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SUMMARY 

The migration of green turtles (Chelonia mydas) is a mystery in marine biology due to long distan-
ces these animals cover with great accuracy. A comparative study with the migratory patterns of green 
turtles and the earth’s magnetic field was carried out. The newest geomagnetic models (WMM2010 and 
EMM2010) were used to determinate the intensities of crust’s magnetic field throughout the turtle’s mi-
gration routes. Intensity maps of the crust’s magnetic field were overlapped over the turtle’s tracks from 
different areas around the world. The results showed several magnetic anomalies nearby the turtle’s 
routes. A comparative analysis indicated that these animals move preferentially through low variation 
regions of the crust’s magnetic field. They don’t seem to cross the strong variation regions of the mag-
netic field. The results suggest that the crust’s magnetic anomalies can be used as a way to predict the 
most probable routes of green turtles migrations.

Key Words: green turtles, geomagnetism, migration, navigation. 

According to the current geophysical model, 
the Earth’s magnetic field is composed by the 
Main Magnetic Field (MMF), generated by the 
planet’s outer core, the Crust’s Magnetic Field 
(CMF), generated by the most external layer 
of the solid rocks, and the diurnal variations of 
the ionosphere (Matzner, 2001). MMF’s levels 
vary from 22 000 to 60 000 nanoTesla (nT) in 
modular magnitude and global dimensions. 
CMF’s levels vary from tens to hundreds nT 
in modular magnitude (Gubbins and Herrero-
Bervera, 2007). In late 2009, updates of mathe-
matical models were introduced, to describe the 
geomagnetic field. Updates of the World Mag-
netic Model (WMM) and the Enhanced Magne-
tic Model (EMM) were presented and incorpo-
rated a new technological advance to access the 
geomagnetic components (Butler, 2004). The 
new models collect experimental data obtained 
from several sources, including those generated 

by magnetic sensors installed on satellites. In 
November 2009 the new WMM model elabo-
rated by the National Geophysical Data Center 
(NGDC), National Oceanic and Atmospheric 
Agency (NOAA), British Geological survey 
(BGS) and North Atlantic Treaty Organization 
(NATO) was presented. This model evaluated 
the main Earth’s magnetic field from 2010 to 
2015, including the data already consolidated 
from 1900 to 2010 (WMM, 2010). In December 
2009, the new model EMM produced by NOAA 
and NGDC was introduced. The EMM model 
determines the MMF’s intensities and added to 
the CMF’s intensities, these sums were called 
Enhanced Magnetic Field (EMF), and were 
applied to range of 50 km depth (EMM, 2010). 
These models (WMM2010 and EMM2010) are 
also applied to the oceanic provinces, and are a 
tool to marine geology and the study of oceanic 
environments.
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    Marine biologists have pointed the Earth’s 
magnetic field as a possible parameter to the 
magnetic perceptions of animals like several 
species of turtles (Lohmann et al. 2008; Lus-
chi et al., 2001), large pelagic fish (Willis et al., 
2009) and crustaceans (Alerstam, 2003).

Green turtles (Chelonia mydas) are possibly 
capable to perceive local magnetic conditions 
during migration movements (Hazel, 2009; Loh-
mann, 2007). These animals were found in tropi-
cal and subtropical environments of the Atlantic, 
Pacific, and Indian Oceans (Plotkin, 2003). One 
of the migration areas of these species is Ascen-
sion Island, British territory of Saint Helen in 
the South Atlantic Ocean, where it has been fo-
llowed by satellite telemetry (Hays et al., 2001). 
These animals travel an approximate distance 
of 2 300 km over the Atlantic Ocean, in regular 
migrations of 2 or 4 years (Luschi et al., 1998). 
Females always return to the beach where they 
were born (Lutz et al., 2003). Johnsen and Loh-
mann (2008) reported a kind of navigation to the 
species associated with a complex, and not com-
pletely explained mechanism. Hays et al. (2003) 
examined the wind influence over the migration 
of these turtles and pointed to an important factor. 
The tracks of these animals over the ocean have 
been accompanied in several parts of the world 
by a range of researchers using satellite. We will 
analyze some of those on the following session.

Luschi et al. (1998) and Papi et al. (2000) 
used the satellite telemetry by Argos system on 
migrations of green turtles from the Ascension 
Island to Brazil, tracking both total and adjacent 
movements (Argos System, 2008). With the 
same telemetry system Åkesson et al. (2003) 
analyzed a group of turtles nearby Ascension 
Island. Witt et al. (2010) described the precision 
of telemetry methods over oceanic’s routes of 
green turtles from Brazil to Ascension Island. 
Cheng (2000) related the migratory routes of 
green turtles at Wan-An Island in Penghu Archi-
pelago (Taiwan) during the summers 1994 and 
1997 using satellite transmitters. Godley et al. 
(2003) relates the routes of green turtles from 
Guinea-Bissau to Mauritania attaching ten sate-
llite transmitters to turtles in November 2001. 
Balazs and Ellis (2000) described the breeding 
of green turtles from French Frigate Shoals 
(Maui) to Kaneohe Bay (Oahu) in Hawaiian Is-

lands. Broderick et al. (2007) presented the mo-
vements of green turtles into Mediterranean Sea 
to 1998/2002. The movements of green turtles 
from Tortuguero (Costa Rica, Central America) 
were studied by Tröeng et al. (2005). Navigation 
of green turtles was tracked by satellite around 
Europe Island (Africa) by Girard et al. (2006). 
Seminoff et al. (2008), describes green turtle’s 
movements in Galápagos Island integrating 
satellite telemetry with remotely sensed ocean 
data. The green turtles traveling from Oga-
sawara Islands (Japan) were monitored by Ha-
tase et al. (2006).

Green turtles are usually monitored by tele-
metry and some parameters exist that are belie-
ved to possibly influence the ocean navigation, 
such as temperature, speed of oceans currents, sa-
linity of water, feeding areas and the connection 
with predators, among others. In the present stu-
dy we will investigate the variability of the CMF 
near the routes of the animals, searching for a 
consistent relationship. This work aims to identi-
fy possible connections between the tracks of the 
green turtles (Chelonia mydas) and the CMF’s 
intensities at several oceanic areas of the world.

The method used includes determining the 
CMF’s intensities (module of the vector Total 
Field of the Earth’s Crust) on areas studied by 
several researchers, comparing the locations of 
the CMF’s anomalies with the routes of green 
turtles (Chelonia mydas). This will be a work of 
mathematical calculation of the CMF and their 
geographical distribution, in the regions where 
turtle’s movements were followed. 

For mathematical calculation of the MMF 
the software WMM2010_grid.c (in language) 
was used. This software determine the intensi-
ties of the geomagnetic total field components 
and contains coefficients updated by BGS and 
NOAA from 2010 to 2015 (WMM, 2010), in-
cluding the consolidated period from 1900 to 
2010. The accuracy is 0.1 nT in MMF’s inten-
sities and 0.01 degrees in angular components 
(magnetic declination and magnetic inclina-
tion). All intensities were calculated to the mean 
sea level altitude (MSL), in a respective date and 
0.1 of step degree. With the WMM2010 model, 
tables containing the geographic coordinates 
and the MMF’s intensities were assembled. The 
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ked oceanic region to a correspondent year and 
the color indicates the magnetic intensities. 

Several descriptive maps of the green turtles 
migration’s routes were used and their tracks by 
satellite telemetry detached. It was maps used 
included in works according to Luschi et al. 
(1998), Åkesson et al. (2003), Witt et al. (2010), 
Cheng (2000), Godley et al. (2003), Balazs and 
Ellis (2000), Broderick et al. (2007), Tröeng et 
al. (2005), Girard et al. (2006), Seminoff et al. 
(2008) and Hatase et al. (2006). The geographi-
cal limits of each researcher’s area studied are 
listed in the Table I, covering diverse world’s 
zones in different oceans. 

Following the track’s maps were overlapped 
(produced by each researcher cited) to the respec-
tive maps of CMF. A comparative evaluation over 
the positions of the animal’s tracks and the crust’s 
magnetic field intensities were then prepared.

Applying the WMM2010 and EMM2010 
models, the intensities of the Earth’s magnetic 
field were obtained from the turtle’s migration 
area in Luschi et al. (1998). With calculations 
of the MMF’s intensities, a table was genera-
ted with 3 280 lines (Table S1). This table was 
transposed to a grid and the geographic distri-
bution as shown in Fig.1A. With calculations of 
the EMF’s intensities a table was generated with 
3 280 lines (Table S2). This table was transpo-
sed to a grid and the geographical distribution 
presented in Fig.1B. Subtracting the MMF’s va-
lues from the EMF’s, a table with 3 280 lines of 
the CMF’s intensities at MSL was produced (Ta-
ble S3). The respective grid was constructed and 
the map of the CMF’s intensities is presented in 

EMM2010 model has the same accuracy and 
coverage of the WMM2010 model and deter-
minates the Enhanced Magnetic Field (EMF) 
that correspond the MMF added to the CMF 
(EMM, 2010). The WMM2010 and EMM2010 
models cover a range of 1 000 m below MSL 
until 850 km above. The software EMM2010_
grid.c in C++ language produced by NOAA and 
NGDC was used in determining the EMF. With 
EMM2010 model were assembled EMF’s tables 
according to each area studied.

The MMF’s intensities were subtracted from 
the EMF’s intensities and thus it was obtained 
values that represent the magnetic field intensi-
ties generated by the Earth’s crust (CMF). All 
values were calculated in this work for altitudes 
of MSL. Due to the fact the obtained tables were 
very extensive (from 700 to 30 951 lines) they 
were presented as supplementary tables (num-
bered from S1 to S14). The magnetic models 
description and software used here are ready 
to use and can be accessed for researchers in 
NOAA-NGDC official sites as follows:

WMM2010 (http://www.ngdc.noaa.gov/geomag/
WMM/DoDWMM.shtml)

EMM2010 (http://ngdc.noaa.gov/geomag/EMM/
emm.shtml)

Using the Surfer 9 software (Surfer, 2009), 
grids of the CMF’s intensities were assembled 
and the respective maps built with colored con-
tours. The Kriging method on mathematical 
approach was used and contour lines were made 
by rainbow color type. Each map constructed 
reproduces the CMF’s intensities for a demar-

Table I.  Identification of the researchers with the respective publication dates included, date of data collection, 
locations and their limits of geographical coordinates (latitudes and longitudes in degrees). 
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Fig.1C, which shows regions without non-regu-
lar variations (CMF’s magnetic anomalies). 

Fig.2 was produced overlapping the migratory 
tracks by Luschi et al. (1998) over Fig.1C, repre-
senting a contrast between turtle’s tracks and the 
CMF’s intensities to this oceanic area at MSL.

Using the same methodology a map of the 
CMF’s intensities, described by Åkesson et al. 
(2003), a table was built with 735 lines, nearby 
the Ascension Island (Table S4). Fig.3 shows 

the superimposition of turtle’s tracks over the 
respective map of the CMF’s intensities.

With this methodology a map of CMF’s 
intensities, of the area described by Witt et al. 
(2010), was built tracking a green turtle from 
Brazil to the Ascension Island over the ocean, 
using a calculated table with 700 lines (Table 
S5). Fig.4 shows the superimposition of turtle’s 
tracks over the map of CMF’s intensities.

Figure 1.  Charts of the MMF’s intensities (A), EMF’s (B) and CMF’s (C) at MSL. The region refers to initial 148 
migration of green turtles (Chelonia mydas) by Luschi et al. (1998) nearby the Ascension Island. The 
charts were 149 constructed on equatorial Mercator’s projections and the color scale indicates magnetic 
field’s intensities.
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With this procedure, a table with 6.048 li-
nes was generated (Table S6) and a map of 
the CMF’s intensities on the area analyzed by 
Cheng (2000), relative to the China Sea from 
Taiwan to Okinawa, was constructed. From the 
overlap of the turtle’s tracks over the CMF’s in-
tensities, Fig.5 was obtained.

A table with 16.800 lines was generated (Ta-
ble S7) and a map of the CMF’s intensities to the 
movements of green turtles from Guinea-Bissau 

to Mauritania (Africa) by Godley et al. (2003) 
was constructed. The authors used reversed lon-
gitudes (360º-λ). Using the overlap from these 
maps (turtle’s tracks in red) to the CMF’s inten-
sities, Fig.6 was obtained.

Applying this procedure to the area by Balazs 
and Ellis (2000), from the French Frigate Shoals 
to Molokai (Maui) and Oahu in the Hawaiian Is-
lands, a table with 7 018 lines was generated (Ta-
ble S8) and a map of the CMF’s intensities cons-

Figure 2.  Tracks of migrating green turtles (Chelonia mydas) by Luschi et al. (1998) overlapped to the CMF’s 
156 intensities map. The color scale indicates the CMF’s intensities at MSL. The chart was constructed 
on equatorial 157 Mercator’s projection.

Figure 3.  Green turtle’s (Chelonia mydas) tracks by Åkesson et al. (2003) nearby the Ascension Island (indicated 
by 165 black arrow) superimposed to the CMF’s intensities. The color scale indicates the CMF’s inten-
sities at MSL.
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tructed. Using the overlap of these tracks over the 
CMF’s intensities, Fig.7 was obtained.

Relative to migratory green turtle’s tracks 
by Broderick et al. (2007), a table with 1 054 
lines was generated (Table S9) and a map of the 
CMF’s intensities for the Mediterranean Sea 
(between Cyprus and Libya) was constructed. 
Using the overlap of this track over the CMF’s 
intensities, Fig.8 was obtained.

In movements of a green turtle to the Ca-
ribbean Sea by Tröeng et al. (2005), a table with 
5082 lines (Table S10) was generated and the 
CMF’s intensities map constructed. Using the 
overlap of the turtle’s track over the CMF’s in-
tensities maps, Fig.9 was obtained.

In movements of green turtles around Euro-
pa Island (Africa) by Girard et al. (2006) table A 
was generated with 1 800 lines (Table S11) and 

Figure.4.  Open ocean’s track of a green turtle 
(Chelonia mydas) migrating from Brazil 
to the Ascension Island by 173 Witt et al. 
(2010) overlapped to the CMF’s intensi-
ties. The color scale indicates the CMF’s 
intensities at MSL.

Fig.5.  Migration of two green turtles (A and B) at China Sea by Cheng (2000) overlapped to map of the CMF’s 
181 intensities. The color scale indicates the CMF’s intensities at MSL. 

Fig.6.  Migrations of two (A and B) green turtles from Guinea-Bissau to Mauritania (Africa) by Godley et al. 190 
(2003) overlapped to map of the CMF’s intensities. The color scale indicates the CMF’s intensities at MSL. 



Green Turtles and the Crust’s Magnetic Field 89

generated and the CMF’s intensities map cons-
tructed. From the overlap of the turtle’s tracks to 
the CMF’s intensities map, Fig.12 was obtained.      

71 main centers of the CMF’s anomalies 
identified and located near the turtle tracks and 
their geographical locations (latitudes and lon-
gitudes) are shown in Table 2. 

With the results of the comparison between 
CMF’s intensities and green turtle tracks (seen 
in Figs. 2 thru 12), conducted by diverse resear-
chers in several areas, from around the world 
and under different oceanic environments, it 
was observed a common behavior to the analy-
zed components (earth’s magnetism and geogra-
phic movements). It is assumed that the presence 
of these magnetic anomalies can be understood 

table B with 2 400 lines (Table S12), thus the 
CMF’s intensities map to each case was cons-
tructed. Using the overlap of the turtle’s tracks 
over the CMF’s intensities maps, Fig.10 was 
obtained.

Seminoff et al. (2008) registered tracks of 
green turtles from Galápagos Islands to Central 
America producing several route’s maps. Data of 
the type A1 turtles (designation by cited authors) 
generated a table with 30 951 lines (Table S13) 
relative to the CMF’s intensities and the respec-
tive map constructed. Using the overlap of the 
turtle’s tracks over the CMF’s intensities maps, 
Fig.11 was obtained.

Relative to the movements of green turtles 
from Ogasawara Islands (Japan) by Hatase et al. 
(2006), a table with 14 850 lines (Table S14) was 

Fig.7.  Migration of green turtles from French Frigate Shoals to Kaneohe Bay in the Main Hawaiian Islands by 198 
Balazs and Ellis (2000), overlapped to map of the CMF’s intensities. The color scale indicates the CMF’s 199 
intensities at MSL.

Fig.8.  Migration of a green turtle (Chelonia mydas) in Mediterranean Sea by Broderick et al. (2007) overlapped 
207 to map of the CMF’s intensities. The color scale indicates the CMF’s intensities at MSL. 
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as an important component to the 14  animal na-
vigation system, although not completely com-
prehended yet. To test this hypothesis  diverse 
analysis about the variability of the components 
involved were needed in addition to specific data 
to each region. It was observed that the CMF’s 
anomalies represent relative variations and was 
not absolute, so the intensities have a local im-
portance to each case. Noting the various regions 
were studied separately and with their respective 
variability, everyone’s case is stated as follows

Looking at the Fig. 2, eight main magnetic 
anomalies are identified in the vicinity of the 
Ascension Island investigated by Luschi et al. 
(1998). It is observed that the movements of the 
turtles are always out off the center of the mag-
netic anomalies (numbered from 01 to 08 in Ta-
ble 2). An exception seems to occur at anomaly 

Figure 9.  Track of a green turtle between Costa Rica 
and Nicaragua (Central America) by Tröeng 
et al. (2005) 214 overlapped over map of 
the CMF’s intensities. The color scale indi-
cates the CMF’s intensities at MSL

Table II. Identification of main centers of the CMF’s anomalies by numbers (Nr.) nearby the green turtle’s tracks for all 
researchers cited. The CMF’s intensities (nT unity) are relative to center of the anomalies and their respective 
coordinates (latitude and longitude) are included. 
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Figure 11.  Tracks of green turtles from Central Ame-
rica to Galápagos Islands (Type A1) by Se-
minoff et al. (2008) 231 overlapped to map 
of the CMF’s intensities. The color scale in-
dicates the intensities of the CMF at MSL. 

number 06 but observing carefully the animal’s 
tracks, it does not cross the geographical center 
of that anomaly. It is possible that the impreci-
sion of the geomagnetic model used (around 1 
minute of arc over the ocean) could be responsi-
ble for this uncertainty. 

Fig. 3 shows 06 main magnetic anomalies (09 
to 14 in Table II) around the Ascension Island 
described by Åkesson et al. (2003). Trajectories 
are at external boundary of all centers of these 
anomalies described. The tracks were laid in 
areas where little change in the CMF’s intensity 
exists.

Analyzing Fig. 4, open ocean turtle’s mi-
gration from the coast of Brazil and Ascension 
Island by Witt et al. (2010), are identified 05 
main anomalies (from 05 to 19 in Table II). It 
is observed that the way of the animal does not 
transpose any center of anomalies indicated, but 

Figure 10.  Green turtle’ tracks (A and B) nearby the Europa Island (Mozambique Channel, Africa) by Girard et al. 222 
(2006) overlapped to the maps of the CMF’s intensities. The color scale indicates the CMF’s intensities at 
MSL. 
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crosses areas where the CMF’s intensities have 
a regular variation.

Over the China Sea area by Cheng (2000), 
are identified 07 main anomalies (20 to 26 in Ta-
ble 2) close to the path traveled by migrants turt-
les, which are shown in Figure 5 (A and B). It 
was observed that the anomalies 20, 23, 24 and 
25 weren’t transposed by turtle’s tracks, while 
the anomalies 21 and 22 had strong approxima-
tion, inaccuracy may come from the large scales 
used. At anomaly 21 there is a large distance 
between two points of position’s measurements 
which makes its location imprecise to this part 
of the route.

Analyzing the area of turtle’s move-
ments described by Godley et al. (2003) from 
Guinea¬Bissau to Mauritania (Africa) are iden-
tified 04 main centers of anomalies (27 to 30 in 
Table 2). In all these anomalies the green turtle’s 
tracks do not overcome the centers of major va-
riations of CMF (maps A and B at Fig. 6), tra-
versing only areas of low magnetic variation. 

In migration’s area examined by Balazs and 
Ellis (2000) in Hawaiian Islands (Fig. 7) were 
05 main anomalies (31 to 35 in Table 2) nea-
rest to the route described by the turtles. The 
anomaly 31 (north of French Frigate Shoals) is 

a limit for all animals, both male (represented 
by trapezoids) and females (represented by cir-
cles). The tracks do not cross over the CMF’s 
anomalies. 

In the movement studied by Broderick et al. 
(2007) to the Mediterranean Sea were 04 main 
magnetic anomalies (36 to 39 in Table 2) near 
the tracks. None of them have transposition over 
anomaly’s centers as seen in Fig.8. 

In the Caribbean Sea examined by Tröeng et 
al. (2005), shown in the Fig.9, the turtle’s track 
monitored pass around the anomalies (40 to 43 
in Table 2) and any transposition of the center of 
these anomalies occurs.

In the movements studied by Girard et al. 
(2006) around the Europa Island in Africa (Fig. 
10), were 06 main anomalies on map A and 05 
main anomalies on map B (44 to 54 in Table 2). 
In most cases the routes were outside the ano-
malies. Two exceptions can be seen on Map B 
(anomalies 50 and 52) where the animals circu-
late to areas very close to the center of anoma-
lies (but not crossing).  These exceptions might 
be due to the model used.

On the map generated by Seminoff et al. 
(2008) in movements between Central America 

Figure 12.  Post-nesting routes with four green turtles tracked by satellite from Ogasawara Islands (Japan) by Hatase 239 
et al. (2006), overlapped to map of the CMF’s intensities. The color scale indicates the CMF’s intensities at 
240 MSL
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of animals that navigate in a range only a few 
hundred meters deep from MSL in their migra-
tions. On the other hand this study found some-
thing different; there is a fairly common pattern 
of the migration of turtles to the areas analyzed. 
It was evaluated that these animals are most 
likely to navigate through areas where there are 
regular variations of the CMF. Their movements 
seem to suffer abrupt changes nearby areas with 
non-regular variations (generated by magnetic 
anomalies of the crust). Even making a visual as-
sessment of the routes of these animals and the 
intensity of the geomagnetic field, this analysis 
has fundamental mathematical data here presen-
ted in supplementary tables (S1 to S14). 

The MMF has a very regular behavior 
around the Earth, big magnetic anomalies only 
exists at the planet’s poles and at southern At-
lantic Ocean (South Atlantic Magnetic Anomaly 
-SAMA). The CMF has variations much more 
specific (although less in intensity) because 
of its variable geological evolution. We can’t 
confirm with absolute certainty that the green 
turtles make strong deviations in their ways as 
a direct result of the CMF’s anomalies, becau-
se the CMF’s intensities are very low. But it is 
an acceptable supposition that a biological me-
chanism detects only soft changes of the vec-
tor magnetic field. It is strongly recommended 
that in future research on telemetry of the green 
turtles (Chelonia mydas) marine magnetometers 
would be used to map the intensity of the CMF 
to the areas of study. The hypothesis that the 
crust’s magnetic field interferes on the naviga-
tion mechanisms of the green turtles, as hinted 
by the present study, could not be confirmed 
or denied by experimental studies associating 
biological data, telemetry by satellite and the 
earth´s magnetic field jointly, all these data mo-
nitoring in real time.
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