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The Santos Basin, located in the southeastern waters of Brazil, is a passive continental margin

basin with the most abundant deepwater petroleum resources in the world discovered to date.
However, few studies have been conducted on the present geothermal fields of the Santos Basin,
which severely restricts the oil and gas resource evaluation of the basin. This study first utilizes 35
temperature data from 16 post-salt drilling wells and 370 temperature data from 31 pre-salt drilling
wells to calculate the post-salt and pre-salt geothermal gradients and terrestrial heat flows in the
Santos Basin. Then, the basin simulation software BasinMod 1D is used to quantitatively evaluate
the impacts of salt rock sedimentation on the present geothermal fields and the maturity of pre-salt
hydrocarbon source rocks. The results demonstrate that the present post-salt geothermal gradient
in the Santos Basin is 2.20-3.97 °C/100 m, with an average value of 2.99 °C /100 m, and the post-salt
terrestrial heat flow is 54.00-97.32 mW/m?, with an average value of 73.36 mW/m?, while the present
pre-salt geothermal gradient is 2.21-2.95 °C/100 m, with an average value of 2.53 °C/100 m, and the
pre-salt terrestrial heat flow is 61.85-82.59 mW/m?, with an average value of 70.69 mW/m?2. These
values are characteristic of a low-temperature geothermal field in a zone with a stable structure.
The sedimentation of the salt rock causes a decrease in the temperature of the pre-salt strata,
which inhibits pre-salt hydrocarbon source rock maturity, with an inhibition rate of up to 1.32%.
The inhibition degree decreases with increasing salt rock thickness. At the same time, the salt rock
thickness is positively correlated with the present surface heat flow. The unique distribution of the
salt rock and related salt structures lead to present terrestrial heat flow differences among different
structural units in the basin. This study is of great significance for evaluating and exploring the pre-salt
oil and gas resources in the Santos Basin.

The geothermal fields play an important role in the generation of oil and gas in basin evolutions'~. Studying the
geothermal fields in basins has important guiding significance for oil and gas exploration and provides a scientific
basis and constraints for exploring basic issues regarding basins, such as genetic dynamics and thermal history
construction. The present geothermal fields are the final stage in the evolution of the paleo geothermal fields,
which can provide basic geothermal data for the thermal history construction and genetic dynamics of basins,
as well as a basis for evaluating oil and gas resources. The present geothermal fields in basins are studied mainly
via geothermal methods and techniques. Exploring the present geothermal state of a basin and the lithosphere
scale involves studying temperature variations with depth and the spatial distribution characteristics of the
geothermal gradient and terrestrial heat flow.

The Santos Basin in Brazil is a passive continental margin basin with the most abundant deepwater petroleum
resources in the world discovered to date*. Most oil and gas resources have been discovered concentrated beneath
thick layers of salt rocks in the Sao Paulo plateau of the deepwater area®. Since the discovery of the Lula Oilfield
in 2006, Petrobras has increased investment in exploring and developing pre-salt resources in the deepwater
area of the Santos Basin. By the end of 2021, a total of 38 oil and gas fields in pre-salt layers had been discovered,
including seven giant fields with geological reserves of more than 10 x 108 tons. The cumulative proven oil and
gas reserves are approximately 60 x 10 tons of oil equivalent, accounting for 97% of the total proven reserves in
the basin, demonstrating the abundant oil and gas resources and immense exploration potential of the pre-salt
layers in the basin®.

Geothermal measurements have been performed for more than 1360 areas in the southeastern waters of Brazil
and the geothermal gradients and terrestrial heat flow values of different sedimentary basins were obtained’=".
Hamaza et al. (2017) calculated the geothermal gradients and terrestrial heat flow values of the sedimentary

PetroChina Hangzhou Research Institute of Geology, Hangzhou 310023, China. 2State Key Laboratory of Oil and
Gas Reservoir Geology and Exploitation, Chengdu University of Technology, Chengdu 610059, China. “email:
wanghp_hz@petrochina.com.cn; zuoyinhui@tom.com

Scientific Reports|  (2023) 13:12369 | https://doi.org/10.1038/s41598-023-39702-5 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-39702-5&domain=pdf

www.nature.com/scientificreports/

basins along the Brazilian continental margin using corrected bottom hole temperature data and thermophysical
parameters of rocks. The average geothermal gradient of the Santos Basin is 2.48 °C/100 m, and the average
terrestrial heat flow is 70 mW/m? !°. However, previous studies on the present geothermal field in the Santos Basin
did not distinguish between the post-salt strata, salt rock layers, and pre-salt strata. Additionally, the thermal
effect of salt rocks on the present geothermal fields was not considered resulting in an insufficient understanding
of the thermal state of the study area.

Strong tectonic movements, volcanic activity, strata sedimentation, and stratigraphic structures can cause
sustained changes in subsurface temperatures, thereby affecting the present geothermal fields. The salt rocks
have special thermophysical properties including high thermal conductivity and a low heat production rate.
The thermal conductivity of salt rocks can reach 6 W/(m-K), which is 2-3 times that of ordinary sedimentary
rocks, and the heat production rate can be as low as 0.01-0.23 pW/m?, only 1/20 to 1/30 of that of ordinary
sedimentary rocks''. The heat from the pre-salt strata can be conducted through the salt rock to the post-salt
strata, resulting in a hot blanket effect and causing higher temperature on the post-salt strata or the flanks of salt
domes. The Santos Basin is characterized by a thick layer of salt rocks, with the maximum thickness exceeding
2,000 m in the eastern uplift areas and reaching up to 2,500 m in some local areas'2. This study is based on
temperature data from 16 post-salt drilling wells and 31 pre-salt drilling wells in the Santos Basin. Combined
with logging data, the post-salt and pre-salt geothermal gradients and terrestrial heat flow in the Santos Basin
are calculated separately to identify the characteristics of the present geothermal field in the Santos Basin, which
can provide important parameters for evaluating pre-salt oil and gas resources in the Santos Basin, and provide
basic geothermal parameters for the evaluation of post-salt and pre-salt geothermal resources.

Geological settings

The Santos Basin is located in the southeastern waters of Brazil (23°00°-28° 30’ S, 39° 30’-48° 30’ W), bordered
in the northeast by the Campos Basin at the Cabo Frio Arch and in the southwest by the Pelotas Basin at the
Florianopolis Arch. It has an area of approximately 327,000 km? and a water depth of 0 to 3,200 m"*-'%. The
pre-salt oil and gas are distributed mainly in the Central Depression Zone and the Eastern Uplift Zone (Fig. 1).
The Santos Basin, together with the Campos Basin and the Espirito Santo Campos Basin in the north forms the
Great Campos Basin. These three basins are typical passive continental margin basins with similar structural
evolution and sedimentation filling histories and have excellent petroleum geological conditions and many
discovered oil and gas reserves'.
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Figure 1. Tectonic divisions and distribution of oil and gas fields in the Santos Basin. Figures were produced by
Corel DRAW Graphics Suite X8 (https://www.corel.com/en/) and 91weitu v19.3.4 (https://www.91weitu.com).
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The Santos Basin formed during the breakup of the Gondwana continent and the opening of the South
Atlantic®. As the South Atlantic rifted from north to south, the Santos basin experienced four stages of tectonic
evolution including a pre-rift stage, a rift stage, a transitional stage, and a passive continental margin stage.
Before the Late Jurassic, at the pre-rift intracratonic stage, there was intense volcanic activity, mainly consisting
of alluvial fan systems in a dry climate. During the Early Cretaceous, in the Berriasian-early Aptian rift stage,
the ancient continent split from south to north, forming a series of grabens and horsts in the basin under
extensional forces. The late Aptian in the Early Cretaceous was a sagging stage in which the basin entered a
thermal subsidence period characterized by a dry and limited sedimentary environment. During the Albian
period of the Cenozoic, as the plates continued to split, seawater flooded in, and the Santos basin entered a
drifting stage, gradually evolving from a shallow-water carbonate rock platform sedimentary environment to an
ocean environment with an open passive continental margin®“*%. The Santos Basin was formed on top of a pre-
Cambrian crystalline basement and developed from bottom to top with the following components: volcanic rocks
of the Early Cretaceous Camboriu Formation, lacustrine sandstones and shales of the Early Cretaceous Guaratiba
Formation, salt rocks of the Ariri Formation, marine sandstones of the Florianopolis Formation, carbonate rocks
of the Guaruja Formation, calcilutite of the Itanhaem Formation, mudstones and turbidite sandstones of the
Itajai-Acu, Santos, and Jureia Formations, as well as turbidite sandstones, mudstones, and carbonate rocks of the
Marambaia, Iguape, and Sepetiba Formations (Fig. 2)%.
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Figure 2. Stratigraphic column of the Santos Basin.
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Methods and parameters

Geothermal gradient calculation method. The thermal conductivity of salt rock is considerably
greater than that of ordinary sedimentary rock (approximately 2-3 times), and salt rock sedimentation can
cause changes in the post-salt and pre-salt geothermal gradients*. Therefore, Egs. 1 and 2 are used to calculate
the geothermal gradients of the post-salt and pre-salt strata, respectively.

Gpost = (TI_TO)/ZI (1)

where G, is the geothermal gradient of the post-salt strata, °C/100 m; T is the temperature of the post-salt
strata, °C; T, is the temperature of the bottom of the sea, 2 °C; and Z, is the depth of the strata, m.

Gpre = (T3—T2)/(Z3—22) (2)
where G

ore 18 the geothermal gradient of the pre-salt strata, °C/100 m; T5 is the temperature of the pre-salt strata,
°C; T, is the temperature on top of the pre-salt strata, °C; Z; is the depth of the pre-salt strata, m; and Z, is the
top depth of the pre-salt strata, m.

Terrestrial heat flow calculation method. Terrestrial heat flow is a comprehensive parameter that can
reflect the characteristics of a geothermal field in a region more accurately than other geothermal parameters,
such as temperature and geothermal gradient. It can be calculated using the following equation:

q=-KxG (3)

where q represents the terrestrial heat flow, mW/m? K represents the rock thermal conductivity, W/(m-K); G
represents the geothermal gradient, °C/km; and the negative sign indicates that the direction of terrestrial heat
flow is opposite to that of the geothermal gradient.

Basic parameters. The temperature data includes 35 bottom hole temperature data from 16 post-salt wells
and 370 bottom hole temperature data from 31 pre-salt wells. The post-salt temperature data are concentrated
in the STS-S and STS-T blocks, whereas the pre-salt temperature data are distributed mainly in the STS-C, STS-
D, and STS-A blocks, with a small amount of data in the STS-F and STS-B blocks. Taking the STS-374 well in
the STS-A block as an example, the pre-salt and post-salt temperature data exhibit a good linear relationship
with the depth, which suggests that the geothermal field of the Santos Basin has the characteristic of thermal
conduction (Fig. 3). Due to the lack of rock thermal conductivity data for the Santos Basin, thermal conductivity
data from the nearby Campos Basin are used’.

Results

The present geothermal gradient of the post-salt in the Santos Basin is 2.20-3.97 °C/100 m, with an average
value 0f 2.99 °C/100 m, and the terrestrial heat flow is 54.00-97.32 mW/m?, with an average value of 73.36 mW/
m? The present geothermal gradient of the pre-salt ranges from 2.21 to 2.95 °C/100 m, with an average value
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Figure 3. (a) Linear relationship between pre-salt temperature and depth; (b) Linear relationship between post-
salt temperature data and depth.
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of 2.53 °C/100 m. The terrestrial heat flow ranges from 61.85 to 82.59 mW/m?, with an average value of 70.69
mW/m?. In the STS-D block, the present geothermal gradient ranges from 2.44 to 2.64 °C/100 m, with an aver-
age value of 2.55 °C/100 m, and the terrestrial heat flow ranges from 68.42 to 73.86 mW/m?, with an average
value of 71.23 mW/m?. In the STS-A block, the present geothermal gradient ranges from 2.32 to 2.67 °C/100 m,
with an average value of 2.48 °C/100 m, and the terrestrial heat flow ranges from 64.93 to 74.81 mW/m?, with
an average value of 69.53 mW/m?. In the STS-F block, the present geothermal gradient has an average value of
2.38 °C/100 m, and the terrestrial heat flow has an average value of 66.6 mW/m?. In the STS-C block, the present
geothermal gradient ranges from 2.25 to 2.95 °C/100 m, with an average value of 2.55 °C/100 m, and the ter-
restrial heat flow ranges from 62.97 to 82.59 mW/m?, with an average value of 71.25 mW/m? In the northern
area of the STS-C block, the present geothermal gradient ranges from 2.43 to 2.65 °C/100 m, with an average
value of 2.54 °C/100 m, and the terrestrial heat flow ranges from 68.05 to 74.25 mW/m?, with an average value
of 71.15 mW/m? In the STS-B block, the present geothermal gradient has an average value of 2.75 °C/100 m,
and the terrestrial heat flow has an average value of 76.94 mW/m?. In the STS-R block, the present geothermal
gradient has an average value of 2.43 °C/100 m, and the terrestrial heat flow has an average value of 68.00 mW/
m? (Table 1). Overall, the Santos Basin has a low-temperature geothermal field, as in a tectonically stable area,
and the geothermal gradient of the post-salt strata is slightly higher than that of the pre-salt strata. The thermal
conductivity of the rock above the salt layer is lower than that of the rock below the salt layer, and the thermal
conductivity of the salt rock is higher, the heat inside the earth is rapidly transmitted to the rock above the salt
layer through the salt layer, resulting in the geothermal gradient above the salt layer higher than the geothermal
gradient below the salt layer.

Discussion

Impact of salt rocks on the present geothermal fields. By calculating the post-salt and pre-salt
geothermal gradients and terrestrial heat flows in the Santos Basin, this study reveals that the Santos Basin
has the characteristic of a low-temperature geothermal field, as in a tectonically stable zone. The post-salt
geothermal gradient (2.99 °C/100 m) is higher than the pre-salt geothermal gradient (2.53 °C/100 m), while the
post-salt terrestrial heat flow value (73.4 mW/m?) is equivalent to the pre-salt value (70.7 mW/m?). The Santos
Basin generally contains thick salt rocks, and the formation of oil and gas reservoirs is closely related to these
salt layers. The strong contrast in thermophysical properties between the salt rocks and surrounding strata will
inevitably cause changes in the thermal regime of the basin. Under the condition of steady-state heat conduction,
the influence of salt rock sedimentation on the post-salt and pre-salt formation temperatures and geothermal
gradients is simulated. The results demonstrate that the temperature of the overlying layer of the salt body in the
salt rock sedimentation area increases by 17-25 °C and that a strong local geothermal gradient forms®. At the

Block Well G (°C/100m) | q(mW/m?) | Horizon | Block Well G (°C/100 m) | q (mW/m?) | Horizon
STS-S STS-131 | 2.92 71.61 post-salt | STS-A | STS-56 | 2.32 64.93 Pre-salt
STS-S STS-155 | 3.97 97.32 post-salt | STS-Q | STS-664 |2.21 61.85 Pre-salt
STS-T STS-98 2.99 73.33 post-salt | STS-B | STS-543 | 2.75 76.94 Pre-salt
STS-T STS-99 | 2.90 71.07 post-salt | STS-W | STS-406 | 2.65 74.25 Pre-salt
STS-T STS-101 | 2.67 65.47 post-salt | STS-X | STS-403 | 2.43 68.05 Pre-salt
STS-T STS-158 |3.76 92.21 post-salt | STS-V | STS-405 | 2.54 71.17 Pre-salt
STS-T STS-102 | 2.40 58.86 post-salt | STS-C | STS-428 |2.34 65.48 Pre-salt
STS-T STS-104 | 2.84 69.60 post-salt | STS-C | STS-440 |2.42 67.72 Pre-salt
STS-T STS-139 | 2.95 72.35 post-salt | STS-C | STS-442 | 2.36 66.06 Pre-salt
STS-T STS-140 | 2.59 63.54 post-salt | STS-C | STS-79 2.25 62.97 Pre-salt
STS-T STS-141 | 2.49 61.05 post-salt | STS-C | STS-92 | 2.67 74.72 Pre-salt
STS-U STS-109 |2.90 70.94 post-salt | STS-C | STS-88 2.90 81.04 Pre-salt
STS-V | STS-110 |3.52 86.16 post-salt | STS-C | STS-67 | 2.63 73.72 pre-salt
/ STS-143 |3.33 81.51 post-salt | STS-C | STS-89 |2.75 76.86 Pre-salt
/ STS-160 | 3.45 84.63 post-salt | STS-C | STS-81 2.95 82.59 Pre-salt
/ STS-181 |2.20 54.00 post-salt | STS-C | STS-666 |2.77 77.52 Pre-salt
STS-D | STS-227 |2.64 73.86 pre-salt | STS-C | STS-68 | 2.62 73.32 Pre-salt
STS-D | STS-271 |2.53 70.94 pre-salt | STS-C | STS-94 |2.32 64.94 Pre-salt
STS-D STS-286 |2.57 71.84 pre-salt STS-C | STS-667 |2.31 64.65 Pre-salt
STS-D | STS-307 |2.56 71.54 pre-salt STS-C | STS-93 2.58 72.20 Pre-salt
STS-D STS-220 |2.44 68.42 pre-salt STS-C | STS-80 2.32 64.90 Pre-salt
STS-D STS-277 | 2.53 70.81 pre-salt STS-F STS-283 |2.38 66.60 Pre-salt
STS-A STS-374 | 2.67 74.81 pre-salt STS-R | STS-665 |2.43 68.00 Pre-salt
STS-A STS-136 | 2.46 68.84 pre-salt

Table 1. Computation of geothermal gradient and terrestrial heat flow in the Santos Basin.
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same time, the sedimentation of salt rocks can also suppress the thermal evolution of the pre-salt hydrocarbon
source rocks!'>?-2,

This study considers the five individual wells in the Santos Basin as examples. While ensuring that the basic
geological parameters (including the stratified data, rock thermal conductivity, and heat production rate) remain
unchanged, the impact of salt rock sedimentation on the present geothermal field is analyzed by reducing the
salt thickness by 10%. In addition, the measured vitrinite reflectance is used to correct the thermal history
(Table 2). The results demonstrate that as the thickness of the salt rock gradually decreases, the surface heat flow
dwindles (Fig. 4).

Tectonic settings of the terrestrial heat flow. The Santos Basin is currently in a passive continental
margin stage, with low tectonic activity'®. It is undergoing a relatively stable thermal subsidence®***. Since the
pre-rift stage, the basin has undergone multiple instances of volcanic activity. The most recent volcanic activity
occurred approximately 70-90 million years ago. However, the thermal disturbance and relaxation time on the
scale of the lithosphere is approximately 62 million years®. Since the passive continental margin stage began,
the Santos Basin has not been affected by large-scale magmatic activity. Therefore, the thermal anomaly caused
by magmatic activity in the Santos Basin has no influence on the present geothermal field. Due to the strong
fluidity and easy deformability, the salt rocks of the Ariri Formation form various salt structures during the basin
sedimentation process under the influence of sediment progradation, overlying strata stretching, gravity sliding,
gravitational expansion, and possible underlying rift valley structures?. The unique distribution of salt rocks
and the related salt structures lead to the terrestrial heat flow at the present day are different among different
structural units within the basin.

Influence of salt rocks on the maturity of pre-salt source rocks. To characterize the influence of
the salt rock with high thermal conductivity on the maturity of the pre-salt strata, this study reduces the salt

STS-655 STS-66 STS-79 STS-664 STS-283 STS-64
Thickness Thickness Thickness

Thickness(m) | g (mW/m?) | Thickness(m) | g (mW/m?) | Thickness(m) | g (mW/m?) | (m) q (mW/m?) | (m) q (mW/m?) | (m) q (mW/m?)
2080 69 1813 69 2211 72 1832 66 316 49 1730 70

1872 60 1631 66 1990 68 1649 59 284 47 1557 67

1664 55 1450 65 1769 65 1466 55 253 45 1384 65

1456 41 1269 59 1548 58 1282 47 221 44 1211 62

1248 33 1088 57 1327 53 1099 35 190 43 1038 60

1040 - 906 45 1106 39 916 20 158 42 865 53

832 - 725 34 884 24 733 - 126 41 692 45

Table 2. Influence of salt rock thickness on surface heat flow.
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Figure 4. Influence of salt rock thickness on surface heat flow.
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rock thickness by 10% while setting the basic geological parameters of six individual wells (such as the stratified
data, rock thermal conductivity, and rock heat production rate) and the thermal history as a constant (Table 3).
Then the relationship between salt rock thickness and maturity is studied using the basin simulation software
BasinMod 1D. The results demonstrate that after salt rock sedimentation, the temperature of the pre-salt strata is
reduced due to the influence of salt rock sedimentation, thereby inhibiting its maturity by up to 1.32%. However,
as the salt rock thickness increases, the inhibitory effects of the salt rock on the temperature and maturity of the
pre-salt strata gradually weaken (Fig. 5).

Conclusions

(1) The post-salt geothermal gradient in the Santos Basin is 2.20 ~3.97 °C/100 m, with an average value of
2.99 °C/100 m, and the terrestrial heat flow is 54.0 ~97.3 mW/m?, with an average value of 73.4 mW/m?. The
pre-salt geothermal gradient ranges from 2.21 to 2.95 °C/100 m, with an average value of 2.53 °C/100 m, and the
terrestrial heat flow ranges from 61.9 to 82.6 mW/ m?, with an average value of 70.7 mW/m?2. Overall, the Santos
Basin has a low-temperature geothermal field, as in a tectonically stable zone.

(2) The sedimentation of the salt rock in the Santos Basin has caused a decrease in the temperature of the pre-
salt strata, which inhibits the maturity of the pre-salt hydrocarbon source rocks by up to 1.32%. This inhibitory
effect decreases with increasing salt rock thickness. In addition, the salt rock thickness is positively correlated
with the present surface heat flow. The unique distribution of salt rocks and related salt structures result in present
terrestrial heat flow differences among different structural units in the Santos Basin.

Proportion of STS-664 STS-283 STS-655 STS-66 STS-64 STS-79

salt rock (%) Thickness (m) | R, (%) | Thickness (m) | R, (%) | Thickness (m) | R, (%) | Thickness (m) | R, (%) | Thickness (m) | R, (%) | Thickness (m) | R, (%)
100 1832 0.46 316 0.53 2080 0.53 1813 0.55 1730 0.52 2211 0.64
90 1649 0.50 284 0.54 1872 0.60 1631 0.59 1557 0.55 1990 0.69
80 1466 0.52 253 0.55 1664 0.65 1450 0.62 1384 0.57 1769 0.73
70 1282 0.58 221 0.55 1456 0.71 1269 0.66 1211 0.61 1548 0.79
60 1099 0.61 190 0.56 1248 0.78 1088 0.68 1038 0.65 1327 0.85
50 916 0.66 158 0.56 1040 0.90 906 0.72 865 0.69 1106 0.92
40 733 0.71 126 0.57 832 1.01 725 0.75 692 0.74 884 1.05
30 549 0.76 95 0.58 624 1.20 544 0.84 519 0.79 663 1.15
20 366 0.82 63 0.59 416 1.38 363 0.90 346 0.83 442 1.32
10 183 0.92 32 0.60 208 1.60 181 1.01 173 0.95 221 1.46
0 0 1.18 0 0.61 0 1.85 0 1.23 0 1.15 0 1.83

Table 3. Influence of salt rock thickness on top maturity of the Itapema Formation.
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Figure 5. Influence of salt rock thickness on top maturity of the Itapema Formation.

Scientific Reports |

(2023) 13:12369 | https://doi.org/10.1038/s41598-023-39702-5 nature portfolio



www.nature.com/scientificreports/

Data availability
Data are contained in the tables of the article.

Received: 15 May 2023; Accepted: 29 July 2023
Published online: 31 July 2023

References

1.

Huang, S. Y. et al. Present-day geotemperature field of superdeep layers in the Central Uplift, Tarimbasin. Acta Geol. Sin. 96(11),
3955-3966 (2022).

2. Zuo, Y. H. et al. Lower Cretaceous source rock evaluation and thermal maturity evolution of the Chagan depression, Inner
Mongolia, Northern China. Energy Explor. Exploit. 35(4), 482-503 (2017).
3. Zuo, Y. H. et al. Terrestrial heat flow and lithospheric thermal structure in the Chagan Depression of the Yingen-Ejinaqi Basin,
north central China. Basin Res. 32(6), 1328-1346 (2020).
4. Wang, H. P. et al. Key conditions and exploration direction of oil-gas fields of Santos Basin in Brazil. Miner. Explor. 11(2), 369-377
(2020).
5. Fan, G. Z. et al. Distribution and accumulation characteristics of pre-salt oil-gas fields in Santos Basin, Brazil. Mar. Origin Petrol.
Geol. 4, 337-347 (2022).
6. He, W. Y. et al. Theoretical and technical progress in exploration practice of the deep-water large oil fields, Santos Basin, Brazil.
Petrol. Explor. Dev. 50(2), 227-237 (2023).
7. Biwar, W. & Moura Neto, J. S. Geographic Atlas of coastal and oceanic zones of Brazil (in Portuguese). Joint publication of IBGE
and Brazilian Navy (2011).
8. Cardoso, R. A. Evolugio Termo Tectdnica da Plataforma Continental do Estado do Rio de Janeiro. Unpublished Mater of Science.
Thesis, Observatorio Nacional, Rio de Janeiro, Brazil (2007).
9. Cardoso, R. A. & Hamza, V. M. Heat fow in the campos sedimentary basin and thermal history of the continental margin of
Southeast Brazil. Int. Schol Res. Not. 5,23 (2014).
10. Hamza, V. M., Vieira, E. P. & Silva, R. T. Anomalous heat fow belt along the continental margin of Brazil. Int. J. Earth Sci. 107,
19-33 (2017).
11. Liu, S. W. et al. Geothermal effects of salt structures on marine sedimentary basins and implications for hydrocarbon thermal
evolution. Chin. Sci. Bull. 62(15), 1631-1644 (2017).
12. Sun, X. D. et al. Estimation of heat generation in the Santos basin with natural gamma logging data. Mar. Sci. 45(9), 1-11 (2021).
13. Kumar, N. ef al. From oceanic crust to exhumed mantle: A 40 year (1970-2010) perspective on the nature of crust under the Santos
Basin, SE Brazil. Geol. Soc. Lond. Spec. Publ. 369, 56 (2013).
14. Rodriguez Rondon, C. R. Tectonostratigraphic evolution of a salt giant during passive margin development: Santos Basin, offshore
Brazil (Imperial College London, 2017).
15. Staring, M. & Wapenaar, K. Three-dimensional Marchenko internal multiple attenuation on narrow azimuth streamer data of the
Santos Basin, Brazil. Geophys. Prospect. 68(6), 18641877 (2020).
16. Constantino, R. R., Molina, E. C. & Souza, I. A. Study of salt structures from gravity and seismic data in Santos Basin, Brazil.
Geofisica Internacional. 55(3), 199-214 (2016).
17. Gamboa, L. et al. Geotectonic controls on CO, formation and distribution processes in the Brazilian pre-salt basins. Geosci. J. 9(6),
252 (2019).
18. O'Reilly, C. et al. Deepwater Santos Basin: Extending the Pre-Salt Play outboard. Geo Expro. Mag. 16(5), 20-24 (2019).
19. Rocha, E M. et al. A 4D-variational ocean data assimilation application for Santos Basin, Brazil. Ocean Dyn. 66(3), 419-434 (2016).
20. Moulin, M., Aslanian, D. & Unternehr, P. A new starting point for the South and Equatorial Atlantic Ocean. Earth Sci. Rev. 98(1-2),
1-37(2010).
21. Moreira, J. L. P. et al. Santos Basin. Bul. Geoc. Petrobras. 15, 531-549 (2007).
22. de. Andrade, N. L. et al. Presalt reservoirs of the Santos Basin: Cyclicity, electrofacies, and tectonic-sedimentary evolution.
Interpretation. 7(4), SH33-SH43 (2019).
23. Feng, Y. Y. The Pre-salt Lacustrine Carbonate Sedimentary Facies and Reservoirs Evaluation of Lower Cretaceous Barra Velha
Formation in lara Field (Chengdu University of Technology, 2017).
24. Wu, H. Quantitative analysis of the effect of salt on geothermal temperature and source rock evolution: A case study of Kuqa
foreland basin, Western China. Petrol. Explor. Dev. 43(4), 550-558 (2016).
25. Daniilidis, A. & Herber, R. Salt intrusions providing a new geothermal exploration target for higher energy recovery at shallower
depths. Energy 118, 658-670 (2017).
26. Tang, L. ]. et al. Multistage salt structure and hydrocarbon accumulation in Tarim Basin. Sci. China Ser. D Earth Sci. 5, 89-97
(2004).
27. Jin, Z.]. et al. Distribution of gypsum-saltcap rocks and near-term hydrocarbon exploration targets in the marine sequences of
China. Oil Gas Geol. 6, 715-724 (2010).
28. Jin, Z. ]. Formation and accumulation of oil and gas in marine carbonate strata in Chinese sedimentary basins. Sci. China Press.
41(7), 910-926 (2011).
29. Qiu, N. S. et al. Thermal Regime Theory and Application of Sedimentary Basin (Petroleum Industry Publishing House, 2004).
30. Yang, S. C. et al. Evolution of Mesozoic source rock’s organic maturation in Kuga Foreland basin and its influence factors. Oil Gas
Geol. 26(6), 770~777 (2005).
31. Han, D. M. Effect of salt rock on geothermal and hydrocarbon evolution in Dongying Sag. West-China Explor. Eng. 9, 84-86 (2011).
32. Zheng, D. S. Effect of deep gypsum on thermal evolution of source rock and its distribution in Dongying Sag. Petrol. Geol. Eng. 4,
1-3 (2011).
33. Cainelli, C. & Mohriak, W. U. Geology of Atlantic eastern Brazilian basins. Braz. Geol. Part (1998).
34. Schattner, U. et al. What feeds shelf-edge clinoforms over margins deprived of adjacent land sources? An example from southeastern
Brazil. Basin Res. 32, 293-301 (2020).
35. Turcotte, D. L. & Schubert, G. Geodynamics-application of continuum physics to geological problem. J. Fluid Mech. 134, 461-464
(1983).
Acknowledgements

The work was funded by the Science and technology project of CNPC, China (Grant No. 2021DJ24).

Author contributions

G.Z. and L.L. wrote the main manuscript text. Y.Z. and H.W. carried out the article conception and main guid-
ance. Y.Z., L.Y,, X.P. and C.W. prepared Figures and Tables. X.S. and M.Y. revised the article format. All authors
reviewed the manuscript.

Scientific Reports|  (2023) 13:12369 | https://doi.org/10.1038/s41598-023-39702-5 nature portfolio



www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.-W. or Y.Z.

Reprints and permissions information is available at www.nature.com/reprints.

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
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted 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 licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |  (2023) 13:12369 | https://doi.org/10.1038/s41598-023-39702-5 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Present geothermal field of the Santos Basin, Brazil
	Geological settings
	Methods and parameters
	Geothermal gradient calculation method. 
	Terrestrial heat flow calculation method. 
	Basic parameters. 

	Results
	Discussion
	Impact of salt rocks on the present geothermal fields. 
	Tectonic settings of the terrestrial heat flow. 
	Influence of salt rocks on the maturity of pre-salt source rocks. 

	Conclusions
	References
	Acknowledgements


