Palaeomagnetic evidence for the persistence or recurrence of geomagnetic main field anomalies in the South Atlantic
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Abstract
[bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK16]We present a dataset of a full-vector palaeomagnetic study of Late Pleistocene lavas from the island Tristan da Cunha in the South Atlantic Ocean. The current day geomagnetic field intensity in this region is approximately 25 μT, compared to an expected value of ~43 μT; this phenomenon is known as the South Atlantic geomagnetic Anomaly (SAA). Geomagnetic field models extending back to the last 10 ka find no evidence for this being a persistent feature of the geomagnetic field, albeit, all models are constructed from data which is particularly sparse in the southern hemisphere. New 40Ar/39Ar incremental heating dating indicates the studied lavas from Tristan da Cunha extruded between 90 and 46 ka. Palaeointensity estimations of eight lava flows made using the Thellier method yield an average palaeointensity of 18 ± 6 μT and virtual axial dipole moment (VADM) of 3.1 ± 1.2 × 1022 Am2. The lava flows demonstrate four time intervals comparable to the present day SAA, where the average VADM of the Tristan da Cunha lavas is weaker than the global VADM average. This suggests a persistent or recurring low intensity anomaly to the main geomagnetic field similar to the SAA existed in the South Atlantic between 46 and 90 ka.
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1. Introduction
From geomagnetic observations and palaeomagnetic records, we know that the Earth’s magnetic field is dominated by an axial dipole, which is also dynamic and changing in terms of both its direction and intensity (e.g. Johnson and Constable, 1997; Thébault et al., 2015). Central to much palaeomagnetic research is the assumption that when averaged over time, this axial dipole aligns parallel with the spin axis of the Earth: the so-called geocentric axial dipole (GAD) hypothesis.  Over very long periods, up to 200 million years, this hypothesis has been shown to hold true. However, it has been known for some time, that there are systematic departures from this simple model over shorter timescales and on more regional scales (Korte et al., 2011; Nilsson et al., 2014). 
A complete understanding of the Earth’s magnetic field requires not only a knowledge of the variation of the direction of the field over the surface of the Earth, but information about the variability of its intensity. The intensity of the present day magnetic field ranges from approximately 30 to 60 μT from low to high latitudes at sea level (Thébault et al., 2015). Our understanding of the geomagnetic field is limited by the quality of the palaeointensity (ancient geomagnetic field intensity) database, which is incomplete both spatially and temporally. The PINT08 database contains all published absolute palaeointensity data older than 50 ka (Biggin et al., 2009). Over recent years the palaeomagnetic community has made a great effort to populate this database, which now contain in excess of 4000 records. The PINT08 database is heavily biased towards northern latitudes, with large areas of the southern hemisphere poorly sampled, and only five localities in the South Atlantic (see supplementary material, Fig. A1). The South Atlantic data are from two studies: 100 to 300 ka ocean basalts with palaeointensity values similar to the present day field in the South Atlantic (Maksimochkin et al., 2010); and 15 Ma, 36 Ma, and 72 Ma ocean basalts with palaeointensities of 29 μT, 20 μT, and 51 μT (Juarez et al., 1998). The virtual axial dipole moment (VADM) of the Maksimochkin et al. (2010) data is within error of the 5.6 ± 1.1 × 1022 Am2 VADM modelled by PADM2M (Ziegler et al., 2011) for 100 to 300 ka, indicating there was no geomagnetic anomaly in the South Atlantic during this period. These sparse data points highlight the need to expand the palaeomagnetic dataset temporally and spatially to be able to more accurately model and understand features of the geomagnetic field that differ from a GAD field. 
The poor spatial coverage in southern high and mid-latitudes has left some key questions unanswered.  For example, the South Atlantic (geomagnetic) Anomaly (SAA) is a well-known feature of the current geomagnetic field, which differs significantly from a GAD field by its low intensity (Hartmann and Pacca, 2009). The SAA has a very pronounced inclination anomaly, and currently a westerly declination. The expected magnetic field strength at Tristan da Cunha for a GAD with today’s Earth’s dipole magnetic moment of 7.75 × 1022 Am2 would be 43 µT, but the current geomagnetic main field intensity from the International Geomagnetic Reference Field (IGRF) at Tristan da Cunha is 24 μT with a declination of -24˚ and inclination of -64˚ (Thébault et al., 2015). This fits the data from the local geomagnetic observatory (25 µT, -22˚ declination and -65˚ inclination), but the observed total field values range from 23 to 30 μT due to gradients in the crustal magnetic field, as measured on the island (Matzka et al., 2009; Matzka et al., 2011). Time averaged field models show a positive inclination anomaly in the South Atlantic region of approximately 1-4˚ (Aubert et al., 2010).
The gufm1 model is a model of the geomagnetic field from 1590 to 1990 based on historical observations of the magnetic field (Jackson et al., 2000). A combination of the gufm1 and IGRF models, indicates that the magnetic field intensity at Tristan da Cunha has been below 43 μT since 1593 AD, reducing in intensity by approximately 50 nT per year since 1590 AD and thus comparable to the present-day five percent decrease per century in geomagnetic field strength (Jackson et al., 2000; Gubbins et al., 2006; Thébault et al., 2015). A recent study of southern African fired clays reports the SAA weak intensity initiated around 1250 AD (Tarduno et al., 2015). Due to the limited palaeomagnetic sampling and analysis of both volcanic and sedimentary lithologies in the South Atlantic, there is not enough data from this region to help answer the question of whether the SAA is persistent on geological timescales.
Here we present results of a systematic palaeomagnetic sampling campaign on the island of Tristan da Cunha in the South Atlantic (Fig. 1). Only two very limited palaeomagnetic studies from the early-sixties have been reported for the island of Tristan da Cunha (Blundell, 1964; Creer, 1964). Our study concentrates on a volcanic sequence extruded in the Late Pleistocene. Tristan da Cunha is an ideal locality for testing the geological record of the SAA as it is located in the middle of the SAA, and being a volcanic hotspot, lavas have been regularly extruded over the last few hundred thousand years. This study reports a full-vector palaeomagnetic and 40Ar/39Ar geochronology study of basalts from Tristan da Cunha. In addition to standard palaeomagnetic directional analysis, we determined the ancient geomagnetic field intensity (palaeointensity) using the modified Thellier-Thellier-Coe method (Coe, 1967) (hereafter referred to as the ‘Thellier’ method).
2. Geological Setting and Sampling
The Tristan da Cunha island group (37˚ 05′ S, 12˚ 17′ W) was formed by the Tristan hotspot as part of the Walvis Ridge east of the Mid-Atlantic Ridge (Ljung et al., 2006). The principal islands, Tristan da Cunha, Inaccessible, and Nightingale are separate volcanoes. Tristan da Cunha, the largest, is circular and approximately 12 km in diameter at sea level, and has a peak of 2,062 m above sea level. Inaccessible and Nightingale are eroded remnants of volcanoes and have smaller, irregular forms (McDougall and Ollier, 1982).
Detailed geological and volcanological descriptions of the island were presented by Baker et al. (1964) and Dunkley (2002). The samples in this study were collected on a visit in 2004, in the Main Cliff above Pigbite to the west of Big Point (Fig. 1), where well-stratified basanitic and tephritic flows are exposed (Hicks et al., 2012). There were no folding or faulting tectonic features in the sampling area, with the only alteration to the strata being igneous intrusions.
The main volcanic sequence was sampled in three profiles of consecutive lava flows (from bottom to top A, B and C, see Fig. 1). Palaeomagnetic sampling sites have been numbered according to their stratigraphic position ranging from T01 (oldest flow) to T38 (youngest flow) (see supplementary material for sample coordinates, Table A1). The profiles cover about 50 percent of the lava flows that form the lower two thirds of The Main Cliff at Pigbite (Fig. 1). The lowest and westerly most profile A was sampled from an inclining ramp of rock debris at the foot of the cliff. It consists of seven flows, with a gap of two flows (between T02 and T03) that were not sampled because of the close proximity to a dyke. Between profile A and B remain about 20 m vertical height of unsampled lava flows. In profile B, 20 flows were sampled close to or inside Plantation Gulch. Between profile B and C, about 60 m of lava flows were not sampled. In profile C, 11 flows were sampled in Councilor’s Gulch. 
Standard palaeomagnetic cores were collected and prepared as 25 mm samples at Ludwig-Maximilian Universität, Munich, and stored in wooden containers away from strong magnetic fields prior to measurement. Palaeomagnetic cores were oriented with the sun compass except for T32 for which only magnetic compass orientations could be obtained and flow T23, for which part of the sun compass readings are missing. Magnetic compass readings were corrected for the local declination. Checking for differences between magnetic and sun compass orientation successfully avoided lightning strike remagnetisations from being sampled. One palaeomagnetic core per unit was reserved for 40Ar/39Ar groundmass age dating on ten different units. Samples having the least altered crystalline groundmass were selected for incremental heating dating.
3. Methods
[bookmark: OLE_LINK6][bookmark: OLE_LINK7]3.1 Palaeomagnetic and Rock Magnetic Methods
The palaeomagnetic experiments were conducted at Ludwig-Maximilian Universität, Munich, and Imperial College London, using a combination of standard equipment: (1) Munich, a Molspin Minispin magnetometer, a Magnetic Measurement MMTD20 palaeomagnetic oven and a LP-RESEARCH Variable Field Translation Balance (VFTB), and in (2) London, an Agico JR5A spinner magnetometer, an ASC dual-chamber palaeomagnetic oven and a Princeton Measurements vibrating sample magnetometer (VSM). All the palaeomagnetic work was done on standard 25 mm cores.   
For palaeodirectional analysis a total of 274 specimens from 231 cores were stepwise demagnetised. Half of the samples were thermally demagnetised (10 to 15 steps up to 600˚C), and half of the samples were demagnetised by an alternating field (AF, 15 to 19 steps, up to 200 mT). Occasionally, a 10 mT AF pre-treatment was applied before thermal demagnetisation when AF demagnetisation showed a significant change during the first steps. 
Palaeointensity analysis was conducted using the modified Thellier-Thellier-Coe method (Coe, 1967), with partial thermoremanent magnetisation (pTRM) checks and pTRM-tail checks (Walton, 1984; Riisager and Riisager, 2001). For the palaeointensity determination, a laboratory field of 30 μT was applied. Fifteen heating steps were made between 100˚C and 570˚C combined with five pTRM checks and three pTRM tail-checks. The magnetic susceptibility of the samples was measured after each new temperature interval to test for chemical alteration. 
[bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK13]Rock magnetic properties were measured for a few samples from each flow. Hysteresis curves were measured to determine the standard hysteresis parameters: saturation magnetisation, MS, saturation remanence, MRS, coercive force BC, and coercivity of remanence, BCR, and thermomagnetic curves were measured to determine the Curie temperature and chemical stability of the samples to heating in (1) Munich, an applied field of 880 mT in an argon atmosphere and (2) London, an applied field of 50 mT in a helium atmosphere.
3.2 40Ar/39Ar Geochronology Methods
[bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK35]40Ar/39Ar ages were obtained by incremental heating methods at Oregon State University. Samples were prepared by sawing, crushing, magnetic separation, acid leaching and hand picking according to methods described in Koppers et al. (2011). Ten samples were irradiated for 6 hours (13-OSU-03) in the TRIGA nuclear reactor at Oregon State University, along with Taylor Creek (TCR-2a) sanidine (28.53 ± 0.02 Ma, 1σ) flux monitors (consistent with the Fish Canyon Tuff sanidine age of 28.201 ± 0.023 Ma from Kuiper et al., 2008) to measure the required J-values for the age calibration. Individual J-values for each sample were calculated by parabolic extrapolation of the measured flux gradient against irradiation height and typically give ~0.15% uncertainties (1σ). 
The 40Ar/39Ar incremental heating age determinations were performed on a multi-collector ARGUS-VI mass spectrometer with 5 Faraday collectors (all fitted with 1012 Ohm resistors) and 1 ion-counting CuBe electron multiplier (located in a position next to the lowest mass Faraday collector). This allows us to measure simultaneously all argon isotopes, with mass 36 on the multiplier and masses 37 through 40 on the four adjacent Faradays. This configuration provides the advantages of running in a full multi-collector mode while measuring the lowest peak (on mass 36) on the highly sensitive electron multiplier (which has an extremely low dark-noise and a very high peak/noise ratio). Collector calibrations (for mass 36 measured on the multiplier vs. the adjacent L2 faraday cup) were carried out by measuring air shots (daily) for typical intensity ranges and applied to all unknown samples and measured blanks. Irradiated samples were loaded into Cu-planchettes in an ultra-high vacuum sample chamber and incrementally heated by scanning a defocused 25 W CO2 laser beam in preset patterns across the sample, in order to release the argon evenly. After heating, reactive gases were cleaned up for ~10 minutes, using an SAES Zr-Al ST101 getter operated at 400°C and two SAES Fe-V-Zr ST172 getters operated at 200°C and room temperature, respectively. 
All ages were calculated using the corrected Steiger and Jäger (1977) decay constant of 5.530 ± 0.097 x 10-10 1/yr (2σ) as reported by Min et al. (2000). For all other constants used in the age calculations we refer to Table 2 in Koppers et al. (2003). Incremental heating plateau ages and isochron ages were calculated as weighted means with 1/σ2 as weighting factor (Taylor, 1997) and as YORK2 least-square fits with correlated errors (York, 1969) using the ArArCALC v2.6.2 software from Koppers (2002) available from the http://earthref.org/ArArCALC/ website.
4. Results
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]4.1 Rock Magnetic Properties
The high-temperature thermomagnetic curves have been categorised into four groups, of which representative plots are displayed in Fig. 2, and all the lava flows are grouped in Table A1 in the supplementary material. Curie temperatures were derived using the second derivative method (Leonhardt, 2006) on the heating cycle (Table A1 in supplementary material). The curves are qualitatively grouped based upon their behaviour on the heating and cooling cycles, which are dependent on the Curie temperatures of the samples corresponding to the magnetic mineralogy (Fig. 2, Table A1). The majority of samples recovered 90-110% of the initial magnetisation on the cooling cycle. Group A (Fig. 2a) represents lava flows that have dominant Curie temperatures (TC) ranging from 480-580˚C, indicating multiple ferrimagnetic phases of titanomagnetite and magnetite. Group B (Fig. 2b) represents lava flows with a dominant TC value at 260˚C, indicating Ti-rich titanomagnetite, and a higher TC between 480-580˚C, indicating titanomagnetite and magnetite. Group C (Fig. 2c) represents lava flows that have TC values in the range 520-580˚C, indicating a single ferrimagnetic phase of magnetite. Group D (Fig. 2d) consists of lava flows with the dominant TC ranging from 50-200˚C, but with also a higher TC component in the range 480-580˚C. The 200 ˚C TC is associated with titanomagnetite containing 60% titanium (TM60), and lower TC values are due to increasing proportions of titanium. Groups A and C also have some samples with lower TC. Curie points and bulk hysteresis parameters were measured for the majority of lava flows, and are tabulated in the supplementary material (Table A1).
4.2 Palaeodirections
Examples of orthogonal projection plots (“Zijderveld” plots (Zijderveld, 1967)) are shown in Fig. 3.  A stable remanence component was usually isolated between 240° C and 320° C or above an AF peak field of 6 mT. Characteristic remanent magnetisation (ChRM) directions and appropriate mean values were unambiguously identified for most sites.
The flow declinations and inclinations are shown in Table 1 and Fig. 3. The declination shows moderate variations with a maximum deviation of 40˚ from an axial dipole. The inclination, which from an axial dipole would be expected to be -57˚, steepens throughout the profiles, from -50˚ in the lower profile A to -80˚ at the top of profile C. Three units in profile C (T30, T31, T32), however, are characterised by shallow inclinations below -20˚. The inclination and declinations are plotted on an equal area projection (Fig. 3b) and cluster about an approximate Fisher mean direction of 2.4˚ declination and -54.1˚ inclination with an error in declination (ΔD) of 7.0˚ and error in inclination (ΔI) of 5.4˚. The IGRF field, observatory field, and dipole prediction at Tristan da Cunha are also plotted on Fig. 3b. The error was calculated from the Fisher mean of the calculated virtual geomagnetic poles (VGP) determined from the directional data, converting the α95 of the poles to individual ΔD and ΔI following Deenen et al. (2011). 
[bookmark: OLE_LINK2][bookmark: OLE_LINK3]4.3 Thellier Palaeointensity Determinations
The palaeointensity study conducted followed the standard double-heating protocol of Coe (1967), with pTRM checks and pTRM-tail checks. A laboratory field of 30 μT was applied at a random angle to the NRM during both heating and cooling cycles for each in-field treatment. In total 166 samples were tested, representing 38 units, T01-T38, which are all lava flows except T30-T32, which were later determined to be intrusions.
Arai plots with corresponding NRM orthogonal-projection demagnetisation plots are shown for typical samples in Fig. 4. The results were analysed with the ThellierTool (v. 4.22) software of Leonhardt et al. (2004). ThellierTool’s default selection criteria (Table 2) were used to classify the results, and points on the Arai plot were selected in order to optimise the quality factor (q). Of the 166 samples tested, 31 samples met the selection criteria (Table 2), providing data for 8 of the initial 35 lava flows, and one potential sill (T30) (Table 3). The samples that passed the selection criteria were typically of thermomagnetic curve groups A and B (Fig. 2a, b), which are mostly reversible on heating and cooling cycles indicating low chemical alteration. Representative Arai plots for selected samples are depicted in Fig. 4. Most of the samples that failed were of group D (Fig. 2d), and displayed evidence for chemical alteration during the experiments, as evident through pTRM checks (CK parameter). Chemical alteration is also evident in samples that passed the selection criteria, but to a lesser degree (Fig. 4). A large contribution of multidomain grains is also evident in the pTRM tail checks (δ(TR)) of T09 and T10 (Table 3). These samples were typically of group C (Fig. 2c) and the larger proportion of multidomain grains may explain why they yielded the weakest palaeointensities. To avoid analysis of the chemically altered temperature range without introducing user bias, the ThellierTool automatic temperature range selection tool was used with every sample, which applies an algorithm to find the slope with maximum the maximum quality factor (q). Averaged palaeointensity estimates for lava flows have been calculated in Table 3. 
Magnetic susceptibility measurements were made at every increase in temperature for lava flows tested at Imperial College London (T06, T07, T11, T12, T19, T25, and T26). Lava flow T06 decreases in susceptibility by 78% between 420-570˚C. T07 increases in susceptibility by 5% in three samples between 150-570˚C, and decreases in susceptibility by 27% in two samples between 330-570˚C. T11 decreases in susceptibility by 8% between 420-570˚C. T12 decreases in susceptibility by 11% between 420-570˚C. T19 decreases in susceptibility by 21% between 420-570˚C. T25 decreases in susceptibility by 20% between 480-570˚C. T26 decreases in susceptibility by 30% between 420-570˚C. Magnetic susceptibility variations are directly related to the degree of chemical alteration of the rock. 
[bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK10]4.4 40Ar/39Ar Geochronology
[bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK26][bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK31]The earliest radiometric age determinations for Tristan da Cunha island using the K/Ar technique were published 25 years ago (McDougall and Ollier, 1982). Subsequently new 40Ar/39Ar dating was conducted by Dunkley (2002) and more recently by Hicks et al. (2012), who dated the lowermost and uppermost exposed lava flows at Big Point as 81 ± 10 ka (about 5 flows below T01) and 34 ± 1 ka (about 200 m above T38), respectively (recalibrated to the TCR standard age of 28.53 ± 0.02 Ma). For this study additional 40Ar/39Ar ages were determined for flows T02 and T04 (profile A), T08, T09, T10, T11 and T23 (profile B), and T29, T30 and T38 (profile C) (Table 4; Fig. 5). Our preferred 40Ar/39Ar dates are plateau ages accompanied by 2σ standard errors on the weighted means. Independently determined 40Ar/39Ar ages by Hicks et al. (2012), 40Ar/39Ar ages by Dunkley (2002), and K/Ar ages by McDougall and Ollier (1982) agree well with the ages determined for this study. Our ages also are consistent with volcanic stratigraphy, except sample T30-6A from flow T30, which provides a plateau age of 29.2 ± 12.7 ka and seemingly is younger than surrounding lava flows and the youngest flow (34 ± 1 ka; Hicks et al., 2012) observed in the profiles. Although its uncertainty overlaps at 2σ (but not at the 1σ) confidence intervals with other nearby lava flows, sample T30-6A may be interpreted as an unrecognised dike or sill intrusion, which may also explain the shallow magnetic inclination of -14°, shallower than all other observed inclinations in this study. 
[bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: OLE_LINK36]To test for accuracy in the ARGUS-VI, we analysed 150 Alder Creek sanidine (AC-2) standards that gave us an average age of 1184.9 ± 4.2 ka and 1192.6 ± 4.2 ka (2σ, n = 141/150, respectively based on the Fish Canyon Tuff sanidine flux monitor ages of 28.02 Ma of Renne et al. (1998) and 28.201 Ma of Kuiper et al. (2008)). The 150 AC-2 runs for OSU include measurements from in total 5 irradiations in the OSU TRIGA reactor (4 of 6 hours; 1 of 10 hours). Typical sample loads were 1-2 crystals for AC-2 (16-20 mesh) and 2-6 for AC-2 (20-40 mesh). The OSU data are consistent between runs with different crystal size and when considering only the data that are most radiogenic with 40Ar* > 90% or 95%, for example. Our mean AC-2 age of 1184.9 ± 4.2 ka overlaps within 1σ and 2σ confidence levels with average AC-2 ages of 1.1940 ± 0.0140 Ma (2σ) of Renne et al. (1998), 1.1910 ± 0.0140 Ma (2σ) of Mark et al. (2009) and 1.1930 ± 0.0020 Ma (2σ) of Nomade et al. (2005).
All samples dated with the ARGUS-VI multi-collector mass spectrometer provided consistent age spectra upon incremental heating (Fig. 5) and all (but one) sample included 80-100% of the total amount of gas released in the age plateaus. The Mean Squared Weighted Deviation (MSWD) for all samples are lower than 1.9 and isochron calculations provided 40Ar/36Ar intercept values consistent with the atmospheric ratio of 295.5 within 2σ confidence intervals (Table 4). Finally, in all cases (recombined) total fusion ages are also consistent with the plateau ages, underlying the fact that all samples retained closed systems after their eruption in the Late Pleistocene. 
5. Discussion
5.1 Palaeodirections
In the absence of tectonic influence on the sampled section, the steady change in both declination and inclination evident in Fig. 6 appears to be a true feature of the palaeomagnetic field. The palaeomagnetic directions of the all the units cluster about a Fisher mean of 2.4˚ declination and -54.1˚ inclination with ΔD of 7.0˚ and ΔI of 5.4˚ (Fig. 3b). The error was calculated from the Fisher mean of the calculated VGPs determined from the directional data, converting the α95 of the poles to individual ΔD and ΔI following Deenen et al. (2011). T30, T31, and T32 have significantly shallower inclination values than the mean (Fig. 3). The young 40Ar/39Ar age for T30 (29.2 ± 12.7 ka) and coarser mineralogy (pyroxene up to 10 mm) suggest that T30, T31, and T32 are intrusive sills rather than lava flows. Removing these units from the calculation of the Fisher mean results in a new mean of -0.1˚ declination and -57.0˚ inclination with a ΔD of 6.6˚ and ΔI of 5.1˚. Within its error, the mean inclination agrees well with the -56˚ GAD prediction and with the palaeosecular variation model of a 1-4˚ positive inclination anomaly in the South Atlantic (Aubert et al., 2010).
The VGPs of each unit are in Table 1, and their Fisher mean is 72.7˚ longitude and 88.0˚ latitude with an α95 of 5.6˚ and kappa of 18.1. Not including T30, T31, and T32 the Fisher mean of the VGPs is 155.2˚ longitude and 87.9˚ latitude with an α95 of 5.3˚ and kappa of 21.7. Deenen et al. (2011) determined the α95 window of VGPs demonstrating scatter attributed to palaeosecular variation rather than tectonic influence (α95 greater than α95max) or remineralisation (α95 less than α95min). For this study, the window is between 4.0˚ and 8.3˚, and α95 is 5.6˚ including or 5.3˚ excluding the sills, indicating the palaeodirections are a temporal correlation of palaeosecular variation. This suggests the palaeodirections are representing the palaeomagnetic field directions.
[bookmark: _GoBack]The difference in palaeodirection between successive flows can be tested for statistical significance. Assuming a modal secular variation rate of ~2˚/100 years, lava flows of statistically homogeneous direction can be placed into directional groups of flows separated by less than a century in eruption time, or potentially one large eruptive event (Chenet et al., 2008). By implementing the test outlined in Chenet et al., (2008), six groups are evident in the sequence: T03-T07, T10-T13, T15-T16, T19-T20, T25-T29, and T36-T37 (Table 1). The lava flows that don’t fall into directional groups are assumed to have erupted greater than a century apart.
5.2 Magnetic mineralogy and reliability of palaeointensity estimates
Multiple magnetic phases in the lava flows are evident in the conducted thermomagnetic analysis, which shows that most tested samples have TC indicative of magnetite and titanomagnetite of varying Ti-content. Thermomagnetic curves showing little chemical alteration had TC of 500˚C-580˚C, consistent with magnetite and Ti-poor titanomagnetite as the dominant carriers of remanence (supplementary material, Table A1). Maghemitisation is evident through irreversibility of thermomagnetic curves and change in magnetic susceptibility on heating (Fig. 2). These samples were typically of thermomagnetic curve type D (Fig. 2d). Samples from curve type C yielded the weakest palaeointensities of the samples that passed the selection criteria (T09, T10), which may be due to a larger proportion of multidomain grains, evident through the pTRM tail checks (δ(TR) in Table 3).
The Thellier experiment experienced a very high failure rate, with only 31 samples meeting the selection criteria (Table 2) out of the total 166 (19%). The high failure rate was in most cases the result of maghemitisation during the experiments, recognised in the analysis by pTRM checks; those samples failed the Thellier experiment as they had δ(CK) values ≥ 7% and/or cumulative differences produced by pTRM checks ≥ 10% (δpal) (Table 2). As maghemitisation can result in weak palaeointensity estimation, these samples were rejected. In a few other cases failure appears to have been associated with the presence of non-ideal MD grains, as indicated by concave curvature in the Arai plots and pTRM tail checks. The pTRM tail check rejects samples with ≥ 5% tail after correction for angular dependence (δ(t*)), and/or ≥ 20% maximum difference produced by a tail check normalised by the NRM (δ(TR)) (Table 2).
However, sufficient palaeointensities met the selection criteria (Table 2) to compare the palaeointensity of the studied Late Pleistocene Tristan da Cunha rocks (Table 3) to the Late Pleistocene geocentric axial dipole.
5.3 Persistent nature of the SAA
The current geomagnetic field intensity at Tristan da Cunha is approximately 25 µT, compared to an expected GAD value of ~43 μT. The average palaeointensity of the lava flows in this study is 18 ± 6 μT. This does not include T30, which is likely an intrusive sill aged 29.2 ± 12.7 ka with a palaeointensity estimate from a single sample of 56 ± 7 μT.  The VADM data was calculated for all of the lava flows that met the selection criteria for palaeointensity estimation (Table 3, Fig. 6). The average VADM of the lava flows in this study is 3.1 ± 1.2 × 1022 Am2. 
As the VADM data can be used to compare field intensities irrespective of geographical position, the SINT-800 and PADM2M databases (Guyodo and Valet, 1999; Ziegler et al., 2011) of the Earth’s dipole field intensity over the last 800 ka and 2 Ma respectively can be used for comparison with our data. The only time the global VADM has been of a similar magnitude to the VADM of the Tristan da Cunha lavas over the last 800 ka is during the Laschamp excursion around 41.3 ka (Bourne et al., 2013). The VGPlat is not low enough to be considered an excursion of the geomagnetic field (Fig. 6) (Verosub and Banerjee, 1977; Guyodo and Valet, 1999). The radiometric dating indicates that the lava flows are older than the Laschamp excursion, having been extruded from 46 to 90 ka, and 56 to 83 ka for the lava flows with palaeointensity estimates. For this time period, the global VADM was 6.2 × 1022 Am2 according to the SINT-800, 6.0 × 1022 Am2 according to the PADM2M, and 6.4 × 1022 Am2 according to the PINT08 database. The VADM of our dataset is weaker than the global absolute dataset at the 95% confidence level.
The radiometric dating indicates that the lava flows represent at least four distinct periods of anomalously weak intensity, as the ages for T08-T11 are indistinguishable. At a finer resolution, the grouping of lava flows based on directional analysis following Chenet et al., (2008) indicates that the lava flows may represent up to five discrete time intervals from 56 to 83 ka of apparent anomalously weak, non-dipolar intensity (Table 3, Fig. 6). The weaker average VADM of the Tristan da Cunha lavas is not a global trend but is likely a localised anomaly in the South Atlantic. These data indicate main geomagnetic field anomalies were present in the Late Pleistocene, and main geomagnetic field anomalies in the South Atlantic are a persistent (or recurring) feature of the geomagnetic field at 100 ka time scales. As addressed by Lawrence et al. (2009) other causes for a weak anomaly could be: (1) poor quality or biased palaeointensity estimates due to the selection criteria, (2) insufficient temporal or spatial sampling. With regards to the quality of the data, the selection criteria used in this study (Table 2) are widely used, and prevent chemically altered samples and samples with a significant multidomain contribution being considered. When applying the less stringent selection criteria of Paterson et al. (2014), similar results were produced, suggesting our dataset is robust. Although our data set, coming from one volcanic source, is limited in spatial resolution, we have a well-constrained 40Ar/39Ar dated history of the palaeointensity records. As is always the case for volcanic samples, the data could be reflecting a short time interval rather than the entire 46 to 90 ka time period. However, with the youngest palaeointensity results (T25 and T26) being maximum 56.2 + 13.7 = 69.9 ka old and the oldest palaeointensity result (T06) being minimum 83.0 – 8.3 = 74.7 ka old, the low field intensity is at least lasting from 70 to 75 ka. This highlights scientific interest in palaeomagnetically sampling older and younger flows of the volcanic sequence of Tristan da Cunha. This period of weak intensity slightly predates the age interval 55 to 65 ka, which is known from relative palaeointensity stacks of the North and South Atlantic to show a peak weak intensity in both the North and South Atlantic records (Stoner et al., 2002). 
The latest geomagnetic field models constructed from archaeomagnetic and lake-sediment data for the last 10 ka, indicate that the SAA is not a persistent feature of the geomagnetic field (Hartmann and Pacca, 2009; Korte and Muscheler, 2012). The SAA appears to not be present before 1600 AD. An earlier model by Korte et al. (2010) suggested that the SAA might be a long term feature, however newer models have revised that notion (Korte et al., 2011).  In a recent archaeomagnetic study from southern Africa on fired clays from 1000 to 1600 AD, Tarduno et al. (2015) report a rapid decrease in palaeointensity from 1250 AD (18 µT) with a low intensity peak at 1370 AD (9 µT) not captured by models, returning to a full field strength of ~39 µT around 1600 AD. Tarduno et al. (2015) attribute this to core flux expulsion due to the composition and structure at the core-mantle boundary beneath the South Atlantic, seismically defined as a large low shear velocity province (Wen et al., 2001). The data from South Atlantic basalts reported by Maksimochkin et al. (2010) suggest no geomagnetic anomaly during 100 to 300 ka, possibly a result of the periodicity in the core flux behaviour, however, this study may suffer from insufficient temporal and spatial resolution.
The dataset in this study, which shows a decrease in the geomagnetic field strength between at least 70 and 75 ka, does not agree with the latest geomagnetic field models, that do not show any signs of weakening. However, as noted by Korte et al. (2011), these models are poorly constrained within the southern hemisphere, where South Atlantic geomagnetic field behaviour is constrained only by data from equatorial Africa and mid-latitude South America. While the time-scales of these models and our data are not comparable, the palaeointensity estimates are weak in direct comparison to the PINT08 palaeointensity records and the SINT-800 and PADM2M models. We therefore propose that an anomalous low intensity of the Earth’s magnetic field in the South Atlantic existed in the Late Pleistocene, which may be due to a reversed flux patch at the core-mantle boundary (Hulot et al., 2002). Similar anomalous palaeointensity lows found by Tarduno et al., (2015) from 1250 to 1600 AD in the South Atlantic region may suggest that flux reversal at the core-mantle boundary is a persistent or recurring feature below the South Atlantic region.
6. Conclusion
New results from 40Ar/39Ar incremental heating indicate that the 35 lava flows from Tristan da Cunha extruded over a time period of approximately 35 kyr in the Late Pleistocene. Analysis of the VGPs has determined that the palaeodirections reported are a temporal correlation of palaeosecular variation, however, it should be noted that T30, T31, and T32 are igneous intrusions younger than the sequence of lava flows. The current geomagnetic field intensity at Tristan da Cunha is approximately 25 µT and thus significantly weaker than observed global ~43 µT intensities at similar latitudes. For all lava flows tested in this study, the average palaeointensity found by the Thellier method is 18 ± 6 μT, yielding an average VADM of 3.1 ± 1.2 × 1022 Am2. This is significantly weak compared to the average VADM for the 56 to 83 ka extrusion period of the lava flows with palaeointensity estimates: 6.2 × 1022 Am2 from the SINT-800, 6.0 × 1022 Am2 from the PADM2M, and 6.4 × 1022 Am2 from absolute values in the PINT08 database. This indicates that the weak palaeointensity estimates for the Tristan da Cunha lavas are a localised anomaly in Earth’s geomagnetic field. Weakly constrained geomagnetic field models suggest low intensity anomalies in the geomagnetic field are short lived. However, this dataset provides evidence for a main geomagnetic field anomaly in the South Atlantic during the Late Pleistocene that is similar to present observations, which could suggest a persistent (or recurring) feature of the geomagnetic field due to maybe an insistent core-mantle boundary flux reversal below the South Atlantic.
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Figure Captions

Figure 1. (a) Map of the South Atlantic indicating the location of Tristan da Cunha. (b) Map of Tristan da Cunha indicating sampling locations. (c) Photograph of Tristan da Cunha displaying the locations of the three sampled profiles.
Figure 2. Thermomagnetic curves for selected samples representing the four different groups all the lava flows have been divided into: A, B, C, and D. Heating and cooling cycles have been labelled. The Curie temperatures are detailed in Table A1 in supplementary material.
Figure 3.  (a) Zijderveld plots showing samples that were thermally demagnetised, AF demagnetised, and both thermally and AF demagnetised. (b) Equal area projection of the inclination and declination of the lava flows in this study. The three outliers are T30, T31, and T32. The Fisher mean is the green triangle, the International Geomagnetic Reference Field (IGRF) field is the red circle, the observatory field is the blue diamond, and the geocentric axial dipole (GAD) is the grey square.
Figure 4. Representative Arai plots for six lava flows with Thellier palaeointensity results: (a) T06, (b) T11, (c) T12 (data rejected), (d) T19, (e) T25, and (f) T26. The inset figure in the upper right and bottom left (d) of each figure presents the demagnetisation behaviour of the sample on a vector component plot. The palaeointensities were determined using the criteria described in Table 2. The palaeointensities with error is listed on each figure and in Table 3. 
[bookmark: OLE_LINK42]Figure 5. High-resolution incremental heating 40Ar/39Ar age spectra for Tristan da Cunha lava flows. The 40Ar/39Ar ages are weighted age estimates with errors reported at the 95% confidence level, including 0.15% standard deviations in the J-value. All samples were monitored against TCR-2a sanidine (28.53 ± 0.02 Ma, 1σ) as calibrated by Kuiper et al. (2008). Data are listed in the Electronic Supplement and ArArCALC age calculation files can be downloaded from the EarthRef.org Digital Archive (ERDA).

Figure 6. Declination (D), inclination (I), virtual geomagnetic pole longitude (VGPlong), virtual geomagnetic pole latitude (VGPlat), palaeointensity, and virtual axial dipolar moment (VADM) of the units in stratigraphic order (T01 oldest, T38 youngest). The geocentric axial dipole (GAD) value for inclination is labelled. There is a gap between T02 and T03 of two unsampled lava flows and a dike intrusion. There is a 20 m vertical height gap of unsampled lava flows between profile A and B, and 60 m vertical height of unsampled lava flows between B and C. The young age of T30, and the shallow inclinations of T30, T31, and T32 suggest they are intrusive sills emplaced into the lava sequence. The palaeointensities and VADMs are presented as averages of the directional groups, except for T09, which does not fall within a group.
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