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Key Points: 18 

• We obtain two new 40Ar/39Ar ages for the low-Ti basalt from the Lima-Limo section of 19 
the Ethiopia–Yemen flood basalts 20 

• Based on our eruptive age model, we correlate the Lima-Limo section to Chrons C12r to 21 
C11r 22 

• We conclude that the non-plume low-Ti basalts erupted before the Afar plume high-Ti 23 
basalts because of the plume–lithosphere interaction 24 
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Abstract 26 

The Ethiopia-Yemen flood basalts are spatially zoned with progressively lower TiO2 lavas from 27 
near the Afar depression toward the margins. The timing and rate of emplacement of low TiO2 28 
(LT) lavas are poorly known compared with the ultra-high TiO2 (HT2) lavas. We measured two 29 
high-precision 40Ar/39Ar ages of 29.63 ± 0.14 and 30.02 ± 0.22 Ma (2σ) from basalts of the 2-km-30 
thick LT lava sequence at the Afar plume head margin. Using our eruption age model constructed 31 
from our and previous 40Ar/39Ar ages with the paleomagnetic directions, we estimate that the LT 32 
lava eruption continued over Chrons C12r-C12n-C11r. The eruption of the plume head margin 33 
started earlier than the plume head axis emplacement in C12n. Also, the eruption rate was low at 34 
the margin, high at the axis. We estimate that the LT lavas are induced by the edge-driven 35 
convection, the result of a plume-lithosphere interaction, not a plume head. 36 

 37 

Plain Language Summary 38 

The Ethiopia-Yemen Flood Basalts are the expression of a mantle plume erupting millions of km3 39 
of basaltic lava in a geologically short period (1-3 million years (Myr)). Titanium concentrations 40 
in the flood basalts are zoned and named HT2, HT1, and LT basalts (from high to low Ti). The 41 
eruption timing and rate of the HT2 basalts are constrained with high precision, but those of the 42 
LT basalts remain ambiguous. Therefore, we measured two high-precision 40Ar/39Ar ages from LT 43 
basalts in the 2-km-thick Lima-Limo section, which erupted northwest of the Afar area. Based on 44 
our eruption age model constructed from 40Ar/39Ar ages and paleomagnetic directions, we estimate 45 
that the eruption of the LT basalts started earlier than the HT2 basalts that erupted in Chron C12n 46 
and lasted over at most ~2 Myr. The eruptive rate of the LT basalts (0.02-4.69 km3/yr) in the 47 
earliest interval was lower than that of the HT2 basalts (4-13 km3/yr). We may explain that this 48 
eruption feature by a thickness gradient in the lithosphere on the Afar mantle plume at that time. 49 

 50 

1 Introduction 51 

Understanding of the flood basalt eruptions is essential because it provides clues to past 52 
mantle plume activity. The Afar Plume formed the Afro–Arabian Large Igneous Province 53 
(AALIP) over three periods, the Eocene, Oligocene, and Miocene (Rooney, 2017), and is one of 54 
the freshest flood basalts on Earth. The most active emplacement of AALIP occurred in the 55 
Oligocene (e.g., Hofmann et al., 1997), called the Oligocene Ethiopian–Yemen Traps, and 56 
geochemical studies of the Oligocene flood basalts have clarified that basalts show zoning with Ti 57 
content (Pik et al., 1998). Low Ti tholeiitic lavas (LT, TiO2: 1–3 wt%) occur in the western part, 58 
high Ti tholeiitic lavas (HT1, TiO2: 2–4 wt%) in the eastern part, and ultra-high Ti transitional 59 
basalt/picrite lavas (HT2, TiO2 3–7 wt %) near the Afar triple junction (Fig. 1a) (Pik et al., 1998; 60 
Beccaluva et al., 2009; Natali et al., 2016; Rooney, 2017). HT2 lava has a high mantle potential 61 
temperature (Beccaluva et al., 2009; Natali et al., 2016). Since high 4He/3He ratios were reported 62 
from HT2 lava, it is thought to be of deep mantle origin, consistent with the plume hypothesis 63 
(Marty et al., 1996; Natali et al., 2016). Mantle seismic tomography also suggests that the Afar 64 
plume rises from the bottom of the lower mantle (French and Romanowicz, 2015; Boyce et al., 65 
2021). The HT2 basalts are the earliest eruptions of the Oligocene Ethiopia–Yemen Traps and are 66 
estimated to have significantly high emplacement rates (Eid et al., 2021). However, the timing and 67 
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rate of the emplacement of LT lavas have not been uniquely determined, and their eruption rates 68 
remain ambiguous (Fig. 1b) (Ahn et al., 2021; Eid et al., 2021). 69 

The Oligocene Ethiopia–Yemen Traps are one of the three volcanic pulses of AALIP from 70 
the Eocene to the Miocene (Rooney, 2017). In the Lima-Limo section of the Traps, one of the 71 
thickest LT basalt sections in northwestern Ethiopia (Fig. 1a), several studies on paleomagnetism 72 
and 40Ar/39Ar age estimated that its eruption duration is 0.8–1.5 million years or less (Myr) 73 
(Hofmann et al., 1997; Rochette et al., 1998; Coulié et al., 2003; Ahn et al., 2021). Hofmann et al. 74 
(1997) and Rochette et al. (1998) conducted a magnetostratigraphic and 40Ar/39Ar study of the 75 
Lima-Limo section of the Traps and interpreted that the main part of the Traps erupted at about 30 76 
Ma in a short period of time, less than 1.5 Myr. They identified a R–N–R polarity sequence and 77 
correlated it with Chrons C11r–C11n or C11r–C10r in the Geomagnetic Polarity Time Scale 78 
(GPTS) of Heustis and Acton (1997) (Fig. 1b). Coulié et al. (2003) performed K/Ar and 40 Ar/39Ar 79 
datings and improved the correlation of the magnetostratigraphy of Rochette et al. (1998) with 80 
GPTS of Cande and Kent (1995) (Fig. 1b). However, previous studies couldn’t establish a unique 81 
magnetostratigraphic correlation with GPTS (Fig. 1b). Recently, seven magnetozones were 82 
identified from the Traps: R1–N1–R2–N2–R3–N3–R4, from the bottom to the top of the section 83 
(Ahn et al., 2021). These newly found magnetozones make unique correlations to GPTS more 84 
difficult. The reason for the lack of the unique magnetostratigraphic correlation of the Lima-Limo 85 
section in previous studies is that they did not construct any eruption age models using the 86 
40Ar/39Ar ages, which should be based on a common standard age. Furthermore, it is necessary to 87 
use as many 40Ar/39Ar ages as possible in order to construct high-precision age models. Therefore, 88 
in this paper, we report new high-precision 40Ar/39Ar ages of lavas from the Lima-Limo section 89 
and combine them with previously reported  40Ar/39Ar ages and construct an age model to estimate 90 
the eruption timing and rate. 91 

2 Geological Setting, Samples and Methods 92 

2.1 Geological Setting 93 

The Oligocene Ethiopia–Yemen Traps in the Lima-Limo section erupted at ~30 Ma 94 
(Hofmann et al., 1997; Rochette et al., 1998; Coulié et al., 2003), which was before the Afro-95 
Arabian continental breakup (Bosworth et al., 2005). Continuous lava piles that erupted at ~30 Ma 96 
have also been found in other areas of Ethiopia (e.g., Prave et al., 2016; Lhuillier and Gilder, 2019; 97 
Eid et al., 2021). After the continental breakup, the Traps split into two parts, 90% in Ethiopia and 98 
10% in the Arabian Peninsula (Fig. 1a). Currently, the area of the main part of the Traps in Ethiopia 99 
is ∼600,000 km2 (Mohr, 1983). The total lava thickness of the Lima-Limo section reaches ~2 km, 100 
and all lava flows are LT basalts. The total volume of the Oligocene Ethiopia–Yemen Traps is 101 
estimated to be 350000 km3 (Mohr, 1983; Mohr and Zanettin, 1988). The lower part (<~2200 m) 102 
is characterized by thin lava flows (<10 m) and a gentle slope morphology. In contrast, the upper 103 
part (>~2200 m) consists mainly of thick lava flows (10–100 m), forming cliffs with clear breaks 104 
along flow contacts (Ahn et al., 2021). In the Oligocene Ethiopia–Yemen Traps consisting of a 105 
large range of compositions from low-Ti to high-Ti basalts, in particular, the eruption rate of HT2 106 
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basalt in the Waja section may have been higher than that of LT basalt in the Belessa and Lima-107 
Limo sections (Eid et al., 2021). 108 

Figure 1. (a) Schematic map of the Oligocene Ethiopia–Yemen Traps (after Rooney, 2017). 109 
Section names are: Lima-Limo (LL, this study), Belessa (BE), and Waja (WA). Yellow, orange, 110 
and red colors show the spatial distribution of the basalt lavas of different titanium 111 
concentrations (Pik et al., 1998): LT, TiO2 1–3 wt%, HT1, TiO2 2–4 wt%, and HT2, TiO2 3–7 112 
wt%. The thick white line indicate the Ethiopian border. (b) Summary of previous and our 113 
magnetostratigraphic correlations of the Lima-Limo section. The reference GPTS are Cande and 114 
Kent (1995) for Hofmann et al. (1997), Huestis and Acton (1997) for Rochette et al. (1998), 115 
Cande and Kent (1995) for Coulié et al. (2003), Ogg et al. (2016) for Ahn et al. (2021), and Ogg 116 
(2020) for this study. When alternative age correlations were proposed in the previous studies, 117 
only the correlations preferred by the original authors in each study are presented here. We label 118 
the geomagnetic reversals in Chron C12n as the ‘Lima-Limo reversals’ and assumed that the 119 
Lima-Limo reversals are evenly distributed over the early half of Chron C12n. 120 

2.2 Samples 121 

We used the same LT lava samples as those in previous paleomagnetic studies (Fig. 1a, 122 
S1) (Yoshimura et al., 2020; Ahn et al., 2021). Before the dating experiments, we selected samples 123 
by inspecting thin sections to avoid contamination from secondary minerals. Photographs of the 124 
thin sections are shown in Fig. S2. Samples A1–61 and A2–162 are from two reversely magnetized 125 
lava flows belonging to the R4 magnetozone. Samples A2–482 and A2–604 are from the normally 126 
magnetized lava flows of the N3 and N1 magnetozones, respectively. 127 

2.3 40Ar/39Ar dating 128 

We determined the ages of the basalt samples from the Lima-Limo section using the 129 
40Ar/39Ar dating instrument at the Geological Survey of Japan, AIST. The details of the procedures 130 
are described in Ishizuka et al. (2018) and Text S1. 131 
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2.4 Eruption age model 132 

We calculated Bayesian eruption age models using MacBacon 2.2 (Blaauw and Christen, 133 
2011) and applied the following prior distributions: acc.shape = 1.5; acc.mean = 500; 134 
mem.strength = 4, mem.mean = 0.7, thick = 125 (same as Sprain et al., 2019 except for the “thick”). 135 

3 Results 136 

Four samples were dated by stepwise heating analysis (Tables S1 and S2; Fig. 2a). Two 137 
samples (A1–61 and A2–162) yielded well-defined age plateaus comprising 82.7% and 82.1% of 138 
released gas, respectively (Tables S1 and S2; Fig. 2a). The inverse isochron ages for the two age 139 
spectra are identical to the weighted average ages of plateau-forming steps within 2σ error (Table 140 
S1, Fig. S3). These data indicate that the two plateau ages (29.63 ± 0.14 Ma for sample A1–61 and 141 
30.02 ± 0.22 Ma for sample A2–162) (2σ, respectively) are reliable eruption ages of the basalts. 142 
A2–482 showed a partially disturbed age spectrum comprising 44.9% of released gas and did not 143 
have a plateau in a strict mean (Tables S1, S2; Fig. 2a). Sample A2–604 gave an age spectrum 144 
comprising 43.5% of the released gas and did not exhibit a plateau in a strict mean either (Tables 145 
S1 and S2; Fig. 2a). The age spectrum includes some apparent disturbance in low-temperature 146 
steps due to 39Ar recoil (Schaen et al., 2020). Thus, we do not use the ages (samples A2-604 and 147 
A2-482) in our discussion. 148 
  149 
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Figure 2. (a) 40Ar/39Ar age spectra and Ca/K plots for leached groundmass samples. Arrows 150 
indicate the steps forming plateau ages. 40Ar/39Ar plateau ages are shown with 2σ error. (b) 151 
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Bayesian eruption age models and compilation of our 40Ar/39Ar ages for the Lima-Limo section 152 
together with previously reported 40Ar/39Ar ages (Hofmann et al., 1997; Rochette et al., 1997; 153 
Coulié et al., 2003) with altitude (2σ error). The age model with the red dashed (blue dotted) line 154 
and the pink (light blue) area is for all ages (selected ages: this study and Rochette et al., 1998). 155 
The lines are averages of the age models, and the colored areas show 95% confidence intervals. 156 
Bayesian age model Bacon (Blaauw and Christeny, 2011) was used. All 40Ar/39Ar ages are 157 
recalibrated to the FCs standard with an age of 28.201 Ma (Kuiper et al., 2008) and the 40K decay 158 
constant (Min et al., 2000). The Lima-Limo magnetostratigraphy, VGP latitudes, and 159 
paleomagnetic directional groups (DGs) (yellow green shaded boxes) (Ahn et al., 2021) (on the 160 
right) and two GPTS models (Ogg, 2020; Sahy et al., 2017) (on the top) are also shown. The black 161 
triangles indicate putative excursions Ahn et al. (2021) identified. 162 

4 Discussion 163 

4.1 Age correlation with geomagnetic polarity time scale 164 

Here, we compare our high-precision groundmass-derived ages and the previously reported 165 
high-precision sanidine single-crystal-derived ages (Rochette et al., 1998) with the geomagnetic 166 
polarity ages of two GPTS models (Sahy et al., 2017; Ogg, 2020). The GPTS model of Ogg (2020) 167 
is the latest version of the GPTS. This GPTS model provides ages of geomagnetic reversal 168 
boundaries based on marine magnetic anomalies since the middle Mesozoic, which is constrained 169 
by astronomical tuning. The GPTS model of Sahy et al. (2017) was constructed by minimizing the 170 
discrepancy between the age-depth model based on U-Pb ages and the GPTS model of Ogg (2020). 171 
All 40Ar/39Ar ages here are recalibrated using the FCs standard with the age of 28.201 Ma (Kuiper 172 
et al., 2008) and the 40K decay constant (Min et al., 2000) (Table S3). We can distinguish our two 173 
40Ar/39Ar ages (samples A1-61 and A2-162 from the R4 magnetozone) at the 2σ level (29.82 ± 174 
0.14 Ma and 30.21 ± 0.22 Ma, respectively). The age of sample A1-61 is correspond to Chron 175 
C11n.2n of GPTS2020, but this is not consistent with the polarity (Fig. 2b). In Sahy and other's 176 
GPTS model, the age of sample A1-61 is consistent with Chron C11r age at the 2σ level (Fig. 2b). 177 
The previous high precision sanidine single-crystal age of the sample LLC (29.9 ± 0.1 Ma) 178 
(recalibrated from Rochette et al., 1998) agrees with our age of sample A1-61 at almost the same 179 
elevation (~3200 m), indicating that our groundmass age has the similar accuracy and precision as 180 
the sanidine single-crystal age. Besides, the age of sample LLC agrees with Chron C11r of both 181 
GPTS models at the 2σ level (Fig. 2b) and the age of sample A2-162 agrees with Chron C11r of 182 
both GPTS models (Fig. 2b). Given these, we can interpret that all of the reversed polarity lava 183 
sequences at elevations between 2300 m and 3300 m (the R4 magnetozone) erupted in Chron C11r. 184 

We can interpret that the Lima-Limo section erupted over Chrons C12r and C11r based on 185 
the eruption age models calculated from radiometric ages compiled from this study and previous 186 
studies (Fig. 2b, Table S4). This means that the Lima-Limo section erupted between 31.7 and 29.8 187 
Ma (maximum estimation). The age model using our ages and the sanidine single-crystal ages of 188 
Rochette et al. (1998), which have high precision, agree with the age model constructed from all 189 
40Ar/39Ar ages. This means that our ages and those of Rochette et al. (1998) contribute highly to 190 
the the age model constraints. The top of the age model constructed from all ages (3220 m) 191 
overlaps with Chron C11r of both GPTS models at the 95% confidence intervals, but it does not 192 
overlap with Chron C11n.1r of both GPTS models. This indicates that the lava flow of the  193 
magnetozone R4 erupted during Chron C11r. The N3–R4 magnetozone boundary of the age model 194 
constructed from all ages (2280 m) overlaps with the C12n–C11r boundary of the GPTS model of 195 
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Sahy et al. (2017) at the 95% confidence interval level, while it does not overlap with the boundary 196 
of Ogg (2020). The R1–N1 magnetozone boundary (1810 m) does not overlap with C12r–C12n 197 
boundary at the 95% confidence intervals of both GPTS models. This discrepancy suggests that 198 
the eruption rate around the R1–N1 magnetozone boundary may have been low. This possibility 199 
is consistent with the results that there are lava flows with intermediate paleomagnetic directions 200 
between the magnetozones N3 and R4, but not between R1 and N1 (Ahn et al., 2021). The bottom 201 
of the age model constructed from all ages (1330 m) overlaps with Chron C12r of the GPTS model 202 
of Ogg (2020) at the 95% confidence intervals, while it does not overlap with C12r of the GPTS 203 
model of Sahy et al. (2017). This indicates that the lava flow of the  magnetozone R1 erupted 204 
during Chron C12r. In summary, the lava flows of the magnetozone R1 belong to Chron C12r, the 205 
those of the magnetozones N1 to N3 belong to Chron C12n, and the those of the magnetozone R4 206 
belong to Chron C11r. We have uniquely correlated the Lima-Limo section to the GPTS for the 207 
first time. 208 

We cannot correlate the short-lived reversed-polarity lava flows, R2 and R3 magnetozones 209 
(‘Lima-Limo reversals’), to Chron C12n of both GPTS models because Chron C12n does not 210 
include cryptochrons or excursions on the current GPTS. We now consider two possibilities for 211 
these reversed-polarity magnetozones. The first possibility is that we identified four new 212 
geomagnetic reversals within Chron C12n that have not been previously detected from marine 213 
magnetic anomalies (Cande and Kent, 1992). In this case, there would be a short reversal polarity 214 
in Chron C12n that has not yet been registered in GPTS. In the Waja section that erupted in Chron 215 
C12n (Eid et al., 2021), intermediate paleomagnetic directions were reported from six lava flows. 216 
The six lava flows are located in the lower part of the Waja section, which suggests that the 217 
paleomagnetic direction in early C12n is unstable. This finding is consistent with the R2 and R3 218 
magnetozones found in the Lima-Limo section. A relative paleomagnetic intensity low in the early 219 
C12n observed in Oligocene marine sediments (Yamazaki et al., 2013; Yamamoto et al., 2014) 220 
may reflect the Lima-Limo reversals, suggesting that this is a global event. In addition, the absolute 221 
paleointensity decrease was observed in the N1 magnetozone (Yoshimura et al., 2020). Thus, we 222 
interpreted that geomagnetic reversals occurred in early Chron C12n. The second possibility is that 223 
the lavas in the R2 and R3 magnetozones are intrusive rocks formed at different times than the 224 
upper and lower lava. When we conducted the field survey at the Lima-Limo section, however, 225 
we did not find any dyke or sill in the lava outcrops (Fig. S1). Therefore, we consider that the 226 
geomagnetic reversals of the R2 and R3 magnetozones reflect the geomagnetic field behavior in 227 
early Chron C12n. 228 

4.2 Estimation of emplacement rate 229 

We calculate the eruption rate for each chron to calculate the eruption rate using the volume 230 
of 150000 km3 of tholeiitic basalt in the LT basalt zone estimated in a previous study (Beccaluva 231 
et al., 2009). This is about 20% of the total volume of the Ethiopia–Yemen Traps (Rooney, 2017) 232 
of 720000 km3. In this case, the volume of magnetozone R4 is calculated to be 71484 km3, N1 to 233 
N3 is 31524 km3, and R1 is 46992 km3. We assume that the maximum eruption durations are as 234 
follows: 0.621 Myr (Ogg, 2020) or 0.50 Myr (Sahy et al., 2017) for the R4 magnetozone (Chron 235 
C11r), 0.386 Myr (Ogg, 2020) or 0.82 Myr (Sahy et al., 2017) for the N1 to N3 magnetozones, 236 
and 2.237 Myr (Ogg, 2020) or 1.86 Myr (Sahy et al., 2017) for the R1 magnetozone. Based on 237 
these maximum durations, the eruption rates are calculated as 0.02 to 0.03 km3/yr for the R1 238 
magnetozone, 0.04 to 0.08 km3/yr for the N1 to N3 zone, and 0.12 to 0.14 km3/yr for the R4 239 
magnetozone, respectively (Table S5). Note that it is unclear when the eruption of the R1 240 
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magnetozone began. According to our age model, the lavas of the magnetozone R1 are likely to 241 
start eruption in late Chron C12r (Fig. 2b). However, this inference is not precise enough to 242 
calculate the eruption rate of the R1 magnetozone. Therefore, it is also necessary to estimate the 243 
eruption rate in the paleomagnetic directional groups (DGs). 244 

To determine the net duration of the eruptive period of the Lima-Limo section, we use the 245 
results of the analysis of paleomagnetic secular variations recorded in the section (Ahn et al., 2021). 246 
Ahn et al. (2021) used the method proposed by Mankinen et al. (1985) and the statistical test of 247 
McFadden and Lowes (1981). They then grouped the statically same directions and assigned 11 248 
DGs. However, site-averaged directions with α95 exceeding ten were used for two DGs, so only 249 
nine DGs are used in this study. We assume that the rate of geomagnetic secular variations in the 250 
last 3000 years (~2 °/100 years, Chenet et al., 2008) and that in the Lima-Limo section are the 251 
same. Because lava flows record the ambient geomagnetic direction during cooling, we can infer 252 
whether the paleomagnetic directions of successive lava flows were separated by long time 253 
intervals using paleomagnetic secular variations. Lava flows separated by long time intervals 254 
usually have significantly different mean paleomagnetic directions, but when erupted successively 255 
within a short time interval, such as 100 years, they are statistically indistinguishable. If the mean 256 
directions of adjacent lava flows are statistically indistinguishable at the 95% confidence level, the 257 
lava flows are considered to have been rapidly emplaced and failed to record paleomagnetic secular 258 
variations. Their paleomagnetic directions are merged into a single DG (Chenet et al., 2008). We 259 
assumed the upper and lower limits of lava eruption time for individual DGs as 100 years and ten 260 
years, respectively, and the interval of lava flows that have distinct paleomagnetic directions as at 261 
least 500 years (Chenet et al., 2008). In this case, for the entire Lima-Limo section, the eruption 262 
period of the R1 magnetozone corresponding to Chron C12r is 2 × 10 (100) + 20 × 500 = 10020 263 
(10200) years at least (at most). Through the same calculation manner, that of the N1 to N3 264 
magnetozones is 7010–7100 years, and that of the R4 magnetozone is 11550 –12000 years. The 265 
eruption rates can be estimated to be 4.61–4.69 km3/yr for the magnetozone R1, 4.44–4.50 km3/yr 266 
for the magnetozones N1 to N3, and 5.96–6.19 km3/yr for the magnetozone R4, respectively (Table 267 
S5). Note that the relatively high eruption rate of the magnetozone R4 would be slightly 268 
overestimated because sampling densities were sparse due to poor exposures at ∼2640–2740 and 269 
∼2900–3040 m and entrance restrictions at 3120–3260 m (Ahn et al., 2021). Nevertheless, these 270 
rates are lower than the previous estimation for HT2 lavas (4–13 km3/yr: Eid et al., 2021). 271 

4.3 Edge-driven convection to induce partial melting of ambient (non-plume) 272 
asthenosphere 273 

The HT2 lavas reported in a previous study (Pik et al., 1998) are thought to represent the 274 
mantle plume axis (Natali et al., 2016). The HT2 lava flows were the first zone to erupt in three 275 
titanium zones and had the highest emplacement rate of 4–13 km3/yr in the Oligocene Ethiopia–276 
Yemen Traps, which is thought to be the Afar plume head expression (Eid et al., 2021). The HT1 277 
zone shows a circular pattern around the HT2 zone (Fig. 1a) (Beccaluva et al., 2009; Natali et al., 278 
2016). The mantle potential temperatures of each zone are consistent with the expected plume head 279 
temperature distribution (Beccaluva et al., 2009; Natali et al., 2016). However, we found that the 280 
LT lavas erupted earlier than the HT2 lavas and had a lower eruption rate than the HT2 lavas (Fig. 281 
3a, b). In other words, the LT zone would have been the first eruption in the Oligocene Ethiopia–282 
Yemen Traps, even though it was not on the plume head axis. Additionally, the emplacement rate 283 
of the LT lavas was lower than that of the HT2 lavas. Given that the Lima-Limo and Belessa 284 
section, the eruption period of the LT lavas (Chron C12r to C11n.1n) appears to have been 285 
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significantly longer than that of the HT2 lavas (Chron C12n) (Fig. 3a). These results are contrary 286 
to the geodynamic model which predicts that the first stage of the plume eruption is the most 287 
vigorous. If the plume head collides with a lithosphere with a simple structure, then eruptions 288 
caused by the plume head should be spatially simultaneous. However, this is not the case in the 289 
Afar region. 290 

We propose that this discrepancy in eruption timing was caused by the interaction of the 291 
Afar plume with the lithospheric basement topography. The first scenario is that a part of the plume 292 
reached the near-surface earlier than the plume head axis. When there is a gradient of the 293 
lithospheric thickness (i.e., lithospheric step), the plume would flow and rise along the lithospheric 294 
step from a thicker part to a thinner part (e.g., Thompson and Gibson, 1991; Ebinger and Sleep, 295 
1998; Gorczyk et al., 2018). In the Afar plume case, we assume that the lithosphere under the LT 296 
zone was thin, and the lithosphere under the HT2 zone was thick. It is difficult to verify the 297 
lithospheric step under the Afar basement that once may have existed because the lithospheric 298 
thickness at present is considered to have been increased by the Afar plume accretion. 299 
Nnonetheless, this is possible because the lithospheric thickness can have large spatial variations 300 
(e.g., Globig et al., 2016). After the Afar plume collided with the lithosphere, a part of the plume 301 
flowed into the thinner lithosphere under the LT zone (Fig. 3c–e). This induced decompression 302 
melting of the asthenosphere to produce the HT magma. However, little plume signals have been 303 
found in the LT lava (Marty et al., 1996; Pik et al., 2006). Thus, the flood basalts in the LT zone 304 
may not be explained by the decompression melting of the plume head. The second scenario is 305 
that edge-driven convection occurred when the Afar plume rose (Fig. 3f–h). Edge-driven 306 
convection is an asthenospheric small-scale convective instabiliy caused by lithospheric steps (e.g., 307 
King and Anderson, 1998). Numerical simulations suggested that edge-driven convection 308 
presumably occurred at a lithospheric step near the plume before the collision of the plume at the 309 
lithosphere–asthenosphere boundary (Duvernay et al., 2022); when a lithospheric step between the 310 
LT and HT2 zones was present, edge-driven convection would have induced partial melting of the 311 
ambient (non-plume) asthenosphere to produce LT magma (Fig. 3g). Also, this scenario is 312 
consistent with little plume signal found in the lavas of the LT zone. Furthermore, we can explain 313 
the lower emplacement rate of the LT lavas than that of the HT2 lavas because the emplacement 314 
was not caused by the impact of the main body of the plume head (Fig. 3b). This scenario can 315 
successfully explain the absence of LT lavas in the eastern part of the East African Main Rift and 316 
the Yemen area (Pik et al., 1998) and the asymmetric shape of the Afar plume (Beccaluva et al., 317 
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2009). The interaction between the mantle plumes and the continental lithospheric geometry in the 318 
scenario may occur universally when a plume rises. 319 

Figure 3. (a) Emplacement order of the Lima-Limo, Waja, and Belessa sections with the 320 
geomagnetic polarity time scales (Sahy et al., 2017; Ogg, 2020). (b) Eruption rates of each section. 321 
(c–e) Schematic illustration of the Afar plume rise and emplacement of the Traps by the 322 
decompression melting. (c) The Afar plume collides with the lithosphere. (d) A part of the Afar 323 
plume flows into the thinner lithosphere. The part of the plume rises along the lithosphere, which 324 
causes decompression melting. (e) Subsequently, the hot plume head center melts, which forms 325 
the HT1 and HT2 basalts. We assume that HT1 and HT2 erupted simultaneously. (f–h) Schematic 326 
illustration of the Afar plume rise and emplacement of the Traps by edge-driven convection. (f) 327 
When the Afar plume approaches the surface, edge-driven convection occurs near a lithosphere 328 
step. Edge-driven convection causes decompression melting of ambient (non-plume) 329 
asthenosphere. (g) The decompression melting produces the first magma of the Oligocene Afar 330 
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plume, the LT lavas. (h) Subsequently, the hot plume head center melts, which forms the HT1 and 331 
HT2 basalts. 332 

5 Conclusion 333 

We conclude that the Oligocene Ethiopia–Yemen Traps in the Lima-Limo section erupted over 334 
Chrons C12r–C12n–C11r considering new high-precision 40Ar/39Ar ages and previously reported 335 
40Ar/39Ar ages. The four geomagnetic reversals observed in the Chron C12n lava flow may be 336 
short geomagnetic reversals within Chron C12n. The LT lavas in the Lima-Limo section emplaced 337 
before the main pulse of Afar magmatism, the eruption of the HT2 lavas. The eruption rate of the 338 
Lima-Limo section was lower than that of HT2 lavas. Since little plume component is detected for 339 
the LT lavas, we suggest that the partial melting of ambient (non-plume) asthenosphere to produce 340 
the LT magmas was induced by edge-driven convection in the asthenosphere, which occurred 341 
before the plume head reached the lithosphere. 342 
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