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Abstract Changes in the Earth’s magnetic field have global significance that reach from the outer core
extending out to the uppermost atmosphere. Paleomagnetic records derived from sedimentary and volca-
nic sequences provide important insights into the geodynamo processes that govern the largest geomag-
netic changes (polarity reversals), but dating uncertainties have hindered progress in this understanding.
Here, we report a paleomagnetic record from multiple lava flows on Tahiti that bracket the Matuyama-
Brunhes (M-B) polarity reversal �771,000 years ago. Our high-precision 40Ar/39Ar ages constrain several
rapid and short-lived changes in field orientation up to 33,000 years prior to the M-B reversal. These
changes are similar to ones identified in other less well-dated lava flows in Maui, Chile, and La Palma that
occurred during an extended period of reduced field strength recorded in sediments. We use a simple sto-
chastic model to show that these rapid polarity changes are highly attenuated in sediment records with low
sedimentation rates. This prolonged 33,000 year period of reduced field strength and increased geomag-
netic instability supports models that show frequent centennial-to-millennial-scale polarity changes in the
presence of a strongly weakened dipole field.

1. Introduction

The last polarity reversal, from the reversed Matuyama Chron to the normal Brunhes Chron (M-B polarity
reversal), is a critical stratigraphic marker for developing late-Cenozoic age models (Channell et al., 2010;
Shackleton & Opdyke, 1973). Many age determinations for this M-B reversal come from astrochronologically
tuned sediment records that also identify a strong reduction in the intensity of the magnetic field leading
up to the reversal (Merrill & McFadden, 1994). However, due to low sedimentation rates, most sediment
records may not resolve large and rapid directional changes associated with a weakened field strength prior
to the M-B reversal (Channell et al., 2012; Coe & Glen, 2004; Roberts & Winklhofer, 2004). Volcanic sections
dated by 40Ar/39Ar geochronology have the potential to capture such short-lived changes as they record
ordered sequences of discrete snapshots of the Earth’s magnetic field, but their occurrence is rare. At pre-
sent only four volcanic records (Tahiti, Greenland, Hawaii, and Oregon, USA) are known that are detailed
enough to demonstrate significant serial correlation of directional change across the transition in super-
posed flows (Chauvin et al., 1990; Herrero-Bervera & Valet, 1999; Jarboe et al., 2011; Riisager et al., 2003).
None of these records has a simple reversal path and the most detailed of them, a Miocene record with 75
transitional lava flows from the Steens Mountain, Oregon, also displays the most complex transitional
behavior (Jarboe et al., 2011). The other three volcanic records are more discontinuous and have signifi-
cantly fewer lava flows recording the transition. To resolve the detailed structure of temporal changes in
field behavior during a transition requires a large number of well-dated lava flows in a single location or
developing a stack that combines lava flows from multiple worldwide locations.

Applying these two geochronological approaches to the M-B reversal led to a fundamental disagreement
about its age, with 40Ar/39Ar dating of lava flows suggesting it is as much as 24 kyr older than the �773 ka
age suggested by astrochronologically tuned sediment records (Channell, 2017a; Channell et al., 2010). In
addition, recent work on the M-B boundary preserved in the Chiba section of Bose Peninsula, Japan has a
coupled U/Pb and astrochronologic age of 770.2 6 7.3 ka (Suganuma et al., 2015), which was further refined
to 771.7 ka (Okada et al., 2017). Contrary to these ages, recent work using 40Ar/39Ar constrained ages have
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suggested an older age for the onset of the Bruhnes chron. A tephra bracketed record of the M-B reversal
from a Paleolake outcrop in central Italy provides an estimated sanidine age of 780.1 6 0.8 ka and argues
for a rapid reversal of the field (Niespolo et al., 2017; Sagnotti et al., 2014). In addition, sanidine 40Ar/39Ar
ages for a series of Toba tuffs bracketing a reversal recorded in an ODP core, coupled with other archives
may indicate an even older M-B age of �784 ka (Mark et al., 2017). Accordingly, some have questioned the
40K–40Ar decay constant and the age of the Fish Canyon Tuff (FCT sanidine) geological standard used in the
calculation of the 40Ar/39Ar ages (Channell et al., 2010; Singer, 2014). We note, however, that the same com-
bination of methods provides concordant ages for other paleomagnetic events such as the Laschamp (Laj
et al., 2014; Lascu et al., 2016) and Santa Rosa (Balbas et al., 2016) excursions, suggesting there may be
another explanation for the apparent disagreement in the timing of the M-B reversal. Singer et al. (2005)
proposed one such explanation whereby the older 40Ar/39Ar ages are in fact correct and, as such, constrain
a transitional phase of unstable field behavior prior to the M-B reversal. Singer et al. (2005) noted that this
transitional phase coincided with a period of global low-dipole intensity identified in sediment and ice-core
paleointensity records that occurred �15–20 kyr before the M-B reversal (so-called precursor event) (Chan-
nell et al., 2009; Hartl & Tauxe, 1996; Kent & Schneider, 1995; Raisbeck et al., 2006).

One of the key locations where transitional-phase lavas have been dated is in the Punaru’u Valley, Tahiti
(Figure 1). Singer et al. (2005) reported 40Ar/39Ar ages on three such lavas: 804.0 6 11.0 ka, 797.8 6 9.4 ka,
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Figure 1. The location of samples used in this study. (a) A Google EarthVR satellite image of Tahiti with the Punaru’u Valley shown (white box). (b) A contoured ele-
vation map of the Punaru’u Valley adapted from Mochizuki et al. (2011). The location of the Matuyama-Brunhes transitional flows from Chauvin et al. (1990) flows
are shown with green circles. The road is shown with black lines while the road outlined in plots (c)–(d) is colored red. The contour interval is 50 m (gray lines).
(c) A satellite image of the housing development on the Northern side of the Punaru’u Valley. The locations of a few sampled flows are indicated with red circles.
Outline of the road is shown with dash red line. (d) A simplified aerial reconstruction of the exposed lava flows sampled in this study (red circles). The black line
indicates the location of roads outlines in plots (b)–(c). Individual flow exposures are labeled, with dated lava flows shown in green and nonsampled flows from
Mochizuki et al. (2011) shown in blue.
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and 804.0 6 23.0 ka, recalibrated to the Kuiper et al. (2008) FCT sanidine standard age of 28.201 6 0.046 Ma
and the Min et al. (2000) decay constants. Mochizuki et al. (2011) reported 40Ar/39Ar ages on two additional
transitional lavas: 770.0 6 30.0 ka and 788.0 6 37.0 ka (also recalibrated). As Singer (2014) noted, however,
the large age uncertainties on these lavas (ranging from 9.4 to 37 ka at 2r confidence levels) prevent their
correlation to field behavior associated with the M-B precursor event or to the reversal itself.

Here we seek to build onto the work of Mochizuki et al. (2011) by providing new high-precision 40Ar/39Ar
ages that have 2r stacked uncertainties as low as 3.5 ka (Table 1) and by adding new paleomagnetic meas-
urements from multiple lava flows on Tahiti that bracket the M-B polarity reversal. This work was
undertaken to further constrain the age of the M-B reversal and test whether the event was a single rapid
reversal (e.g., Sagnotti et al., 2014), two individual events (e.g., Channell et al., 2009; Hartl & Tauxe, 1996;
Kent & Schneider, 1995; Raisbeck et al., 2006; Singer et al., 2005), or a prolonged period of instability (e.g.,
Valet et al., 2005). The new ages, in conjunction with paleomagnetic orientation and intensity data, indicate
that geomagnetic instabilities persisted for at least �33 kyr prior to onset of the Bruhnes chron. A stochastic
model is presented that helps to reconcile the age constraints from sedimentary archives with 40Ar/39Ar
dated lava archives.

2. Geologic Setting

Chauvin et al. (1990) first documented the existence of several sequences of lava flows exposed within the
Punaru’u Valley, Tahiti-Nui, that record anomalous paleomagnetic field orientations. Their K-Ar ages ranged
from 0.62 to 1.19 Ma, potentially covering the M-B, Jaramillo, and Cobb Mountain reversals. Mochizuki et al.
(2011) reoccupied the Punaru’u Valley and located the lava-flow sequence recording the M-B reversal within
a new housing development on the northern side of the valley (Figure 1). The lava-flow sequence is discon-
tinuous, with exposure being limited to various road cuts. The lava flows consist primarily of clinopyroxene
and olivine phyric alkali basalts (including some ankaramites) that have erupted as flows ranging from 2 to
10 m in height. Distinct rubbly tops on each flow separate individual flows from each other with paleosol
layers notably absent. Mochizuki et al. (2011) reported paleomagnetic field orientation and intensities for 34
flows that bracketed the M-B reversal and provided 40Ar/39Ar ages from six flows ranging in age from
866 6 18 ka to 773 6 30 ka. Mochizuki et al. (2011) noted that although these lava flows are similar in age
(within the large uncertainty bounds) and in petrology to the samples studied by Chauvin et al. (1990) from
the southern side of the valley (Figure 1), their directional records are significantly different so that individ-
ual flows cannot be directly correlated between the two sections.

Table 1
Summary of Stacked 40Ar/39Ar Age Results for Each Flow

Age spectrum Total fusion Inverse isochron analyses

Age 6 2r 39Ar n N N Age 6 2r Age 6 2r 40Ar/36Ar
Lava Flow Material (ka) % K/Ca MSWD steps total steps samples (ka) K/Ca (ka) intercept MSWD

A12 Groundmass 857.4 6 3.5 83 0.161 0.82 49 76 2 849.3 6 4.4 0.462 854.4 6 4.4 297.9 6 2.14 0.73
A16 Groundmass 816.1 6 5.0 62 0.062 0.89 22 70 2 809.4 6 6.2 0.243 812.1 6 10.1 297.8 6 4.99 0.89
A22 Groundmass 799.4 6 4.3 76 0.023 0.82 91 138 4 802.2 6 5.4 0.204 802.2 6 5.4 293.54 6 2.76 0.81
A23 Groundmass 800.9 6 3.6 53 0.206 0.88 41 98 3 811.1 6 3.6 0.208 799.7 6 9.3 296.95 6 10 0.90
A24 Groundmass 800.0 6 3.6 58 0.045 0.75 45 99 3 810.4 6 4.1 0.222 799.6 6 5.9 295.81 6 2.91 0.77
A27 Groundmass 795.1 6 4.0 80 0.044 0.52 85 139 4 798.9 6 5.4 0.166 792.1 6 5.6 297.34 6 2.29 0.50
A28 Groundmass 788.7 6 3.1 68 0.439 1.19 33 66 2 796.2 6 3.2 0.386 781.7 6 5.4 303.31 6 5.11 1.19
A29 Groundmass 805.1 6 4.6 82 0.075 0.66 59 96 3 825.36 6.6 0.112 799.2 6 6.3 301.34 6 4.15 0.53
B1 Groundmass 801.7 6 2.9 56 0.072 1.05 73 209 6 808.7 6 3.4 0.216 798.4 6 5.2 301.24 6 7.05 1.02
B2 Groundmass 793.7 6 4.1 51 0.218 1.74 58 177 5 816.2 6 3.6 0.233 789 6 5.7 301.66 6 5.13 1.59
B3 Groundmass 792.2 6 4.8 74 0.048 1.08 70 144 4 791.4 6 6.7 0.138 788.9 6 5.9 300.23 6 3.82 1.01
B4 Groundmass 781.3 6 3.9 90 0.071 0.96 113 139 4 782.7 6 4.7 0.160 780.2 6 5.1 296.02 6 1.67 0.75
B5 Groundmass 770.6 6 5.9 82 0.065 0.61 70 116 3 769.0 6 7.2 0.155 772.5 6 10.4 294.61 6 4.22 0.61

Note. Each lava flow result is a stacked age based on incremental heating experiments from N independent samples taken 3–5 m apart. Here, n steps repre-
sents the number of heating steps used in the age calculation from N total steps analyzed in the experiment. 39Ar (%) is the total amount of gas included in the
weighted mean age. MSWD 5 mean square of weighted deviates.
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3. Methods

3.1. Sampling
We reoccupied the field site of Mochizuki et al. (2011) and resampled Tahitian lava flows A2–A29 and B1–B5
for high-precision 40Ar/39Ar age determinations and paleomagnetic measurements (Figure 1). We collected
six samples from each of the 27 flows for 40Ar/39Ar analyses and a minimal number (1–4) of oriented sam-
ples from each flow for paleomagnetic measurements. We sampled basalt with a holocrystalline ground-
mass from the freshest sections in the core of each massive flow, at least 1 m below their rubbly and
weathered flow tops, following the same sampling rationale as applied in a study of a single 7 m thick
basalt flow on Floreana Island in the Galapagos Archipelago (Balbas et al., 2016). Every effort was made to
increase the horizontal spacing between samples to ensure that all samples are physically different (albeit
only modestly) in terms of their petrology, geochemistry, physical volcanology, and alteration state. The
average horizontal distance between samples was �3–4 m.

Where possible, we used the same sample identifications for flows as used by Mochizuki et al. (2011). The
stratigraphic relationship and geologic context of the majority of these flows could not be resolved in the
field due to obstruction by road cuts and general construction. Several homes cover the area and roads
were constructed along the weaker, highly altered and fractured sections of basalt. Consequently, some
road cuts, including flows A17–A20 from Mochizuki et al. (2011), are covered in cement to prevent rock fall.
In addition, flow A1 was not sampled since it was not important to this study. Flows A25 and A26 were diffi-
cult to distinguish in the field and were not resampled. Accordingly, of the 34 flows analyzed in Mochizuki
et al. (2011), we sampled 27 with the only exclusions being those listed above.

3.2. 40Ar/39Ar Geochronology
Samples were crushed and sieved to a grain size of 150–180 mm followed by removal of pyroxene and oliv-
ine by magnetic separation. Moderately magnetic groundmass separates were then acid leached following
previously defined procedures (Balbas et al., 2016; Koppers et al., 2011). Samples were sonicated for four 1 h
steps in 3N and 6N HCl and 1N and 3N HNO3 followed by a 1 h sonication in ultrapure H2O (Koppers et al.,
2000, 2011). Samples were then oven dried overnight at 508C. All samples were handpicked under a binocu-
lar microscope to avoid any alteration and the presence of adhering phenocryst fragments. Samples were
loaded into aluminum packets and irradiated in the Oregon State University (OSU) TRIGA reactor for 6 h
with Fish Canyon Tuff (FCT) sanidine flux monitors along with Alder Creek (AC-2) sanidine samples used as
a secondary standard.

Samples were analyzed using the same protocol on a Thermo Scientific ARGUS VI multicollector mass spec-
trometer in the OSU Argon Geochronology Laboratory. Approximately 19 mg groundmass sample was
loaded into copper trays and incrementally heated using a CO2 laser for 33 steps with blanks run before,
during, and after the analyses (a total of 14 blanks). Released gasses were cleaned for 6 min using four get-
ters kept at, respectively, 4008C (ST101), 2008C (ST172), and room temperature (ST172, AP10). Samples were
inlet into the ARGUS VI with 40Ar, 39Ar, 38Ar, and 37Ar measured simultaneously on four 1012 X Faraday
cups, while the 36Ar was measured on an ion-counting CuBe electron multiplier.

All ages were processed using ArArCALC v.2.7.0 (Koppers, 2002) with a Fish Canyon Tuff (FCT) sanidine as a
flux monitor with an assigned age of 28.201 6 0.046 Ma (2r) (Kuiper et al., 2008) and the decay constant
and equations of Min et al. (2000). All errors include corrections for baselines, blanks, irradiation, production
ratios, radioactive decay, mass fractionation, and the multiplier/Faraday collector calibration on mass 36.
Reproducibility of the secondary AC-2 sanidine standard is excellent, providing an age of 1,185.2 6 3.8 ka;
mean square of weighted deviates (MSWD): 6.62; N 5 257/275, within error with the AC-2 age of
1,186.4 6 1.2 ka from Jicha et al. (2016) measured on a Noblesse Nu-instruments multicollector mass
spectrometer.

3.3. Paleomagnetic Methods
Paleomagnetic drill cores were taken from each of the lava flows sampled for 40Ar/39Ar dating solely to con-
firm that the flows are the same as those reported in Mochizuki et al. (2011). Typically, three cores were
taken from each flow and were spaced as far apart as possible (1–5 m). Cores were oriented in the field with
a Pomeroy stage with respect to magnetic north and corrected for the regional magnetic declination of 138
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east. Fifteen of the cores were also oriented by sun compass on the few occasions when this was possible,
in order to assess and correct the deflection due to any local magnetic anomaly at the orienting stage.

One sample from each core was analyzed in the magnetically shielded room at the University of California,
Santa Cruz paleomagnetic laboratory. Each sample was progressively demagnetized in a Sapphire SI-2
instrument using 19 alternating field (AF) steps ranging from 0 to 180 mT and measured after each step in a
2G cryogenic magnetometer. Best-fit lines, and in a few instances best-fit great circles, were determined by
principal component analysis (Fisher, 1953; Kirschvink, 1980; McFadden & McElhinny, 1988). After removing
a normal-polarity component at low AF steps, the majority of samples yielded a well-defined characteristic
direction in principal-component analysis (supporting information Tables S14 and S15).

4. Results

4.1. 40Ar/39Ar Ages
Our new chronology is based on 57 high-precision 40Ar/39Ar ages on 13 basalt lava flows that span the M-B
reversal and several tens of millennia before it. Our new ages range from 857.4 6 3.5 ka to 770.6 6 5.9 ka
(all uncertainties in this study are 2r internal errors; Table 1), covering the previously analyzed range by
Mochizuki et al. (2011) (867 6 18 ka to 770 6 30 ka) but with significantly improved precision. To achieve
these improved precisions, we carried out incremental heating experiments with an increased number of
steps (33 versus 13–39 in Mochizuki et al., 2011; Singer et al., 2005) on carefully prepared crystalline ground-
mass samples, and we carried out between 2 and 6 repeat analyses on samples taken 3–4 m apart in the
same lava flow. This approach allowed us to stack the resulting experiments (see Figure 2 for three repre-
sentative stacks, supporting information Figures S1–S13 for all stacks), if the repeat analyses on different
samples of the same lava flow provided concordant age results (at the 2r confidence level). The stacked
weighted mean and isochron ages are then calculated by combining these different experiments and by
pooling the individual heating steps included into the age plateaus from each experiment. These stacks
provide us with increased confidence that we can resolve the eruption ages independent of (small) differ-
ences in petrology (i.e., varying modal amounts of plagioclase, clinopyroxene, and interstitial glass in the
groundmass), physical volcanology (i.e., vesicularity) and degrees of weathering.

Individual groundmass analyses (excluding B3-Ar-2, discussed below) resulted in age plateaus that are
37%–100% wide, include between 6 and 33 incremental heating steps, and have satisfactorily low MSWD
values with an average of 0.8 (n 5 45) and ranging from 0.1 to maximally 2.0. These individual plateaus
have already increased precision, ranging from 3.5 to 13.1 ka, but after stacking precisions came further
down to 2.9–5.9 ka. Most groundmass experiments show evidence for (modest) 39Ar(k) recoil during the low-
est temperature steps, when any remaining fine-grained alteration minerals are preferentially outgassing,
but typically this is confined to the first �20% of the argon gas released during incremental heating. It is
important to note that our repeat experiments for singular lava flows also show differing amounts of low
temperature 39Ar(k) recoil, and in some cases, these result in markedly different K/Ca spectra (e.g., flows A23
and A29 in supporting information Figures S4 and S8). Despite these differences in sample character, our
repeat analyses for single lava flows always produced concordant plateau ages at the 2r confidence level.
We take this as direct evidence that we successfully minimized recoil effects in the groundmass samples
and can use between 40% and 80% of the gas released to determine the eruption ages for the Tahiti lava
flows. The resulting stacked 40Ar/39Ar ages (Table 1) are in stratigraphic concordance (Figure 3) providing
proof that the new ages are accurately representing the Punaru’u Valley eruption sequence. All but one
groundmass sample contained atmospheric 40Ar/36Ar intercepts with corresponding inverse isochron ages
that are concordant with the plateau ages. Only one sample (B3-Ar-2) was excluded from the mean flow
age calculation for flow B3 (stacked age of 792.2 6 4.8 ka) due to suspected excess Ar, which is evident in
its significantly higher 901.5 6 22.2 ka plateau age and 328.3 6 12 nonatmospheric isochron intercept (sup-
porting information Figure S11). See the supporting information Document for age plateaus, isochrons, and
flow-by-flow descriptions.

4.2. Paleomagnetic Orientations
Mochizuki et al. (2011) performed hysteresis and thermomagnetic experiments to assess magnetic mineral-
ogy and properties of the flows, yielding results like those of many suites of subaerial basalts. They indicate
that remanence is carried by some combination of Ti-poor and Ti-rich titanomagnetite, sometimes partially
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oxidized to titanomaghemite, and with pseudosingle domain hysteretic properties that usually signify a
mixture of single-domain and multidomain grains. Such flows are typically good recorders of paleomagnetic
direction.

We measured the paleomagnetic direction in 22 of the exposed basalt flows (supporting information Tables
S14 and S15). Paleomagnetic directions obtained using sun-compass measurements of core azimuth (flows
A16, A21, A27, A28, and A29) were preferred over magnetic measurements and are used in figures and
models when available. Samples from flows A27 and A28 yielded sun-compass corrections to magnetic azi-
muths of 328 and 118, respectively, whereas corrections for the remainder of cores were between 28 and 98.
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Figure 2. 40Ar/39Ar age results for the representative flows A27, A28, and B5. (left) Individual plateau results and the
resulting plateau age and MSWD are shown. (right) Inverse isochron plots for the stacked age results. Red symbols repre-
sent values used to calculate the isochron (black line) while hollow symbols represent results that fell off of the plateau
and were not used. An atmospheric reference line is shown (pink). All uncertainties are shown with 2r confidence.
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The natural remanent magnetism (NRM) for samples from flow A28 ranges up to 20 A m21 (supporting
information Table S15), large enough to produce local anomalies that could deflect the compass needle by
108 or more. However, the cores from flow A27 contained much lower NRM values around 1 A m21, indicat-
ing some other, unknown source for that large local deflection. In any case, the results for the great majority
of the samples suggest that their magnetic and true geographic declinations probably differ by only 28–108,
or too small a difference to affect our conclusions.

The sampled lava flows include normal, transitional, and reversed orientations. Most of the flows display
concordant primary orientations throughout most of the alternating field steps. Some flows within the inter-
mediate phase of the reversal show large viscous overprinting, which is probably enhanced by the weak-
ness of the magnetic field during this period. The 13 oldest flows (A2–A16) all have reversed polarity; we
dated two of these flows at 857.4 6 3.5 ka (A12) and 816.1 6 5.0 ka (A16) (Figure 3). The next 10 younger
flows, in order of age range from 805.1 6 4.6 ka (A29) to 781.3 6 3.9 ka (B4) and have VGP latitudes that
range consecutively from normal to transitional to normal to transitional to reversed to normal to transi-
tional to normal (Figure 3). The youngest sample (B5) has a normal polarity that, according to its 770.6 6 5.9
ka age, potentially formed after the main M-B reversal at 770–773 ka (Channell et al., 2010; Okada et al.,
2017).

Our paleomagnetic data from the flows are in good agreement with the data from Mochizuki et al. (2011) at
this location. The exceptions are flows A27 and B1 and, to a lesser extent, A22 and A28 (Figure 4). The dis-
crepancy for all but A22, A24, A27, and B1 is no more than 298, with an average of 118. All of them are asso-
ciated with paleointensity lows, as indicated by the exceptionally low NRM/ARM values (Mochizuki et al.,
2011). Flows A27 and B1 differ by 1598 and 1298, almost entirely in declination, but we are confident that
we did not make a gross error in orienting these cores because their low-coercivity overprints are normal
polarity, as they should be for a Brunhes-normal viscous remanence. Our measurement for B1 contains a
large uncertainty (a95 5 428) consistent with the relatively large secondary components previously
observed from this flow (Mochizuki et al., 2011). A22 and A24, with angular discrepancies of 358 and 748, dif-
fer significantly in both inclination and declination. Because our sample directions for both A22 and A24
cluster much better than those reported by Mochizuki et al. (2011), each having a precision parameter �15
times larger, we suspect that the overprints on their samples could not be as completely removed as on
ours. Thus, although the major conclusions of our study do not depend on which study’s directions we
choose, we use our values in the figures and models reported herein.

5. Discussion

5.1. Stratigraphy
Our additional field observations and high-precision 40Ar/39Ar ages better constrain the stratigraphic rela-
tionships first described by Mochizuki et al. (2011), with all ages associated with flows that are in direct con-
tact being consistent with the law of superposition (A2 through A16 and B1 through B4; Figure 5). However,
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several flow contacts could not be identified given that the outcrops consist of several different road cuts
whose stratigraphic relationships are obscured by the construction of residential homes (Figure 1) or that
some flows sampled by Mochizuki et al. (2011) have since been cemented over. Moreover, our fieldwork
and analyses indicate that higher elevation flows are not necessarily younger than lower elevation flows.
For example, flow A29 is one of the oldest flows in the sequence (805.1 6 4.6 ka), yet was sampled at the
highest elevation on top of a steep cliff. This flow contains an age, inclination, and declination that lie within

uncertainty of flow A23 (800.9 6 3.6 ka), and thus potentially repre-
sent another outcrop of the same erupted lava. Flow A28 (788.7 6 3.1
ka) is the second highest flow sampled. It only appears to crop out in
one location and is petrologically distinct from all flows sampled (pla-
gioclase phyric). These elevation and age relationships thus suggest a
complicated depositional history with lava flows likely channeling
toward and filling, local erosional features. Consequently, we use our
new ages to establish paleomagnetic and stratigraphic ordering for
flows without readily identifiable contacts (A24, A25, A26, A27, A28,
and A29).

Figure 5 shows our reconstructed stratigraphy compared to the stra-
tigraphy presented in Mochizuki et al. (2011). We did not resample
flows A25 and A26. Our stratigraphy suggests that the most probable
sequence of VGP latitudes prior to 773 ka, arranged from oldest to
youngest, is R-N-T-N-T-R-N-T-N (Figure 5). This sequence differs from
that suggested by Hoffman and Mochizuki (2012), who proposed that
the precursor phase (780–800 ka) contains paleomagnetic orienta-
tions pointing toward Australia, which then flip closer to the final
reversal, orientating toward NE North America. Instead, our sequence
suggests that the orientation flips between nonaxial dipole locations
frequently during the �33 kyr prior to the Bruhnes chron. We note
that simpler VGP sequences obtained by rearrangement of the flows
that still satisfy our 2r confidence limits are possible. For instance,
moving A28 lower in the sequence so it lies between A27 and B2

A1 A2 A3 A4 A5 A6 A7 A8

A9 A10 A11 A12 A13 A14 A15 A16

A17 A18 A21 A22 A23 A24 A25 A26

A27 A28 A29 B1 B2 B3 B4 B5

Figure 4. Mean virtual geomagnetic pole data for each individual flow from this study (red) and Mochizuki et al. (2011)
(blue).
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Legend

Figure 5. The stratigraphic order of sampled lava flows from Punaru’u Valley,
Tahiti based on field relations (left; Mochizuki et al., 2011) and based on field
relations and age determinations (right; this study). Boxes are shaded accord-
ing to paleomagnetic orientations presented in Mochizuki et al. (2011) (left) or
this study (right). Dashed outlines represent flows not observed to be in direct
contact with other flows. Age determinations are shown with 2r uncertainties
(ka). Flows A25 and A26 were not resampled in this study and flow A21 does
not have age determinations. Flows A2–A16 (not shown) are all reversed orien-
tation and in stratigraphic order.
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simplifies the sequence to R-T-N-T-R-N, but the sequence still suggests several rapid changes in field orien-
tation prior to the start of the Brunhes Chron.

5.2. The Instability Period Preceding the M-B Reversal
Understanding the length scales and patterns of the geomagnetic field prior to a reversal provides vital con-
straints for understanding the geodynamo. Before determining the length of the instability, an age for the
final onset of the Bruhnes chron is required. There is significant debate over the age of the boundary with
arguments for a �780–784 ka age (Cande & Kent, 1995; Mark et al., 2017; Niespolo et al., 2017; Sagnotti
et al., 2014) or a ca. 772 ka age (Channell et al., 2010; Okada et al., 2017; Suganuma et al., 2010, 2015). Since
lava flows provide only brief snapshots of instability we cannot directly provide an age for the reversal
based on singular lava flow dating. The youngest flow with intermediate paleomagnetic orientation from
the Tahiti sequence is A28 (788.7 6 3.1 ka), which is proceeded by normally orientated flows. Thus, this may
favor an older age for the onset of the M-B reversal. However, prior to the eruption of A28, there were multi-
ple normally orientated flows with low field strength that indicate prolonged instability of the paleomag-
netic field (Mochizuki et al., 2011). We favor the younger age for the M-B boundary (�772 ka) as it is
supported by different age determination methods from multiple disparate records, such as U/Pb (Okada
et al., 2017; Suganuma et al., 2015), astrochronology (Channell et al., 2010), ice-core 10Be records (Raisbeck
et al., 2006; Suganuma et al., 2010), and one 40Ar/39Ar age for a Hawaiian lava flow (Singer, 2014; Singer
et al., 2005). In addition, the 40Ar/39Ar age determinations supporting an older age for the M-B boundary
were all analyzed using total fusion of single sanidine crystals (Mark et al., 2017; Sagnotti et al., 2014). How-
ever, it has recently been shown for the Bishop tuff that sanidine crystals may reside in relatively cool por-

tions of its magma chamber for tens of thousands of years, allowing
the ingrowth of excess radiogenic 40Ar prior to eruption, making the
sanidine ages slightly (but distinguishably) older than the eruption
age (Andersen et al., 2017). The 780–784 ka older M-B ages are all con-
strained by similar sanidine analyses from equivalent silicic systems
and, thus may have been influenced by magma chamber residence
time issues as well, causing the resulting M-B boundary age estimates
to be too old. More work is required from independent lava flow suc-
cessions to lay this discussion topic to rest.

In order to determine the minimum length of instability prior to the
Bruhnes Chron we compare our Tahitian constraints on magnetic field
variability prior to the M-B reversal with similar evidence from other
lava flow sequences dated by 40Ar/39Ar (Brown et al., 2004; Singer
et al., 2002) (Figure 6). We recalibrated all previously published
40Ar/39Ar ages to the same 40K decay constants and the FCTs standard
age used for the Tahitian samples. Dated samples from the Maui site
extend back to 785.1 6 8.0 ka (Coe et al., 2004), while the La Palma
and Chile samples largely occur between �790 and 810 ka, coincident
with the precursor phase (Singer et al., 2005). VGP latitudes from these
flows that are older than the M-B reversal range from reversed to nor-
mal, with a number of transitional directions clustered in the southern
low latitudes. Here, we define field instability during the Matuyama
Chron as any VGP between 2458 and 908 latitude. Probability density
functions (PDFs) of lava flows from Tahiti, Chile, and La Palma that
meet this criterion suggest that much of this instability occurred
between �795 and 805 ka; for Maui it is somewhat younger, being
centered on �779 ka (Figure 6).

Some previous interpretations of this behavior from any given site
suggested that its peak PDF age represented the M-B reversal, thus
giving rise to some of the disagreement about the age of the reversal
(Channell et al., 2010). Singer et al. (2005) proposed that the older
transitional lavas from La Palma, Chile, and Tahiti record the onset of
nondipolar field behavior that continued for �18 kyr until the M-B
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reversal recorded at Maui. Similar to Singer et al. (2005), we combine the data from all four sites into a com-
posite record that, while still discontinuous, provides a more complete picture of global geomagnetic field
behavior. The length of the instability defined by our sample set begins at 805.1 6 4.6 Ma (A29) and, assum-
ing a final reversal age of 771.7 ka (Okada et al., 2017), indicates that the field instability period persisted for
�33,000 yr. A PDF that includes all of the data supports the prolonged period of instability that extends
from the M-B reversal at �772 to �805 ka (Figure 6), nearly twice as long as previously considered (Singer
et al., 2005).

Additional 40Ar/39Ar dated records older than 805 ka are required to assess whether this unstable period
might be longer. We also note that the frequency of the large polarity changes within this 33 kyr window
suggests that large geomagnetic changes were occurring on a millennial and perhaps centennial timescale.
This is particularly well demonstrated by our high-resolution dating of Tahitian flows, which identifies two
large excursions between �800 and 787 ka, while the Maui data show another large excursion between
�782 ka and the time of the actual M-B reversal (Figure 6).

5.3. Reconciling Lava Flow and Sediment Records
Well-dated, high-resolution sediment records from a range of latitudes
show that VGPs often differ from stable-reversed directions during the
33 kyr interval prior to the M-B reversal, although their expression sug-
gests a lower frequency in the polarity changes (Figure 7). We use a sim-
ple stochastic model to illustrate how a simulated geomagnetic signal
would be recorded differently in volcanic and sedimentary archives. We
assume that the Tahiti, Chile, La Palma, and Maui volcanic records cap-
ture random snapshots of directional variability occurring on century to
millennial timescales (Constable & Johnson, 2005; Korte & Constable,
2006), whereas sediments record a more continuous signal that is
smoothed as a result of sediment sampling method and the magnetiza-
tion acquisition process (Egli & Zhao, 2015; Irving & Major, 1964; Lund &
Keigwin, 1994; Roberts & Winklhofer, 2004; Verosub, 1977). For example,
sediment smoothing is inherent to the sampling methods applied,
whereby a 2 cm cubed discrete sample integrates 1 kyr of the magnetic
record for sedimentation rates of 2 cm kyr21 and u-channel samples
integrate the paleomagnetic record based on the response function of
the magnetometer, typically around 5–8 cm (Weeks et al., 1993) or 2.5–4
kyr for sedimentation rates of 2 cm kyr21. Additionally, measured sedi-
ment magnetizations are at least in part an integrated record of geo-
magnetic signal resulting from magnetic acquisition over a lock-in zone
following deposition (Egli & Zhao, 2015; Mellstr€om et al., 2015).

We created 1,000 artificial volcanic records at nominally 500 year
intervals from 840 to 750 ka in a two-step process (Figure 8). In Step 1,
we generated a reversed-to-normal M-B transition pattern by defining
the Matuyama (reversed) and Brunhes (normal) chrons with the transi-
tion occurring at a given year randomly selected from a normal distri-
bution based on the astrochronological age estimate of 773 6 5 ka
(Channell et al., 2010) (Figure 8a). While Channell et al. (2010) assign a
2r error of 0.8 ka based on the standard deviation of five North Atlan-
tic site estimates, this error does not consider uncertainty in the dat-
ing method itself (Martinson et al., 1987). We thus adopt a more
conservative error estimate of 6 5 ka. At this step, directions are ran-
domly assigned from a uniform distribution of reversed (–908 to 2708

VGP latitude; 840 ka to transition) and normal (708 to 908 VGP latitude;
transition to 750 ka) polarities.

In Step 2, we simulated the highly variable (secular) directional
changes occurring during and preceding the M-B transition based on
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the PDFs generated from the measured ages of Tahiti, Chile, La Palma, and Maui volcanic paleomagnetic
records (Figure 6). At each model time step, the simple reversed-to-normal M-B transition pattern discussed
above was either perturbed based on the summed volcanic record PDFs (gray shading in Figure 8b) or not,
a so-called randomized decision point. If the pattern was to be perturbed, a random selection based on the
relative probability of having recorded an observed reversed, transitional or normal VGP at that time step
(blue, orange, and green lines, respectively, in Figure 8b), then determined whether the modeled field was
temporarily disturbed by having a reversed, transitional, or normal VGP (red asterisks in Figure 8b and black
dots in Figures 9–11). Perturbed directions were randomly assigned from three uniform directional distribu-
tions, using the latitudinal bins used to define the PDFs, that are either reversed (–908 to 2458 VGP latitude),
normal (458 to 908 VGP latitude), or transitional (–458 to 458 VGP latitude).

We then converted these artificial volcanic records to modeled sedimentary records using a simple Gauss-
ian filter of variable width (by varying the Full Width Max Height (FWMH) from 1 to 20 kyr) to simulate the
signal smoothing by sampling method and magnetic acquisition processes (red lines in Figures 9–11). While
we apply this filter in time, we recognize the smoothing associated with magnetic acquisition processes
occurs in depth. Assuming nominal 15 cm lock-in zones and steady sedimentation rates, these filter widths
are likely most representative of sedimentation rates on the order of 1021–101 cm kyr21. The 95% confi-
dence intervals for the model were generated from the 1,000 modeled sedimentary records (red shading
Figures 9–11). For comparison, we plotted an example 95% confidence interval for an actual sedimentary
record from the equatorial Indian Ocean based on its 65 ka age uncertainty (Valet et al., 2014), but not
accounting for any uncertainty in the magnetic measurement (gray shading in Figures 9–11).

While this filtering approach does not account for possible offsets in time where the age of the magnetiza-
tion may be younger than the age of the sediment, especially in low sedimentation rate locations (Channell
& Guyodo, 2004; Ruddiman & Kent, 1990; Suganuma et al., 2010), it demonstrates how actual sedimentary
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relative probability of having recorded an observed reversed, transitional or normal VGP at that time step (blue, orange,
and green lines, respectively) then determined whether the modeled field was temporarily disturbed by having a reversed,
transitional, or normal VGP.
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records may seemingly record subdued equatorial VGP latitudes for
thousands of years while the volcanic records show extreme VGP
directional short-term changes. The degree of smoothing in the sedi-
mentary records increases when Gaussian filter widths are increased
from 1 to 20 kyr (Figure 10). At the same time, the maximum VGP lati-
tudes within our 95% confidence interval decrease significantly, from
fully reversed/normal for Gaussian filter widths of less than about
7 kyr FWMH to almost completely transitional directions for wider
filter widths.

Although these model runs show that the observed VGP latitude var-
iations preceding the M-B transition in sediment records (equatorial
and midlatitude examples in Figure 7) can be reproduced, the models
cannot fully remove a positive upswing in VGP latitude around 795 ka
(Figures 10 and 11) that is not observed in the high-latitude sedimen-
tary record from ODP Site 984 (Channell et al., 2004). The exact reason
for this discrepancy is unclear, but it could result from complex field
morphologies at low-dipole field intensities (Brown & Korte, 2016;
Brown et al., 2007; Clement, 2004; Valet & Plenier, 2008; Valet et al.,
2012), complex sedimentation processes and/or magnetic acquisition,
perhaps due to high-frequency variability in sedimentation rates
(Channell, 1999). Assessing any of these options will require detailed
study of globally distributed high-quality sedimentary records and a
more complete understanding of the sediment magnetization acquisi-
tion process.

Additionally, it is interesting to note that when there is significant
smoothing in our modeled sedimentary records (e.g., 20 kyr FWMH),
the interpreted duration of the M-B transition is longer and the ‘‘mid-
point’’ is older for the apparent reversal. However, this duration would

likely seem more abrupt when sampling low-resolution (highly smoothed) sediments. Magnetic measure-
ments are taken from 2 cm cubes, which can average upward of a thousand years. This illustrates the diffi-
culty of making meaningful comparisons of globally distributed sedimentary records of variable and/or low
resolution (Leonhardt & Fabian, 2007).

Our modeling shows that sedimentary sequences may record subdued equatorial VGP latitudes for thou-
sands of years, while the volcanic records preserve extreme VGP directional short-term changes (Figures
8–11). With decreasing sedimentation rates, the maximum recorded sedimentary VGP latitudes also
decrease significantly from steeper than 758 to transitional to almost absent. In addition, low-resolution sed-
imentary records may place the apparent M-B transition at older ages. Our results show that the general
structure, timing and uncertainty of our stochastically modeled sedimentary VGP latitudes are consistent
with high-quality sedimentary records (Figure 7). This simple model illustrates that given uncertainties
related to chronologic, spatial/temporal coverage, and magnetic acquisition processes, the volcanic and
sedimentary archives do record the same changes in the Earth’s magnetic field, yet in different ways.

These results suggest that sedimentary and volcanic records of field variability prior to and during the M-B
reversal are contemporary and related, supporting good agreement between the astrochronological and
40Ar/39Ar dating methods during the last million years. The onset of the prolonged period of directional
instability identified from these records is coincident with the start of the precursor phase signified by a
field intensity reduction that is well expressed in the PISO-1500 stack (Channell et al., 2009) (Figure 7). The
majority of the transitional volcanic VGP latitudes recorded in lava flows from Tahiti, Maui, Chile, and La
Palma are then coincident with a divergence from reversed field direction in some sediment records (Chan-
nell et al., 2008; Valet et al., 2014). This unstable field, coeval with the precursor phase of low-dipole inten-
sity, suggests a period of heightened secular variation with large directional changes occurring on
centennial to millennial timescales. These millennial or centennial variations in geomagnetic orientation are
unlikely to be recorded in most sedimentary core records due to remanent magnetization acquisitions pro-
cesses, nonuniform sedimentation rates and possible core disturbances (e.g., Channell, 2017b). Our results
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Figure 9. A simple model illustrates how volcanic and sedimentary records
might record centennial to millennial scale variations of geomagnetic field
directions differently. (a) One model run with an artificial volcanic record based
on VGPs and 40Ar/39Ar ages from Tahiti, Chile, La Palma and Maui (black dots)
and a modeled sedimentary record (red line) smoothed using a 2 kyr full width
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VGP latitude reconstruction from an Indian Ocean sediment core (black line)
(Valet et al., 2014). Gray shading represents the 95% confidence interval for the
actual sediment record based on its 5 ka age uncertainty (Valet et al., 2014).
The vertical blue line at 773 ka marks a widely accepted age for the M-B transi-
tion from astrochronological estimates (Channell et al., 2010).
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are similar to descriptive models showing an increase in rapidly changing nondipole features (Brown &
Korte, 2016; Brown et al., 2007; Valet & Plenier, 2008; Valet et al., 2012), when the field weakens. There are
fewer observations of field instabilities from volcanic records (e.g., Maui) during a second phase of low-
dipole intensity, which may suggest either a sampling bias or a relatively short-lived field instability immedi-
ately prior to the M-B reversal.
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Figure 10. A simple model as described in Figure 8, except using variable Gaussian filter widths of (a, b) 1 kyr FWMH,
(c, d) 2 kyr FWMH, (e, f) 5 kyr FWMH, (g, h) 7 kyr FWMH, (i, j) 10 kyr FWMH, and (k, l) 20 kyr FWMH.
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Figure 11. Nine random artificial sedimentary records created using a 2 kyr FWMH Gaussian filter (red lines) with the 95%
confidence interval of an actual sedimentary record (gray shading; as in Figure 8). The vertical blue lines at 773 ka marks
the age for the M-B transition from astrochronological estimates (Channell et al., 2010).
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6. Conclusions

Our results provide important new insights into the short precursor history of a reversing field and the
rapid—if not erratic—changing field dynamics during periods of low-dipole intensity. By reconciling volca-
nic and sedimentary records, we show that the instability prior to the onset of the normal Brunhes Chron
lasted at least �33 kyr. The sedimentary and volcanic records of this well-studied event are in good agree-
ment but can appear offset. This offset is likely due to natural smoothing of paleomagnetic directions
recorded in sediment archives and the sporadic and limited nature of volcanic archives. It appears that large
changes in VGP can occur on timescales less than those resolvable in such records.

The simple model provided here indicates that sedimentary records of paleomagnetic variability aren’t
appropriate to calibrate 40Ar/39Ar geochronologic standards. In addition, a single 40Ar/39Ar age determina-
tion on a transitionally orientated lava flow is not necessarily representative of the total timescale of the
geomagnetic anomaly. We suggest that further combinations of multiple natural archives are vital for iden-
tifying more abrupt and short-lived paleomagnetic anomalies.
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