
1. Introduction
From the analysis of satellite data, a rapid decrease of the present-day Earth's magnetic (geomagnetic) field 
strength (intensity) is observed, thus raising the question of whether Earth is currently approaching a po-
larity reversal (e.g., Hulot et al., 2002; Pavón-Carrasco & De Santis, 2016) or not (Brown et al., 2018). Con-
straining the past evolution of intensity (paleointensity) can provide context for this scenario and help us to 
understand fundamental properties of the geomagnetic field, such as the long-term average dipole moment 
and how the field's strength is related to polarity reversals, reversal frequency and secular variation (e.g., 
Cox, 1968).

Generally, paleointensity minima are associated with magnetic excursions and reversals but they are not al-
ways associated with these events (Channell et al., 2020). Identifying a relationship between dipole strength 
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and magnetic reversals (Biggin & Thomas, 2003; Biggin et al., 2012; Constable et al., 1998; Cox, 1968; In-
gham et al., 2014; Kulakov et al., 2019; Larson & Olson, 1991; Loper & McCartney, 1986; McElhinny & 
Larson,  2003; Prèvot et  al.,  1990; Selkin & Tauxe,  2000; Tarduno et  al.,  2001; Tarduno & Cottrell,  2005; 
Tauxe, 2006; Tauxe et al., 2013; Tauxe & Yamazaki, 2015; Thomas et al., 1998, 2000) can provide impor-
tant constraints on the heat flux across the Earth's core-mantle boundary and the energy states of the ge-
odynamo. These in turn have significant implications for the geodynamo and mantle modeling (Biggin 
et al., 2012). Moreover, understanding the long-term variations of the geomagnetic field strength (Ingham 
et al., 2014; Juarez et al., 1998; Kulakov et al., 2019; McFadden & McElhinny, 1982; Tauxe et al., 2013; Wang 
et al., 2015) over thousands to millions of years is not only fundamental for modeling the geodynamo origin 
and behavior (e.g., Biggin et al., 2012) but also for other applications, such as estimating the solar standoff 
distance (Tarduno et al., 2014) or geodynamic plate reconstructions (e.g., Olierook et al., 2020). However, 
there is no consensus yet as to the average strength of the geomagnetic field, with estimates ranging from 
80 ± 7 ZAm2 (where ZAm2 = 1021 Am2) for the last 5 Ma (McFadden & McElhinny, 1982), to 42 ± 23 ZAm2 
for the last 160 Ma (all intensity values errors are 1σ; Juarez et al., 1998; Tauxe et al., 2013).

Despite the many studies on the strength of the geomagnetic field over time (e.g., Biggin et al., 2010; Perrin 
& Schnepp, 2004; Perrin & Shcherbakov, 1997; Tanaka et al., 1995; Tauxe & Yamazaki, 2015, and earthref.
org/MagIC; Tauxe et al., 2016), the data distribution is uneven both geographically and temporally. Overall, 
∼95% of the data in the MagIC database (combining both volcanic and archeomagnetic records) come from 
northern hemisphere locations, whereas only ∼5% come from southern latitudes. Moreover, most of the 
data are from the last 20,000 years. This significant bias in the geographic and temporal span is due to: (i) the 
limited availability of suitable materials for paleomagnetic analyses, as older rocks with ideal characteristics 
are much less common than younger rocks, and (ii) the high-failure rate and time-consuming nature of the 
paleointensity experiments. The scatter in the database may be also increased by low resolution geochrono-
logical dating methods (the 2σ uncertainties can range from hundreds to millions of years).

One way to advance our understating of geomagnetic field activity and mantle dynamics is to investigate the 
superchrons, intervals of tens of millions of years that lack reversals. Gubbins (1999) proposed that excur-
sions and reversals nucleate in the fluid outer core and if the reverse outer core field is maintained for longer 
than ∼3 ka (the magnetic diffusion time of the inner core) then the field is able to diffuse into the inner core, 
allowing the dipole field to reverse. This hypothesis may explain the existence and relatively short duration 
of the magnetic excursions, which are only thousands of years long.

In contrast, superchrons may be related to the relationship between the Earth's dynamo and the lower 
mantle (Glatzmaier et  al.,  1999; Larson & Olson,  1991; Olson et  al.,  2012) or they may be triggered by 
crustal/upper mantle events, such as the impingement of a subducted slab with the core-mantle boundary 
(Courtillot et al., 2007; Larson & Olson, 1991). If the long-term thermal effect of mantle convection on the 
core during the Cretaceous led to a gradual decrease of the reversal rate before the onset of the superchron, 
then its existence could be predicted (McFadden & McElhinny, 1984; McFadden & Merrill, 2000). Alterna-
tively, if the reversal rate was stationary before the superchron (Gallet & Hulot, 1997; Hulot & Gallet, 2003), 
then this could represent a sudden non-linear transition between a reversing and a non-reversing state of 
the geodynamo and the Cretaceous Normal Superchron (CNS) could not be predicted (de-coupling be-
tween core-mantle processes and long-term geomagnetic field changes, Prèvot et al., 1990). Furthermore, 
numerical simulations by Olson and Hagay (2015) suggest that superchrons are induced by mantle ”su-
perplume” activity. These are manifested by major Large Igneous Provinces (LIPs), the age of which post-
date transitions from hyper-reversing (i.e., the Jurassic Hyperactivity Period, JHP; Kulakov et al., 2019) to 
superchron geodynamo states (i.e., the CNS). Therefore, improving our knowledge of the timing and extent 
of LIPs could help to constrain the geomagnetic field behavior. Finding a precursor event to a superchron 
would support one of the competing hypotheses (Gallet & Hulot, 1997; Hulot & Gallet, 2003; Zhu, Hoffman, 
et al., 2004; Zhu, Lo, et al., 2004). The key to this is to expand the existing sparse database spanning the 
onset of a superchron (here the CNS). In this study, we focus on obtaining new and robust data from before 
and after the onset of the CNS, from the study of part of the Caribbean Large Igneous Province (CLIP; e.g., 
Boshman et al., 2019) in Costa Rica.
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2. The Cretaceous Normal Superchron (CNS)
The CNS (C34n; informally called “the Cretaceous quiet zone,” e.g., Gee & Kent, 2007) is a long period 
of nearly uniform normal polarity, first observed by Helsley and Steiner  (1968) in ocean-floor magnetic 
anomaly profiles. The CNS begins between 123.0 and 121.2 Ma, with a duration of 38.0–40.5 Ma (see re-
view by Olierook et al., 2020), and it provides an opportunity to investigate the geomagnetic field behavior 
before, during, and after a superchron. Indeed, the CNS is preceded by the so-called “Mesozoic dipole low” 
(Prèvot et al., 1990) with an average intensity value of ∼32 ZAm2 (e.g., Tauxe et al., 2013), possibly linked 
to a change of state of the geomagnetic field from a state of relatively rapid reversals, to a period of stability 
during the CNS. Cox (1968) suggests that when the field is stronger, it is also more stable and therefore the 
frequency of reversals should be lower. Many subsequent studies support the inverse correlation between 
field strength and reversal frequency (e.g., Constable et al., 1998; Kulakov et al., 2019; Tauxe, 2006; Tauxe & 
Hartl, 1997; Tauxe & Staudigel, 2004; Tauxe & Yamazaki, 2015), whereas others (e.g., Selkin & Tauxe, 2000) 
suggest that the distribution of paleointensities does not change substantially between a low reversal-rate 
period (e.g., between 124 and 30 Ma) and a high reversal-rate period (e.g., between 30 and 0.3 Ma).

At present, too few data are available to rule out either of these hypotheses, as suggested by Ingham 
et  al.  (2014). The investigation of SBG samples from the Troodos Ophiolite in Cyprus (92  Ma; Tauxe & 
Staudigel, 2004) suggest that a strong and stable field was present during the CNS, with a mean dipole 
moment of 81  ±  43 ZAm2. An even higher dipole moment value of 125  ±  14 ZAm2 is found in single 
plagioclase crystals extracted from the Rajmahal Traps of India (113–116 Ma; Cottrell & Tarduno, 2000; 
Tarduno et al., 2001) and 127 ± 7 ZAm2 from the Canadian Arctic Ellesmere Island lavas (95 Ma; Tarduno 
et al., 2002). High values are also supported by a review of paleointensity data from all SBG samples from 
Deep Sea Drilling Project and Ocean Drilling Program (DSDP/ODP) core samples (Tauxe, 2006).

Alternatively, there are many studies that suggest relatively low field values during the whole period of the 
CNS. Data from the lower crust (gabbros) of the Troodos Ophiolite by Granot et al. (2007) point to intensity 
fluctuations around a mean of 54 ± 20 ZAm2, which are weaker and more variable than predicted by ge-
odynamo simulations. Low intensity values are also observed from the 114-110 Ma Suhongtu lava section 
(Inner Mongolia) by Zhu et al. (2008) who found a field that fluctuated from 53 ± 20 to 46 ± 27 ZAm2. Sim-
ilar low intensity values are observed by Pick and Tauxe (1993a) who analyzed SBG samples from the East 
Pacific Rise DSDP/ODP sites spanning the onset of the CNS (Holes 417D, 418A, 807C), and near the CNS 
termination (Hole 543A). A precursor event to the CNS is proposed by Gallet and Hulot (1997) and Hulot 
and Gallet (2003) and are supported by intensity values of 64 ± 23 ZAm2 at 134 Ma from Uruguay (e.g., 
Goguitchaichvili et al., 2008). Moreover, data from Zhuanchengzi in Liaoning Province (northeast China), 
K-Ar dated at 120.93 ± 0.88 Ma (all age uncertainties are 2σ unless otherwise stated) closely following the 
onset of the CNS, reveal a low average intensity of 39.6 ± 0.8 ZAm2 (Zhu et al., 2001). An even weaker field 
is reported from the southern hemisphere, with data from 135 Ma old lava flows from the Etendeka-Paranà 
Province (Namibia; Dodd et al., 2015), with an average of 25 ± 10 ZAm2. Similar low values of 41 ± 16 
ZAm2 (and high variability) are found on the southern Brazilian part of the same province, in 130  Ma 
Ponta Grossa tholeiitic dykes (Cejudo Ruiz et al., 2009), from a sequence of 124–133 Ma lava flows at Si-
hetun and 122 Ma andesitic basalt lava flows from Hulahada (northeast China; Zhu, Hoffman, et al., 2004; 
Zhu, Lo, et al., 2004). Thus, these data (Cejudo Ruiz et al., 2009; Dodd et al., 2015; Zhu et al., 2001, 2003, 
Zhu, Hoffman, et al., 2004; Zhu, Lo, et al., 2004) suggest that no precursor to the CNS is recorded and the 
field was weak both prior to (35.3 ± 0.2 ZAm2) and after (48 ± 0.2 ZAm2) the CNS. These low intensities 
would support a decoupling of the processes controlling reversal frequency and paleointensity. There is also 
a discrepancy between magnetic anomalies, volcanic and sedimentary data (Cronin et al.,  2001; Granot 
et al., 2012; Tarduno, 1990) during the CNS. For example, Granot et al.  (2012) discovered two magnetic 
anomalies within the CNS (with higher intensity values at ∼108 Ma, and lower at ∼92 Ma) from deep-tow 
magnetic profiles in the Central Atlantic Ocean, which are not observed in the volcanic or sedimentary data.

Kulakov et al. (2019) analyzed data from the PINT (Paleo-INTensity) data set (Biggin et al., 2010) to inves-
tigate the variability of the geomagnetic field and reversal frequency between the CNS and the JHP, finding 
a weak inverse correlation using the entire data set, which is in agreement with Channell et al. (1982) and 
Tarduno and Cottrell  (2005). However, when using stricter selection criteria, no correlation was found. 
Overall, Kulakov et al. (2019) found an increase of field strength at 133 Ma, before the onset of the CNS, 
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which lasted up to 15 Ma after the end of the CNS, with two peaks at ∼117 and ∼95 Ma, which is remi-
niscent of the findings of Granot et al. (2012). Additionally, Kulakov et al. (2019) points out that different 
paleointensity sampled material may bias paleointensity results, as data from single zircons yield system-
atically higher values with less variability, compared to data from SBG and whole rock samples, with SBGs 
giving more dispersed results with lower median values. However, we note that there are very few single 
crystal zircon studies (e.g., Tarduno et al., 2001) and these results have never been verified by measuring 
crystals that have cooled in known magnetic fields, whereas SBG samples have been verified multiple times 
(e.g., Bowles et al., 2005; Pick & Tauxe, 1993a, 1993b; Tauxe et al., 2004).

SBG is rapidly cooled (i.e., quenched), is likely to contain single domain magnetic particles (Bowles 
et al., 2005; Pick & Tauxe, 1993a, 1993b), and can yield results that meet stricter criteria than those from 
other materials. SBG has been the subject of many paleointensity studies (e.g., Bowles et al., 2005; Juarez 
et al., 1998; Juarez & Tauxe, 2000; Pick & Tauxe, 1993a; Riisager et al., 2003; Selkin & Tauxe, 2000; Smirnov 
& Tarduno, 2003; Tauxe et al., 2013; Tauxe & Staudigel, 2004) and their reliability has been thoroughly test-
ed and discussed. For example, Tauxe and Staudigel (2004) show that under certain geological conditions 
SBGs can yield reliable paleointensity results that meet strict criteria, thus suggesting magnetic stability 
over millions of years. However, the susceptibility of volcanic glasses to weathering may cause the altera-
tion of SBGs into hydrous phases that can yield unreliable paleointensity and geochronological results (e.g., 
Cogliati et al., 2020; Smirnov & Tarduno, 2003). Nonetheless, fresh-looking SBG samples can be found in 
outcrops (e.g., Tauxe & Staudigel, 2004) and drill cores (e.g., Selkin & Tauxe, 2000; Tauxe, 2006).

Alternatively, Smirnov and Tarduno  (2003) studied the rock magnetic properties and behavior of some 
Holocene and Cretaceous SBG specimens using Thellier-heating experiments, concluding that the mag-
netic behavior of these samples is not comparable to previous studies. They pointed out that partial melt-
ing and neo-crystallization of magnetic grains bias the results toward lower paleointensity values. Hel-
ler et al. (2002) argue for a low-temperature origin for low-Ti titanomagnetite, because it is not found as 
an equilibrium phase in mid-ocean ridge basalts. However, three lines of evidence argue against this: (1) 
Low-Ti titanomagnetite is found in freshly erupted volcanic material, (2) several successful paleointensity 
studies on historical flows clearly show blocking temperatures of 430–575°C (Bowles et al., 2011; Carlut & 
Kent, 2000; Juarez et al., 1998; Kent & Gee, 1996; Pick & Tauxe, 1993a; Tauxe et al., 2013), which yield in-
tensity values in good agreement with the known magnetic field associated with the eruptions, and (3) glass 
is by definition not an equilibrium phase, so the argument of Heller et al. (2002) is not relevant. Finally, as 
volcanic glasses cool rapidly and are quenched below the Curie temperatures (Bowles et al., 2005), little or 
no cooling rate correction needs to be applied to the intensity data (as observed in the Scripps Paleomagnetic 
Laboratory).

In this study, we present new and robust intensity results obtained from SBG samples from Costa Rica (the 
Nicoya Peninsula and Murcièlago Islands). These new data are combined with new and previous geochro-
nology and biostratigraphy studies that yield ages ranging from 141 to 65 Ma, which give us the opportunity 
to investigate the geomagnetic field strength before and during the CNS.

3. Geological Setting and Sampling
Costa Rica is located near the triple junction of the Cocos, Caribbean and Nazca plates (DeMets, 2001), 
where the Cocos Plate subducts beneath the Caribbean Plate at a rate of ∼8.5 cm yr−1. For this study, we fo-
cus on the Nicoya Peninsula and Murcièlago Islands in the north west (10° N; 85° W, Figure 1), where an im-
portant ophiolitic complex exposes upper crust sequences and overlying sediments. The Nicoya Peninsula 
comprises Cretaceous aphyric pillow lavas and lava flows (dated by the 40Ar/39Ar method), which are asso-
ciated with the formation of the Jurassic-Cretaceous CLIP (Hauff et al., 2000; Hoernle et al., 2004; Madrigal 
et al., 2016; Sinton et al., 1997). The crustal basaltic sequence is locally intruded by late Cretaceous diabases, 
gabbros and plagiogranites dated by 40Ar/39Ar and U-Pb methods (Hauff et al., 2000; Madrigal et al., 2016; 
Sinton et al., 1997; Whattam & Stern, 2016) and by biochronological analyses of dismembered radiolarit-
ic chert sequences from the Middle Jurassic to Late Cretaceous (Bandini et al., 2008; Baumgartner, 1984; 
Baumgartner et  al.,  1995; Schmidt-Effing,  1975,  1979). There are also rare occurrences of fossil-bearing 
intra-pillow sediments indicating an age of ∼94 Ma (Azema et al., 1978; Tournon & Alvarado, 1997).
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Three extrusive lava sequences are recognized, which are chronologically divided into three main events: 
Nicoya I (∼140 Ma), Nicoya II (∼120 Ma), and Nicoya III (∼90 Ma; Hoernle et al., 2004; Madrigal et al., 2016). 
These are considered to be part of the CLIP and a remnant of the Panthalassa Ocean. The lava sequences 
preserve fresh pillow-rim glasses (Figures 1 and 2). The lack of vesicularity in the lava flows and the high 
sulfur concentrations (1,000–2,000 ppm S; Hauff et  al.,  1997) in these fresh pillow rim glasses indicate 
low degrees of degassing, therefore, they likely erupted in moderate to deep water depths (Moore & Schil-
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Figure 1. Geological map of the Nicoya Peninsula and the surrounding area (modified from Hauff et al., 2000), highlighting the upper and lower crust terrains 
of the Nicoya Ophiolite, the sampling sites and ages from our study and previous literature (black squares). The sources for the recalculated 40Ar/39Ar and 
biostratigraphical ages are Hauff et al. (2000), Hoernle et al. (2004), Madrigal et al. (2016) and Sinton et al. (1997). The CR-labeled paleointensity sites are from 
SBG samples provided by K. Hoernle, while the NC- sites are from SBG samples collected in 2017 for this study. SBG, submarine basaltic glass.

 15252027, 2021, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2020G

C
009605 by C

ochrane C
zech R

epublic, W
iley O

nline L
ibrary on [07/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geochemistry, Geophysics, Geosystems

ling, 1973). In most of the sites, the thickness of the cooling units (up to 50 m) and the paucity or lack 
of primary sediment intercalations suggests high eruption rates over relatively short time intervals, thus 
ensuring good preservation and little to no post-eruptive alteration of the volcanic deposits. The ophiolitic 
complex is overlain in the north by Middle Campanian-Maastrichtian shallow-water carbonate deposits 
(e.g., Baumgartner & Denyer, 2002), and in the center by Albian black shales and Coniacian-Campanian 
pelagic to turbiditic sequences. The Murcièlago Islands, north of the Nicoya Peninsula, are not considered 
part of the Santa Helena ophiolite located in the east, because the basalts are almost geochemically identi-
cal to the CLIP and older basaltic suites from the Nicoya Peninsula (Escuder-Viruete et al., 2015; Madrigal 
et al., 2015).

Two sample collections were available for this study: the CR and NC collections (Table 1 and Figure 1). The 
CR collection consists of 10 sites of pillow lava rinds and hyaloclastites. Four sites, CR01 to CR04, were col-
lected from the same tectonic block and outcrops along the beach east of Playa del Coco. In this study, we 
present new 40Ar/39Ar dates from sites CR01 (131.0 ± 3.2 Ma) and CR03 (130.0 ± 4.5 Ma). Previous 40Ar/39Ar 
ages are also available from this area, and we have recalculated them using consistent standard ages and K 
decay constants (Fleck et al., 2019). These recalculated published ages include 141.4 ± 1.1 Ma (originally 
139.1 ± 1.1 Ma; sample AN8 from Hoernle et al., 2004), 139.9 ± 1.8 Ma (originally 137.6 ± 1.8 Ma; sample 
AN10 from Hoernle et al., 2004) and 136.5 ± 2.5 Ma (originally 137.1 ± 2.5 Ma; sample NI7 from Madrigal 
et al., 2016). We calculated a weighted mean age of 140.99 ± 0.94 Ma (Mean Squares Weighted Deviation 
(MSWD) = 2.0, Probability (P) = 15%, from close-proximity samples AN8 and AN10; Hoernle et al., 2004) 
for the CR02 and CR04 sites. Sites CR05 and CR06 are from northeast of Playa Hermosa, in the same loca-
tion as the BN22 site dated at 112.4 ± 0.9 Ma (originally 110.6 ± 0.9 Ma; Hoernle et al., 2004). Sites CR13 and 
CR14 are from western Playa del Coco, both from the same pillow lava sequence dated at 135.1 ± 1.5 Ma 
(originally 132.9 ± 1.5 Ma; sample AN3 from Hoernle et al., 2004). In the central-western coast, site CR18 is 
dated at 121.4 ± 1.1 Ma (originally 119.4 ± 1.1 Ma; sample AN34 from Hoernle et al., 2004). Further south, 
site CR20 has a slightly younger age of 120.2 ± 1.8 Ma (originally 118.2 ± 1.8 Ma; sample AN40 from Ho-
ernle et al., 2004). Samples from sites NC17, NC18, and NC19 to NC28 from this study were collected at the 
same locations as CR18, and CR19 and CR20, respectively. The NC sample set (Figures 1 and 2) consists of 
38 single pillow basalts, where each pillow represents a sampling site. Fragments of fresh basaltic glasses 
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Figure 2. Field photographs showing the sampling of the SBGs in pillow lava margins from the Nicoya Peninsula and 
Murcièlago Islands (Costa Rica). SBG, submarine basaltic glass.
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Site Location Type Lat (°N) Long (°W) Age (Ma) ±2σ (Ma) Ref.

NC01 N of Isla San Pedrito glassy pm 10.856 85.952 113.0 3.5 3

NC02 Golondrina Island pm 10.856 85.944 113.0 3.5 3

NC03 San Jose Island pm 10.854 85.926 113.0 3.5 3

NC04 Cocinera Island SBG 10.857 85.907 110.6 2.0 2

NC05 San Jose Island SBG 10.851 85.912 113.0 3.5 3

NC06 N of P. Guacamaya SBG 10.533 85.781 [-] [-] [-]

NC08 P. Blanca SBG 10.181 85.821 [-] [-] [-]

NC10 A La Joya del Lagarto SBG 10.112 85.794 [-] [-] [-]

NC11 Near NC10 SBG 10.108 85.794 [-] [-] [-]

NC13 N of P. Pitahaya SBG 10.067 85.77 [-] [-] [-]

NC17 San Juanillo SBG 10.034 85.739 121.4 1.1 1

NC18 Punta Islita SBG 9.85 85.404 121.4 1.1 1

NC19 Punta Islita SBG 9.848 85.402 120.2 1.8 1

NC20 Punta Islita SBG 9.848 85.403 [-] [-] [-]

NC21 Punta Islita SBG 9.848 85.403 [-] [-] [-]

NC23 P. Corozalito glassy pm 9.848 85.383 120.2 1.8 1

NC24 P. Corozalito glassy pm 9.849 85.382 120.2 1.8 1

NC25 P. Corozalito glassy pm 9.844 85.374 120.2 1.8 1

NC26 camping Corozalito glassy pm 9.845 85.374 120.2 1.8 1

NC27 camping Corozalito glassy pm 9.845 85.373 120.2 1.8 1

NC28 camping Corozalito glassy pm 9.845 85.374 120.2 1.8 1

NC29 P. Bejuco SGB 9.823 85.331 120.2 1.8 1

NC30 Punta coyote SBG 9.76 85.275 [-] [-] [-]

NC31 P. Las Manchas pm 9.644 85.073 94 [-] 5

NC32 P. Las Manchas SBG 9.646 85.072 94 [-] 5

NC33 Ballena Bay SBG 9.737 84.977 96.1 0.9 2

NC34 P. Posa Colorada glassy pm 9.788 84.922 [-] [-] [-]

NC35 P. Los Muertos glassy pm 9.76 84.893 [-] [-] [-]

NC36 P. Espadilla weathered p. 9.389 84.148 64.7 0.5 4

NC37 P. Espadilla p. breccia 9.388 84.147 64.7 0.5 4

NC38 P. Las Gemelas fine grained 9.38 84.14 64.7 0.5 4

CR01 Punta Cacique hyalo. 10.566 85.693 131.0 1.6 TS

CR02 Punta Cacique glassy pm 10.569 85.7 141.0 0.9 1/TS

CR03 Punta Cacique hyalo. 10.571 85.687 130.0 4.5 TS

CR04 Punta Cacique hyalo. 10.569 85.685 141.0 0.9 1/TS

CR05 NE of P. Hermosa glassy pm 10.589 85.68 112.4 0.9 1

CR06 near CR5 glass pm 10.588 85.679 112.4 0.9 1

CR13 Punta Miga hyalo. 10.555 85.709 135.1 1.5 1

CR14 Punta Miga glassy pm 10.55 85.707 135.1 1.5 1

CR18 B P. San Juanillo glassy pm 10.029 85.739 121.4 1.1 1

CR20 B P. Corozalito hyalo. 9.848 85.383 120.2 1.8 1

Abbreviations: pm = pillow margin; SBG = sub-marine basaltic glass; hyalo. = hyaloclastite; P = playa; Lat = Latitude; Long = Longitude; Ref. = Reference. 
The literature 40Ar/39Ar ages were recalculated using the standard ages and K decay of Fleck et al. (2019). Reference 1 = Hoernle et al. (2004); 2 = Hauff 
et al. (2000); 3 = Madrigal et al. (2016); 4 = Sinton et al. (1997); 5 = Tournon and Alvarado (1997) (radiolaria biostratigraphic age); and TS = this study.

Table 1 
Site, Location Name and Coordinates
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were collected from pillow lava rinds (Table 1, Figures 1 and 2). The ages of the NC collection were assigned 
based on their close-proximity to dated sites from previous studies (Table 1, Figure 1). From the north of the 
Nicoya Peninsula, in the Murcièlago Islands, we collected samples from five sites, NC01 to NC05; sites NC01 
and NC03 to NC05 with a close-proximity 40Ar/39Ar age of 110.6 ± 2.0 Ma (originally 109.0 ± 2.0 Ma; sample 
SE6 from Hauff et al., 2000) and site NC02 with an age of 113.0 ± 3.5 Ma (originally 113.4 ± 3.5 Ma; sample 
SE-050611-11 from Madrigal et al., 2016). From north to south on the Nicoya Peninsula, 29 sites (NC06 to 
NC34) were collected. Sites NC31 and NC32 were dated at 94 Ma (based on close-proximity to a radiolaria 
biostratigraphic age from site NB03; Tournon & Alvarado, 1997). Site NC33 was dated at 96.1 ± 0.9 Ma 
(originally 94.7 ± 0.9 Ma, based on nearby site AN86 from Hauff et al., 2000) and finally from the south, at 
Quepos, sites NC36 to NC38 were dated at 64.7 ± 0.5 Ma (originally 63.9 ± 0.5 Ma, based on the close-prox-
imity to sample S-QP93-1; Sinton et al., 1997).

4. Methods and Results
In this study, we analyzed a total of 231 specimens from 41 sites for paleointensity using the IZZI method 
of Yu et al. (2004). Tauxe and Staudigel (2004) successfully used this method to study SBG samples from 
the Troodos Ophiolite in Cyprus. The IZZI protocol embeds two variations of the Thellier-Thellier meth-
od: the in-field, zero-field (IZ) method of Aitken et al.  (1988) and the zero-field, in-field (ZI) method of 
Coe (1967) with the addition of the so-called partial Thermal Remanent Magnetization (pTRM) checks of 
Coe et al. (1978). This approach ensures a built-in check for alteration during the experiments and a test of 
the so-called “Reciprocity Law” of Thellier and Thellier (1959).

Between 8 to 20 SBG specimens were analyzed per site, following the suggestion of Santos and Tauxe (2019) 
that if an experiment contains an insufficient number of specimens, the field estimate may be affected by a 
large bias. In this study, we performed 20 to 48 heating steps per experiment in four experiments using three 
different laboratory fields (15, 25, and 45 µT).

Data were analyzed using the PmagPy software package (Tauxe et al., 2016). The Natural Remanent Mag-
netization (NRM) values remaining after each heating step were plotted against the pTRM-gained Arai 
plots (Nagata et al., 1963) along with corresponding Zijderveld (1967), equal area, magnetization versus 
temperature (M/T) and site level plots (Figure 3). The criteria employed in this study were used as threshold 
values to select the most reliable and straight Arai plots and were similar to the strict CCRIT set of Crom-
well et al. (2015) and Tauxe et al. (2016). Acceptable (successful) specimens were characterized by three or 
more pTRM checks (NpTRM), a Fraction of Remanence (FRAC) value used in the slope calculation (defined 
by Paterson et al., 2014) greater than or equal to 0.78, SCAT (test for the scatter of the points on the Arai 
plot) = True, a bβ value (ratio of the standard error of the slope to the absolute value of the slope on the 
Arai plot) smaller than 0.1, MAD (Maximum Angular Deviation of the free-floating directional Principal 
Component Analyses (PCA) fits to the paleomagnetic direction), a DANG

(Deviation ANGle; the angle between the best-fit direction and the direction between the data center of 
mass and the origin of the vector component) values of lower than or equal to 10°, and a |k'| value (the 
curvature value of Paterson, 2011 evaluated over the selected interval) of less than or equal to 0.164. For a 
few specimens that showed clear evidence of two-component behavior in the directions (as deduced from 
the Zijderveld diagrams), we allowed the FRAC value to be as low as 0.3 (CCRIT-relaxed) and used the 
slope of the line associated with the characteristic component of the remanent magnetization (ChRM). For 
a complete definition of the selection criteria, we refer to the study of Paterson et al. (2014). The selection 
criteria at site level required that the number of successful specimens per site (Nspec.) was greater than 3 and 
the standard deviation was lower than 10 µT.

4.1. 40Ar/39Ar Methods and Results
40Ar/39Ar dating was undertaken on two basaltic glass samples (CR01 and CR03) at the Argon Geochro-
nology in Oceanography (ArGO) Laboratory at GEOMAR Helmholtz Center of Ocean Research Kiel. A 
detailed description of the methods and equipment used can be found in Homrighausen et al. (2019) and 
the full data set is presented in Tables S1 and S2. The samples were irradiated for 168 h at 5 MW, in the C6 
position of the GKSS nuclear reactor, Germany. Aliquots of the Taylor Creek sanidine age standard (TCs; 
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28.344 ± 0.011 Ma (1σ; Fleck et al., 2019) were co-irradiated with the samples, and the K(total) decay con-
stant of Steiger and Jäger (1977) was used. In order to directly compare our new data with the literature 
40Ar/39Ar ages, the ages of Hauff et al.  (2000), Hoernle et al.  (2004), Madrigal et al.  (2016), and Sinton 
et al. (1997) were recalculated utilizing the ArAR calculator of Mercer and Hodges (2016), using the total 
40K(total) decay constant of Steiger and Jäger (1977), as per the recommendations of Fleck et al. (2019). 
The following standard ages were also applied to the previously published 40Ar/39Ar data: a TCs age of 
28.344 ± 0.011 Ma (1σ; Fleck et al., 2019) to the Hauff et al. (2000) and Hoernle et al. (2004) data, a Fish 
Canyon sanidine age of 28.099 ± 0.013 Ma (FCs); (1σ; Fleck et al., 2019) to the Madrigal et al. (2015) data, 
and a Fish Canyon Tuff biotite age of 28.06  Ma (FCT-3; Kuiper et  al.,  2008) was applied to the Sinton 
et al. (1997) data. The recalculated 40Ar/39Ar ages are quoted in Figure 1 and Tables 1 and 2. 40Ar/39Ar dat-
ing of samples CR01 and CR03 yielded plateau ages of 131.0 ± 3.2 Ma (61.0% 39Ar; MSWD = 0.41, P = 93%) 
and 130.0 ± 4.5 Ma (67.8% 39Ar; MSWD = 0.41, P = 96%), respectively. Both age spectra are disturbed, and 
high Cl concentrations (monitored by the analysis of the mass 35.5 baseline value) were observed in many 
steps. Initial step-heating analyses yielded very high quantities of atmospheric 40Ar, and overall both sam-
ples show quite high atmospheric 40Ar concentrations of 26%–99% (CR01) and 35%–99% (CR03), which 
suggests that the basaltic glass samples may have been affected by alteration. These factors may explain 
the large age uncertainties observed in some steps of both samples (Table S2). Inverse isochron plots from 
the plateau steps of each sample yielded inverse isochron ages within 2σ uncertainties of the plateau ages: 
130 ± 11 Ma (CR01%; 95% confidence (95% conf.); MSWD = 0.48, P = 87, with an unacceptable Spreading 
Factor (SF) value of 25.1%), and 136 ± 11 Ma (CR03%; 95% conf.; MSWD = 0.33; P = 98%, with an accept-
able SF value of 41.0%). Both samples yielded initial 40Ar/36Ar ratios of 297 ± 12 (CR01) and 288 ± 13 
(CR03), within 95% conf. uncertainties of the atmospheric 40Ar/36Ar ratio of 295.5 (Steiger & Jäger, 1977; 
Tables S1 and S2).
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Figure 3. Examples of Arai plots (left hand plots in A–D) from four representative specimens, with relative Zijderveld (upper middle plots in A–D), 
magnetization versus temperature (M/T; lower middle plots in A–D), equal area (lower right hand plots in A–D) and site-level plots (upper right hand plots 
in A–D). Numbers on the Arai plots are the temperature steps (in °C), the triangles show the directions of the pTRMs acquired in the laboratory field (along 
the z-axis of the specimens, i.e., the center of the diagram) and each blue and red circle shows a pair of ZI and IZ steps. The Zijderveld diagrams are from 
unoriented specimens and are plotted on the x-axis as the NRM direction with blue circles on the x,y plane and red squares in the x, z plane. The y-axis is with 
y, z as positive down. In the equal area plots, closed and open circles represent the NRM directions in the specimen, from the lower and upper hemispheres, 
respectively. NRM, Natural Remanent Magnetization; pTRM, partial Thermal Remanent Magnetization.
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4.2. Paleointensity Results

Overall, 36 of the 231 specimens analyzed passed the CCRIT-strict selection criteria (Table 2), while 85 of 
231 specimens passed the CCRIT-relaxed selection criteria (Table 2), with an overall 16% and 37% success 
rate at the specimen level, respectively. The main reason for failure (77% of the specimens) was a combi-
nation of criteria that indicated alteration of the samples, as shown by failed pTRM checks, segmented or 
curved Arai plots (e.g., Figure  3b) suggesting the presence of multidomain-like grains and random and 
chaotic behavior (30.5% of the specimens). 12% of the specimens failed the FRAC criterion because of the 
presence of multi-components of remanent magnetization (e.g., Figure 3d). A further 11% of the specimens 
failed because of high k' values, thought to reflect a threshold separating single-domain-like from multid-
omain-like remanences. Evidence of multiple components of remanent magnetization were observed on 
some of the Zijderveld diagrams (e.g., Figure 3c), therefore we selected only the temperature steps that 
corresponded to the ChRM component. For these specimens, we relaxed the FRAC criterion to 0.3. For 
instance, Figure 3d shows a Zijderveld diagram that clearly indicates two components, a low temperature 
component (NRM to 300°C) and the ChRM component (from 350 to 495°C) than can be extrapolated to the 
origin of the plot. Overall, the NRM values vary significantly from ∼5.3 µAm2 to 30 µAm2 and the intensities 
vary from 21 to 47 µT (Table 2).

A swarm-violin plot shows the distribution of all the 85 specimens that passed the CCRIT-relaxed selection 
criteria at the specimen level (Figure 4a; Table 2), plotted by site. From these 14 CCRIT-relaxed sites, one site 
(NC05) contains only two specimens (Table 2). Specimens from four sites (CR01, CR03, CR13, and CR20) 
showed a highly dispersed distribution with B % 1σ error higher than 30%. The remaining nine sites (CR02, 
CR03, CR05, CR06, CR14, CR18, NC01, NC03, and NC17) showed a low dispersion of the density distribu-
tion, symmetrical around their mean values (Figure 4a) and are the only specimens passing the CCRIT-re-
laxed site level selection criteria. For the 36 CCRIT-strict specimens (Figure 4b; Table 2), four sites were 
characterized by only two specimens (CR02, CR03, NC03, and NC05), while sites CR13 and CR20 showed 
a highly dispersed distribution with a B % 1σ error of greater than 25%, thus they do not pass the strict se-
lection criteria. Finally, sites CR05, CR06, CR14, and NC17 were characterized by a symmetric distribution 
around their mean values and B % 1σ value of less than 23%, thus they can be considered reliable (Table 2).
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Site Age (Ma) n/N B (µT) σ (%) Lat (◦N) VADM VADM1

Strict

 CR06 112.4 ± 0.9 7/24 33.7 ± 3.9 11.6 3.6 86.6 ± 10.0 83.0 ± 9.6

 CR05 112.4 ± 0.9 6/18 20.7 ± 3.2 15.6 3.6 53.2 ± 8.2 51.0 ± 7.8

 NC17 121.4 ± 1.1 3/8 21.4 ± 1.2 5.6 9.5 53.0 ± 3.0 52.8 ± 3.0

 CR14 135.1 ± 1.5 5/24 34.4 ± 8.1 23.5 3.6 88.4 ± 20.0 84.8 ± 19.9

Relaxed

 CR06 112.4 ± 0.9 13/24 32.9 ± 3.8 11.6 3.6 84.6 ± 9.8 81.1 ± 9.4

 CR05 112.4 ± 0.9 14/18 20.9 ± 4.7 22.5 3.6 53.7 ± 12.1 51.5 ± 12.3

 NC02 113.0 ± 3.5 5/17 30.3 ± 7.0 23.1 1.5 78.3 ± 18.1 74.5 ± 17.2

 NC03 113.0 ± 3.5 5/18 47.4 ± 7.2 17.3 1.5 122.4 ± 18.6 116.5 ± 18.2

 NC17 121.4 ± 1.1 6/8 21.8 ± 5.9 26.9 9.5 54.2 ± 14.6 54.0 ± 14.6

 CR18 121.4 ± 1.1 3/10 32.3 ± 3.2 9.8 9.5 80.4 ± 8.0 80.0 ± 7.9

 CR03 130.0 ± 4.5 3/12 32.3 ± 0.6 1.9 3.6 83.0 ± 1.5 79.6 ± 1.5

 CR14 135.1 ± 1.5 11/24 33.1 ± 7.7 23.2 3.6 85.1 ± 19.8 81.6 ± 18.0

 CR02 141.0 ± 0.9 3/6 21.1 ± 2.0 10.6 3.6 54.2 ± 5.4 52.0 ± 4.9

Notes. The40Ar/39Ar ages are shown with 2σ uncertainties. Abbreviations: n/N = number (n) of specimens yielding 
a reliable paleointensity signal and total number of specimens analyzed (N), B  =  paleointensity values. Lat 
(◦N) = paleolatitude reported by Boshman et al. (2019), VADM and VADM1 = Virtual Axial Dipole Moment values 
(ZAm2 = 1021 Am2) calculated using the Boshman et al. (2019) paleolatitudes and present-day latitudes, respectively.

Table 2 
Paleointensity Results From Costa Rica Obtained Using the CCRIT-Strict and -Relaxed Selection Criteria
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5. Discussion
In total, reliable paleointensity estimates have been obtained for four sites from Costa Rica, with ages span-
ning a 23 Ma interval between 135 and 112 Ma, using the CCRIT-strict selection criteria and nine sites 
spanning 141–112 Ma using the CCRIT-relaxed criteria (Table 2; Figure 5). For the CCRIT-strict sites, two 
are from the early CNS (113-112 Ma), one is close to the CNS onset (121 Ma) and one is from the pre-CNS 
(141–130 Ma). For the nine CCRIT-relaxed sites (Table 2), three are from the pre-CNS (141–130 Ma), two 
are close to the CNS onset (121 Ma) and four are from the early CNS (113–112 Ma).

In order to compare our results from Costa Rica to all the worldwide data with similar ages, we calculated 
virtual axial dipole moments (VADMs), using paleolatitudes from both the study of Boshman et al. (2019) 
(VADM; Table 2 and Figure 5) and the present-day latitudes (VADM1; Table 2 and Figure 5), between 9 and 
10° N (Table 1). The paleolatitudes reported by Boshman et al. (2019) range from 1° to 9° N (Table 2). The 
VADM values are systematically slightly higher than the VADM1 values but statistically indistinguishable 
(overlapping within the quoted 1σ errors).

When we consider our four CCRIT-strict site results, one site (CR14) with an age of 135.1 ± 1.5 Ma gives a 
reliable intensity result of 34 ± 8 µT (equivalent to a virtual axial dipole moment, of 88 ± 20 ZAm2), while 
one site (NC17) with an age of 121.4 ± 1.1 Ma gives a value of 21 ± 1 µT (or 53 ± 3 ZAm2) during the onset 
of the CNS, and two sites (CR05 and CR06) with an age of 112.4 ± 0.9 Ma give variable intensity values 
ranging from 21 ± 3 to 34 ± 4 µT (or 53 ± 8 to 87 ± 10 ZAm2).

Among our nine CCRIT-relaxed site results, two sites (CR14 and CR02) with an age of 141.0 ± 0.9 and 
135.1 ± 1.5 Ma gives an intensity value of 21 ± 2 and 33 ± 8 µT (or 54 ± 5 and 85 ± 20 ZAm2), one site 
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Figure 4. Swarm-violin plots showing the paleointensity values for specimens (black dots) that passed the CCRIT selection criteria, with kernel densities of 
their statistical distribution (colored areas), by using the (a) CCRIT-relaxed selection criteria with a FRAC value of greater than 0.3, and (b) CCRIT-strict criteria 
with a FRAC value of greater than 0.78. FRAC, Fraction of Remanence.
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(CR03) with an age of 130.0 ± 4.5 Ma gives a value of 32 ± 1 µT (or 83 ± 2 ZAm2), two sites of 121 ± 1.1 Ma 
(NC 17 and CR18) give values of 21 ± 1 µT (or 53 ± 3 ZAm2) and 32.3 ± 3.2 µT (or 80 ± 3 ZAm2) spanning 
the onset of the CNS, and two sites (CR05 and CR06) with an age of 112.4 ± 0.9 Ma give variable intensity 
values ranging from 21 ± 3 to 34 ± 4 µT (or 53 ± 8 to 87 ± 10 ZAm2).

Considering our CCRIT-strict results, the average paleointensity value from Costa Rica during the CNS is 
∼25 µT (64 ZAm2; from three sites), whereas the pre-CNS sites record an intensity value of 34 ± 8 µT (or 
VADM of 88 ± 21 ZAm2). Considering the CCRIT-relaxed results, the average paleointensity value pre-CNS 
is ∼29 µT (∼74 ZAm2; from three sites), and during the CNS is ∼30 µT (∼79 ZAm2; from six sites). While the 
relaxed criteria result in very compatible results compared to the strict criteria, we consider only our CCRIT-
strict results for a conservative discussion. Unfortunately, the recognition of any trend is limited by the lack 
of data between 135–130, 130–121, and 120–112 Ma, around the onset of the CNS.

In order to verify the polarity and the reliability of the close-proximity geochronological ages assigned to our 
sites (CNS sites are expected to have normal polarities), we would like to have compared the directional data 
of Boshman et al. (2019), which were also obtained from the same locations as this study. Unfortunately, 
our sampling method did not include the drilling oriented core samples, therefore this direct comparison 
is not possible. In addition, all of Boshman et al. (2019) sites (except for a few that failed a fold test) are 
interpreted as having normal polarity, including their sampling site that is near our CR14 site, which was 
40Ar/39Ar dated at 135.1 ± 1.5 Ma (Hoernle et al., 2004). Therefore, the directional information of Boshman 
et al. (2019) cannot provide a test of the 40Ar/39Ar ages, although their results do not negate the assumption 
that many of our sites came from the CNS. Data from this study (shown as red and black stars, for results ob-
tained using the CCRIT-strict and CCRIT-relaxed, respectively, in Figure 6) display similar or lower values 
than the present-day field (∼80 ZAm2, red dashed line in Figure 6, calculated using the International Ge-
omagnetic Reference Field (IGRF) model), and are equal to or slightly higher than the average value of 50 
ZAm2 previously obtained for the CNS (blue solid line in Figure 6, Bol'shakov & Solodonikov, 1983; Pick & 
Tauxe, 1993a; Zhu et al., 2001; Zhu, Hoffman, et al., 2004).

In order to directly compare the new paleointensity data from Costa Rica with the existing database, we 
re-analyzed the available data using the same set of CCRIT-relaxed criteria employed in this study. Only five 
studies published the original measurement data, following the or Findability, Accessibility, Interoperabil-
ity, and Reusability (FAIR) principles (Wilkinson et al., 2016). After our re-analysis of the literature data, 
fewer sites were found to pass the CCRIT-relaxed selection criteria compared to the original studies. From 
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Figure 5. Paleointensity data (in µT) with 1σ error bars from Costa Rica sites versus 40Ar/39Ar ages (in Ma) with 2σ 
error bars. Red stars are the sites for which the paleointensity values were obtained using the CCRIT-strict selection 
criteria. The CNS onset interval is marked with a vertical black line. CNS, Cretaceous Normal Superchron.
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the reanalysis of the Zhu et al. (2008) data (Sohongtu lavas, Inner Mongolia; pink symbols in Figure 6), 73% 
(25 of 34) of the original sites passed the CCRIT-relaxed criteria, and our reanalysis of the Tauxe and Staudi-
gel (2004) data (Troodos Ophiolite, Cyprus; orange symbols in Figure 6), only 23% (9 of 39) of the sites pass 
the CCRIT-relaxed criteria. Our Costa Rica paleointensity values (red and black stars in Figure 6) are similar 
to the 114-110 Ma Sohongtu lavas values obtained by Zhu et al. (2008) and to the reanalyzed late-CNS mean 
values from Troodos Ophiolite SBGs (92 Ma; Tauxe & Staudigel, 2004; Granot et al., 2007; orange and green 
symbols in Figure 6, respectively). We obtained average re-calculated paleointensity values of 65.4 ZAm2 
(Tauxe & Staudigel, 2004) and 55.9 ZAm2 (Granot et al., 2007). The latter values were adjusted for cooling 
rate (reducing the reported value) but the actual original cooling rate is poorly constrained and may have 
been faster than assumed.

The average Costa Rica paleointensity value (∼64 ZAm2; considering the CCRIT-strict sites) from the CNS 
is ∼22 ZAm2 higher than the long-term average value of 42 ZAm2 suggested by Juarez et al. (1998 calculated 
from the last 160 Ma but is similar to the mean value of ∼50 ZAm2 calculated using the entire MagIC da-
tabase from the last 200 Ma. These results appear to agree with the suggestion of Selkin and Tauxe (2000) 
that the distribution of paleointensities does not change substantially between 124 and 30 Ma (low reversal 
rate) and 30–0.3 Ma (high reversal rate). At the same time, our data do not seem to support the hypothesis 
that long periods of low reversal frequency are characterized by a stronger field compared to periods of high 
reversal rates (Constable et al., 1998; Tauxe & Hartl, 1997). It is worth noting that our re-analysis of SBG 
samples from DSDP and ODP drill cores compiled by Tauxe (2006) from 0 to 122 Ma suggests a consistently 
weaker field than previously reported and provide low values for both the onset and toward the end of the 
CNS. Together, the Costa Rica and the Troodos Ophiolite data show a relatively strong field during the CNS. 
However, the paucity of data between 110 and 95 Ma hampers the interpretation of any paleointensity field 
trend during the middle part of the CNS.

Monte Carlo simulations, using the TK03 paleosecular variation model of Tauxe and Kent (2004), show that 
at least 25 intensity estimates for a given age are required to robustly estimate a paleofield strength value 
(Tauxe & Staudigel, 2004). Unfortunately, none of the individual studies available so far have sufficient tem-
poral sampling to provide a robust estimate of the paleofield strength during the CNS. This robust record of 
reversals and excursions is needed, along with a reliable and temporally and spatially well distributed paleo-

DI CHIARA ET AL.

10.1029/2020GC009605

13 of 18

Figure 6. VADM (in ZAm2) versus age (Ma). The black and red stars are the results of this Costa Rica study obtained using the CCRIT-relaxed and -strict 
selection criteria, respectively, with 1σ error bars and 40Ar-39Ar ages with 2σ error bars. Gray dots represent the virtual (axial) dipole moments (V[A]DM) 
available from the MagIC database spanning the last 200 Ma. The bounds of the Cretaceous Normal Superchron (CNS) are indicated with vertical black lines. 
The strength of the present dipole field is shown as a dashed red line, the solid blue line represents the average of all the MagIC data, and the long-term average 
from Juarez and Tauxe (2000), and Tauxe et al. (2013) is shown as a solid aquamarine line. Circles represent the data from SBGs that we re-analyzed using the 
same CCRIT criteria as employed in our study, while the original literature data as presented by the authors are marked as crosses. SBG, submarine basaltic 
glass; VADM, Virtual Axial Dipole Moment.
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intensity data set in order to verify a possible correlation between dipole strength and reversal frequency. 
This in turn, would provide important constraints on the heat flux across the Earth's core-mantle boundary, 
the energy states of the geodynamo and their modeling (Biggin et al., 2012). Our new paleointensity data 
from Costa Rica contribute significantly to the overall CNS data set and can be used in future numerical 
simulations in order to understand long-term variations, the geomagnetic field features and whether these 
are a result of external forcing mechanisms and/or reflect the hydrodynamic processes occurring in the 
Earth's mantle, and inner and outer cores.

6. Conclusions

This study provides high-quality paleointensity data from four sites from Costa Rica, spanning 23 Ma of 
volcanic activity, between 135 and 112 Ma, from before the onset of the CNS and the beginning of the CNS.

 -  We investigated 41 submarine basaltic glass (SBG) sites from pillow lava margins, sampled along the coast 
from the upper crust sequences of the Murcièlago Islands and the Nicoya ophiolite, and from the north, 
north-west, and the south of the Nicoya Peninsula.

 -  New 40Ar/39Ar ages are presented along with recalculated 40Ar/39Ar ages and biostratigraphic ages from 
previous studies, indicate ages ranging from 141 to 65 Ma.

 -  We present new high-quality paleointensity results from four sites, with ages from ranging from 135 to 
112 Ma, obtained using the IZZI protocol and applying a CCRIT-strict selection criteria.

 -  Allowing interpretation of two-component magnetization in some of our samples, by relaxing the FRAC 
criterion (CCRIT-relaxed) resulted in the inclusion of an additional five sites for a total of 14 sites with 
ages ranging from 141 Ma to 112 Ma.

 -  The new Costa Rica paleointensity data from before the onset of the CNS (135  Ma) yield a value of 
34 ± 8 µT (or a PDM value of 88 ± 20 ZAm2), one paleointensity value for the onset of the CNS at 121 Ma 
(21 ± 1 µT or 53 ± 3 10 ZAm2), and two paleointensity values from the first part of the CNS vary from 
21 ± 3 to 34 ± 4 µT (or 53 ± 8 to 87 ± 10 ZAm2).

 -  These new CNS paleointensity results from Costa Rica are similar to our reanalyzed value of 50 ZAm2 
from the 114–110 Ma Suhongtu lavas (Inner Mongolia; Zhu et al., 2008) and the ∼92 Ma Troodos Ophi-
olite value of ∼55 ZAm2 (Granot et al., 2007). However, these values are lower than the reanalyzed Troo-
dos Ophiolite paleointensity value of 65 ZAm2 (Tauxe & Staudigel, 2004). Our reanalyzed literature values 
were obtained using the same CCRIT criteria as employed in our study.

 -  Despite the still insufficient number of paleointensity estimates for the period spanning the onset of the 
CNS, our data do not seem to support a correlation between the strength and stability of the geomagnetic 
field.

 -  These new paleointensity results contribute to understanding the long-term variation and features of the 
Earth's magnetic field.

Data Availability Statement
Data will be made available on the MagIC database at https://earthref.org/MagIC/16869 upon publication. 
(For purposes of review, see https://earthref.org/MagIC/16870/d197f16c-70ef-459a-98c1-f8f67f757731).
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