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The geological sources of major magnetic field anomalies are still poorly constrained, in terms of nature, geometry, and vertical position. A common feature of several anomalies is their spatial correlation with cratonic shields and, for the largest anomalies, with Banded Iron Formations (BIF). This study first unveils the magnetic properties of some BIF samples from Mauritania, where the main part of the West African magnetic anomaly is observed. It shows how strong the magnetic susceptibility and natural remanent magnetization for such rocks are. High Koenigsberger ratios imply that the remanent magnetization should be taken into account to explain the anomaly. A numerical modeling of the crust beneath this anomaly is performed using these constraints and both gravity and magnetic field data. A forward approach is used, investigating the depth, thickness and magnetization intensity of all possible crustal lithologies. Our results show that BIF slices can be the only magnetized crustal sources needed to explain the anomaly, and that they could be buried several kilometers deep. The results of this study provide a new perspective to address the investigation of magnetic field anomaly sources in other cratonic regions with BIF outcrops.
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INTRODUCTION

The largest anomalies of the Earth's magnetic field are often observed over old transition zones at the edges of cratonic regions. The best example corresponds to the Kursk magnetic anomaly in Russia, which is centered on 51°N, 37°E and stretches over 200 km wide and 850 km long in the NW-SE direction at the Ukrainian-Russian border (Alexandrov, 1973; Thébault et al., 2016). This anomaly reaches about 37 nT at satellite altitude. Another good example corresponds to the Bangui magnetic anomaly (Regan and Marsh, 1982; Ouabego et al., 2013) located between the North African and Congo cratons in the Panafrican Belt. An usual characteristic of these areas is the presence of Banded Iron Formations (BIF) (e.g., Alexandrov, 1973; Ravat et al., 1993; Schmidt et al., 2007). However, they sometimes outcrop only at local scale (~200 km) compared to the wavelength (~1,000 km) of the magnetic field anomaly. Geophysical exploration, boreholes and mining exploitations show that some BIFs can be thicker than 1 or 2 km (Alexandrov, 1973), but they usually are very thin (typically a few 100 m thick). Therefore there is still a problem to link large satellite magnetic field anomalies with thin layers of BIF, and most models of crustal anomalies invoke highly magnetized bulk lower crust rather than BIF (Toft and Haggerty, 1986; Ravat, 1989).

Additionally, previous crustal models including BIFs and constrained by potential-field data of such large anomalies only considered the induced magnetic field, i.e., magnetic susceptibility (see Ravat, 1989 for the source of the Bangui magnetic anomaly). This model is based on the assumption of a 40 km thick magnetic crust, with important susceptibilities in the Archean and lower Proterozoic zones of the West African Craton. Recent studies showed that the remanence can play a role too (e.g., Toft and Haggerty, 1986; Whaler and Langel, 1996; Schmidt et al., 2007; Li et al., 2015). Observations show that some rocks found beneath major magnetic anomalies possess strong remanent magnetization values, with Koenigsberger ratio above 1 (Ouabego et al., 2013). This reinforces the hypothesis that Natural Remanent Magnetization (NRM) cannot be neglected when dealing with crustal magnetization. Additionally, the increase of thickness should be taken into account in the case of metamorphic belts, as multiple geological observations of folded BIFs (or slices of BIF) have been done on different areas (Alexandrov, 1973; Ravat et al., 1993; Schmidt et al., 2007; Guo et al., 2011).

One of the main problems in such case of potential-field modeling is the vertical position of the strongly-magnetized source: the non-uniqueness of the modeling method cannot lead to a satisfying solution concerning magnetization depth. This effect is wider when the hypothesis of “induced magnetization only” is considered. To reduce non-uniqueness in potential-field modeling, adding either other geophysical data (essentially gravimetry) or rock magnetic measurements on target lithologies can help. Of course, additional potential-field data at lower/higher altitude(s) are welcome to decipher the vertical position of the source, but still petrophysical constraints are needed. This is the main goal of the present study. The crustal structure of the so-called West African magnetic field anomaly—named WAMA in the rest of this paper—is investigated using numerical modeling constrained from BIF and other rock magnetism properties, potential field data, and available geological data. The first part introduces the geological context of the WAMA anomaly. The second section deals with the magnetic properties of some Mauritanian BIFs. The last section shows some possible models of the crustal structure beneath the WAMA anomaly. These models are then discussed and compared with other models in similar contexts.

THE WEST AFRICAN MAGNETIC ANOMALY

The first evidence of large magnetic field anomalies over West Africa was given by the NASA POGO and Magsat missions (Langel et al., 1982). Then Oersted, CHAMP and the recent ESA Swarm mission allowed to produce high-resolution spherical harmonic models that now better define its characteristics. The anomaly reaches about 6 nT in amplitude at 400 km of altitude (Toft et al., 1992; Thébault et al., 2016) and extends from the Atlantic coast to Mali, and from Central Morocco to Ivory Coast. Considering the recent World Digital Magnetic Anomaly Map (WDMAM; Dyment et al., 2015) compilation (Figure 1), its overall shape correlates to the local disposition of basins and cratons (Hastings, 1982; see next section). The northern part comprises two sub-anomalies, a 250 km-wide dipolar one centered on (−11°E, 26°N), and a 600 km-wide dipolar one centered on (−13°E, 22°N). These anomalies correspond to the most intense part of the WAMA and will henceforth be the focus of the present study.
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FIGURE 1. The West Africa Magnetic Anomaly (WAMA) in the World Digital Magnetic Anomaly Map (WDMAM) model at 5 km altitude. Segments A–E correspond to the selected profiles used for 2D modeling. Solid segment C corresponds to the profile shown in this article.



Using MagsatT data, Toft and Haggerty (1986) built a numerical model of the crust of this area, using both inverse and direct modeling for different regions. Despite the apparent simplicity of the model that uses rectangular prisms, it is the only way to investigate the crust in this area in the absence of deep geophysical profiles, like seismic and/or magnetotelluric data. Another model was produced by Ravat (1989) and fits both magnetic field data and expected magnetic susceptibility values. However, it is still incomplete since no remanence is considered and there is still a lack of geophysical investigation.

GEOLOGICAL CONTEXT

In addition to the potential field data, the rock magnetic properties of some local crustal rocks are considered to build a more realistic numerical model of the crust beneath the WAMA. While the western part of the WAMA is observed over some sedimentary rocks, its area mainly corresponds to the location of the Reguibat rise and the West African craton (Hastings, 1982; Figure 2A). Despite the lack of deep geophysical soundings of the crust, one can derive the geological background from field observations and from the comparison with other cratonic region and their suture zones (Regan and Marsh, 1982; Ravat, 1989). The West African craton is a vast portion of Precambrian crust extending over 4,500 thousands of km2, going from the coast of Mauritania to the southern border of Mali, and from the south of Morocco to the shores of Ivory Coast. Half of this region is covered by younger sediments (from late Precambrian up to Carboniferous) forming the Taoudeni Basin. To the north and the south of this basin, the Reguibat and Man rises are the two parts of the cratons emerging at the surface. The craton is surrounded by the hercynian Mauritanides fold belt to the west, and the pan African mobile belt to the east (Bessoles, 1977).
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FIGURE 2. Geological context of the studied area at large scale in the West African Craton (A) and at regional scale in the Reguibat Ridge (B). All samples come from drillings in the Banded Iron Formations (BIFs) of the Kediat Idjil (6 samples), Tiris (12), and Amsaga (4) regions. In (A), 1—Palaeozoic (Hercynian) Rocks, 2—Meso- to NeoProterozoic Rocks, 3—NeoArchaean to PalaeoProterozoic Rocks, and 4—Archaean Rocks. On both maps, the thick dashed solid line shows the location of the magnetic field data main profile selected for modeling. Map modified from Bronner (1990) and Thièblemont et al. (2016).



The Reguibat rise is the septentrional emerging part of the West African craton. It extends over 1,500 km long in SW-NE direction, and 250–400 km wide and is composed of two different zones. (i) The eastern zone contains rocks younger than 2 Ga and numerous faults. There is a strong proportion of intrusive granites in the west, the eastern part being dominated by volcanic formations. (ii) On the western side of the rise, rocks older than 2.5 Ga with few faults are observed. The other differences with the previous zone are the presence of high grade metamorphism around 3 Ga, numerous outcrops of migmatites, and major BIFs deposits. These deposits occur mainly within gneiss and metavolcanic rocks belts, with Al and Fe-rich formations (Bronner, 1990).

We will focus on the BIFs of the Kedjat Idjil, a specific basin area of the iron-bearing province of Tiris, in the western-central part of the Reguibat rise (Figure 2B), because they show interesting magnetic properties. These iron formations are characteristic from the Archean zone of the rise. The Kedjat Idjil is an important outcrop of iron-rich formations which rises above the surrounding desert due to thrust faults forming a tectonic window, and is still massively mined for its iron ore.

MAURITANIAN BIF MAGNETIC PROPERTIES

Samples and Method

The samples were collected in the 80–90s (G. Bronner, pers. comm.) from mining exploration boreholes in the Tiris (max 50 km around Kediat Idjil) and Amsaga areas. The depth of these samples ranges from few tens of meters to about 400 meters, meaning that the majority doesn't show the classical alteration found in surface samples (e.g., chemical alteration or surface magnetic perturbations such as lightning strikes). Additionally, it represents a unique sequence from sedimentary pristine BIFs to high-grade metamorphic BIFs. Therefore the rock magnetic data of those samples should reproduce their properties at greater depth, where the geological processes may have buried them after the initial deposition (Eburnean, Panafrican orogens, for instance). Each of the 96 samples corresponds to a core fragment drilled to obtain 1–4 “plugs” of 10 mm in diameter. These plugs were then cut to 8.8 mm in length using a diamond saw, for a final volume of 691 mm3. The initial cores were not oriented. The only information we could get is the plug orientation along the vertical axis of their core. Since we ignored the down direction and the east-west orientation, a down direction was arbitrarily set, obtaining a total of 229 plugs.

Rock magnetic measurements were performed in order to get the magnetic mineralogy, grain size, and magnetization values. Low field magnetic susceptibility and its anisotropy were measured using a Kappabridge susceptibilimeter, and the Natural Remanent Magnetization (NRM) of all of our plugs was measured using the SQUIDs magnetometer of the CEREGE Magnetism laboratory. Since NRM of BIF samples can reach values up to 1,000 A/m, a Molspin spinner magnetometer was used when the magnetic moment of the samples exceeded the tolerance of the SQUIDs. K-T curves (susceptibility vs. temperature), hysteresis cycles and Anhysteretic Remanent Magnetization (ARM) measurements were also realized on a selection of 19 representative samples. A subset of eight samples representative of the various macroscopic facies was also submitted to stepwise thermal demagnetization of 3 axis Isothermal Remanent Magnetization (IRM) acquired at 3T, 0.3T, and 0.1T according to the protocol of Lowrie (1990).

Magnetic Properties

Results of rock magnetic measurements, summarized in Table 1, reveal highly magnetic rocks (Figure 3), even when compared to basement formations like granites, gneisses, granulites and amphibolites where some magnetic minerals already carry a significant magnetization (Hemant, 2003). The mean magnetic susceptibility is up to 2.8 SI, with a median at 1.52 SI. Accordingly saturation magnetization Ms is up to 44 Am2/kg with median at 20.7 Am2/kg. Median density is 4.35 g/cm3. All these parameters point toward magnetite as the dominant mineral in these rocks. The K-T curves show Curie temperatures around 585°C (Figure 4), which is consistent with near-end member magnetite as the main susceptibility carrier. The hysteresis cycles' parameters are also consistent with multi-domain magnetite (Figure 5 and Table 1). Note that hysteresis was obtained on subsamples of the plug used for susceptibility, NRM and ARM measurements, thus leading to possible incoherent results for the same sample ID due to the heterogeneity of the rock at mm scale [e.g., sample 236A where NRM exceeds Isothermal Remanent Magnetization (IRM)]. The hysteresis parameters given in Table 1 are mean values of measurements realized on the three axes of each subsample.


Table 1. Table summarizing the key values measured on the 19 samples selected for magnetic mineralogy measurements.
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FIGURE 3. NRM vs. Susceptibility plot representing values for the different samples from Mauritania. Each diamond corresponds to a core fragment: black ones were selected for magnetic mineralogy measurements. The black lines represent different values of Koenigsberger ratio (Q) with induced magnetization proportional to the chosen natural magnetic field reference value measured in Mauritania (36.34 μT; Thébault et al., 2015).
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FIGURE 4. Examples of K-T curves obtained for our BIF samples. The curves selected here span the entire variety of our samples susceptibility values.
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FIGURE 5. Day plot showing the ratio saturation remanence (Mrs) by saturation magnetization (Ms) against the ratio remanent coercivity (Bcr) by ordinary coercivity (Bc). Each point corresponds to one of the core samples selected for magnetic mineralogy measurements. PSD, Pseudo Single Domain; MD, Multidomain.



Figure 3 shows that Koenigsberger ratio values (Q, defined as the ratio of remanent magnetization over induced magnetization) are systematically close to 1 (24% of samples between 0.3 and 1), often above (76% of samples), and sometimes greater than 10 (26% of samples). High Q ratios may suggest the additional presence of hematite, but the hysteresis data do not support this hypothesis). Furthermore, the IRM thermal demagnetization performed on a selection of eight samples representative of the various macroscopic facies, confirmed that the remanence magnetic carrier is magnetite. Only one sample appears to also include some low coercive hematite (see Supplementary Figure 3). Mean susceptibility (Km) is correlated with ARM (0.79 R2 coefficient) while no correlation appears between NRM and ARM or Km (R2 below 0.1). NRM/ARM ratio is on average 14.5 and peaks at 46. This is high for a TRM and may indicate that NRM was contaminated by partial IRM due to exposure to stray fields during storage (1 mT is already producing serious effects due to Bcr as low as 3 mT). The AMS measurements reveal an oblate susceptibility ellipsoid, generally parallel to the subhorizontal bedding (Figures 6, 7), which is coherent with the fact that in BIFs, anisotropy can be caused by sediment deposit or syn-metamorphic deformation. Indeed, the resulting anisotropy will be related to the bedding planes in sediments, and to the direction of the possible compaction in post-depositional deformations regime (Dunlop and Özdemir, 1997). A consequence of these results is that the induced field may be biased up to 10° (±5°) from the ambient magnetic field due to susceptibility anisotropy at sample scale. Moreover, due to the high susceptibility (>1 SI), a shape anisotropy effect will arise at the scale of the whole body imbedded as a slice in weakly magnetic crust, leading to a further deviation of magnetization within body elongation (see discussion on serpentinite magnetization in Rochette, 1994). This may mean that considering an induced magnetization in the ambient field direction is not straightforward for such rocks.
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FIGURE 6. Jelinek plot showing the relationship between the shape parameter and degree of anisotropy. Each point corresponds to one of the core fragments selected for magnetic mineralogy measurements. The shape parameter reflects the overall aspect of the ellipsoid, while the degree of anisotropy approximately translates the difference between its largest and smallest dimensions.
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FIGURE 7. Stereographic projections of maximum (K1) and minimum (K3) susceptibility directions. Each point corresponds to one of the core samples selected for magnetic mineralogy measurements. Thin contours correspond to confidence angles.



MODELING OF THE WEST AFRICAN MAGNETIC ANOMALY

In the absence of data from investigation of the deep geological structure, composition and geometry beneath the WAMA, a 2D numerical model was built starting with a simple crustal structure: sedimentary cover, upper, middle, and lower crust with thicknesses constrained by large seismic models (CRUST2.0 model; Bassin et al., 2000) and some standard values about density/magnetization (induced only for the initial model) (Telford et al., 1990; Dentith and Mudge, 2014). We slightly adjusted these density values and interfaces' topography to fit the Bouguer gravity data coming from a GRACE model (Tapley et al., 2005). Then, the recent compilation of airborne/satellite magnetic data of the WDMAM (Dyment et al., 2015; Lesur et al., 2016) was used as magnetic field anomaly observations. Several adjacent profiles were selected in the area (Figure 1). Each profile was then considered in a forward modeling approach using the GM-SYS module of the GEOSOFT Oasis montaj software (Geosoft Incorporated., 2017). A weak magnetization (K = 0.058 SI) was added in the lower and middle crusts, in concordance with the assumptions of Ravat (1989) for the main magnetic source in his model of the region. Lastly, some BIF layers were input (beneath the geological outcrops) when it was needed because of large residuals after the modeling with modifications of the crustal geometry and induced magnetization only. Their properties correspond to the mean values of our measurements on sampled rocks (K = 0.9 SI, NRM intensity = 156 A/m). The directions of the remanent magnetization vector correspond to those of the induced field (2014 field in Mauritania: F = 36.34 μT, I = 26.3°, D = −4.4°; Thébault et al., 2015). It is thus possible that this doesn't simulate exactly the true remanence direction, but it allows us to study the impact of its intensity on the anomaly.

The next figures show resulting models for only one of the profiles (profile C), but all were considered in the modeling, and show similar features (see Supplementary Material). All models predict the Bouguer gravity data with weak Root Mean Square (RMS) residual value. Figure 8 shows two possible models (for the same profile): the first one considers only the induced magnetization while the second one considers also the remanence. The latter concerns BIF rocks at shallow depths in the crust, but one can already see that even thin (<1 km) layers of such magnetized rocks can significantly increase the quality of the model. We also investigated the vertical position and thickness of such formations (with strong NRM) in the models. Figure 9 unveils that, with similar thicknesses <1 km, the vertical position of such BIF layers is unknown. However, if those layers are closer to the surface, then RMS values sharply increase for the magnetic anomaly profile (Figure 8). Some BIF layers outcrop (for instance in Kediat Idjil), but our model suggests buried deeper layers. Indeed BIF layers with strong remanence are probably present below 5 km, which could explain some discrepancies observed between expected magnetic characteristics and actual rock magnetism measurements (McEnroe et al., 2004). Considering a larger thickness leads to a decrease of the magnetization to get RMS values similar to those of deep bodies (Figure 10). Therefore, we prefer to consider magnetization values close to our own measurements, and so, thin layers of BIF rocks. We also tested the necessity of a deep and large magnetic source like in the Ravat (1989) model (Figure 11) to see if the BIFs alone could explain the WAMA. Our results show a slightly better fit (RMS inferior by 1.5 nT) with only BIFs bodies, adjusted to compensate for the absence of deep source (present in Figure 9), meaning that a deep magnetized crust is not really needed in this case.
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FIGURE 8. Two possible simulation results for a model of the crustal structure along profile C beneath the WAMA, with induced magnetization only (a: M = 0 A/m) and adding remanence (b: M = 156 A/m). d, density (kg/m3); K, Magnetic susceptibility (SI); M, Remanence intensity (A/m). Remanence Inclination and Declination are (I = 26.33°, D = −4.37°) and remain unchanged in following models. The origin of the profile is North-oriented. The fitted gravity anomaly remains unchanged in the following models. The error parameter shown in the magnetic and gravity anomaly profiles corresponds to the RMS value.
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FIGURE 9. Model of the crustal structure along profile C beneath the WAMA, with remanence, and considering deep BIFs. The parameters are identical to the ones in Figure 8.
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FIGURE 10. Model of the crustal structure along profile C beneath the WAMA with remanence, considering mid-crustal thick BIF layers. The parameters are identical to the ones in Figure 8.
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FIGURE 11. Model of the crustal structure along profile C beneath the WAMA considering deep BIFs with remanence and without magnetic lower crust. The parameters are identical to the ones in Figure 8.



DISCUSSION

The Precambrian ages of BIF rocks imply that they were impacted by several tectonic/geologic events which could have deformed and buried them at great depth in the current basement (Dentith and Mudge, 2014). Considering also the metamorphic facies of the investigated rocks (temperature/high pressure granulite-like; Bronner, 1990), it seems reasonable to infer the possibility of BIFs bodies in the deep layers of the upper, middle—and possibly lower—crusts. Since the granulite facies corresponds to depths down to 50 km, one can assume the possibility of BIF presence above this depth. Nonetheless, it is still difficult to consider those metasedimentary rocks at such depths. Available geological cross-sections derived from field geological observations and further mining exploration data (Bronner, 1990) show folding of BIFs in the Reguibat area. This is approximately the same context in Central Africa where BIFs are considered as the potential source for the Bangui magnetic anomaly (Ouabego et al., 2013): they are not flat-lying, but folded and compressed within the crust.

The impact of metamorphism on magnetic properties is poorly known for rocks other than basalts and high metamorphism conditions. Some sedimentary rocks have shown strong dependence to metamorphism (Rochette, 1987), but it is mainly magnetite breakdown and pyrrhotite creation, which at high grade conserve magnetic susceptibility. Since none of our samples show any sign of such modifications, and given that magnetic sources can subsist even at great depth (Demory et al., 2013; Ferré et al., 2013; Li et al., 2015; Launay et al., 2017), it is unclear whether metamorphism should have a strong impact on our source's magnetic parameters in depth. To investigate this issue, one has to systematically study the magnetic properties of a large range of BIF samples from worldwide drillings (see Klein, 2005 for a review).

Concerning the numerical models, the non-uniqueness of the potential-field data modeling approach still stands in our results, but at least some impossible models are shown. Those without strongly remanently-magnetized layers, and some with such layers but too close to the surface, are less coherent. Indeed the geological sources of the WAMA seem to be located in the upper and middle crust, down to 15 km for instance. It leads to a new interpretation of the sources of large magnetic anomalies in similar areas in the world, like the Kursk or Bangui magnetic anomalies. By combining all 2D layers, the total volume of BIFs reaches 350,000 km3. By comparison, this value differs from the volume of iron formations extrapolated from outcrops in the Kursk region by almost 5 orders of magnitude (Alexandrov, 1973). This could imply either that the magnetization of the Kursk iron formations is weaker, or that their volume has been overestimated. Furthermore, the depth of our “shallow” BIF bodies is in agreement with the one (~5 km) of the strongly magnetized body proposed by Ravat (1989) for the Bangui magnetic anomaly. Nevertheless, our models show a better fit to the data with a deeper BIF source. It would then be interesting to realize the same kind of model for the Bangui Anomaly to test the pertinence of this choice.

CONCLUSIONS

Our study brings new insights about the geological sources of large magnetic field anomalies such as the WAMA. Specifically, we show that BIF crustal layers are the best possible sources, even at depths down to 15 km. The total volume needed to fit the WAMA reaches 350,000 km3 from Mauritania to Mali, which implies that one should revise previous source models of large magnetic field anomalies that usually consider a “mafic iron body” or a “source of iron.” A database of rock magnetic data on BIFs sampled all other the world should be built in every cratonic region. Though it is possible that their unusually strong magnetic properties may be less intense in some areas, and therefore could not explain all magnetic anomalies, this has to be checked first, since their amount appears to be even more important in some areas. Such database cannot be built without ore mining data from private companies, which is why this work also aims at encouraging strong relationships between academics and mining industry.
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