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Thermochronological insights into 
reactivation of a continental shear 
zone in response to Equatorial 
Atlantic rifting (northern Ghana)
Nicholas Fernie 1, Stijn Glorie1, Mark W. Jessell  2 & Alan S. Collins  1

West Africa was subjected to deformation and exhumation in response to Gondwana break-up. The 
timing and extent of these events are recorded in the thermal history of the margin. This study reports 
new apatite fission track (AFT) data from Palaeoproterozoic basement along the primary NE-SW 
structural trend of the Bole-Nangodi shear zone in northwestern Ghana. The results display bimodality 
in AFT age (populations of ~210-180 Ma and ~115-105 Ma) and length distributions (populations of 
12.2 ± 1.6 and 13.1 ± 1.4 µm), supported by differences in apatite chemistry (U concentrations). The 
bimodal AFT results and associated QTQt thermal history models provide evidence for multiple cooling 
phases. Late Triassic – Early Jurassic cooling is interpreted to be related with thermal relaxation after 
the emplacement of the Central Atlantic Magmatic Province (CAMP). Early to middle Cretaceous 
cooling is thought to be associated with exhumation during the Cretaceous onset of rifting between 
West Africa and Brazil. Late Cretaceous – Cenozoic cooling can be related with exhumation of the 
Ivory Coast – Ghana margin and NNW-SSE shortening through western Africa. Furthermore, our data 
record differential exhumation of the crust with respect to the Bole-Nangodi shear zone, preserving 
older (CAMP) cooling ages to the south and younger (rifting) cooling ages to the north of the shear 
zone, respectively. This suggests that the Palaeoproterozoic BN shear zone was reactivated during the 
Cretaceous as a result of deformation in the Equatorial Atlantic region of Africa.

The NE-SW striking Bole-Nangodi (BN) shear zone in northwestern Ghana represents a Palaeoproterozoic 
crustal-scale shear zone within the West African Craton (WAC)1,2 (Fig. 1) that preserves evidence for a deforma-
tion overprint that coincides with the Palaeoproterozoic Eburnean Orogeny3. The BN shear zone also contains 
structural evidence for subsequent distinct deformation phases3, however, the absolute timings of these brittle 
deformation phases are unknown. This study aims to characterise the Phanerozoic reactivation history of the 
shear zone and its role in the exhumation history of NW Ghana.

South of, and parallel to, the BN shear zone, the Ivory Coast-Ghana (ICG) continental margin forms a NE-SW 
trending basement ridge, which represents the eastern prolongation of the Romanche Transform Zone in the 
equatorial Atlantic Ocean (Fig. 1a)4. Geochronological and thermochronological studies have revealed that the 
ICG marginal ridge formed during the Cretaceous in response to rifting between the WAC and Brazil during 
the opening of the equatorial Atlantic Ocean5–8. Recent studies9 proposed that NE-SW oriented onshore faults 
in Ghana and the Ivory Coast are linked to an oceanic fracture zone 90 km South of the St Pauls transform zone 
in the Atlantic Ocean and that the eastern limit of the St Pauls Transform Zone can be linked with onshore faults 
in Ghana10. It is further suggested that the pre-existing shear zone may have controlled the orientation of the 
present-day oceanic transform zone9, however the theory remains inconclusive. Hence, this study hypothesises 
that the BN shear zone shares a common low-temperature thermo-tectonic history with the ICG marginal ridge. 
We present Apatite Fission Track (AFT) thermochronological data and associated thermal history models to 
constrain the low-temperature thermal and exhumation history of the BN shear zone, aiming to provide temporal 
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constraints on the rifting history of the WAC from Brazil in response to the opening of the Equatorial Atlantic 
Ocean. Furthermore, we attempt to constrain the timing of shear zone reactivation, which has economic rele-
vance to the exhumation and preservation of Ghana’s gold deposits11,12.

Geological Setting
The study area in northern Ghana forms part of the south-eastern section of the WAC (Fig. 1)12. The WAC cov-
ers a large area across much of western Africa and consists of two Archean terranes in the north-western and 
south-western parts of the craton1. These Archean terranes are juxtaposed against an array of Palaeoproterozoic 
terranes that are made up of greenstone belts, contemporaneous volcano-sedimentary depocentres and regions 
of extensive tonalite-trondhjemite-granodiorite plutons, collectively known as the Tamnean plutonic suite, the 
Eburnean plutonic suite and the Birimian plutonic supergroup (emplaced between 2250 Ma and 1980 Ma)3,4. 
These terranes are overlain by Mesoproterozoic and younger sedimentary basins2, such as the Neoproterozoic to 
lower Palaeozoic Volta Basin13.

The WAC is considered to have been largely tectonically inactive from the Gondwana-forming orogeny 
until the Triassic-Jurassic transition at ca. 200 Ma9. The time period between the end of the Triassic and the 
early Cretaceous is characterised by two stages of rifting and related magmatism that precede the opening of the 
Equatorial Atlantic Rift System: (1) break-up within the Central Atlantic transpired at ca. 200 Ma, contempora-
neous with the emplacement of the Central Atlantic Magmatic Province (CAMP)14,15 and (2) break-up within 
the South Atlantic occurred synchronously or marginally preceded the emplacement of the Paraná – Etendeka 
Large Igneous Province (LIP) at ca. 137 Ma as dated by 40Ar-39Ar methods14–16. Furthermore, magmatism in the 
Benue Trough between 147 and 106 Ma (as dated by 40Ar-39Ar methods) preceded the final stages of break-up in 
in the equatorial Atlantic Ocean and overlaps in time with Paraná – Etendeka magmatism14,17. Rocks related to 
those igneous events are limited within Ghana and are mostly constrained to Nigeria, Guinea, Mali, Morocco, 
Mauritania and Liberia within the African continent18,19. Crossing the Atlantic from the Ghana study area, the 
Maranhão and Parnaíba Basins in north-eastern Brazil (Fig. 1a) yield abundant volcaniclastic evidence of both 
CAMP and Paraná – Etendeka magmatism (based on geochemical associations)16. Both the African and Brazilian 
margins, thus, contain evidence for rifting of the Atlantic Ocean over a 70–80 myr. period17,20–22.

The ICG marginal ridge is the modern expression of the Romanche transform fault associated with rifting 
and break-up in the equatorial Atlantic during the Early Cretaceous23. Off-shore, low-temperature thermochron-
ological and geophysical studies conducted on the ICG margin reveal its development to have undergone three 
geodynamic stages since the Aptian5,6,8,10,24. (1) At the start of the Aptian, the first stages of continental rifting 
and transform faulting occurred and the Deep Ivorian Basin was initiated as a result of E-W to ENE-WSW 
oblique extension5,10 (2) Intra-continental transform faulting between the African and South American plates 
led to other rapidly forming isolated rift basins (eg. Tano Basin) north of the transform during the late Aptian 
to Cenomanian5,6,10. During this time, the ICG margin experienced a shift from an overall transtensional to a 
transpressional tectonic setting as a result of a change in the orientation of drift in the South American plate from 
SW to SSW10,25. The change in drift direction is recorded in a series of folds and flower structures in offshore 
basins north of the margin10. This short period (between the late Albian and Cenamonian) of intense rifting 
and deformation is marked by a pronounced angular unconformity associated with basin inversion across the 
southern edge of the margin and exhumation of the outer ridge. Deformation during this time is thought to mark 
the final stages of contact between the rifting continents10. (3) During the Turonian, continued transform fault-
ing resulted in the transition to seafloor spreading and caused newly created oceanic crust to come into contact 
with the continent. The mechanism for the cooling of the ICG margin is debated.6 interprets the late Cretaceous 
cooling to be related with exhumation in response to the bathymetric step between the continental margin and 
the oceanic crust, while4,5 interpret the cooling signal to be a flexural response to unloading during continental 
separation. Since the Santonian, the ICG margin became passive4,6,8. Furthermore, at the end of the Cretaceous 
(~65 Ma), western Africa was experiencing NNW-SSE shortening, folding and strike-slip faulting, which induced 
an angular unconformity in the Benue Trough26,27.

Within the study area, seven relative deformation events are described, for which absolute ages are only 
recorded related with D1, D2 and D3. These early deformation events are interpreted to be associated with 
the Palaeoproterozoic Eburnean Orogeny3,28,29. Later deformation events in the area are described as localised 
E-W to NE-SW striking brittle deformation associated with dextral strike-slip shearing under a transcurrent 
regime3. Prior to this study, the timings of these fault events are only relatively constrained.

Results
Sample Locations. A total of 17 samples were chosen based on apatite quality and on their proximity to the 
BN shear zone in northern Ghana (Fig. 1b). All samples were sourced from crystalline rock types and metamor-
phic equivalents. Sample locations and rock descriptions are detailed in Table 1 and locations are shown in Fig. 1. 
The resulting AFT results are grouped according to their location relative (northwest, southeast and proximity) 
to the BN shear zone (Fig. 1b) and age, allowing assessment of differential cooling across the study area with 
respect to the shear zone. Group 1 contains three samples BN-080, BN-252 and BN-446, located near the margin 
of the Volta Basin, to the southeast of the BN shear zone (Fig. 1b). Group 2 is composed of five samples BN-016, 
BN-043, BN-085B, BN-270 and BN-396, which were taken from within the BN shear zone or associated splay 
faults (Fig. 1b). Group 3 contains eight samples located to the northwest of the BN shear zone (BN-119, BN-127, 
BN-155, BN-172, BN-198, BN-223, BN-278, and BN-598) (Fig. 1b). One sample (BN-132) from within the shear 
zone was treated separately as it records younger AFT ages than any other sample. In general, AFT pooled ages 
range from 279 ± 31 Ma (oldest sample) to 52 ± 8 Ma (youngest sample) and associated Dpar measurments range 
from 2.94 ± 0.73 µm to 1.56 ± 0.17 µm (Table 2).
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Group 1: southeast of the BN shear zone. Group 1 (referred to as SE of BN shear zone) yield the oldest 
AFT results for this study. The pooled AFT ages obtained for individual samples in this Group range between 
193 ± 16 Ma to 279 ± 31 Ma (Fig. 1b; Table 2; Supplementary Fig. S1). Samples BN-252 and BN-446 were taken 

Figure 1. (a) Globe image with indication of the study area in Ghana (box framed) and showing the 
approximate locations of CAMP, the Benue Trough17, Ghana, the Bole-Nangodi shear zones and the Romanche 
and St Paul’s Transform Zones12,19. Modified from61 utilizing plate rotation files available in the Gplates Software 
Package version 1.5.0. https://www.gplates.org/. (b) Schematic geological map of the study area located in 
northern Ghana showing sample locations as coloured circles, lithologies and AFT results. PA – Pooled Age, 
P1 – Peak 1 Age, P2 – Peak 2 Age, MTL – Mean Track Length and ϴ1 – Standard Deviation of the track length 
distributions. Modified after3 utilizing ArcGIS Software Package version 10.3.1 http://desktop.arcgis.com/en/
arcmap/.

https://www.gplates.org/
http://desktop.arcgis.com/en/arcmap/
http://desktop.arcgis.com/en/arcmap/
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in the south-western corner of the study area and revealed pooled AFT ages of 279 ± 31 Ma and 241 ± 21 Ma and 
mean track lengths (MTL) of 12.38 µm and 11.62 µm respectively (Table 2). Sample BN-080 was taken within 
the north-eastern corner of the study area, and has a pooled AFT age of 193 ± 16 Ma with a MTL of 11.95 µm. 
Dpar values range from 1.58 ± 0.30 to 2.31 ± 0.63 µm. A pooled radial plot for Group 1 yields a central AFT age 
of 230 ± 8 Ma (Fig. 2a).

Group 2: within the BN shear zone. Group 2 (referred to as ‘within BN shear zone’) yields younger 
central ages and relatively large single-grain age dispersion. The pooled AFT ages for this Group range between 
134 ± 10 Ma and 170 ± 18 Ma (Fig. 2a; Table 2; Supplementary Fig. S2). BN-270 and BN-085B represent the oldest 
samples in the group with pooled AFT ages of 170 ± 18 Ma and 163 ± 14 Ma (Table 2). Samples BN-016, BN-043, 
BN-119 and BN-396 have largely consistent pooled AFT ages ranging between 134 ± 10 Ma and 141 ± 14 Ma. 
Three samples from this group contain sufficient confined lengths that could be measured for subsequent ther-
mal history modelling. Sample BN-016 has a MTL of 12.80 µm, BN-043 has a MTL of 12.12 µm and BN-396 has 
a MTL of 12.06 µm (Table 2). All samples, except BN-396, failed the χ2 test and yield single grain dispersion 
values of >25%, suggesting a complex thermal history record. For those samples, two statistical age populations 
were derived (defined as peak ages P1 and P2). P1 ages range between 112 ± 8 and 122 ± 14 Ma. P2 ages cluster 
between 183 ± 10 and 217 ± 11 Ma, with one older exception (270 ± 55 Ma) (Table 2; Supplementary Fig. S2). 
Dpar values range from 1.56 ± 0.17 to 2.26 ± 0.37 µm. A pooled radial plot was constructed for the samples from 
within the BN shear zone, yielding a central AFT age of 146 ± 4 Ma (Fig. 2a). The plot shows a broad distribution 
of single grain ages and a trend of younger grains associated with higher uranium concentrations and vice versa.

Group 3: northwest of the BN shear zone. Group 3 (referred to as ‘NW of BN shear zone’) samples 
exhibit pooled AFT ages ranging between 96 ± 9 Ma and 127 ± 13 Ma. Individual sample pooled AFT ages and 
MTL data can be found in Table 2. Most samples (except BN-155 and BN-278) fail the χ2 test and RadialPlotter 
discriminates two statistically probable age peaks (P1 and P2) for these samples, with P1 ranging from 75 ± 10 Ma 
to 106 ± 6 Ma and P2 ranging from 171 ± 6 Ma to 206 ± 35 Ma. Sample BN-127 acts as an exception and yields a 
P1 age of 56 ± 10 Ma and P2 age of 118 ± 7 Ma (Fig. 2a; Table 2; Supplementary Fig. S3). MTL data was obtained 
for five samples and range from 13.08 to 12.25 µm. Dpar values range from 1.73 ± 0.23 to 2.94 ± 0.73 µm (Table 2). 
The pooled radial plot yields a central AFT age of 119 ± 3 Ma. Similarly as for Group 2, discussed above, the 
youngest single-grain ages correlate with the highest uranium concentrations and vice versa.

Sample BN-132. Sample BN-132 produced the youngest AFT age for the study area (52 ± 8 Ma). Sample 
BN-132 fails the χ2 test and RadialPlotter discriminates two statistically probable age peaks with a P1 of 
39 ± 15 Ma and a P2 of 95 ± 21 Ma (Fig. 2a; Table 2; Supplementary Fig. S4). Similarly as the other sample groups, 
the youngest single-grain ages correlate with the highest uranium concentrations and vice versa.

Interpretations
Apatite Fission Track Thermal History Modelling. Thermal history (tT) modelling was conducted on 
eleven individual samples that yield sufficient confined lengths for modelling purposes (Table 2). Given that AFT 
was the sole low-temperature thermochronometer used in this study and no other published thermochronologi-
cal data are available for the study area, modelling space was limited to the apatite partial annealing zone (~120°–
60 °C) without forward modelling constraints. Interpretations of tT plots are based on the probability output, 

Sample ID Latitude Longitude Elevation Igneous Suites Lithology
Published U-Pb 
Formation Age (Ma)

BN-016 10°48′18.00″N 0°53′6.00″W 216 m Birimian Super Group Granite 2250-1980

BN-043 8°55′44.04″N 2°25′55.20″W 277 m Tamnean Pluton Suite Granite 2134-2118

BN-080 11°2′24.00″N 0°16′40.80″W 219 m Tamnean Pluton Suite Granite 2134-2118

BN-085B 10°37′55.20″N 1°1′55.20″W 165 m Birimian Super Group Granite 2250-1980

BN-119 9°58′9.12″N 2°6′54.00″W 307 m Tamnean Plutonic Suite Granite 2134-2118

BN-127 10°39′10.80″N 1°16′19.20″W 181 m Eburnean Plutonic Suite Bt-Gneiss 2150-2000

BN-132 10°24′3.60″N 1°19′55.20″W 162 m Eburnean Plutonic Suite Orthogneiss 2150-2000

BN-155 10°40′22.80″N 2°1′51.60″W 285 m Eburnean Plutonic Suite Orthogneiss 2150-2000

BN-172 10°45′36.00″N 2°16′37.20″W 306 m Eburnean Plutonic Suite Bt-Granite 2150-2000

BN-198 10°25′1.20″N 2°43′15.60″W 282 m Birimian Super Group Granite 2250-1980

BN-223 9°53′53.16″N 2°27′28.80″W 324 m Eburnean Plutonic Suite Bt-Msc-Granite 2150-2000

BN-252 8°52′50.16″N 2°10′33.60″W 241 m Tamnean Plutonic Suite Granite 2134-2118

BN-270 9°30′27.00″N 2°27′54.00″W 292 m Birimian Super Group Orthogneiss 2250-1980

BN-278 9°32′35.88″N 2°42′0.00″W 293 m Eburnean Plutonic Suite Bt-Msc-Granite 2150-2000

BN-396 9°14′4.56″N 2°22′12.00″W 298 m Birimian Super Group Paragneiss 2250-1980

BN-446 8°47′10.32″N 2°9′25.20″W 222 m Birimian Super Group Paragneiss 2250-1980

BN-598 10°11′20.40″N 1°54′3.60″W 248 m Tamnean Plutonic Suite Granodiorite 2134-2118

Table 1. Sample locations and lithology details. U-Pb formation ages, formation/suite and lithology’s are 
from3,5,12. Migm = migmatite.
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which acts as a weighted distribution for the most likely or ‘expected’ tT path. Note that the confidence interval of 
the probability distribution for several models is rather large and, therefore, for those models the magnitude and 
exact timing of cooling is not always well constrained.

The modelled samples display three distinct cooling periods (Fig. 3), which are defined by the three groups 
listed above. Models for samples in group ‘SE of BN shear zone’ exhibit rather slow cooling from the Triassic 
until present day temperatures. Models for samples in group ‘within the shear zone’ show fast cooling since 
the Late Triassic – Early Jurassic (ca. 200 Ma), followed by thermal quiescence until the end of the Cretaceous. 
The long residence of the samples in the APAZ during most of the Jurassic and Cretaceous likely explains the 
rather large single grain age dispersion observed for samples from within the BN shear zone (Fig. 2a). Since the 
start of the Cenozoic, the modelled tT history suggests increased cooling rates, bringing the samples above the 
APAZ during the Palaeogene (Fig. 3). Models for samples in group ‘NW of BN-shear zone’ exhibit fast cool-
ing since the Late Jurassic – Early Cretaceous (ca. 150 Ma). Similar as for the samples from within the shear 
zone, thermal quiescence was observed, before the samples were brought to near-surface temperatures during 
the Palaeogene. The two samples that record the youngest age peaks for the study area (BN-127, P1 = ca. 56 Ma, 
BN-132 P1 = ca. 39 Ma) were not modelled due to insufficient available AFT length data. However, the P1 ages 
obtained for those samples coincides with the timing of the final cooling step in the thermal history models (ca. 
60-35 Ma). Individual models, modelled track length distributions and modelling parameters can be found in 
Supplementary Fig. S5 and Supplementary Table 2.

In summary, a Late Triassic-Jurassic cooling signal and a middle Cretaceous cooling signal were modelled, 
consistent with the two distinct age populations. In addition, late Cretaceous - Palaeogene cooling is recorded 
for several thermal history models, confirmed by the youngest AFT age peaks in the study area. However, this 
modelled Palaeogene cooling signal could represent a modelling artefact, induced by constraining the model to 
present-day ambient temperatures, and therefore caution is required during interpretation in further discussion.

The role of uranium on the recorded AFT data. The thermal history models display a rather complex 
thermal history record (Fig. 3) with evidence for multiple cooling phases. The identified AFT age-populations (i.e. 
P1 and P2) preserve different parts of the thermal history record (Table 2), suggesting that apatite grains associ-
ated with each population record cooling at different temperatures (i.e. upper and lower APAZ temperatures). In 
order to strengthen this observation, fission track length distributions were compared to AFT ages. If the different 
age-populations indeed preserved different parts of the thermal history, they could likely record different fission 
track length distributions.

Sample ID ρs (×105) Νs n 238U 1 σ
P. Age 
(Ma) 1 σ

C. Age 
(Ma) 1 σ P1 (Ma) 1 σ P2 (Ma) 1 σ

Disp 
(%) P(χ²) nl

MTL 
(µm) SD

Dpar 
(µm) SD

BN-080 4.3 608 41 4.5 0.3 193 16 200 10 — — — — 16 0.07 54 11.95 1.94 2.31 0.63

BN-252 6.7 418 28 4.7 0.5 279 31 298 18 — — — — 10 0.25 31 12.38 1.36 1.58 0.30

BN-446 19.2 997 26 14.7 1.2 241 21 231 13 — — — — 20 0.00 35 11.62 2,31 1.70 0.29

BN-016 12.5 2952 48 16.9 1.3 134 10 146 7 112 8 183 10 30 0.00 69 12.80 1.32 1.96 0.17

BN-043 23.3 1974 41 30.5 2.5 136 11 132 7 115 4 198 13 27 0.00 60 12.12 1.72 2.26 0.37

BN-085B 6.4 890 40 7.6 0.6 163 14 174 11 109 9 217 11 33 0.00 — — — 2.00 0.40

BN-396 20.3 1916 39 26.1 2.1 138 11 138 4 — — — — 6.4 0.10 87 12.06 1.38 1.56 0.17

BN-270 3.0 310 29 3.4 0.3 170 18 152 15 122 14 270 55 37 0.00 — — — 1.99 0.45

BN-172 7.9 814 41 11.4 0.9 119 10 129 8 106 6 197 19 29 0.00 55 13.08 1.60 2.94 0.73

BN-198 5.3 136 9 9.5 0.8 127 13 116 22 75.2 10 196 30 56 0.00 — — — 2.16 0.67

BN-223 20.7 2486 38 39.0 3.5 107 10 127 9 81.1 3 171 6 39 0.00 70 12.61 1.31 1.73 0.23

BN-278 17.3 1415 30 25.4 2.2 126 11 122 7 — — — — 24 0.00 36 12.37 1.16 2.21 0.39

BN-598 11.4 1317 36 15.7 1.5 121 12 128 10 101 6 190 14 34 0.00 64 12.49 1.68 2.61 0.42

BN-155 15.7 2008 41 32.2 2.2 110 8 98 4 — — — — 21 0.00 142 12.25 1.47 2.55 0.20

BN-119 3.9 205 34 5.4 0.6 125 16 141 14 96 25 206 35 38 0.00 — — — 2.01 0.34

BN-127 9.0 468 26 18.3 1.6 96 9 102 8 56.1 10 118 7 31 0.00 — — — 2.34 0.45

BN-132 2.3 72 13 8.7 0.8 52 8 65 11 39 15 95 21 39 0.03 — — — 2.01 0.70

Table 2. AFT dating results organised according to groupings. ρs is the average surface density of spontaneous 
fission tracks (in 105 tracks/cm2). Ns is the total number of counted spontaneous tracks. n is the number of 
grains analysed. 238U is the average 238U concentration, measured by LA-ICP-MS (in μg/g) with its uncertainty 
and calculated in Iolite following55. P. Age is the pooled AFT age in Ma, C. Age is the central AFT age in Ma63, 
statistically generated for each sample using Radialplotter51 (in Ma). P1 and P2 are statistically derived age 
populations in Radiaplotter51. Disp gives the percentage of single-grain age dispersion. P(χ2) is the chi-squared 
probability that the dated grains belong to a single statistical population (samples fail this test if P(χ2) <0.05). 
nl is the number of measured confined tracks. MTL is the average confined track length in μm with SD as the 
standard deviation of the distribution. Dpar is the average etch-pit diameter in μm with SD as the standard 
deviation of the distribution. We used Radialplotter software51 version 8.3, http://www.ucl.ac.uk/~ucfbpve/
radialplotter/.
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Figure 2. AFT results plotted as radial plots. Central age values were calculated using RadialPlotter and for 
dispersions >25% and P(χ2) less than 0.05 age peak discrimination was performed using the RadialPlotter 
software51 version 8.3 http://www.ucl.ac.uk/~ucfbpve/radialplotter/. Percentage of data associated with each 
peak is bracketed adjacent to the age of each peak. U (ppm) on the X-axis represents the amount of 238U in ppm. 
The left Y-axis represents 2 standard deviations from the central age. The right ‘curved’ Y-axis shows increasing 
age in Ma. The values along the X-axis show single-grain age uncertainties. (a) Radial plots of calculated AFT 
cooling ages for each sample location pooled into three sample groups: ‘SE of BN shear zone’, ‘within BN shear 
zone’ and ‘NW of BN shear zone’. Sample BN-132 (the youngest sample of the study area) is shown separately. 
(b) Radial plots of calculated AFT cooling ages for each sample location pooled together. Left: Pooled data 
where single grain ages are discriminated according to 238U concentration. Right: Pooled data where single grain 
ages are discriminated according to Cl concentration. These plots reveal that apatites associated with P1 yield on 
average lower U and higher Cl concentrations than those associated with P2, suggesting a chemical control on 
fission track annealing.
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Five samples from within and NW of the shear zone were used for this exercise, where confined tracks were 
only measured in AFT dated grains. All samples yield high single grain dispersions and low P(χ2) values and 
exhibit clear open-jaw signatures in the radial plots (samples BN-016, BN-043, BN-172, BN-223 and BN-598). 
For each of those samples, confined track lengths related to AFT age populations P1 are displayed in a blue 
frequency plot and those related to AFT age populations P2 are displayed in a red frequency plot (Fig. 4a). The 
MTL for confined lengths recorded in apatites related with population P1 (based on 223 length measurements) 
is 12.21 ± 1.56 µm. The MTL for apatites associated with population P2 (based on 140 length measurements) is 
slightly higher at 13.10 ± 1.36 µm (Fig. 4a), suggesting that P1 grains experienced more extensive AFT annealing 
than P2 grains.

In addition, the relation between AFT age, confined track length and 238U concentration was evaluated 
(Fig. 4b). As shown, there is a positive correlation of P2 ages associated with longer confined track lengths and 
lower 238U concentrations, while younger (P1) ages correlate with shorter track lengths and higher 238U con-
centrations. There are no clear correlations observed between AFT ages and Cl concentrations30 (Fig. 2b), nor 
between AFT ages and Dpar measurements31 (Supplementary Fig. S6). We, therefore, suggest that the concentra-
tion of uranium controls AFT annealing in our study area. The relation between uranium concentration and AFT 
age has been observed for other, unrelated, study areas as well32–34. 35Suggests a model where elevated concentra-
tions of Uranium lead to radiation enhanced annealing. More recently,35 observed, using transmission electron 
microscopy measurements, that alpha particle induced annealing of radiation damage indeed occurs in apatite. 
This study illustrates that the effect of radiation-induced annealing needs to be evaluated in fission track studies.

Discussion
Late Triassic to Early Jurassic cooling. We propose that the Late Triassic – Early Jurassic cooling of 
the Ghanese upper crust is related to thermal relaxation after emplacement of the Central Atlantic Magmatic 
Province (CAMP) (Fig. 5a). Geochronological and 40Ar/39Ar studies that measure the emplacement ages for 
CAMP typically reveal a short duration for the most intense period of magmatism between 202 Ma and 189 Ma in 
the central and northern WAC, while in western Sierra Leone and towards the east, in Nigeria, manifestations of 
CAMP related volcanism span between ca. 234 Ma and ca. 140 Ma15,18,19,21. Although outcrop evidence for CAMP 
related volcanism is limited within the study area, the large extent of CAMP emplacement over four continents 
including Europe, South America, North America and Africa (Fig. 5) indicates that CAMP related heat flow 
likely also affected the study area in Ghana14,15,20,36. In addition, the Jurassic is the time when the extensive Karoo 
Large Igneous Province (LIP) and Basin in southern Africa formed36, which initiated the development of the 
so-called African erosion surface37. We suggest that the emplacement of LIPs such as CAMP caused a temporary 
increase in the geothermal gradient and the AFT ages in Ghana record the subsequent cooling (Fig. 3). Similar 
interpretations were made for other thermochronological studies conducted in NE Brazil38,39, juxtaposed to the 
Ghana margin and within the extent of CAMP. The study by38 reports AFT and Zircon Fission Track (ZFT) ages 
of approximately 200 Ma and interpret slow cooling related to the decline of magmatic activity in the region. The 
study by39 reports AFT ages of approximately 200 Ma and relate the data to crustal heating, induced by CAMP. 
Alternatively,40 describe substantial Permian – Jurassic plateau exhumation in NE Brazil to be related with erosion 
of topography that was generated during Gondwana amalgamation.

Figure 3. Thermal History models (tT) of all individually (11) modelled samples (Supplementary Fig. S5), 
overlain on the same plot. Thermal History models (tT) for all samples are based on AFT and MTL data from 
each individually modelled sample and developed using QTQt software59 version 4 http://www.iearth.org.
au/codes/QTQt/. Constraints utilized for modelling are displayed in Supplementary Table 2. The left Y-axis 
represents temperature (°C). The X-axis represents Time (Ma). Blue tT paths represent samples from the SE of 
the BN Shear Zone, green tT paths represent samples from within the BN shear zone and red tT paths represent 
samples from the NW of the BN Shear Zone. CAMP = Central Atlantic Magmatic Province, Benue T. = Benue 
Trough.

http://www.iearth.org.au/codes/QTQt/
http://www.iearth.org.au/codes/QTQt/
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Early to middle Cretaceous cooling. Off-shore studies conducted on the exhumed ICG margin indi-
cate the onset of continental rifting and intracontinental deformation between the African and South American 
continents to be consistent with the younger observed (mid-Cretaceous) thermal event6–8,16,23,41. Extension in 
western Africa is generally regarded as occurring since the Late Permian and driven by far field tectonics during 
Pangea break-up with the aid of the emplacement of magmatic provinces (such as CAMP) through the Jurassic 
and Early Cretaceous (Fig. 5)7,14,15,41. In this context, Early to middle Cretaceous magmatism in the Benue Trough 
and related break-up in the South Atlantic is considered to be a major pre-cursor which drove the development 
of the equatorial transform zone during the latest Jurassic and earliest Cretaceous15,17. This event occurred due 
to a northward propagating rift axis and the emplacement of the St Helena plume head below the Benue Trough, 
creating a triple junction style break-up scenario which induced internal strain on the African plate (Fig. 5)7,17,41. 
As a result of continuous rifting along the African/South American margins prior to the final stages of rifting 
in the Equatorial Atlantic, this study assumes a passive rift model throughout the study area allowing for above 
average geothermal gradients42.

The thermal history models for samples NW of the BN shear zone reveal associated fast cooling during the 
Early and middle Cretaceous (Fig. 3), coinciding with the earliest stages of intra-continental break up, which 
resulted in rifting at the equatorial Atlantic during the middle Cretaceous4,7–10,22,41,43. The Early to middle 
Cretaceous cooling event is therefore interpreted in terms of exhumation in response to the two initial geody-
namic stages of break-up. (1) The onset of rifting, intracontinental transform faulting and the initiation of the 
Deep Ivorian Basin during the Aptian and (2) the shift in the overall tectonic setting as a result of the change in 

Figure 4. (a) Left: Frequency plots showing the confined track length (µm) distribution for Peak 1 and Peak 
2 AFT age populations. Right: - Pooled radial plot for the samples used in the confined track length experiment. 
Central age values are calculated by RadialPlotter and for dispersions >25% age peak discrimination was 
performed using the RadialPlotter software51 version 8.3 http://www.ucl.ac.uk/~ucfbpve/radialplotter/. 
Percentage of data associated with each peak is bracketed adjacent to the age of each peak. The X-axis represents 
the amount of 238U in ppm. The left Y-axis represents 2 standard deviations from the central age (Ma). The right 
‘curved’ Y-axis shows increasing age in Ma. 238U ppm values greater than 75 ppm are displayed as purple circles. 
(b) Pooled Cartesian plot showing the relationship between Age (Ma) on the X-axis, Confined track lengths 
(µm) on the Y-axis and 238U concentrations displayed as a colour gradient.
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drift orientation (from SW to SSW) of the South American plate with respect to the African plate from the Aptian 
to the Cenomanian7,9,11,24 (Fig. 5b). There are several examples of brittle shear zone reactivating during the early 
stages of rift evolution recorded in many areas around the globe. Examples of these include the North Atlantic rift, 
Rio Grande rift, East African rift and West European rift44. Furthermore,44 suggests that the brittle reactivation 
(due to rifting) of Neoproterozic shear zones in the Paraíba Basin in northeastern Brazil induced exhumation of 
the region, which indicates that a similar circumstance could occur on the opposite margin, within West Africa.

Late Cretaceous – Cenozoic Cooling. Our thermochronological data and models provide minor evi-
dence for a third cooling phase that affected the study area during the late Cretaceous – early Cenozoic. Late 
Cretaceous to early Cenozoic AFT ages (Table 2) were measured for samples located in the central BN shear zone 
and in vicinity to late brittle faults (D6 and D7 deformation phases) as recorded by3. Published off-shore AFT 
data from7,9 reveal cooling ages ranging between 65 Ma and 92 Ma, which are interpreted to constrain the final 
stages of break-up and exhumation of the ICG marginal ridge (Fig. 5b). We interpret the late Cretaceous – early 
Cenozoic cooling along the BN shear zone to be related with the exhuming ICG margin and/or with folding and 
stike-slip faulting as response to NNW-SSE shortening within western Africa26,27.

Differential exhumation with respect to the Bole-Nangodi Shear Zone. The BN shear zone acts 
as the most significant structure within the study area and is oriented parallel to the modern expression of trans-
form zones in the equatorial Atlantic Ocean (Fig. 1). A gridded interpolation map (Fig. 6) was constructed to 
assess the role of the shear zone in relation to the cooling history of the study area. This map reveals distinctively 
different cooling ages for samples northwest of the BN shear zone compared to samples southeast of the BN shear 
zone, which is interpreted as a record of differential exhumation with respect to the shear zone. More specifi-
cally, our data suggests that the BN shear zone was reactivated during middle Cretaceous extension, exhuming 
the north-western block (footwall) with respect to the subsiding south-eastern block (hanging wall, comprising 
the Volta Basin). Therefore the north-western block exposes a deeper section of the northern Ghanese thermal 

Figure 5. Time sequence map showing the evolution of Gondwana break-up in the Atlantic ocean. (a) The 
evolution of Gondawana break-up between 150 Ma and 130 Ma in context with the early Cretaceous AFT ages 
presented in this study. (Modified from plate reconstruction models by61). (b) The evolution of Gondawana 
break-up between 110 Ma and 90 Ma in context with the middle to Late Cretaceous AFT ages presented in this 
study. (Modified from61 utilizing plate rotation files available in the Gplates Software Package version 1.5.0. 
https://www.gplates.org/).

https://www.gplates.org/


www.nature.com/scientificreports/

1 0SCiEnTifiC REpoRTS |         (2018) 8:16619  | DOI:10.1038/s41598-018-34769-x

history, compared to the south-eastern block. This record of differential exhumation supports the interpretation 
by10 that the BN shear zone acted as a control on the NE-SW orientation of the Atlantic transform fault that 
formed during Gondwana break-up (Fig. 6). Structural observations within the study area describe deformation 
phase D5 as localised E-W to NE-SW striking brittle deformation associated with dextral strike-slip shearing 
under a transcurrent regime3. Given the excellent correlation of the D5 fault trend with the significant step in 
AFT ages on the gridded AFT map (Fig. 6), this work dates the D5 brittle deformation phase to the early-middle 
Cretaceous. The D5 fault trend can be extrapolated to the St-Paul fracture zone, suggesting that strain may have 
partitioned towards the Bole-Nangodi shear zone during rifting and transform fault development (Fig. 6c).

The youngest AFT central ages measured in this study are located in the central section of the BN shear zone 
(Fig. 6) where there is a significant wedge-shaped geometry. This region is bound by faults of either D5 or ‘Late 
Fault’ relative ages. Therefore, the ‘Late Faults’ are interpreted to be related with the youngest AFT ages for this 
study (Late Cretaceous – Cenozoic). Given the similarities in AFT age data and structural setting, this work 
further relates the tectonic interpretation for the study area with those obtained for the ICG margin and the 
Gombe Fault in the Upper Benue Trough4,23,24,27. According to field studies, stratigraphic correlations and (for 
the case of the ICG margin) low temperature thermochronology, both the Gombe Fault and ICG margin were 
active and exhumed during the Late Cretaceous (towards the end of the Equatorial Atlantic rifting period) as the 
equatorial margin became passive7,9,26,27. Previous studies conducted by45 have noted similar styles of reactivation 
along pre-existing shear zones in the South Tien Shan (Central Asia). In light of these relationships, we suggest 
that the youngest region of the study area (Fig. 6), located in the central BN shear zone, is interpreted as having 
undergone minor Late Cretaceous to early Cenozoic exhumation in response to a compressional stress regime, as 
discussed above26. We, therefore, interpret the ‘Late Fault’ stage brittle faults located at the central BN shear zone 
near samples BN-127 and BN-016 to represent step-over faults or restraining bends. These structures are typically 
associated with strike-slip faults of this nature46. Further work would be required to confirm this interpretation, 
as structural field observations around brittle deformation zones within the study area are limited.

Conclusions
Apatite fission track thermochronological results from northern Ghana characterise the thermal and deformation 
history of the NE-SW striking Bole-Nangodi shear zone and the surrounding area in context with continen-
tal rifting between West Africa and Brazil. Our thermal history models suggest that the Ghanese crust cooled 
during the Late Triassic - Early Jurassic, which post-dates the emplacement of CAMP and coincides with the 
development of the Karoo Basin and LIP. The cooling signal further corresponds to the time of the development 
of the African erosion surface. Samples to the northwest of the Bole-Nangodi shear zone record early to middle 
Cretaceous cooling, contemporaneous with the initiation of rifting in the equatorial Atlantic. Our data suggest 
that the shear zone was reactivated at that time, exhuming northwestern Ghana with respect to the southeast. Late 
Cretaceous – Cenozoic cooling was revealed for samples in the vicinity of late brittle faults and coincides with the 
timing of kilometre-scale exhumation in the Ivory Coast-Ghana margin and NNW-SSE shortening in western 
Africa. Our study furthermore suggests that strain associated with the St-Paul transform fault may have propa-
gated into the continental interior to reactivate the Bole-Nangodi shear zone (Fig. 6c), demonstrating the role of 
inherited on-shore structures during Equatorial Atlantic rifting.

Methods
Apatite Fission Track thermochronology. Apatite Fission Track thermochronology is based on the 
spontaneous fission decay of 238Uranium and is used to constrain the low-temperature (~60–120 °C) thermal 
history through the apatite fission track partial annealing zone (APAZ)47. For this study, apatite grains were 
picked, mounted in epoxy resin, ground and polished to expose internal apatite sections. The apatite mounts were 
etched in 5 M HNO3 for 20.0 ± 0.5 s at 20.0° ± 0.5 °C to expose the spontaneous fission tracks and subsequently 
imaged on a Zeiss AXIO Imager M2m Autoscan System at The University of Adelaide. Fission track densities, 
Dpar and lengths were measured using the FastTracks software. Where possible, a minimum of 20 grains were 
analysed per sample. The objective was to measure at least 100 confined fission track lengths, a target that was 
not always achieved. The 238U and 35Cl concentration of each counted grain were measured using spot analyses 
on a New Wave UP213 laser connected to an Agilent-7500cs ICPMS48. U concentrations were determined by 
measuring 238U/43Ca ratios, calibrated against NIST610, NIST612 and Madagascar apatite standards (U-Pb age 
of 473.5 ± 0.7 Ma49). Age calculations were carried out following50 using a zeta approach51 with Durango as sec-
ondary age standard (40Ar/39Ar age of 31.44 ± 0.18 Ma52). A total of 102 measurements on Durango apatite were 
carried out for this study, spread over 3 different (well-characterised and homogeneous in U) crystals with mean 
U concentrations of 15.54 ± 0.08 ppm, 12.67 ± 0.07 ppm and 9.80 ± 0.10 ppm. The resulting mean AFT age of 
31.65 ± 0.7 Ma for Durango, obtained in this study, is in excellent agreement with the published age. Accuracy 
of the applied methodology against the traditional external detector method is demonstrated in53 35Cl measure-
ments were carried out following54, who were able to demonstrate that electron probe and LA-ICP-MS data are 
the same when analysing a number of different apatites with different 35Cl compositions. Durango was used as 
accuracy check, producing a mean Cl concentration of 4.4 ± 0.1 ppm, which is in good agreement with published 
values. Data reduction was performed using the Trace_Element_IS data reduction scheme in the Iolite software55. 
More details on the methodology, can be found in33,50.

Data Presentation and Modelling. AFT central ages were calculated with RadialPlotter56 and represent 
the apparent AFT cooling age of the analysed samples. This central age is not necessarily a good estimate of a 
cooling event and therefore subsequent thermal history modelling is needed to derive the tT history preserved in 
the sample. Furthermore, it is possible to (partially) preserve multiple AFT cooling ages or ‘peak ages’ in samples 
which fail Pearsons χ2 test or where single-grain ages show significant dispersion (above an arbitrary value of 
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~25%) which is regarded as a beyond natural spread57. In more detail, radial plots often show an open-jaw display 
of an older event and younger age component that can be related to distinct cooling events58. This is especially the 
case when two apatite populations have significantly different chemistries. In this regard, chlorine concentrations 
are often used as a chemical discriminator30. Elevated chlorine concentrations are known to slow fission track 
annealing but often show only little differences between apatite populations. This study uses uranium concentra-
tions in addition to chlorine concentrations as a discriminator, which is thought to have a similar effect on fission 
track annealing. In this regard34, described a model of radiation-enhanced annealing for apatites with elevated 
uranium concentrations from old cratonic rocks. More recent observations35; confirm that alpha-particle induced 
annealing of radiation damage occurs in apatite and should be considered alongside with the better understood 
thermal annealing.

Figure 6. An Apatite Fission Track Map showing the differential exhumation throughout the study region. 
(a) Gridded ‘heat map’ for the study area defined by AFT pooled ages. Hot and cold colours represent young 
and old AFT ages, respectively. Faults are indicated and coloured according to relative deformation events 
(absolute timings of D4, D5 and ‘Late Fault’ (D6 and D7) activity are not known). Modified from3. (b) Scatter 
plot showing the relationship between pooled age (Ma) (Y-axis) and position (m) relative to the BN shear zone 
(X-axis) where -ve distances represent samples SE of the BN shear zone and +ve distances represent samples 
NW of the BN shear zone. Modified after3 utilizing ArcGIS Software Package version 10.3.1 http://desktop.
arcgis.com/en/arcmap/. (c) Palaeogeographic reconstruction of the late Albian – early Cenomanian (~100 Ma), 
modified from62, illustrating our interpretation in which we suggest that the BN shear zone was reactivated in 
response to continental break up and transform fault development.

http://desktop.arcgis.com/en/arcmap/
http://desktop.arcgis.com/en/arcmap/
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Thermal history (time-temperature) modelling was performed using the software package QTQt which uses 
the Bayesian trans-dimensional Markov Chain Monte Carlo statistical method to derive the most likely thermal 
history models59. The input parameters required in our modelling approach include individual AFT ages, their 
standard deviations, confined track lengths, sample elevations and Dpar used as a proxy for apatite chemistry as 
kinetic parameter59. The final output of each modelling attempt resolves three different models (Max. Likelihood, 
Max. Posterior and Max. Mode) and generates a weighted mean model or ‘Expected’ model based on a prob-
ability function at each point in the time-temperature space. The probability function is visualised in a colour 
spectrum ranging from blue (low probability) to red (high probability) where the absolute numerical probability 
value varies per model (Supplementary Fig. S5). Further details on the QTQt modelling approach and modelling 
outputs, can be found in59. For comparison purposes, a smooth spline was fitted through the ‘maximum mode’ 
for each model output (Supplementary Fig. S5). (Supplementary Fig. S5). These splines are the best representa-
tions of the most likely tT path and are compared to each other in Fig. 3. Model parameters are summarised in 
Supplementary Table 2, following the recommendations by60.

Data Availability
All data generated or analysed during this study are included with the initial submission of the article in the form 
of Supplementary Information and are available on request.

References
 1. Thiéblemont, D. et al. A 3.5 Ga granite–gneiss basement in Guinea: further evidence for early archean accretion within the West 

African Craton. Precambrian Research 108, 179–194, https://doi.org/10.1016/S0301-9268(00)00160-1 (2001).
 2. Hirdes, W., Davis, D. W. & Eisenlohr, B. N. Reassessment of Proterozoic granitoid ages in Ghana on the basis of U/Pb zircon and 

monazite dating. Precambrian Research 56, 89–96, https://doi.org/10.1016/0301-9268(92)90085-3 (1992).
 3. Block, S. et al. Lower crust exhumation during Paleoproterozoic (Eburnean) orogeny, NW Ghana, West African Craton: Interplay 

of coeval contractional deformation and extensional gravitational collapse. Precambrian Research 274, 82–109, https://doi.
org/10.1016/j.precamres.2015.10.014 (2016).

 4. Clift, P. D., Lorenzo, J., Carter, A. & Hurford, A. Transform tectonics and thermal rejuvenation on the Cote d’Ivoire Ghana margin, 
West Africa. J. Geol. Soc. 154, 483–489 (1997).

 5. Clift, P. D. Flexural unloading and uplift along the Côte d’Ivoire‐Ghana Transform Margin, equatorial Atlantic. Journal of 
Geophysical Research: Solid Earth 104, 25257–25274, https://doi.org/10.1029/1999JB900247 (1999).

 6. Bouillin, J. P. et al. Fission track study: heating and denudation of marginal ridge of the Ivory Coast–Ghana transform margin. An 
International Journal of Marine Geology 17, 55–61, https://doi.org/10.1007/PL00007208 (1997).

 7. Guiraud, R. & Maurin, J.-C. Early Cretaceous rifts of Western and Central Africa: an overview. Tectonophysics 213, 153–168, https://
doi.org/10.1016/0040-1951(92)90256-6 (1992).

 8. Bigot‐cormier, F., Basile, C., Poupeau, G., Bouillin, J. P. & Labrin, E. Denudation of the Côte d’Ivoire‐Ghana transform continental 
margin from apatite fission tracks. Terra Nova 17, 189–195, https://doi.org/10.1111/j.1365-3121.2005.00605.x (2005).

 9. Jessell, M. W., Begg, G. C. & Miller, M. S. The geophysical signatures of the West African Craton. Precambrian Research 274, 3–24, 
https://doi.org/10.1016/j.precamres.2015.08.010 (2016).

 10. Ruepke, L. H., Schmid, D. W., Hartz, E. H. & Martinsen, B. Basin modelling of a transform margin setting structural, thermal and 
hydrocarbon evolution of the Tano Basin, Ghana. Petroleum Geoscience 16, 283–298, https://doi.org/10.1144/1354-079309-905 
(2010).

 11. Allibone, A. et al. Timing and Structural Controls on Gold Mineralization at the Bogoso Gold Mine, Ghana, WestAfrica. Society of 
Economic Geologists 97, 949–969, https://doi.org/10.2113/gsecongeo.97.5.949 (2002).

 12. Amponsah, P. O. et al. Geology and geochemistry of the shear-hosted Julie gold deposit, NW Ghana. Journal of African Earth 
Sciences 112, 505–523, https://doi.org/10.1016/j.jafrearsci.2015.06.013 (2015).

 13. Kalsbeek, F., Frei, D. & Affaton, P. Constraints on provenance, stratigraphic correlation and structural context of the Volta basin, 
Ghana, from detrital zircon geochronology: An Amazonian connection? Sedimentary Geology 212, 86–95, https://doi.org/10.1016/j.
sedgeo.2008.10.005 (2008).

 14. Buiter, S. J. H. & Torsvik, T. H. A review of Wilson Cycle plate margins: A role for mantle plumes in continental break-up along 
sutures? Gondwana Research 26, 627–653, https://doi.org/10.1016/j.gr.2014.02.007 (2014).

 15. Peyve, A. The role of mantle plumes in the evolution of the African segment of Pangea and the formation of the Atlantic Ocean. 
Geotectonics 49, 379–394, https://doi.org/10.1134/S0016852115050052 (2015).

 16. Basile, C., Mascle, J. & Guiraud, R. Phanerozoic geological evolution of the Equatorial Atlantic domain. Journal of African Earth 
Sciences 43, 275–282, https://doi.org/10.1016/j.jafrearsci.2005.07.011 (2005).

 17. Coulon, C. et al. The Mesozoic to Early Cenozoic Magmatism of the Benue Trough (Nigeria); Geochemical Evidence for the 
Involvement of the St Helena Plume. Journal of Petrology 37, 1341–1358 (1996).

 18. Deckart, K., Bertrand, H. & Liégeois, J.-P. Geochemistry and Sr, Nd, Pb isotopic composition of the Central Atlantic Magmatic 
Province (CAMP) in Guyana and Guinea. LITHOS 82, 289–314, https://doi.org/10.1016/j.lithos.2004.09.023 (2005).

 19. Verati, C., Bertrand, H. & Féraud, G. The farthest record of the Central Atlantic Magmatic Province into West Africa craton: Precise 
40Ar/39Ar dating and geochemistry of Taoudenni basin intrusives (northern Mali). Earth and Planetary Science Letters 235, 
391–407, https://doi.org/10.1016/j.epsl.2005.04.012 (2005).

 20. Baksi, A. K. & Archibald, D. A. Mesozoic igneous activity in the Maranha˜o province, northern Brazil: 40Ar/ 39Ar evidence for 
separate episodes of basaltic magmatism. Earth and Planetary Science Letters 151, 139–153, https://doi.org/10.1016/S0012-
821X(97)81844-4 (1997).

 21. Merle, R. et al. 40Ar/39Ar ages and Sr–Nd–Pb–Os geochemistry of CAMP tholeiites from Western Maranhão basin (NE Brazil). 
Lithos 122, 137–151, https://doi.org/10.1016/j.lithos.2010.12.010 (2011).

 22. Granot, R. & Dyment, J. The Cretaceous opening of the South Atlantic Ocean. Earth and Planetary Science Letters 414, 156–163, 
https://doi.org/10.1016/j.epsl.2015.01.015 (2015).

 23. Mascle, J. et al. A geological field trip to the Côte d’Ivoire-Ghana transform margin. Oceanologica Acta 21, 1–20, https://doi.
org/10.1016/S0399-1784(98)80045-5 (1998).

 24. Basile, C., Mascle, J., Popoff, M., Bouillin, J. P. & Mascle, G. The Ivory Coast-Ghana transform margin: A marginal ridge structure 
deduced from seismic data. Tectonophysics 222, 1–19, https://doi.org/10.1016/0040-1951(93)90186-N (1993).

 25. Antobreh, A. A., Faleide, J. I., Tsikalas, F. & Planke, S. Rift–shear architecture and tectonic development of the Ghana margin 
deduced from multichannel seismic reflection and potential field data. Marine and Petroleum Geology 26, 345–368, https://doi.
org/10.1016/j.marpetgeo.2008.04.005 (2009).

 26. Fairhead, J. D., Green, C. M., Masterton, S. M. & Guiraud, R. The role that plate tectonics, inferred stress changes and stratigraphic 
unconformities have on the evolution of the West and Central African Rift System and the Atlantic continental margins. 
Tectonophysics 594, 118–127, https://doi.org/10.1016/j.tecto.2013.03.021 (2013).

http://dx.doi.org/10.1016/S0301-9268(00)00160-1
http://dx.doi.org/10.1016/0301-9268(92)90085-3
http://dx.doi.org/10.1016/j.precamres.2015.10.014
http://dx.doi.org/10.1016/j.precamres.2015.10.014
http://dx.doi.org/10.1029/1999JB900247
http://dx.doi.org/10.1007/PL00007208
http://dx.doi.org/10.1016/0040-1951(92)90256-6
http://dx.doi.org/10.1016/0040-1951(92)90256-6
http://dx.doi.org/10.1111/j.1365-3121.2005.00605.x
http://dx.doi.org/10.1016/j.precamres.2015.08.010
http://dx.doi.org/10.1144/1354-079309-905
http://dx.doi.org/10.2113/gsecongeo.97.5.949
http://dx.doi.org/10.1016/j.jafrearsci.2015.06.013
http://dx.doi.org/10.1016/j.sedgeo.2008.10.005
http://dx.doi.org/10.1016/j.sedgeo.2008.10.005
http://dx.doi.org/10.1016/j.gr.2014.02.007
http://dx.doi.org/10.1134/S0016852115050052
http://dx.doi.org/10.1016/j.jafrearsci.2005.07.011
http://dx.doi.org/10.1016/j.lithos.2004.09.023
http://dx.doi.org/10.1016/j.epsl.2005.04.012
http://dx.doi.org/10.1016/S0012-821X(97)81844-4
http://dx.doi.org/10.1016/S0012-821X(97)81844-4
http://dx.doi.org/10.1016/j.lithos.2010.12.010
http://dx.doi.org/10.1016/j.epsl.2015.01.015
http://dx.doi.org/10.1016/S0399-1784(98)80045-5
http://dx.doi.org/10.1016/S0399-1784(98)80045-5
http://dx.doi.org/10.1016/0040-1951(93)90186-N
http://dx.doi.org/10.1016/j.marpetgeo.2008.04.005
http://dx.doi.org/10.1016/j.marpetgeo.2008.04.005
http://dx.doi.org/10.1016/j.tecto.2013.03.021


www.nature.com/scientificreports/

13SCiEnTifiC REpoRTS |         (2018) 8:16619  | DOI:10.1038/s41598-018-34769-x

 27. Jolly, B. A., Zaborski, P. M., Anyiam, O. A. & Nzekwe, E. I. Field study of the positive flower structures of the Gombe inlier, upper 
Benue trough, northeastern Nigeria system. Journal of the Geological Society of India 85, 183–196, https://doi.org/10.1007/s12594-
015-0205-8 (2015).

 28. Block, S. et al. Petrological and geochronological constraints on lower crust exhumation during Paleoproterozoic (Eburnean) 
orogeny, NW Ghana, West African Craton. Journal of Metamorphic Geology 33, 463–494, https://doi.org/10.1111/jmg.12129 (2015).

 29. Tapsoba, B., Lo, C.-H., Wenmenga, U., Jahn, B.-M. & Chung, S.-L. (super 40) Ar/(super 39) Ar thermochronology of 
Paleoproterozoic granitoids of northeast Burkina Faso, West African Craton implications for regional tectonics. Precambrian 
Research 235, 208–229, https://doi.org/10.1016/j.precamres.2013.06.012 (2013).

 30. O’Sullivan, P. B. & Parrish, R. R. The importance of apatite composition and single-grain ages when interpreting fission track data 
from plutonic rocks: a case study from the Coast Ranges, British Columbia. Earth and Planetary Science Letters 132, 213–224, 
https://doi.org/10.1016/0012-821X(95)00058-K (1995).

 31. Green, P. F., Duddy, I. R., Gleadow, A. J. W., Tingate, P. R. & Laslett, G. M. Thermal annealing of fission tracks in apatite. 1. A 
qualitative description. Chemical Geology 59, 237–253 (1986).

 32. Carlson William, D., Donelick Raymond, A. & Ketcham Richard, A. In American Mineralogist Vol. 84 1213 (1999).
 33. Carpena, J., Kienast, J. R., Ouzegane, K. & Jehanno, C. Evidence of the contrasted fission-track clock behavior of the apatites from In 

Ouzzal carbonatites (northwest Hoggar): the low- temperature thermal history of an Archean basement. Geological Society of 
America Bulletin 100, 1237–1243, doi:10.1130/0016-7606(1988)100<1237:EOTCFT>2.3.CO2 (1988).

 34. Glorie, S. et al. Thermal and exhumation history of Sakhalin Island (Russia) constrained by apatite U-Pb and fission track 
thermochronology. Journal of Asian Earth Sciences 143, 326–342, https://doi.org/10.1016/j.jseaes.2017.05.011 (2017).

 35. Hendriks, B. W. H. & Redfield, T. F. Apatite fission track and (U-Th)/He data from Fennoscandia: An example of underestimation 
of fission track annealing in apatite. Earth and Planetary Science Letters 236, 443–458, https://doi.org/10.1016/j.epsl.2005.05.027 
(2005).

 36. Li, W. et al. In situ TEM observation of alpha-particle induced annealing of radiation damage in Durango apatite. Scientific reports 
7, 14108, https://doi.org/10.1038/s41598-017-14379-9 (2017).

 37. Jourdan, F., Bertrand, H., Féraud, G., Le Gall, B. & Watkeys, M. K. Lithospheric mantle evolution monitored by overlapping large 
igneous provinces: Case study in southern Africa. Lithos 107, 257–268, https://doi.org/10.1016/j.lithos.2008.10.011 (2009).

 38. Burke, K. & Gunnell, Y. In The African Erosion Surface: A Continental-Scale Synthesis of Geomorphology, Tectonics, and Environmental 
Change over the Past 180 Million Years (eds Kevin Burke & Yanni Gunnell) (Geological Society of America, 2008).

 39. Juez-Larré, J. & Andriessen, P. A. M. Tectonothermal evolution of the northeastern margin of Iberia since the break-up of Pangea to 
present, revealed by low-temperature fission-track and (U–Th)/He thermochronology: A case history of the Catalan Coastal Ranges. 
Earth and Planetary Science Letters 243, 159–180, https://doi.org/10.1016/j.epsl.2005.12.026 (2006).

 40. Dias, A. N. C. et al. Geochronology and thermochronology of the gneisses of the Brasiliano/Pan-African Araguaia Belt: Records of 
exhumation of West Gondwana and Pangea break up. Journal of South American Earth Sciences 80, 174–191, https://doi.
org/10.1016/j.jsames.2017.09.027 (2017).

 41. Jelinek, A. R. et al. Denudation history and landscape evolution of the northern East-Brazilian continental margin from apatite fission-
track thermochronology. Journal of South American Earth Sciences 54, 158–181, https://doi.org/10.1016/j.jsames.2014.06.001 (2014).

 42. Heine, C. & Brune, S. Oblique rifting of the Equatorial Atlantic why there is no Saharan Atlantic Ocean. Geology (Boulder) 42, 
211–214, https://doi.org/10.1130/G35082.1 (2014).

 43. Huismans, R. S., Podladchikov, Y. Y. & Cloetingh, S. Transition from passive to active rifting: Relative importance of asthenospheric 
doming and passive extension of the lithosphere. Journal of Geophysical Research: Solid Earth (1978–2012) 106, 11271–11291, 
https://doi.org/10.1029/2000JB900424 (2001).

 44. Guiraud, R., Binks, R. M., Fairhead, J. D. & Wilson, M. In Geodynamics of Rifting 227–234 (Elsevier, 1992).
 45. Bezerra, F. H. R. et al. Neotectonic reactivation of shear zones and implications for faulting style and geometry in the continental 

margin of NE Brazil. Tectonophysics 614, 78–90, https://doi.org/10.1016/j.tecto.2013.12.021 (2014).
 46. Glorie, S. et al. Tectonic history of the Kyrgyz South Tien Shan (Atbashi‐Inylchek) suture zone: The role of inherited structures 

during deformation‐propagation. Tectonics 30, n/a–n/a, https://doi.org/10.1029/2011TC002949 (2011).
 47. Woodcock, N. H. & Rickards, B. Transpressive duplex and flower structure: Dent Fault System, NW England. Journal of Structural 

Geology 25, 1981–1992, https://doi.org/10.1016/S0191-8141(03)00057-9 (2003).
 48. Gleadow, A., Duddy, I., Green, P. & Lovering, J. Confined fission track lengths in apatite: a diagnostic tool for thermal history 

analysis. Contributions to Mineralogy and Petrology 94, 405–415, https://doi.org/10.1007/BF00376334 (1986).
 49. Hasebe, N., Barbarand, J., Jarvis, K., Carter, A. & Hurford, A. J. Apatite fission-track chronometry using laser ablation ICP-MS. 

Chemical Geology 207, 135–145, https://doi.org/10.1016/j.chemgeo.2004.01.007 (2004).
 50. Chew, D. M., Petrus, J. A. & Kamber, B. S. U–Pb LA–ICPMS dating using accessory mineral standards with variable common Pb. 

Chemical Geology 363, 185–199 (2014).
 51. De Grave, J. et al. Late Palaeozoic and Meso-Cenozoic tectonic evolution of the southern Kyrgyz Tien Shan: Constraints from multi-

method thermochronology in the Trans-Alai, Turkestan-Alai segment and the southeastern Ferghana Basin. Journal of Asian Earth 
Sciences 44, 149–168 (2012).

 52. Vermeesch, P. et al. High throughput petrochronology and sedimentary provenance analysis by automated phase mapping and 
LAICPMS. Geochemistry, Geophysics, Geosystems 18, 4096–4109, https://doi.org/10.1002/2017GC007109 (2017).

 53. McDowell, F., McIntosh, W. & Farley, K. A precise Ar-40-Ar-39 reference age for the Durango apatite (U-Th)/He and fission-track 
dating standard. Chem. Geol. 214, 249–263, https://doi.org/10.1016/j.chemgeo.2004.10.002 (2005).

 54. Nachtergaele, S. et al. Meso-Cenozoic tectonic evolution of the Talas-Fergana region of the Kyrgyz Tien Shan revealed by low-
temperature basement and detrital thermochronology. Geoscience Frontiers 9, 1495–1514 (2018).

 55. Chew, D. M. & Donelick, R. A. Vol. 14 (Katlenburg-Lindau, Germany: Copernicus GmbH on behalf of the European Geosciences 
Union (EGU), Katlenburg-Lindau, 2012).

 56. Paton, C., Hellstrom, J., Paul, B., Woodhead, J. & Hergt, J. Iolite: Freeware for the visualisation and processing of mass spectrometric 
data. Journal of Analytical Atomic Spectrometry 26, 2508–2518, https://doi.org/10.1039/C1JA10172B (2011).

 57. Vermeesch, P. RadialPlotter: A Java application for fission track, luminescence and other radial plots. Radiation Measurements 44, 
409–410, https://doi.org/10.1016/j.radmeas.2009.05.003 (2009).

 58. Galbraith, R. Statistics for fission track analysis. (Chapman & Hall/CRC, 2005).
 59. Gallagher, K. Transdimensional inverse thermal history modeling for quantitative thermochronology. Journal of Geophysical 

Research: Solid Earth 117, n/a–n/a, https://doi.org/10.1029/2011JB008825 (2012).
 60. Flowers, R. M., Farley, K. A. & Ketcham, R. A. A reporting protocol for thermochronologic modeling illustrated with data from the 

Grand Canyon. Earth and Planetary Science Letters 432, 425–435, https://doi.org/10.1016/j.epsl.2015.09.053 (2015).
 61. Seton, M. et al. Global continental and ocean basin reconstructions since 200 Ma. Earth-Science Reviews 113, 212–270, https://doi.

org/10.1016/j.earscirev.2012.03.002 (2012).
 62. Mascle, J., Blarez, E. & Marinho, M. The shallow structures of the Guinea and Ivory Coast-Ghana transform margins: Their bearing 

on the Equatorial Atlantic Mesozoic evolution. Tectonophysics 155, 193–209, https://doi.org/10.1016/0040-1951(88)90266-1 (1988).
 63. Galbraith, R. F. The radial plot: Graphical assessment of spread in ages. International Journal of Radiation Applications & 

Instrumentation. Part D, Nuclear Tracks & Radiation Measurements 17, 207–214, https://doi.org/10.1016/1359-0189(90)90036-W 
(1990).

http://dx.doi.org/10.1007/s12594-015-0205-8
http://dx.doi.org/10.1007/s12594-015-0205-8
http://dx.doi.org/10.1111/jmg.12129
http://dx.doi.org/10.1016/j.precamres.2013.06.012
http://dx.doi.org/10.1016/0012-821X(95)00058-K
http://dx.doi.org/10.1016/j.jseaes.2017.05.011
http://dx.doi.org/10.1016/j.epsl.2005.05.027
http://dx.doi.org/10.1038/s41598-017-14379-9
http://dx.doi.org/10.1016/j.lithos.2008.10.011
http://dx.doi.org/10.1016/j.epsl.2005.12.026
http://dx.doi.org/10.1016/j.jsames.2017.09.027
http://dx.doi.org/10.1016/j.jsames.2017.09.027
http://dx.doi.org/10.1016/j.jsames.2014.06.001
http://dx.doi.org/10.1130/G35082.1
http://dx.doi.org/10.1029/2000JB900424
http://dx.doi.org/10.1016/j.tecto.2013.12.021
http://dx.doi.org/10.1029/2011TC002949
http://dx.doi.org/10.1016/S0191-8141(03)00057-9
http://dx.doi.org/10.1007/BF00376334
http://dx.doi.org/10.1016/j.chemgeo.2004.01.007
http://dx.doi.org/10.1002/2017GC007109
http://dx.doi.org/10.1016/j.chemgeo.2004.10.002
http://dx.doi.org/10.1039/C1JA10172B
http://dx.doi.org/10.1016/j.radmeas.2009.05.003
http://dx.doi.org/10.1029/2011JB008825
http://dx.doi.org/10.1016/j.epsl.2015.09.053
http://dx.doi.org/10.1016/j.earscirev.2012.03.002
http://dx.doi.org/10.1016/j.earscirev.2012.03.002
http://dx.doi.org/10.1016/0040-1951(88)90266-1
http://dx.doi.org/10.1016/1359-0189(90)90036-W


www.nature.com/scientificreports/

1 4SCiEnTifiC REpoRTS |         (2018) 8:16619  | DOI:10.1038/s41598-018-34769-x

Acknowledgements
We would like to thank Sylvian Block for the generous provisions of the mineral separates used in this study. 
This study was funded by The University of Adelaide Honours support and forms TRaX Record #401. The results 
obtained in this paper are an output of Australian Research Council DP150101730. This study is a contribution 
to IGCP 628 (Gondwana Map). We would like to acknowledge AMIRA International and the industry sponsors, 
including AusAid and the ARC Linkage Project LP110100667, for their support of the WAXI Stage 2 project 
(P934A) that funded the sample collection, as well as the Geological Surveys/Departments of Mines in West 
Africa as sponsors in kind of WAXI. Anonymous reviewers are thanked for their constructive comments and 
suggestions.

Author Contributions
S.G. and M.J. conceived the experiment. M.J. provided the samples. N.F. conducted the experiment. N.F. S.G. and 
M.J. analysed the results. S.G. and A.C. acted as academic supervisors to N.F., provided equipment and funding. 
All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-34769-x.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-34769-x
http://creativecommons.org/licenses/by/4.0/

	Thermochronological insights into reactivation of a continental shear zone in response to Equatorial Atlantic rifting (nort ...
	Geological Setting
	Results
	Sample Locations. 
	Group 1: southeast of the BN shear zone. 
	Group 2: within the BN shear zone. 
	Group 3: northwest of the BN shear zone. 
	Sample BN-132. 

	Interpretations
	Apatite Fission Track Thermal History Modelling. 
	The role of uranium on the recorded AFT data. 

	Discussion
	Late Triassic to Early Jurassic cooling. 
	Early to middle Cretaceous cooling. 
	Late Cretaceous – Cenozoic Cooling. 
	Differential exhumation with respect to the Bole-Nangodi Shear Zone. 

	Conclusions
	Methods
	Apatite Fission Track thermochronology. 
	Data Presentation and Modelling. 

	Acknowledgements
	Figure 1 (a) Globe image with indication of the study area in Ghana (box framed) and showing the approximate locations of CAMP, the Benue Trough17, Ghana, the Bole-Nangodi shear zones and the Romanche and St Paul’s Transform Zones12,19.
	Figure 2 AFT results plotted as radial plots.
	Figure 3 Thermal History models (tT) of all individually (11) modelled samples (Supplementary Fig.
	Figure 4 (a) Left: Frequency plots showing the confined track length (µm) distribution for Peak 1 and Peak 2 AFT age populations.
	Figure 5 Time sequence map showing the evolution of Gondwana break-up in the Atlantic ocean.
	Figure 6 An Apatite Fission Track Map showing the differential exhumation throughout the study region.
	Table 1 Sample locations and lithology details.
	Table 2 AFT dating results organised according to groupings.




