represent
the Arabian-Nubian plate boundary within Afar. The graben is bounded by northwest-trending
border faults, with the footwalls dominated by ca. 1.7 Ma basalts and the downthrown blocks
constituting progressively younger basalts toward the center of the graben, reaching ca. 35 ka.
The Tendaho magnetic field is characterized by an ~10-km-wide linear negative magnetic anom-
aly that corresponds to a normal-polarity zone that is flanked by two parallel, ~20-km-wide
linear positive magnetic anomalies of reversed polarity. This work shows that magnetic stripes
can be developed in transitional continental rifts before the development of oceanic spreading
centers. The common assumption that magnetic stripes can be used to date the onset of seafloor
spreading may need to be re-evaluated in light of the evidence provided here.

INTRODUCTION

The Afar area (Ethiopia) is a unique outdoor
laboratory for the study of continental rifts tran-
sitioning to oceanic spreading centers (Fig. 1).
Nearly all stages of continental rifting to oce-
anic spreading are exposed for study (Makris
and Ginzburg, 1987; Hayward and Ebinger,

Figure 1. Magnetic profiles,
paleomagnetic station lo-
cations, and geochronol-
ogy station locations. Col-
ored lines show location of
the magnetic profiles and
correspond to the profile
colors in Figure 2A. Red
and blue profiles are the
high-resolution data col-
lected by our group. Yel-
low triangles are geochro-
nology sample locations
from Lahitte et al. (2003)
and Kidane et al. (2003).
Inverted purple triangles
are paleomagnetic sample
locations from Acton et al.
(2000) and Kidane et al.
(2003). Thick black dashed
line A-A’ is used as the
projection plane for all
profiles and supporting
data used in this paper.
Long dashed lines show
approximate extent of Ten-
daho Graben. Ayrobeara
Geothermal Field is shown

1996). The Afar Depression developed from a
Miocene flood basalt province, believed to have
originated from the Afar mantle plume (e.g.,
Hofmann et al., 1997). The Afar area has sub-
sequently undergone extension that formed the
triangular topographic depression where the
Red Sea, the Gulf of Aden, and the Main Ethio-
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pian Rift (MER) meet, separating the Arabian,
Nubian, and Somalian plates (Fig. 1) (Beyene
and Abdelsalam, 2005). Two oceanic spreading
centers, the Gulf of Aden and the Red Sea, have
stepped onto Afar to form the Gulf of Aden and
the Red Sea propagators, respectively. These
propagators are currently expressed as active
axial magmatic centers in well-formed graben
structures that do not meet on the surface but
are separated by an ~120 km wide overlap zone
that is dissected by northwest-trending faults
(Fig. 1). This overlap zone is currently experi-
encing a dextral shear couple with individual
blocks between the propagators exhibiting a
clockwise rotation (Tapponnier et al., 1990;
Manighetti et al., 2001).

The Tendaho Graben (TG), which represents
the southeastern extension of the Red Sea prop-
agator (Fig. 1), initiated at ca. 1.8 Ma (Acton et
al., 1991, 2000). It is ~50 km wide, representing
the largest graben in central Afar. Normal fault-
ing is dominant, although some sinistral strike
slip is present (Abbate et al., 1995). The Stra-
toid basalts with a mean age of ca. 1.7 + 0.2 Ma
(Acton et al., 2000) are the major lithologic unit
that forms the footwalls of the graben. The age
of the Stratoid basalts is progressively younger
toward the middle of the graben (Fig. 2B). The
graben is filled with lacustrine deposits that in
some places are over 1.6 km thick (Abbate et al.,
1995; Aquater, 1996). Volcanic rocks as young
as 35 ka are found in the graben center and
primarily consist of basalts with a subordinate
amount of rhyolites and pyroclastics (Abbate
et al., 1995). A rift-in-rift structure is formed in
these younger volcanics.

OBSERVATIONS OF MAGNETIC
STRIPES

Data used in the study were obtained by a
high-resolution ground magnetic survey across
the TG conducted in the winters of 2008 and
2009. The survey utilized a cesium optically
pumped magnetometer (COM) coupled with a
GPS on a backpack frame. Base station readings
were collected using a proton precession mag-
netometer that was used to correct for diurnal
variations. The COM instrument records data
at a rate of 5 Hz with an absolute accuracy of
<2 nT, with the base station having an absolute
accuracy of 1 nT. Two high-resolution profiles
perpendicular to strike of the TG were acquired
with a station interval of ~1 m. One of the pro-
files crosses the entire width of the graben,
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Figure 2. Magnetic pro-
files, geochronologic
data, and paleomagnetic
data projected to line
A-A’. A: Magnetic pro-
files from Figure 1 (col-
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omitted for clarity (see Fig. 4).

while the other profile is located across the cen-
tral portion of the graben (Fig. 1). Furthermore,
Aquater (1996) collected two additional mag-
netic profiles in 1980 (Fig. 1). The Aquater data
set has an average station spacing of 250 m and
was collected with two proton precession mag-
netometers with one magnetometer used as the
base station.

All the magnetic profiles demonstrate a near-
symmetric pattern in which the central part is
dominated by a negative total-field magnetic
anomaly flanked by positive total-field anoma-
lies with amplitudes similar to those observed
over oceanic spreading centers (Prevot and
Gromme, 1975) (Figs. 2A and 3). Similar to the
well-known magnetic stripes in ocean basins,
the magnetic lineations that we observed in the
TG might originate from graben-parallel linear
magmatic bodies. All the profiles show a higher
positive anomaly on the southwest side of the
profiles. In addition, a smaller relatively positive
total-field magnetic anomaly is also apparent in
the central part of the negative anomaly feature
(Figs. 2A, 3, and 4B) that might be related to
high heat flow that is observed in the region
(Aquater, 1996; Berktold et al., 1975).

The high-resolution profile that crosses the
entire TG was modeled using an ensemble of
finite-length, right rectangle prisms (Webring,
1985) under the assumption that the features
being modeled are two-dimensional structures
parallel to the strike of the graben. Since the
survey was conducted over basalts of vary-
ing age, remanent magnetism (RM) must be
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Figure 3. Comparison of magnetic anoma-
lies across the Tendaho Graben and Sheba
oceanic spreading center. Data for the Sheba
spreading center are from Barberi and Varet
(1977).

Distance from rift axis (km)

-20 -10

I Fissure basalts |

0.023<\) N B

Stratoids
0.0230

Depth
(km)
&

Upper crust 72?2
E 0.0126

I R

Sediments
0.00006

| B
R

Stratoids
0.0230

Upper crust 72?
0.0126

R

Figure 4. Conceptual crustal model for the Tendaho Graben based on magnetic,
paleomagnetic, geochronologic, and geological constraints. A: Bouguer gravity
anomaly profile approximately following A-A’". B: Magnetic profile data (shown by
red line in Fig. 1). Black line is the observed data, and red line represents the mod-
eled data. C: Final magnetic model with yellow being lacustrine sediments, green
being diked undifferentiated upper crust, brown being Afar Stratoid basalts, purple
being normal-polarity recent basalts, red being reverse-polarity basalts (older than
0.78 Ma), orange being recent normal-polarity basalts, and pink being the area of
highest heat flow along the rift axis. Numbers are magnetic susceptibilities in Sl
volume units. N—normal remanent polarity; R—reverse remanent polarity.

GEOLOGY, March 2012



considered in the models. RM can completely
mask the current induced-component and is the
reason that reverse-polarity events recorded in
the geologic record are well documented. In our
case, the RM is most likely caused by thermal
remanent magnetization of minerals such as tit-
anomagnetite present in the basalts (Courtillot
et al., 1984; Reynolds et al., 1990). RM often
decreases with age of the rocks as oxidation and
hydrothermal interactions develop in the ferro-
magnetic minerals (Prevot and Gromme, 1975).
Our modeling shows that the only pos-
sible way to explain the large amplitude of
the observed anomalies is to include both the
induced magnetic field and a significant quantity
of RM in the model. A multitude of models using
only induced magnetization were tried and none
were able to match the amplitude of the observed
anomalies. As with all potential-field modeling,
any one model is not a unique solution. Our
model is the most plausible with the given geo-
logical constraints and magnetic properties. For
the Afar Stratoid basalts, the range of measured
natural remanent magnetism (NRM) intensities
was between <1 and 31 A/m, with an average
value of 4.65 A/m, whereas the mean suscepti-
bility in SI volume units is 0.023 (Kidane et al.,
1999; Acton et al., 2000). The recent (<0.3 Ma)
basalts in the TG have a mean declination (D)
of 4.4° and inclination (I) of 17.8°, very similar
to the present field direction (D = 0°, I = 22°)
(Kidane et al., 1999; Acton et al., 2000). The
older basalts (0.6—-1.1 Ma) of the TG have two
dominant mean NRM directions (D = 13.7°, 1
=0.8° and D = 203.2°, I = —7.1°) correspond-
ing to the current normal-polarity and reverse
Matuyama Chron (Kidane et al., 1999; Acton
et al., 2000). These parameters were used in our
models. The older Stratoid basalts were mod-
eled with a NRM intensity of 2.0 A/m, and the
younger axial rift volcanics with a NRM of 5.00
A/m. These values are similar to those observed
over some oceanic spreading centers (Courtillot
et al., 1984). The final model shows that an
~10 km wide stripe along the axis of the graben
exhibits normal polarity (Fig. 4C) surrounded
by wider zones of dominantly reverse-polarity
units. The large-amplitude negative anomaly
shown in Figures 2A, 3, and 4B is the result of
an ~10 km region of dominantly normal-polarity
intrusions and/or diking that follows the rift axis.
In equatorial regions such as our study area, a
normal-polarity RM field roughly parallel to
the inducing field produces a negative anomaly.
Conversely, reverse-polarity RM, when over-
printing the inducing field, will exhibit positive
anomalies in equatorial regions during normal-
polarity periods such as the present time.

GRAVITY ANOMALIES
To further independently validate the results
of our magnetic modeling, especially the pres-
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ence of mafic diking or higher abundance of
diking along the axial part of the TG, a high-
density Bouguer gravity anomaly profile was
acquired that nearly coincides with the longer
high-resolution magnetic profile. The gravity
profile shows a high-amplitude gravity maxi-
mum in the center of the TG (Fig. 4A), in spite
of the fact that this part of the basin has the
thickest lacustrine sediments, which should lead
to negative Bouguer gravity anomalies. It is not
possible with the current data available to deter-
mine if the high-density sources in the center
of the graben, as suggested by the gravity data,
are produced by a jump in diking frequency or
if there was a gradual increase of diking as the
lithosphere became stretched by extension.

The recent rifting episode just north of the
TG, along the Dabbahu rift segment, provides
evidence that supports our model. The intru-
sion of large dikes into the upper crust has been
well documented along the Dabbahu rift axis
(Wright et al., 2006; Ayele et al., 2009), and this
process repeated several times over millions of
years can create a crustal structure similar to one
we proposed in the TG.

DISCUSSION

Our Model

On the basis of the modeling of the magnetic
data, gravity data, surface geology, geochro-
nology, and paleomagnetic studies, we propose
a model (Fig. 4C) of the upper crust that has
been extensively modified by diking and intru-
sions during the emplacement of the Stratoid
basalts, and subsequently, as spreading con-
tinued, a 10 km zone of dominantly normal-
polarity intrusions has been recording the past
~0.8 m.y. of extension (Fig. 4C).

The Local High at the Center and Its
Formation Mechanisms

The high-resolution magnetic profiles pro-
vide a remarkable insight into the structure of
the upper crust across the TG. The 2-3-km-wide
zone of slightly elevated magnetic anomalies in
the axial area (Fig. 4B) might be the result of
higher crustal heat flow. This would reduce the
intensity of the RM by raising a portion of the
contributing upper crust above the Curie point,
thereby reducing the RM to the measured mag-
netic field. Geothermal studies suggest that a
nearly vertical fault coincides with this zone
(Aquater, 1996). This is supported by surface
manifestations of geothermal activity along
the rift axis and geothermal exploratory well
drilling (Aquater, 1996; Gianelli et al., 1998;
Battistelli et al., 2002) near Ayrobeara (Fig. 1).

The Implications of the Magnetic Stripes
The presence of linear magnetic anoma-
lies in Afar has been previously qualitatively

described. Barberi and Varet (1977) argued their
existence based on an aeromagnetic campaign
completed during the late 1960s. They pointed
to the existence of many linear magnetic anom-
alies associated with the Red Sea and Gulf of
Aden propagators in Afar. They also argued for
the existence of oceanic crust beneath these seg-
ments based on crustal thickness, gravity data,
lack of any crustal xenoliths in the Afar floor,
and geochemical data. Courtillot et al. (1980,
1984) describe distinct linear magnetic anoma-
lies typical of those associated with oceanic
spreading centers in the area between the Asal
and Abhe Rifts, part of the Gulf of Aden propa-
gator (Fig. 1). They argued that the anomalies in
western Afar cannot be matched with the mag-
netic timescale due to the lack of paleomagnetic
and geochronologic data.

We provide evidence here for the first time
of a transitional continental rift exhibiting mag-
netic stripes that can be correlated with the cur-
rent geomagnetic time scale of Cande and Kent
(1992). Hayward and Ebinger (1996) provide
a conceptual model for the evolution of rift
morphology from the onset of rifting to fully
developed seafloor spreading for the MER and
Afar. The areas of linear magnetic anomalies as
shown by Barberi and Varet (1977) correspond
remarkably well with the middle and later stages
of Hayward and Ebinger’s model. During these
stages smaller rifts are forming within the rift
system. The TG is at this development stage
and principally records the change from the
Matuyama Chron (reverse polarity) to the cur-
rent Brunhes Chron (Fig. 2C).

Bastow and Keir (2011) show that the crust
across southern Afar (<13°N) is overthickened.
This is likely due to magmatic intrusions accom-
modating extension rather than faulting or duc-
tile stretching. In the perspective of this model,
the intrusions of the TG have become focused
along the rift axis at a stage in which the crust is
still relatively thick. This is similar to the active
Dabbahu segment to the north (Wright et al.,
2006) and could represent a transitional phase
from extension maintained by crustal intrusion
to that of rapid crustal stretching and the onset
of efficient adiabatic decompression melting
along a focused spreading center.

Documenting a continental rift that hosts
magnetic stripes is further supported by the
findings of Bronner et al. (2011). Bronner et
al. (2011) provide evidence for the presence
of magnetic stripes similar to the TG in the
Newfoundland-Iberia rift system. The mag-
netic stripes were formed by mafic intrusions
in a magma-poor rift system. Our data corrobo-
rate the findings of Bastow and Keir (2011) and
Bronner et al. (2011). The implications of these
results could have profound effects on the tim-
ing of continental breakup at rifted margins
elsewhere.
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CONCLUSIONS

Magnetic data along with gravity, surface
geology, geochronology, and paleomagnetic data
from the TG clearly document a subaerial ver-
sion of the magnetic stripes typically associated
with oceanic spreading centers. The magnetic
anomaly pattern is analogous in dimension and
amplitude to that observed at oceanic spreading
centers. We provide clear evidence that magnetic
stripes can form as a result of magmatism during
late stages of continental rifting. Our work has an
implication that magnetic stripes observed near
rifted margins worldwide that include magma-
tism are not necessarily indicative of the timing
and location of the onset of seafloor spreading.
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