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A B S T R A C T   

The Aptian Pre-Salt sedimentary succession cropping out in Cangulo palaeovalley onshore Namibe Basin 
(Angola) was studied by a combination of field and analytical techniques to constrain the sedimentary and 
diagenetic evolution of the uppermost sag sequence of the South Atlantic passive margin. Field observations 
allows definition of four transgressive-regressive cycles characterised by fluvial to tidal-influenced mixed clastic- 
carbonate and carbonate-dominated deposits, that locally show evidence of evaporite dissolution; highlighting 
that evaporite deposition started earlier than deposition of the regional South Atlantic Loeme-Bambata evaporite 
formations. Two separate pre-salt carbonate units have been differentiated within the Cangulo Fm; i) a lower 
transitional to marginal marine, and ii) a younger upper non-marine freshwater travertine system, that is 
documented for the first time in the west African margin. Transgressive-regressive cycles control the early 
diagenesis of the tidal carbonates that include dolomitization due to mixing fluids during transgressions, and 
karstification due to evaporite dissolution by meteoric water circulation during regressive events. Clastic supply 
appears to have been completely shut down during carbonate deposition, suggesting major climatic change 
associated with carbonate deposition. During the lowstand between the two carbonate units, fluid flow through 
Cangulo palaeovalley was re-established resulting in extensive karstification and formation of a large-scale 
erosional unconformity that is interpreted to be time equivalent to an intra Chela-Cuvo Fm. event. The top of 
the studied succession corresponds to the transgressive deposits of the Bambata evaporites that are not preserved 
in the Cangulo palaeovalley due to its erosion but are regionally developed. The results of this study can be 
directly linked to along strike age equivalent Pre-Salt successions cropping out in the Namibe, Benguela and 
Kwanza basins, and directly offshore Angola and Brazil using well and seismic data. These new data shed 
important new light and constraints on the depositional and diagenetic evolution of the complex Pre-Salt 
reservoir systems of the South Atlantic, and the depositional and bathymetric setting at the time of onset of 
the main south Atlantic evaporite deposition.   

1. Introduction 

Sedimentary basins of the South Atlantic have been the focus of 
numerous publications in the last decades due to prolific hydrocarbon 

discoveries made from the 1950’s onwards (Brownfield and Charpent
ier, 2006; Cameron et al., 1999; Wen et al., 2019). Pre-salt carbonates 
and clastics, salt-tectonic plays and post-salt carbonate and clastic sys
tems have been explored and analysed in the Campos, Santos, Congo, 
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Kwanza and Benguela basins (Fig. 1). However, the Namibe Basin of the 
African margin (Angola) has remained relatively underexplored 
compared to other west African basins and the conjugate Brazilian 
margin. Limited data has been published from the offshore Namibe 
Basin, and generally these data and descriptions have been restricted to 
brief inclusion in regional studies (Beglinger et al., 2012; Masse and 
Laurent, 2016). Since the original mapping and stratigraphic study of de 
Carvalho (1961), few publications have addressed the onshore geology 
of the Namibe Basin, such as the tectono-sedimentary evolution or 
volcanic activity (Jerram et al., 2019; Sharp et al., 2016; Strganac et al., 
2014; Swart et al., 2016), deposition and diagenesis of Aptian evaporites 
and very latest pre-salt units (Gindre-Chanu et al., 2015, 2016), or the 
diagenetic overprint on pre- and post-salt carbonates (Fiordalisi et al., 
2021; Rochelle-Bates et al., 2020; Schröder et al., 2016; Teboul et al., 
2019). 

Pre-Salt sag deposits in particular have received little attention to 
date, especially in onshore areas, where they usually appear as thin 
condensed successions developed on the edge of the South Atlantic rifted 
margin inboard of the so called Atlantic hinge zone (Fig. 2c). In this 
study from the onshore Namibe Basin (SW Angola), we build on the 
regional tectono-stratigraphic and framework mapping studies of earlier 
workers (de Carvalho, 1961; Sharp et al., 2016; Swart et al., 2016), and 
present new data and interpretations focused on the mixed clastic and 
carbonate sedimentary succession cropping out in Cangulo palaeovalley 
where initial mapping and logging had identified a well-exposed Aptian 
palaeovalley fill succession that offered the opportunity to study in the 
detail the depositional and diagenetic characteristics, sequence evolu
tion and climatic shifts of the uppermost sag sequence from the South 
Atlantic margin. Documentation of these deposits can bring important 
new data, constraints and insights on the geological evolution of this 
portion of the South Atlantic passive margin, and in-turn these new data 

can then be placed within a broader regional South Atlantic 
understanding. 

This study aims to characterise the Early Cretaceous (Aptian) mixed 
clastic and carbonate sedimentary succession in Cangulo palaeovalley to 
better understand the sedimentary and diagenetic evolution of the up
permost sag sequence from the South Atlantic margin. Specifically, the 
objectives of this study are: (i) to characterise the lithostratigraphy and 
depositional facies of the succession with special emphasis on the Can
gulo Fm. carbonates, (ii) to characterise the petrology of host rocks, and 
(iii) to characterise the geochemistry (elemental and carbon-oxygen 
isotopes) of host rocks and diagenetic products. Observations from this 
limited area onshore have important implications for understanding 
offshore pre-salt reservoirs. 

2. Geological setting 

2.1. The Cretaceous evolution of the Namibe passive margin 

The Namibe Basin is the southernmost of the Angolan basins, 
bordered by the Walvis-Rio Grande Ridge to the south and the Benguela- 
Kwanza Basin to the north (Fig. 1). This part of the continental margin of 
Angola developed during Early Cretaceous breakup of Pangea, which led 
to the formation of the Atlantic Ocean (Reston, 2010; Schettino and 
Scotese, 2005). The separation of the two conjugate South Atlantic 
margins, Africa, and South America, was characterised by the develop
ment of thick rift successions during the Early Cretaceous, with asym
metrical horst-and-graben structures developed parallel to the present 
coastline and affecting both Precambrian basement and early rift 
igneous deposits of the Paraná-Etendeka volcanic complex (Guiraud 
et al., 2010). Data from the Kwanza Basin indicates rift topography was 
filled by continental-lacustrine deposits, accompanied by a locally 

Fig. 1. A) Paleogeographic map at Late Aptian times in the South Atlantic region showing distribution of the early rift volcanic Paraná-Etendeka provinces 
(Hauterivian-Barremian) and Aptian salt deposits (based on Globig et al., 2016; Heine et al., 2013; Moulin et al., 2013; Pérez-Díaz and Eagles, 2014). B) Distribution 
of South Atlantic basins including location of the paleogeographic position of the Namibe Basin. 
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significant volcanic component. In Namibe, the Paraná-Etendeka age 
equivalent Bero Volcanic Complex is dated between 130 and 134.5 Ma 
in onshore sections (Marsh and Swart, 2018; Torsvik et al., 2009), and is 
exposed as a series of flat lying units sitting direct on basement, or more 
typically as a well exposed series of rotated fault blocks and half grabens, 
with evidence for syn-depositional fault movement and local ponding of 
igneous units (Sharp et al., 2012, 2016). Age equivalent highly faulted 
igneous successions are also evidenced at outcrop in the onshore 
Kwanza Basin (Jerram et al., 2019; Marzoli et al., 1999). Thick 
clastic-dominated lower and lowermost upper sag successions are absent 
onshore Namibe and Kwanza but are well imaged on seismic data and 
proven in well bores in the immediate offshore outboard of the main 

Atlantic hinge zone (Fig. 2). Regionally, the sag phase was characterised 
by significant crustal thinning and subsidence, but with limited exten
sional faulting occurring in the inboard areas whilst the outboard areas 
continued to undergo active extension and rifting, through to at least 
Loeme Fm evaporite deposition times in the offshore Namibe and Outer 
Santos basins (Karner et al., 2003 Quirk and Rüpke, 2018; Higgins et al., 
2016). 

In the onshore Namibe Basin, the Precambrian basement and Bero 
volcanics are unconformably overlain by an onlapping and overstepping 
mixed carbonate-clastic succession assigned to the uppermost Upper sag 
(Fig. 2). These sediments, which are the latest Pre-Salt deposits, are 
lithostratigraphically termed the Grey Cuvo in Angola, and Chela or 

Fig. 2. A) Topographic map of Namibe Basin (SW Angola) showing the location of Cangulo valley. Comparable palaeovalley successions to Cangulo have been 
mapped in the Piambo, Ponte Negra, Chapeau Armado, Bentiaba, Tumbalunda and Bero regions of the Namibe Basin. B) Chronostratigraphic chart of the onshore 
Namibe Basin and interpreted offshore equivalent units based on offshore Kwanza Basin data (Brownfield and Charpentier, 2006; Burwood, 1999; Gindre-Chanu 
et al., 2015; Guiraud et al., 2010; Jerram et al., 2019; Sharp et al., 2016; Swart et al., 2016). C) Interpreted partial seismic line modified from Higgins et al. (2016) 
and Sharp et al. (2016) showing the main seismic sequences defined in the offshore Namibe Basin. Preliminary age assignment is made by correlation to Benguela and 
Kwanza basin wells to the north. The onshore sections described in this paper occur at the easternmost part of this section. Significant volcanic addition, SDR’s and 
oceanic crust are evident immediately to west of section (not shown) based on seismic facies and gravity/magnetic data, indicating the Namibe rifted margin is very 
narrow. Note low angle landwards dipping faults that are sealed by latest sag units. 2DPSDM GXT CongoSPAN line 800 seismic data proprietary to TGS. 
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Gamba Fm’s further north in West Africa (Brownfield and Charpentier, 
2006; Burwood, 1999; Marton et al., 2000; Van Eden, 1978). In the 
onshore Namibe Basin these units have been termed the Cangulo and 
Tumbalunda formations (Gindre-Chanu et al. 2016). The Upper sag 
onshore succession dips and expands progressively offshore, locally 
steepening across lineaments (Fig. 2). The onshore Upper sag sedimen
tary package is relatively thin and encountered in well-developed 
incised palaeovalleys, suggesting a significant period of exposure be
tween deposition of the Early Rift volcanics and latest sag units (Gin
dre-Chanu et al., 2016). The palaeovalley fill successions are up to 150 m 
thick, but thin markedly to between 5 and 20 m thick on intervening 
interfluves. The latest Pre-Salt sag deposits onshore Namibe Basin 
comprise a complex suite of interbedded subaerial to subaqueous car
bonates (Cangulo Fm.) and continental and transitional clastics (Tum
balunda Fm.) that are poorly aged-constrained, but regionally are 
overlain by the Aptian-aged evaporites of the Loeme-Bambata forma
tions (Rochelle-Bates et al., 2020; Sharp et al., 2016). The uppermost 
Tumbalunda Formation is composed of a set of siliciclastics, evaporites 
and carbonate beds informally named the “Lower evaporite unit” 
(Gindre-Chanu et al., 2016). In this unit, thinly laminated stromatolites, 
gypsum, and mudstone beds are interbedded with metre to 
decametre-thick coarsening-upward units made up of sandy marlstone 
and cross-bedded pebbly to cobbly sandstones interpreted as marine 
shallowing-upward deltaic and intertidal to sabkha packages (Gin
dre-Chanu et al., 2016). A regionally occurring 5 m thick highly altered 
evaporite with evidence of evaporite dissolution typically marks the 
base of this “Lower evaporite unit”. The overlying Loeme-Bambata 
evaporites are an up to 70 m thick package of gypsum and anhydrite, 
with evidence of significant karstification and evaporite dissolution 
(Gindre-Chanu et al., 2015). In localities where evaporites are pre
served, they pass upwards to the Albian post-salt marine clastic and 
restricted evaporitic carbonates of the Gaio Fm., age and facies equiv
alent to the well-known Binga Mbr within the Pinda Group of the 
Kwanza Basin (Schröder et al., 2016). This Early Albian marine trans
gressive event above the main evaporites is a well-known super regional 
event in the South Atlantic Basins. Gaio Fm. Marine deposits are 
abruptly and often erosionally overlain by a thick Albian to Early Cen
omanian succession of fluvial to alluvial clastics of the Giraul Fm. that 
pass progressively basinwards into marine carbonates (Fig. 2). These 
units are time equivalent to marginal to non-marine clastics of the 
Dondo Fm that pass basinwards into marine deposits of the Catumbela 
Fm in the Benguela and Kwanza basins (Quesne et al., 2009). The Giraul 
Fm records a significant regressive event in the Namibe Basin associated 
with clear large scale basinwards rotation. Significant intra Albian 
evaporite dissolution and karstification of Gaio Fm. Carbonates can be 
demonstrated in association with this regressive and rotational event in 
Namibe (Gindre-Chanu et al., 2016; Sharp et al., 2016). A Late Cen
omanian to Turonian transgression resulted in the deposition of the 
Ponta da Salinas Fm. over the Giraul Fm. continental deposits that 
terminated with the emplacement of Coniacian Bentiaba Basanite Fm. 
(around 88 Ma according to Jerram et al., 2019), and coeval deposition 
of locally developed subaerial carbonates (Mariquita Mb. In Fiordalisi 
et al., 2021). Volcanics and sediments of the Bentiaba Fm. are onlapped 
and overstepped by a Santonian to Campanian clastic succession (Mar
iquita Fm. In Fig. 2) that is composed of a transgressive-regressive 
sequence of shelf margin, shoreface to deltaic sediments. The Creta
ceous terminates with a Maastrichtian transgressive-regressive cycle in 
the Namibe Basin recorded by clastic deposits of the Piambo Fm. (Sharp 
et al., 2016; Swart et al., 2016). Eocene, Miocene and Pliocene shelfal to 
shoreface successions form the youngest outcropping units in onshore 
southern Namibe (de Carvalho, 1961). 

2.2. Cangulo palaeovalley 

Renewed mapping work across the entire Namibe Basin onshore 
margin was undertaken during 2010–2013 and has been tied to the 

offshore via 2D and 3D seismic lines (Equinor, 2011; Sharp et al., 2016; 
Swart et al., 2016). From this regional onshore work, special focus was 
placed on areas where the sedimentary record was most complete, that 
typically occurs in the vicinity of long-lived palaeovalley. The Cangulo 
river valley offers one of the best exposures of a Pre-Salt paleovalley fill 
and was the subject of this detailed study. 

The Cangulo palaeovalley, located in the central part of Namibe 
Basin (Fig. 2), is interpreted as a Cretaceous-aged palaeovalley incised 
into crystalline basement that has a composite fill of both pre- and post- 
salt sediments. Regional onshore mapping in the Namibe, Benguela and 
Kwanza basin (Equinor, 2011; Sharp et al., 2016; Swart et al., 2016) has 
revealed a series of comparable palaeovalleys developed all along the 
Angolan rifted margin. The valleys are typically observed eroded into 
both Precambrian basement and into an irregular erosional landscape 
developed at the top of the Bero/Etendeka 131-134 Ma volcanics. The 
palaeovalleys are typically filled by Aptian-Albian aged sediments, 
locally including Loeme-Bambata Fm. evaporites. The onshore palae
ovalleys can be mapped into the offshore on 2D and 3D seismic datasets, 
where they are filled by pre-salt Sag successions with fills in the order of 
150–300 m (Higgins et al., 2016; Sharp et al., 2016). In both onshore 
and offshore sections, the same palaeovalley features can be observed to 
have been repeatedly reutilized, filled by post-salt Albian, Santonian, 
Campanian, Maastrichtian, Cenozoic, and modern drainage systems. 
These observations indicate West African drainage is largely antecedent 
in nature, with the palaeovalleys reused multiple times through the 
geological record (Sharp et al., 2016; Higgins et al., 2016). 

The above age relationships indicate a predominant phase of 
palaeovalley cutting that occurred post Etendeka (131-134 Ma) fol
lowed by composite filling that occurred predominantly during the 
Aptian, Albian and younger. Outcrops in the southern onshore Namibe 
Basin (Bero River area) however, indicate a probable even older origin 
for some of the Namibe Basin palaeovalley network, with a well exposed 
valley fill clastic succession of fluvio-lacustrine-glacial affinities 
(including varved facies with striated dropstone like clasts) sealed by 
overlying relatively flat lying Etendeka volcanics (131-134 Ma, Equinor, 
2011). This situation is comparable to Carboniferous-Permian glacial 
valley fills described along the Angolan-Namibian border (Cunene 
River), NW Namibia and in South Africa, where Carboniferous-Permian 
glacial sediments of the Dwyka Fm. fill deep glacial valleys and are 
overlain by Etendeka volcanics (Isbell et al., 2008; Swart et al., 2016; 
Dietrich et al., 2021). These valley systems, like those exposed in 
Angola, are reutilized by successively younger drainage systems up to 
and including the present-day drainage network. 

In the case of Cangulo palaeovalley, the valley base and sides 
comprise fractured and faulted basement of Precambrian granitic and 
metasedimentary rocks that constitute the Angolan Shield – southern 
Congo Craton (De Carvalho et al., 2000; McCourt et al., 2013; Szatmari 
and Milani, 2016). The basal sedimentary infill of the Cangulo palae
ovalley comprises Aptian-aged Pre-Salt Tumbalunda and Cangulo For
mations (Fig. 3). The overlying post-salt sediments of the Gaio-Giraul 
(Pinda Group equivalent), Ponta da Salinas, Bentiaba, and Piambo 
Formations directly overlie the Pre-Salt deposits, without any remnants 
of the Bambata Fm. evaporites between them (Fig. 3). Although not 
preserved in the studied valley, deposition of Bambata evaporites is 
recorded regionally. Equivalent exposures in the Chapeau Armado and 
Ponte Negra palaeovalleys, and in the Tumbalunda, Gaio and Piambo 
localities (Fig. 2) still preserve remnants of the original salt layers 
(Gindre-Chanu et al., 2015, 2016). Within the Chapeau Armado palae
ovalley spectacular 100–150 m thick salt-tectonic and syn-halokinetic 
growth strata are exposed in the Albian section, testifying to an origi
nally thicker evaporitic (halite?) valley fill. In general, remnant 
gypsum-anhydrite is typically thicker (40–50 m) and better preserved 
along strike outside of the individual palaeovalleys (i.e interfluve loca
tions). This may reflect greater freshwater flow and dissolution of the 
evaporites within the palaeovalleys, such as the Cangulo Palaeovalley, 
compared to the interfluves (Gindre-Chanu et al., 2016; Sharp et al., 
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Fig. 3. A) Geological map of Cangulo palaeovalley based on fieldwork integrated with remote sensing mapping; B) General stratigraphic log for the studied area 
showing the Cangulo palaeovalley infill and the interpreted transgressive-regressive parasequence sets; C) Cross-section of the eastern termination of Cangulo Valley. 
Evaporites of Bambata Fm. are not present in Cangulo palaeovalley but are interpreted to be present at depth in the cross section (see section 2.2 for details). D) 
Panorama looking updip into Cangulo palaeovalley showing the distribution of the outcropping sedimentary units. Based on tectono-stratigraphic and tectono- 
topographic relationships, we interpret west-dipping normal fault zones as active during early deposition in the region followed by large-scale tilting of the 
entire Early Cretaceous post-salt succession observed by its regional wedge geometry. Approximate position of the viewpoint and area shown in A). 
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2016). 
From the Pre-Salt deposits in Cangulo palaeovalley, focus of this 

study, the older unit correspond to the Tumbalunda Fm. (Fig. 3). 
Regionally within the onshore Namibe Basin, the Tumbalunda Fm 
comprises continental, lacustrine to transitional clastic marine deposits 
that display an overall transgressive fining upward trend that progres
sively onlaps and oversteps the Precambrian basement, ending with 
deposition of Aptian evaporites of the Bambata Formation (Gin
dre-Chanu et al., 2016). The overall transgressive trend of the Tumba
lunda Fm. is punctuated by individual flooding surface bound 
progradational-regressive cycles (parasequences), that collectively 
stack into a number of well-defined progressively 
deepening-backstepping cycles (i.e a transgressive parasequence set). 
Individual parasequences are fluvial dominated in the upper reaches of 
the palaeovalleys, and display more marine to tidal indicators in their 
lower reaches. This large-scale transgressive, backfilling, fining upwards 
trend, and up-dip fluvial to down-dip marine facies change, is also 
evident in palaeovalleys studied in the Benguela and Southern Kwanza 
basins, and is particularly well exposed in the Benguela Basin (Sharp 
et al., 2016). In the Cangulo palaeovalley, several high order 
transgressive-regressive parasequences are identified within the Tum
balunda Fm. (Fig. 3). In contrast to other sections however, the Tum
balunda Fm. has here been subdivided in two distinct intervals (Lower 
and Upper) separated by carbonates of the Cangulo Fm. (Fig. 3). 

The Cangulo Fm., originally interpreted to be time equivalent to the 
lowermost Tumbalunda Fm. (Fig. 2B), was previously described as 
comprising non-marine fissure- and fault-fed spring carbonate systems 
laterally passing to lacustrine and marginal marine mixed carbonate- 
clastic successions. This formation passively drapes top basement and 
top Bero volcanic units, and interfingers with clastics of the Tumbalunda 
formation (Rochelle-Bates et al., 2020). In the Cangulo palaeovalley, we 
differentiate two distinct carbonate intervals within the Cangulo Fm., 
named Lower and Upper Cangulo units in Fig. 3, separated by a major 
newly recognised unconformity. The Upper Cangulo unit, identified in a 
higher stratigraphic position than previously reported (Fig. 2B), inter
fingers with and is overstepped by clastics and carbonates of the Upper 
Tumbalunda Fm., which has an overall transgressive nature up to the 
contact to the Bambata Fm. evaporites, not preserved in the Cangulo 
palaeovalley (Fig. 3). 

3. Methodology and database 

The geology of Cangulo palaeovalley was characterised through a 
combination of remote sensing mapping (RSM), fieldwork and labora
tory analysis. Remote sensing mapping was performed using Equinor- 
Digitizer2, software, using very high resolution orthorectified satellite 
imagery, and a digital elevation model (DEM) with a resolution of 1.0 m. 
RSM and field mapping were supported by the interpretation of stratal 
relationships directly onto field photopanoramas. 

Fieldwork was undertaken to collect systematic structural (strike and 
dip), stratigraphic, lithologic and sedimentological (facies) data. The 
stratigraphic work includes 200 m of logged sections in both pre-and 
post-salt successions, accompanied by three detailed logged sections 
within the Pre-Salt carbonate units (Fig. 3). Field work included the 
collection of more than 160 samples for depositional, petrology and 
diagenetic analysis of carbonate intervals, with an additional 20 samples 
for clastic intervals. 

Some 119 standard and polished thin sections were studied from 
selected samples to constrain depositional and diagenetic phases. 
Petrographic observations were made using optical and cath
odoluminescence microscopy. A CL TECHNOSYN Cathodoluminescence 
device Model 8200 MkII operating at 23 kV and 350 μA gun current was 
used to distinguish depositional and diagenetic phase generations. 
Porosity quantification was made directly from thin-section using 
ImageJ software (Rasband, 1997) to calibrate against observations made 
directly in the field. 

Carbon-coated polished thin sections were used to analyse major, 
minor and trace element concentrations on a JEOL JXA-8230 electron 
microprobe. The equipment was operated using 20 kV of excitation 
potential, current intensity of 6 nA for Ca and Mg, and 40 nA for Mn, Fe 
and Sr, with a beam diameter of 10 μm. Detection limits are 236 ppm for 
Ca, 397 ppm for Mg, 226 ppm for Mn, and 78 ppm for Fe. Precision on 
major element analyses averaged a standard error of 6.15% at 2σ con
fidence levels. 

52 microsamples of carbonate phases, identified on thin section and 
collected by microdrilling, were prepared to determine the carbon and 
oxygen stable isotope ratio. Calcite and dolomite powders were reacted 
with 103% phosphoric acid for 10 min at 90 ◦C. The CO2 was analysed 
using an automated Kiel Carbonate Device attached to a Thermal Ioni
zation Mass Spectrometer Thermo Electron (Finnigan) MAT-252. The 
isotopic results have a precision of ±0.02‰ for δ13C and ±0.04‰ for 
δ18O. The results were corrected using the standard technique (Claypool 
et al., 1980; Moore and Wade, 2013) and are expressed in ‰ with 
respect to the VPDB standard. 

Mineralogical composition of 12 samples was determined by X-ray 
diffraction (XRD) measurements performed with a Bruker D8-A25 
diffractometer equipped with a Cu tube (lambda = 1.5405 Å) and an 
ultrafast position sensitive detector (PSD). XRD scans were collected 
over the 2θ range between 4◦ and 70◦ with steps of 0.035◦ and an 
equivalent integration time of 96 s per step. A voltage (current) of 40 kV 
(40 mA) was applied to the x-ray generator. The phases in the samples 
were identified with Bruker’s software package Diffrac.Suite™ together 
with the PDF-2 database from the International Centre for Diffraction 
Data (ICDD). 

4. Results 

4.1. Stratigraphy and lithofacies 

4.1.1. Basement and pre-Lower Tumbalunda Fm 
The basement of the study area, Precambrian in age, is made of 

granitic and metasedimentary rocks. These rocks are commonly 
weathered in outcrop exposures, locally forming well-developed later
ites rich in botryoidal goethite up to 5 cm-thick and scree deposits 
(Fig. 4A and B). Pre-Tumbalunda scree deposits consist of particulate 
rubble floatbreccia formed by angular mm to cm-reworked fragments of 
the crystalline basement. The matrix of the breccia contains reworked 
micro fragments of the basement, clay minerals and iron oxides that 
locally gives a lateritic aspect to these sediments. 

4.1.2. Lower Tumbalunda Fm 
The Lower Tumbalunda Fm. progressively onlaps and overlies the 

Precambrian basement towards the east and is organized in three finning 
and thinning upwards cycles (Fig. 3). 

Unconformably above the basement, the first cycle (Fig. 3) initiates 
with moderately sorted and clast supported red conglomerates made of 
rounded clasts, which can reach up to 2 m in diameter, with a dominant 
granitic lithology and minor quartzite and metavolcanics. Above, the 
conglomerates pass upwards to a sand-dominated interval made of 
channelized and sheet-like coarse grained sandstones with conglomer
atic interbeds (Fig. 4C). The sandstones show abundant current ripples, 
rarely wave ripples, and primary current lineation (PCL). Measured 
paleocurrent and clast imbrication in the basal conglomerate indicate a 
predominance flow to the west. This first cycle is capped by a 20 m thick 
sandstone to siltstone-dominated interval that includes a distinct and 
locally mappable green mudstone (Mixed-1, Fig. 4C). The sandstone and 
siltstone beds are characterised by bi-directional current and climbing 
ripples, flaser to lenticular bedding, tool marks, load structures, PCL and 
both grazing and dwelling (?bivalve resting) ichnofabrics. Low angle 
channel scours are also evident, with the channels filled by bi- 
directional cross bedded and current rippled sands and silts, locally 
homogenized and thoroughly bioturbated. 
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The second depositional cycle (Fig. 3) begins with moderately sorted 
red to yellow conglomerates (Fig. 4D), characterised by a channelized 
and strongly erosive base. It is internally organized into several multi- 
story and laterally stacked conglomerate filled channels. The conglom
erate shows a consistent westward paleocurrent based on clast imbri
cation. Upwards, conglomeratic deposits gradually change to texturally 
immature sandstones with abundant current and wave ripples, PCL and 
shallow conglomerate filled scours and sheets. The sandstones are 
poorly sorted, show abundant clay matrix (illite and kaolinite), and 
present angular to sub-angular quartz, feldspar (predominantly micro
cline) and chlorite grains (see X-ray diffraction results in supplementary 
material, Table 1). They are texturally and compositionally immature. 
The top of the cycle is made of a 5 m thick distinctive mixed carbonate- 
siliciclastic interval (Mixed-2 in Fig. 4D) that forms a laterally contin
uous and traceable horizon eastward up into the interior of the Cangulo 
palaeovalley. In the southern and northern part of the Cangulo outcrop 
belt, a highly altered Ca and Fe-sulphur rich interval (Gypsum and 
Jarosite >30%, according to X-ray diffraction) is interbedded with the 
carbonates and clastics of this interval (Fig. 4E and F). The sandstones 
include abundant climbing and bi-directional ripples, mud drapes, and 
very well-developed herringbone and ripple cross bedding. Within the 
sandstones, channelling, internal scours and truncation/reactivation 
surfaces are common (Fig. 4G and H), with mud-chip clasts lining the 
scours. Laterally, migrating cross bedded mixed carbonate-clastic facies 
fill individual channels. Grazing and resting traces are evident on 
sandstone bases. Planar to PCL bedded intervals are also developed 
between the cross bedded and channelized facies. The interbedded 
carbonate beds (Fig. 4I and J) comprises cm to dm thick dolomitized and 
partially silicified algal boundstones characterised by laminar, domal to 
radial morphologies and locally tepee structures. The boundstones are 
developed along the tops of cross bedded sands. The mixed carbonate- 
clastic-evaporitic section is overlain by a poorly exposed light grey 
sandstone with distinct load, ball and pillow and flame structures. 

The third depositional cycle (Fig. 3) has a similar sharp, erosive 
conglomerate filled basal contact as cycle 2, and is overlain by an overall 
fining upwards sandstone succession as well. To the south and east (up 
the palaeovalley) red conglomeratic channelized facies dominate, whilst 
in the main cliff section to the west channelized conglomeratic sand
stones with large scale cross bedding, dewatering and load structures are 
evident. This unit has a gradational upward contact to thinly inter
bedded succession of sandstones, siltstones and mudstones with well- 
developed planar, current, flaser, lenticular, and tabular trough cross 
bedding. Distinctive mud drapes, and intervals with intraformational 
rip-up clasts are common, as is evidence for flow reversal. Shallow 
(10–50 cm deep) cut and fill channels with heterolithic rippled infills 
and rip-up clasts at channel bases cut the succession. The contact with 
the overlying Lower Cangulo unit is gradational, marked by the pro
gressive appearance of interbedded dolomitic carbonates with well- 
developed laminar, crinkly, fenestral to locally domal and algal mor
phologies interbedded with siltstones, mudstones and thin fine-grained 
sandstones, forming very rhythmic cm scale cycles. Tepee and mud-chip 
rip up horizons are locally developed. Bedding parallel gypsum veining 
is also quite common. 

4.1.3. Lower Cangulo unit 
The Lower Cangulo unit crops out at the western termination of 

Cangulo palaeovalley, lying conformably above the Lower Tumbalunda 

Fm (Fig. 3). This succession comprises 15 to 20 m-thick dolomitised 
carbonate deposits. These are laterally continuous towards the mouth of 
the palaeovalley (Fig. 5A). Given the coarse and immature nature of the 
underlying Lower Tumbalunda siliciclastics contained within the Can
gulo palaeovalley, as described above (Figs. 3 and 4), it is remarkable 
that the Lower Cangulo carbonates are deposited within and extend up 
the main palaeovalley axis. 

The top of the Lower Cangulo unit is locally karstified with localised 
collapse breccias, caves, breccia pipes and evidence of large-scale lateral 
accretion (Fig. 5B). In order to characterise depositional and karstic 
characteristics of the Lower Cangulo unit, two stratigraphic sections 
were logged and sampled (SCS1 and SCS2, Fig. 5C and D respectively), 
and walked out laterally into karstic breccias, cavern fills and even 
large-scale lateral accretion surfaces towards the mouth of the palae
ovalley. The two sections are described below. 

The SCS1 section exemplifies the original depositional facies and 
stratigraphic architecture of the Lower Cangulo carbonates (Fig. 5C). 
The SCS1 section is placed in a gentle antiformal high and here the 
impact of the paleokarst is minimal, and bedding is subhorizontal. 
Laterally, the Lower Cangulo unit thins away from the SCS1. The SCS1 
section is 15 m-thick and is made of cm-to dm-thick dolostone beds with 
irregular base and top, occasionally showing a low relief dome shape 
(Fig. 5E), cross lamination and tepee structures (i.e., microbial?), 
interbedded with few cm-thick yellow sandstones. Dolostones appear as 
two main unfossiliferous microfacies, laminated and non-laminated, 
both yielding less than 15% of porosity with dominant types being 
fenestral and centimetre-scale vug porosity. The fenestral porosity ap
pears to be primary, while vuggy porosity appears to be secondary, 
related to karst processes. It is also unclear if the thin intercalated 
sandstone is primary or a secondary fill following karstification as 
within section sands are also observed to fill vugs and small karst 
pockets. Along strike, m-scale sandstone are intercalated within paleo
caverns formed in the formation. 

The section is dominated by laminated mud-wackestones that are 
thoroughly dolomitised. The laminated microfacies is characterised by 
up to 1 cm-thick planar to wavy laminae of dolomitised mudstones and 
mm-thick ochre-coloured laminae made of fine-grained quartz and iron 
oxides (Fig. 5F). Fenestral porosity is aligned following the lamination 
towards the top of the section where tepee-like structures are also pre
sent. The non-laminated microfacies correspond to dolomitised lime
stone containing heterogeneously distributed mm-size and 
undifferentiated sub-rounded non-skeletal components, commonly 
dense packed, exhibiting a clotted appearance (Fig. 5G). Locally, this 
microfacies include intervals with ghosts of polygonal-shaped compo
nents interpreted as pseudomorphs of evaporite crystals (Fig. 5H). Other 
minor components such as opal, iron oxide as well as detrital quartz 
have been observed. 

In contrast to SCS1, the SCS2 section represents a highly karstified 
succession of the Lower Cangulo unit. The base of the section is char
acterised by 1 to 4 m-thick thinning upwards cycles dominantly made of 
breccias (Fig. 5D and I). The base of the cycles is formed by a reverse- 
graded rubble float breccia composed of monomictic (host rock dolo
stones) and heterometric angular clasts ranging in size from 5 to >80 
cm, and a karstic fill sediment comprising yellow to red silty matrix rich 
in iron oxides. The rubble float breccias change to mosaic and to crackle 
pack breccia upwards within the cycle (Fig. 5I), representing a decrease 
in the degree of brecciation, which is associated with a decrease in the 

Fig. 4. A) Simplified geological map of Cangulo palaeovalley showing the distribution of Pre-Salt formations and the location of pictures shown in this figure. B) 
Outcrop photograph showing the well-developed laterites developed over Precambrian basement. C) Photograph showing the lowermost part of the Lower Tum
balunda Fm. outcropping in Cangulo palaeovalley corresponding to the first identified cycle. Note the abrupt change between red conglomerate and yellowish fine- 
grain dominated intervals. D) Outcrop photograph showing the main characteristics of the second cycle of Lower Tumbalunda Fm. composed of basal red 
conglomerate transitioning upwards to the carbonate-clastic interval (Mixed-2). E and F) Outcrop and detailed photograph of the highly altered iron-Mg-sulphur rich 
interval laterally equivalent to the Mixed-2 interval. G) Outcrop photograph showing the main sedimentary features of the clastic portion of the Mixed-2 interval 
characterised by truncation surfaces, herringbone cross bedding, planar cross lamination and bi-directional ripples (H). These clastics are accompanied by microbial 
boundstones. I and J) Detail outcrop photograph and thin-section scanned of microbial boundstones encountered in the Mixed-2 interval. 
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Fig. 5. A and B) Outcrop panoramas showing the lateral continuity of Lower Cangulo unit, with an increasing karstic overprinting towards the north. A) Section 
located to the south of the Cangulo palaeovalley where there are subtle lateral thickness changes. In these areas the carbonates contain highly rotated strata and 
paleocaverns as recorded in SCS2. The lateral thickness changes are as such interpreted to reflects burial collapse of the karst system developed within the lower 
Cangulo carbonate unit. B) section cut by several breccia pipes interpreted to be collapsed paleocaverns. They have crackle and mosaic breccia on their margins. To 
the north the section comprises intercalated breccias and sandstones that form low angle accretion surfaces. These strata are interpreted to represent the fluvial fill of 
a collapsed paleocavern,. C and D) Stratigraphic logs of non-karstified (SCS1) and karstified (SCS2) Lower Cangulo. E to H) Outcrop, thin section and microscope 
images showing the depositional characteristics of Lower Cangulo facies. I) Sample images and sketches showing the variability of karstic overprinting observed in 
Lower Cangulo unit. 
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content of silty matrix and space between angular clasts. The upper 9 m 
of the section are beds rotated to c. 30◦ through collapse of the paleo
cavern roof. 

Petrographic observations show that the composition of clasts within 
the different types of breccias and of the uppermost beds of the cycles 
are equivalent to the depositional microfacies of the SC1 section. Field 
estimations and thin section quantification indicate a heterogeneous 
distribution of porosity values varying from 2 to 15%. As in the SCS1 
section, two main porosity types have been differentiated in the more 
karstified Lower Cangulo succession, vuggy and fenestral porosity. 
Vuggy porosity is the predominant type observed in the basal and 
middle part of the unit, becoming large-size pores (cavernous porosity) 
in the lowermost part of the karstic cycles where dissolution is more 
intense. The vuggy pores have a partial fill of yellow and ochre sand
stones, interpreted to be linked to subaerial exposure. Fenestral porosity 
is less abundant than in the SCS1 section but, when observed, mostly 
appears in the beds where original depositional facies are preserved. 

4.1.4. Upper Cangulo unit 
The Upper Cangulo unit is represented by a series of unconnected 

lobate carbonate bodies arranged attached to the basement north and 
south of the main Cangulo palaeovalley (Figs. 3, 6A and 6B). As can be 
observed in map pattern (Fig. 3), to the north and south of the Cangulo 
palaeovalley, these carbonates locally sit directly onto the fractured Pre- 
Cambrian basement rocks. However, traced into the axis of the palae
ovalley they occur within the Tambulunda Fm. In proximity of the 
palaeovalley, the base of the Upper Cangulo unit is marked by a major 
and locally high angle unconformity that is superbly exposed (Fig. 6A). 
These carbonates, predominantly limestones with some dolostone in
tervals, are characterised by an unconformable erosive base above both 
the Lower Tumbalunda Fm. and Lower Cangulo unit. These laterally 
discontinuous carbonate bodies have rapidly changing dips and locally 
pass laterally into clastic sediments of the Upper Tumbalunda Fm. 
(Fig. 6). They appear to also locally onlap against collapsed caverns and 
breccias of the Lower Cangulo unit (Fig. 7A). 

Individual carbonate bodies reach a thickness up to 20 m and are 
organized in dm-to m-thick beds. Typically, the bedding is sub- 
horizontal or dips gentle towards the west in the proximity of the 
basement. Westward, the dip changes rapidly to 30-40◦ first, and to sub- 
horizontal later where the carbonates are interfingered with the silici
clastic deposits of the Upper Tumbalunda Fm. This abrupt change of dip 
is marked by a change in rock fabrics and appears to occur across a 
distinctive erosional escarpment but into the underlying Lower Tum
balunda Formation (Fig. 7). Locally, some of the carbonate bodies show 
intervals characterised by subhorizontal beds with internal cm-thick 
lamination (Fig. 6C), or dm-thick beds that change abruptly from flat 
to a steeply dipping angle (>60◦, Fig. 6D). 

The Central Cangulo Section (CCS, in Fig. 6E), which is considered as 
a reference for time equivalent geobodies in the Cangulo palaeovalley, is 
a 12-m-thick carbonate succession composed of dm to m-thick beds. This 
section is locally relatively steeply dipping and thins dramatically to the 
west as dips flatten out into a toe-of-slope setting. The base of the section 
is made of 2 m of dolostones arranged in cm to dm-thick beds charac
terised by laminated and non-laminated microfacies of dolomitised 
limestones, like facies observed in the Lower Cangulo unit, and thus 
interpreted to be part of this formation (Fig. 6B and E). The latter in
terval is karstified and shows dissolution enlarged vuggy pores that 
resulted in porosity values ranging between 5 and 20%. The pores are 
partially filled by yellow fine grain sediment (Fig. 6F). 

Up section, the CCS is characterised by 10.5 m of limestone with an 
irregular base and flat top, showing bed-parallel to oblique lamination. 
The limestones appear as two main facies, massive porous and 
dolomicrite-microsparite crusts. The massive porous limestones facies is 
predominant and is characterised by massive beds, locally showing cm- 
thick lamination, with high porosity values (up to 20%) at outcrop scale. 
Pores vary from mm to cm in size and lenticular to vuggy in shape with 

random distribution or crudely aligned along lamination, giving the 
succession an organic appearance. At microscope scale, these facies are 
characterised by calcite (micrite and microsparite) with a vacuolated 
texture, and rarely dolomicrite with a complex porosity network locally 
obliterated by calcite crystals (Fig. 6G). Contrastingly, dolomicrite- 
microsparite crust microfacies are less abundant and are characterised 
by a fine lamination due to the alternation of dolomicrite thin layers, 
dark in colour, and light colour microsparite layers of calcite crystals 
that can reach 1.5 mm size (Fig. 6H). A thin interval of dolostones (<1 
m) is encountered in the middle part of this dm-thick limestone domi
nated succession. Macrofabrics in the lower part of the section appear 
comparable to coated reed fabrics observed in travertines with fibrous 
crystalline fabrics in steeper beds reminiscent of terrace wall or waterfall 
deposits (i.e. Guo and Riding, 1998). 

The distal part of the geobody (Fig. 6I), out of the logged section and 
towards the transition between the Upper Cangulo unit and the Upper 
Tumbalunda Formation, is made of meter-thick laminated and non- 
laminated clotted dolostones interbedded with the siliciclastic deposits 
of the Upper Tumbalunda Fm. Locally, these dolostones show a high 
content in exotic components such as feldspar and quartz grains. 

4.1.5. Upper Tumbalunda Fm 
The youngest Pre-Salt deposits cropping out in Cangulo palaeovalley 

correspond to the 40-m-thick clastic dominated Upper Tumbalunda Fm 
(Fig. 3). The base of this formation is interbedded with the distal part of 
the Upper Cangulo unit, and progressively overlaps and oversteps both 
the Upper and Lower Cangulo units (Fig. 7A). 

The Upper Tumbalunda Fm. shows a roughly fining upwards trend, 
ranging from coarse grained sandstones including dm-thick intervals of 
conglomerates to a dominant coarse-to-fine grain yellow sandstone 
succession in the upper part (Fig. 7B). Locally, two types of carbonate 
beds are included in the succession: i) thin laminated cm-thick carbon
ates beds with smooth domal shape (Fig. 7C); and ii) cross-bedded 
calcareous sandstones composed of medium grain size with outsized 
grains locally including large amount of dwelling ichnofabrics (? 
Ophiomorpha) (Fig. 7D and E). 

The Upper Tumbalunda Fm. is directly overlain by the Gaio Fm. and 
Giraul Fm. in the Cangulo region, Both of them being post-salt Albian 
aged sedimentary units (Fig. 7A). The contact is locally associated with 
some very steep bedding dips, faults and folds. The top of the Tumba
lunda Fm. corresponds to the top of the pre-salt, equivalent to the time of 
deposition of the evaporites of the Bambata Fm., which is not preserved 
in Cangulo palaeovalley, but well exposed directly above the Upper 
Tumbalunda Fm north and south of Cangulo and in other palaeovalleys 
onshore Namibe Basin (Gindre-Chanu et al., 2015, 2016; Sharp et al., 
2016). These data and observations indicate that the Bambata Fm. has 
likely been removed (dissolved?) in the Cangulo palaeovalley section, 
and are in keeping with regional mapping in the Namibe Basin, where 
the Bambata Fm evaporites are typically mapped as patchy erosional 
remnants of a once extensive evaporite body (Gindre-Chanu et al., 2015; 
Swart et al., 2016). Partial to full evaporite removal is most commonly 
observed along the line of palaeovalleys and modern river valleys, for 
example as seen in the Catumbela, Bentiaba, Chapeau Armado, Ponte 
Negra, Paimbo and Maraquita regions. This likely relates to greater 
freshwater discharge and evaporite dissolution along the palaeovalleys 
(Gindre-Chanu et al., 2015). 

4.2. Petrology and geochemistry of depositional and diagenetic phases 

Based on the spatial and stratigraphic distribution, petrographic 
characteristics, and elemental and isotopic composition, both deposi
tional and diagenetic phases have been identified and grouped in 6 main 
clusters (detailed database included as supplementary material, Tables 2 
and 3appsec1). Based on cross-cutting relationships, both at outcrop and 
in thin section, we established the relative chronology of the diagenetic 
products observed in the studied units, using their time of deposition as 
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Fig. 6. A and B) Panoramas showing the spatial distribution and large-scale geometry¡ of unconnected bodies of the Upper Cangulo unit. Note the basal erosive 
character (white dashed line). C and D) Detail outcrop images of special bed morphologies within Upper Cangulo unit. See text in section 4.1.4 for details. E) 
Stratigraphic log CCS used as a reference log for the Upper Cangulo unit geobodies. The lowermost part corresponds to the unconformable transition between the 
Lower and Upper Cangulo units (see detail outcrop image in F). G and H) Thin section and sample images showing the main characteristics of massive porous and 
dolomicrite-microsparite crust textures respectively. I) Outcrop image of the distal part of Upper Cangulo geobodies, where they transition to clastic deposits of Upper 
Tumbalunda Fm. 
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benchmarks for the relative chronology (Fig. 8). 

Cluster 1: Replacive dolomite 1 (D1) and dolomite cement (DC1) 

Replacive dolomite 1 (D1) replaces limestones of the mixed-2 in
terval of the Lower Tumbalunda Fm. D1 forms anhedral to subhedral 
crystals ranging in size from 10 to 100 μm and shows a bright red 
luminescence (Fig. 9A to C). D1 crystals show a penetrative and non- 

destructive fabric, preserving lamination. The elemental composition 
is characterised by Ca and Mg content between 21.2⋅104 and 21.6⋅104 

ppm and between 12⋅104 and 12.4⋅104 ppm respectively (Fig. 10). Mn 
and Fe content are between 6.7⋅103 and 9.6⋅103 ppm and 2.7⋅103 and 
4.7⋅103 ppm respectively. D1 yielded δ18O values of +2.04 to +3.27 
‰VPDB and δ13C values of − 1.11 to − 0.22‰VPDB (Fig. 11). Dolomite 
cement (DC1) partially fills the intercrystalline porosity, locally 
enlarged by dissolution, in D1 crystal mosaics. DC1 forms subhedral 

Fig. 7. A) Panorama showing the transition from the Upper Cangulo unit to the Upper Tumbalunda Fm. Note the unconformities at base of Upper Cangulo unit and 
Post-Salt units. B) Outcrop image showing the alternance of clastic rich and carbonate rich beds composing the Upper Tumbalunda Fm. Carbonates are characterised 
by thin-laminated beds with domal shape (C) and cross-bedded calcareous sandstones (D) locally bioturbated (white triangles in image E). 

Fig. 8. Relative chronology of the diagenetic and depositional phases encountered in carbonate intervals within the Pre-Salt succession from Cangulo palaeovalley.  
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Fig. 9. A, B and C) photomicrographs (plane polarized and cathodoluminescence) of replacive dolomite 1 (D1) and dolomite cement 1 (DC1). D and E) photo
micrograph pair (PPL and CCL respectively) showing the main characteristics of replacive dolomite 2 (D2) and dolomite cement 2 (DC2) in pores and fractures, 
locally encountered with iron-rich crusts (Fe). F) Field image and G and H) photomicrograph pair (PPL and CCL respectively) showing the appearance of dolomite 
sediment 1 (DS1) and dolomite cement (DC2) in pores. H) Hand sample picture showing two distinctive karstic sediments encountered within the Lower Cangulo unit 
(red, KSr, and yellow, KSy) accompanied by later silica cement (Si). I) Pie chart showing the X-ray diffraction quantification of the main components of dolomitic 
sediments (DS1 and DS2) and Karstic sediments (KSr and KSy). J and K) photomicrograph pair (PPL and CCL respectively) showing the appearance of replacive 
dolomite 3 (D3) and associate dolomitic sediment 2 (DS2). L and M) photomicrograph pair (PPL and CCL respectively) showing the appearance of replacive dolomite 
4 (D4) affecting carbonates located in the transition between Upper Cangulo unit and Upper Tumbalunda formation. This caused the high content of detrital 
components such as quartz (Qz) and feldspar grains (Fd). 
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crystals ranging from 50 to 200 μm in size and show bright red lumi
nescence (Fig. 9A to C). 

Cluster 2: Replacive dolomite 2 (D2), dolomite cement 2 (DC2), 
dolomite sediment 1 (DS1) and karstic sediments (KS) 

Replacive dolomite 2 (D2) replaces limestones of the Lower Cangulo 
unit to form dolostones with penetrative and partially retentive fabric. 
D2 forms anhedral crystals that range from 10 to 100 μm in size, and 
shows a red bright luminescence (Fig. 9D and E). Dolomite cement DC2 
(DC2) partially fills irregular vugs in D2 crystal mosaics, representing 

Fig. 10. A to D) elemental composition of dolomite and calcite diagenetic phases in carbonate intervals from Cangulo palaeovalley.  

Fig. 11. Oxygen/carbon isotope plot showing the obtained isotopic signature for diagenetic and depositional phases in the Cangulo palaeovalley plotted against data 
from previous published works. 
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dissolution-enlarged intercrystalline pores after the replacement, and 
fractures. DC2 forms subhedral crystals, ranging from 50 to 200 μm in 
size, and show red bright luminescence (Fig. 9D and E). 

Dolomite sediment 1 (DS1) is encountered filling vug and cavernous 
porosity after DC2 precipitation. DS1 is a yellow colour laminated 
sediment made of subhedral dolomite crystals that range from 25 to 150 
μm in size, and show dull red to orange luminescence (Fig. 9F to H). 
According to X-ray diffraction, dolomite is accompanied by quartz, 
feldspars, illite, gypsum and halite (Fig. 8I). In the highly karstified in
tervals of the Lower Cangulo Fm, DS1 is accompanied by yellowish and 
reddish karstic sediments (KSy and KSr in Fig. 9H) with distinctive 
composition; quartz, goethite, dolomite, microcline and illite for the 
yellow KS, and goethite, hematite, jarosite, gypsum, dolomite, quartz 
and illite the red KS (Fig. 9I). D2, DC2 and DS1 constituted a well- 
defined cluster both from elemental and isotopical composition point 
of view, although elemental composition of DS1 is highly variable 
compared to D2 and DC2 (Fig. 11). These diagenetic phases have values 
of δ18O ranging from +0.64 to +3.64 ‰VPDB and δ13C from − 9.56 to 
− 7.14‰VPDB, with elemental composition characterised by Ca and Mg 
content between 20.4⋅104 and 21.9⋅104 ppm and between 10.7⋅104 and 

12.8⋅104 ppm respectively. Mn and Fe content are between 2.1⋅103 and 
4.9⋅104 ppm and 128 and 10⋅103 ppm respectively (Fig. 10). 

Cluster 3: Replacive dolomite 3 (D3) and dolomite sediment 2 (DS2) 

Replacive dolomite 3 (D3) replaces the basal limestones of the suc
cession presented in CCS log (Fig. 6) that appear very near to or just at 
the contact with the Precambrian basement, corresponding to Lower 
Cangulo unit D3 forms anhedral to subhedral crystals that range from 10 
to 50 μm in size and show red bright luminescence. D3 shows a pene
trative and non-destructive fabric (Fig. 9J and K). Dolomite sediment 
DS2 is encountered as reworked grains accompanied by quartz, illite and 
microcline in two forms: i) filling vugs in D3 crystal mosaics, thus 
postdating D3; and ii) included within the depositional facies of the 
Upper Cangulo unit. 

Both D3 and DS2 constitute a very well-defined cluster in terms of 
isotopic and elemental composition. D3 and DS2 yielded δ18O from 0.15 
to 1.98 ‰VPDB and δ13C from − 16.41 to − 11.86 ‰VPDB (Fig. 11), with 
elemental composition characterised by Ca and Mg content between 
21.5⋅104 and 23.3⋅104 ppm and between 9.3⋅104 and 11.8⋅104 ppm 

Fig. 12. A and B) photomicrographs (plane polarized and cathodoluminescence respectively) of calcite crystals CC1 and CC2 from massive porous microfacies in the 
Upper Cangulo unit. C and D) photomicrographs (plane polarized and cathodoluminescence respectively) of calcite crystals CC1 and CC3 and DS2 constituting the 
laminae alternation of dolomicrite-microsparite microfacies. E and F) photomicrographs (plane polarized and cathodoluminescence respectively) showing calcite 
crystals CC3 filling vug porosity of a dolomicrite-microsparite microfacies sample. G and H). E and F) photomicrographs (plane polarized and cathodoluminescence 
respectively) of dolomicrite-microsparite microfacies showing dark laminae constituted by dolomite sediment DS2 and light laminae constituted by calcite crystals 
CC3. I and J) (plane polarized and cathodoluminescence respectively) of calcitized dolomite CD1 associated to dolomite D2. K and L) (plane polarized and cath
odoluminescence respectively) of calcitized dolomite CD2 associated to replacive dolomite D3. 
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respectively (Fig. 10). Mn and Fe content are between 1.1⋅104 and 
4.8⋅104 ppm and below the detection limit and 2.4⋅103 ppm 
respectively. 

Cluster 4: Replacive dolomite 4 (D4) 

Replacive dolomite 4 (D4) replace limestones from the distal facies of 
the Upper Cangulo unit, in the transition between the carbonate beds 
and the clastic deposits of the Upper Tumbalunda Fm. D4 forms sub
hedral to euhedral crystals with a red bright luminescence (Fig. 9L and 
M), locally showing of bright – dull zones. The geochemical composition 
of D4 is similar to the D2 and other components of cluster 2 that are 
diagenetic phases affecting Lower Cangulo unit D4 is characterised by 
Ca and Mg content between 20.7⋅104 and 21.9⋅104 ppm and between 
11.2⋅104 and 12.4⋅104 ppm respectively. Mn and Fe content are between 
11.9⋅103 and 2.3⋅104 ppm and between 134 and 3.7⋅103respectively 
(Fig. 10). 

Cluster 5: Depositional calcite crystals 1, 2 and 3 (CC1, CC2 and CC3) 

Depositional calcite crystals 1, 2 and 3 (CC1, CC2 and CC3) are the 
major mineral component of the massive porous and dolomicrite- 
microsparite microfacies of the Upper Cangulo unit CC1 is constitute 
by micrite to microsparite with a bright orange luminescence that con
stitutes the frame of the massive porous facies (Fig. 12A and B) and light 
laminae of the dolomicrite-microsparite microfacies (Fig. 12C to F). 
CC2, which fills pores of the massive porous microfacies, forms euhedral 
and translucent crystals featuring drusy geometry and ranging from 50 
to 250 μm in size with non to orange dull zoned luminescence (Fig. 12A 
and B). Finally, CC3 is encountered both as light laminae of the 
dolomicrite-microsparite microfacies and as cement partially occluding 
porosity (Fig. 12C to H). CC3 forms euhedral to subhedral translucent 
crystal ranging from 100 to 500 μm in size and featuring drusy to blocky 
geometry. CC3 shows a non-to yellow-bright zoned luminescence. 

These three calcites define an isotopically distinctive cluster char
acterised by an isotopic composition very depleted in δ18O compared to 
other phases (− 7.58 to − 4.87 ‰VPDB in Fig. 11) and similar δ13C values 
(− 15.83 to − 7.64 ‰VPDB in Fig. 11). Their elemental composition is 
characterised by Ca and Mg content between 37⋅104 and 40.1⋅104 ppm 
and between below detection limit and 2.7⋅103 ppm respectively. Mn 
and Fe content are between below the detection limit and 2.6⋅104 ppm, 
and between below the detection limit and 1⋅103 ppm respectively 
(Fig. 10). 

Cluster 6: Calcitized dolomite 1 and 2 (CD1 and CD2) 

Calcitized dolomite 1 (CD1) appears rimming vugs in dolostones 
forming highly karstified intervals of the Lower Cangulo unit, thus 
postdating D2 and DC2 (Fig. 12I and J). CD1 forms anhedric crystals 
ranging from 75 to 150 μm in size and are non-luminescent. Contrarily 
to CD1, calcitized dolomite 2 (CD2) appears rimming dolomite crystals 
within the dolomitic sediment DS2 of the Upper Cangulo unit, thus post- 
dating DS2 (Fig. 12K and L). CD2 forms subhedral to euhedral crystals 
with a red luminescence. CD1 and CD2 have distinctive elemental 
composition, being CD1 richer in Mg content and depleted in Ca content 
compared to CD2. CD1 Mg and Ca content range from 7.2⋅103 to 1.4⋅104 

ppm and from 37.5⋅104 to 38.4⋅104 ppm, respectively. CD2 Mg and Ca 
content range from 3.5⋅103 to 1.1⋅104 ppm and from 36.8⋅104 to 
39.4⋅104, respectively (Fig. 10). CD1 is depleted in Fe content (between 
below detection limit and 228 ppm) respect to CD2 (between below 
detection limit and 683 ppm, with an outlier value of 3.9⋅103 ppm). Both 
CD1 and CD2 show very low Mn content, below detection limit, with 
only few analysis points from CD2 not higher than 470 ppm (Fig. 10). 

5. Discussion 

5.1. Re-interpreting the pre-salt carbonates of the Namibe Basin 

Pre-salt carbonates onshore Namibe Basin were interpreted as trav
ertine, tufa and waterlain lacustrine or transitional marine deposits 
constituting a single lithostratigraphic unit informally named the Can
gulo Fm. (Gindre-Chanu et al., 2016; Rochelle-Bates et al., 2020; Sharp 
et al., 2012). The Cangulo Formation was placed as developed pre
dominantly stratigraphically below the Tumbalunda Formation, typi
cally observed sitting directly on Precambrian basement or igneous units 
of the Etendeka/Bero volcanics, indeed as it does north and south of 
Cangulo palaeovalley. The Cangulo Formation however was also 
described as having complex interfingering relationships with clastics of 
the Tumbalunda Formation in a number of sections, in particular in the 
vicinity of palaeovalleys (eg Chapeau Armado, Ponte Negra, Piambo, 
Bero and Cangulo), and comprising both clear travertine geobodies and 
thinner water-lain bedded carbonates of uncertain lacustrine to mar
ginal marine microbial affinities (Sharp et al., 2016). The Cangulo 
palaeovalley section was identified as a well exposed location where the 
complex Tumbalunda-Cangulo interfingering relationships could be 
further resolved. New sedimentological, petrological, and geochemical 
data from Cangulo palaeovalley presented here now indicate that i) the 
Cangulo Formation should in fact be divided into at least two distinct 
units that are separated by a major sequence boundary (Lower and 
Upper Cangulo units), and ii) that the Upper Cangulo unit travertines are 
younger than previously thought. Several lines of evidence support this 
new interpretation as described in the following paragraphs. 

Sharp et al. (2012) described the Cangulo Fm. as a series of carbonate 
bodies that typically occur lying directly on top of the Precambrian 
basement or Bero Volcanic Complex. The Cangulo Fm carbonates were 
locally described as interbedded with clastics of the Tumbalunda Fm, 
particularly within palaeovalleys, but regional mapping indicated that 
Cangulo Fm carbonates were typically the first sag units deposited on 
basement and Bero Volcanics in the Namibe Basin, and thus likely pre
dominantly older than the overlying several hundred-meter-thick fining 
upwards “transgressive” succession of the Tumbalunda Fm. (Fig. 2B). 
However, new field observations from within the Cangulo palaeovalley 
show that isolated carbonate bodies (now defined as the Upper Cangulo 
unit) are located in a higher stratigraphic position than originally 
documented and in fact occur at the base of the uppermost Tumbalunda 
Fm (Fig. 3B). The stratigraphic juxtaposition of the two carbonate units 
observed in Cangulo palaeovalley indicates that both Lower and Upper 
Cangulo units are younger than previously assumed and would probably 
be time equivalent to the Lower evaporite unit defined by Gindre-Chanu 
et al. (2016). These authors described the Lower evaporite unit as a series 
of carbonate and evaporite intervals deposited in local sabkha and mud 
flats developed within a tidal dominantly clastic succession. The base of 
the unit is typically marked by a thin but laterally extensive remnant 
evaporite horizon. In the type logged section in northern Namibe 
(Cajanjamba and Tumbalunda valleys, Gindre-Chanu et al., 2016), the 
interval above the Lower evaporite unit is characterised by classic tidal to 
evaporitic coastal sabkha facies and has a clear gradational and depo
sitional contact to the overlying main Bambata Fm. evaporites. A similar 
situation is evident in the onshore Benguela and southern Kwanza basins 
(Equinor, 2011; Sharp et al., 2016). 

It therefore follows, that in agreement with the above mentioned 
paleogeographic setting, our new results indicate that the Lower Can
gulo unit carbonates were deposited in a transitional to marginal marine 
tidal-influenced environment. Field observations supporting this inter
pretation are: i) the carbonates are interbedded within the Tumbalunda 
Fm. with the underlying and overlying clastic intervals showing abun
dant tide-related sedimentary structures such as herringbone cross- 
bedding, mud-flake rip-ups and bi-directional current ripples in associ
ation with grazing and dwelling icnofabrics, including bivalve resting 
traces (Fig. 4); ii) the occurrence of tepee structures, low relief dome 
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shaped beds, fenestral porosity and planar to wavy fine-laminated facies 
(Fig. 5), typically related to microbial- and algal-induced carbonate 
deposition in intertidal or marginal marine zones (Lasemi et al., 2012; 
Matysik, 2016; Shinn et al., 1983; Wright, 1990); iii) the subparallel, 
fairly continuous stratal pattern of the Lower Cangulo unit compared to 
the stratal pattern of the Upper Cangulo unit (Fig. 4) indicates deposi
tion in a flat topography such as tidal flats to coastal sabkha (Rankey and 
Berkeley, 2012); and iv) the presence of pseudomorphs of evaporites 
(probably gypsum or glauberite based on their morphology, Fig. 5H), 
suggesting a saline environment under a relatively hot climate (i.e., with 
a high rate of evaporation) that favoured the growth of evaporite min
erals within carbonate mud (Salvany et al., 2007). Halite and gypsum 
pseudomorphs have also been documented in equivalent intervals in 
Benguela and Gaio regions (Gindre-Chanu et al., 2016). In this regard, 
the general lack of biota along the entire Lower Cangulo unit succession 
could be associated with these arid and saline environmental conditions 
(Mercedes-Martín et al., 2014; Tucker, 1991), which fits well with the 
regional arid climate zone prevailing during Aptian times in the area 
(Chumakov, 1995; Hay and Floegel, 2012). 

An evaporative depositional setting for the Lower Cangulo unit is 
also suggested by the early diagenetic replacive dolomite (D2 and D3) 
and dolomite cement (DC2) that overprint the depositional carbonate 
texture (Fig. 8). The positive δ18Ovpdb signature of D2, DC2 and D3 
dolomites (+1 and + 4‰, Fig. 11) are slightly heavier than the expected 
values for dolomites precipitated from an Aptian marine fluid. The ox
ygen isotopic signature of those marine-related Aptian dolomites would 
range between − 1 and +3‰, applying the correction factor of 
Δ18ODol–Calcite between +2 and + 4‰ (Arenas et al., 1997; Budd, 1997; 
Geske et al., 2012) to the − 3 and − 1‰ δ18Ovpdb signature of Aptian 
(early Cretaceous) marine carbonates (Ferreri et al., 1997; Veizer et al., 
1999). The enrichment on heavy oxygen isotopes is attributed to the 
precipitation from evaporated marine water under a high rate of evap
oration (Fig. 11). The obtained oxygen values for the Lower Cangulo 
dolostones are consistent with those rates reported for other 
marine-related dolostones from the Upper Sag succession onshore 
Namibe Basin (Gindre-Chanu et al., 2016) and hypersaline lacustrine 
carbonates offshore Kwanza Basin (Sabato-Ceraldi and Green, 2016). 

Contrarily to the oxygen signature, the carbon isotopic values of 
Lower Cangulo dolostones (D2, DC2 and D3) is highly depleted (− 6 to 
− 16‰; Fig. 11) compared with other upper sag carbonates from the 
South Atlantic basins (Gindre-Chanu et al., 2016; Sabato-Ceraldi and 
Green, 2016). This shift is interpreted to result from the interaction of 
Aptian evaporated marine water with fluids derived from: i) microbial 
sulphate reduction (Mazzullo, 2000; Preto et al., 2015), ii) oxidation of 
organic matter (Moore, 2001) and/or iii) interaction with meteoric 
fluids (Bustillo et al., 2017). All three processes are feasible in the 
interpreted sabkha and tidal flat depositional setting and they poten
tially coexisted in the Cangulo palaeovalley. However, the Lower Can
gulo dolostones located near the basement, and just beneath the Upper 
Cangulo unit (Fig. 6), show more depleted δ13C vpdb (from − 12 to − 16‰, 
D3) than equivalent dolostones located in distal areas (from − 7 to 
− 10‰, D2 and DC2). This spatial distribution suggests that the inter
action between evaporated marine water and meteoric fluids would be 
the prevailing dolomitization mechanism in areas close to the Cangulo 
palaeovalley basement. This interpretation is also supported by Mg/Ca 
variation in D2, DC2 and D3 dolomites that follows the same trend; 
Mg/Ca ratio decrease in areas near the basement (D3) in comparison 
with distal ones (D2 and DC2, Fig. 10), likely resulting from a higher 
influence of meteoric water (Folk and Land, 1975; Hayes and Boles, 
1993). 

Results indicate that Upper Cangulo unit was deposited after the 
exposure and partial erosion of the Lower Cangulo unit and Lower 
Tumbalunda Fm., as recorded by the erosional unconformity between 
both carbonate units (Figs. 6 and 13). Contrary to the Lower Cangulo, 
field data indicate that the Upper Cangulo carbonates, dominantly 
limestones, correspond to a travertine system characterised by isolated 

bodies attached to the basement and deposited following a palaeorelief 
caused by erosion most probably linked to a significant regression. We 
use here the term travertine in a broad sense representing fresh water 
(non-marine) subaerial carbonates as Upper Cangulo carbonates include 
characteristics of both travertine and tufa systems (e.g., regular bedded 
fabric from travertines or dominantly micritic to microsparitic crystal 
size from tufas) listed in Capezzuoli et al. (2014). 

Following the morphological classification of travertine and tufa 
complexes (Della Porta, 2015; Luo et al., 2021b, 2021zkul et al., 2002), 
the predominant depositional environment in the Cangulo palaeovalley 
is slope, including smooth slopes (perched?) and terraced slopes with 
local waterfalls and cascades with ponds (Figs. 6 and 13). Moreover, 
pools have been also identified south of the main Cangulo palaeovalley 
(Fig. 13) and are spectacularly well exposed in the Chapeau Armado 
area to the north of Cangulo (Sharp et al., 2012; Rochelle Bates et al., 
2020). Field and petrographic data shows that the Upper Cangulo 
travertines are dominantly made of massive porous facies accompanied 
by dolomicrite-microsparite crusts (Fig. 6). The origin of the massive 
porous travertines is unclear but, based on their organic appearance at 
outcrop, they resemble the “reed travertine lithotype” resulting from the 
precipitation of calcite due to the presence of plant stems and roots, 
typically encountered in the low energy environments of terraces and 
pools (Della Porta et al., 2017; Guo and Riding, 1998, 1998zkul et al., 
2002). Moreover, the vacuolated texture observed at outcrop and mi
croscope scales in the massive porous facies (Fig. 12) can also be 
compared to “coated bubble lithotype” that is associated with stagnant or 
low-energy flow conditions in pools and ponds of terraced slope envi
ronments (Chafetz and Folk, 1984; Della Porta et al., 2017; Erthal et al., 
2017; Gandin and Capezzuoli, 2014). This vacuolated (e.g., bubbles) 
texture is interpreted to result from agitated waters or microbial meta
bolic activity. Either if the massive porous microfacies would correspond 
to the reed or to the bubble lithotype, their origin is related to a depo
sitional setting with low energy water flow that fits well with the very 
smooth morphology of the travertine bodies observed in the Cangulo 
palaeovalley. The aforementioned interpretation of massive porous 
microfacies would also apply in nearby localities, eg Chapeau Armado, 
Ponte Negra, Piambo, Maraquita and Bero areas, where other Upper 
Cangulo sections consist of dominant massive porous microfacies asso
ciated to pool fill and cascade facies. 

Dolomicrite-microsparite crusts are characterised by an alternation 
of thin layers of dark coloured fine crystalline dolomite (dolomicrite), 
and light colour layers of fine calcite crystals (microsparite) (Figs. 6H, 
12G and H). Dolomite has been rarely found in tufa or travertine systems 
(exemples in Barnes and O’Neil, 1971; Folk, 1994; Kitano, 1963; Renaut 
and Jones, 1997). However, Özkul et al. (2013) described mm-scale 
layers of detrital dolomite laying between calcite laminae in carbon
ates deposits from Denizli Basin (Turkey). We invoke this origin for the 
dolomite laminae observed in the Upper Cangulo bodies. According to 
petrographic observations, the identified dolomite within crust facies is 
not a replacive or cementation product but a dolomitic sediment (DS2, 
Fig. 12). In addition, the elemental and isotopic composition of this 
dolomitic sediment (DS2 in Figs. 10 and 11) is comparable to the 
geochemical signature of the underlying dolostone beds of the Lower 
Cangulo unit (D3 in Figs. 10 and 11). This points to the partial erosion of 
Lower Cangulo unit as a source of the dolomitic sediment incorporated 
in the dolomicrite-microsparite crust beds. Erosion of basal dolostone 
and incorporation of dolomitic sediment to the systems suggest a rela
tively energetic environment that would agree with the presence of the 
crystalline crust facies. Although not equivalent, we can compare the 
crystalline facies of dolomicrite-microsparite crust to the “crystalline 
crust lithotype” or “Micrite-Microsparite crust boundstones” defined in 
travertine and tufa complexes (Della Porta et al., 2017; Guo and Riding, 
1998; Luo et al., 2021a, 2021zkul et al., 2002). Those facies are typically 
associated with abiotic processes under an agitated and rapidly flowing 
water that occurred in slope settings (Della Porta et al., 2017; Erthal 
et al., 2017; Guo and Riding, 1998). Tufa and travertine complexes are 
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very dynamic, being waterflow velocity highly variable through space 
and time (Gandin and Capezzuoli, 2008; Guo and Riding, 1998; Rainey 
and Jones, 2009). In the Cangulo palaeovalley, this is recorded by the 
alternation of the low-energy massive porous limestones and the rapid 
flow dolomicrite-microsparite crust beds. 

Oxygen and carbon isotope values of the three calcite types forming 
the Upper Cangulo travertines (CC1, CC2 and CC3) range between 
− 7.58 and − 4.87 ‰VPDB and − 15.83 and − 7.64 ‰VPDB, respectively 
(see Fig. 11). The reported range displays a distribution consistent with 
the meteoric calcite line reported by Lohmann (1988) and is similar to 
the reported isotopic signature in fluvial tufa characterised by cool or 
ambient temperature fluids (Andrews, 2006; Della Porta, 2015; Gandin 
and Capezzuoli, 2008; Zeng et al., 2021) as well as with values for the 
meteogene travertines defined by Pentecost and Viles (1994). The car
bon isotope values of calcites CC1, CC2 and CC3 are clearly distinctive 
than that reported for hydrothermal/high temperature travertine com
plexes or thermogene travertines that commonly show a more positive 
carbon signature (see hydrothermal and thermogene fields in Fig. 11, 
extracted from Della Porta, 2015; and reference therein; Pentecost and 
Viles, 1994). Using a numerical approach for δ18Ovpdb of Upper Cangulo 
samples, and applying fractionation curves of calcite (Friedman and 
O’Neil, 1977; Salardon et al., 2017) for a temperature lower than 30 ◦C 
(i.e. low temperature travertine systems), the resulting δ18Osmow of the 
parent fluid would rest between − 10 and − 3‰, which is a typical 
signature of meteoric or slightly evaporated meteoric fluids. Thus, a low 
temperature fluid with meteoric signature is envisaged as the most 

plausible origin of the travertine complexes in the Cangulo palaeovalley. 
According to Schröder et al. (2016), no freshwater travertine systems 
have been previously reported in the Cretaceous in the South Atlantic. 
Consequently, the presented results make the Upper Cangulo unit the 
first reported evidence of this type of non-marine carbonate system on 
the African margin of the South Atlantic. 

The reported outcrop geomorphology (pools, terraces, slopes) and 
isotopic signature in the Upper Cangulo travertine complex is compa
rable to those reported in a travertine geobody from the Chapeau- 
Armado outcrop located 12 Km to the north of Cangulo palaeovalley. 
Rochelle-Bates et al. (2020) reported isotopic values of calcite veins and 
recrystallised host-rock very similar to the ones in Cangulo palaeovalley. 
However, the diagenetically altered travertine from the 
Chapeau-Armado area record a much later diagenetic story (84 Ma) 
linked to different fluids than that of the depositional or early diagenetic 
ones interpreted in Cangulo palaeovalley. In the Chapeau-Armado area, 
field and petrographic data record overpressure fracturing, calcite and 
dolomite cements accompanied with the emplacement of bitumen 
occurring due to the circulation of high temperature volcanic-related 
fluids adjacent to a major nepheline-basanite igneous plug. Those 
diagenetic phases have not been identified in the Upper Cangulo unit of 
Cangulo palaeovalley, likely due to the absence of a comparable igneous 
plug as developed in the Chapeau Armado area. 

All the low temperature travertine bodies presented in the present 
work are located over fractured and faulted metasedimentary rocks, 
whereas elsewhere in the Namibe Basin (eg., Piambo, Maraquita and 

Fig. 13. Morphological characterization of travertine systems corresponding to the Upper Cangulo Unit. A) Geological map with Pre-Salt units differentiated 
showing the location of some examples of the travertine complex in the Cangulo palaeovalley. B) Panorama showing the geometry of a terraced slope characterised 
by the presence of ponds associated with subhorizontal beds. C, D and E) Representative images of travertines with a morphology of smooth slopes laying on top of 
the erosional unconformity (white dashed lines). F and G) Images of two well-developed pools with subhorizontal internal bedding and circular shapes. 
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Bero region) Cangulo Fm. travertines are developed above igneous rocks 
of 131–134 Ma ages (Etendeka/Bero vocanics). Younger volcanic- 
related travertines systems (Coniacian-Santonian) linked to high tem
perature fluids are reported in other areas of the onshore Namibe Basin 

(Fiordalisi et al., 2021). Regional mapping in the Namibe and Benguela 
basins indicate both the Early and Late Cretaceous travertine systems 
show a clear spatial relationship to fault and fracture systems (Sharp 
et al., 2016). 

Fig. 14. Palaeogeographic maps showing the distribution of depositional environments along Cangulo palaeovalley during late sag period (Early Aptian).  
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5.2. Sedimentological and diagenetic evolution of Cangulo palaeovalley 

Cangulo palaeovalley represents a key locality that helps to signifi
cantly refine understanding of the depositional and palaeohydrological 
regime that existed during the terminal episodes of the upper sag 
sequence onshore Namibe Basin, and by extension in the South Atlantic 
Pre-Salt. Compiled regional, sedimentological, petrographical and 
geochemical observations and data from the outcropping Pre-Salt suc
cession in Cangulo palaeovalley allows for the first time establishment of 
a complex depositional and diagenetic evolution for the latest sag South 
Atlantic pre-salt succession that is summarised in the following 
paragraphs. 

Results from Cangulo palaeovalley allow differentiation of at least 
three high order transgressive-regressive cycles (T-R) within the upper 
sag sedimentary succession, with a final transgressive event that is 
topped by deposition of the Mid-Aptian evaporites of the Bambata Fm. 
(although this unit is not preserved in the study area, Fig. 3). The first T- 
R cycle initiates with transgressive deposits of the clastic-dominated 
basal Lower Tumbalunda Fm., which is interpreted as representing an 
alluvial to fluvial depositional setting (Fig. 14A and Fig. 15A) dominated 

by westward flowing ephemeral braided rivers (Sharp et al., 2016). The 
most transgressive deposits of the first cycle are the ones from the cen
tral part of the mixed interval-1 (Figs. 4, 14B and 15B), which likely 
represent marginal marine shoreface to tidal flat sediments. Mixed 
interval-1 sandstones can be interpreted as deposited in two distinct 
settings; mouth bar or pro-delta, dominated by outflow/fluvial 
discharge processes with rare wave reworking (Figs. 14B and 15B). The 
more heterolithic and silt-sand interbedded facies cut by shallow scours 
and channels filled with bi-directional cross bedding, ripples (Fig. 4), 
mud drapes and locally intensive bioturbation are more indicative of a 
sub-to inter-tidal flat/marginal marine setting (Dalrymple and Choi, 
2007; Davis, 2012). The uppermost part of the mixed interval-1 records 
the onset of the regressive deposits of the first T-R cycle, characterised 
by a sand-dominated interval that is topped by a channelized and 
strongly erosive contact that records an abrupt regression. 

The second T-R cycle initiates with a succession comprising multi- 
story and laterally stacked channels interpreted as a fluvial system 
dominated by conglomeratic and coarse sandy sediments that run to
wards the west according to clast imbrication (Fig. 14C and 
Fig. Fig. 15A). The most transgressive deposits of the second cycle are 

Fig. 15. Block diagrams showing sedimentary system distribution and fluid flow regime in Cangulo palaeovalley during latest sag period (Early Aptian).  
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made of a mixed clastic-carbonate-evaporitic succession (mixed-2 in
terval, Fig. 4). Deposition in a tidal marginal marine to coastal sabkha 
setting is envisaged during this transgression, which was more extensive 
than the previous one, as the clastic – carbonate interval can be traced 
more than 1.5 km landward towards the interior of Cangulo palae
ovalley (Figs. 14D and 15C). Tidal influence in the clastic dominated 
periods is recorded by sedimentary structures such as climbing and bi- 
directional ripples, very well-developed herringbone, tabular to low 
angle trough cross sets, and truncation/reactivation surfaces (Fig. 4). 
During the episodic decrease of clastic input precipitation of carbonate 
and evaporite intervals was favoured, with biogenic carbonates colo
nizing clastic bedform tops (mixed-2, Fig. 4). The laminar, domal to 
radial microbial-induced carbonates, encountered in the mixed-2 in
terval, were replaced soon after deposition by replacive dolomite (D1) 
and the porosity partially occluded by dolomite cement (DC1). Oxygen 
isotopic signature of replacive dolomite (D1 in Figs. 11 and 15C) is 
similar to the expected values for a marine origin (Ferreri et al., 1997; 
Veizer et al., 1999), with very limited influence of meteoric fluids 
consistent with a decrease in surface water run-off as suggested by their 
high Mg/Ca ratio (Folk and Land, 1975; Hayes and Boles, 1993) and low 
content in Mn (Li et al., 2019). Although direct evidence of evaporite 
deposition was not found; the sulphur mineral phases found in this in
terval (gypsum and jarosite >30%, Fig. 3F) suggests the presence of 
primary depositional sulphates, later dissolved and reprecipitated (Long 
et al., 1992; Warren, 2016). The regressive deposits of the second T-R 
cycle comprise a less than 2 m thick sandstone interval capped by a 
sharp, erosive contact linked to an interpreted rapid regression that 
marks the end of the cycle. 

The third T-R cycle comprises the upper part of the Lower Tumba
lunda Fm. and the Lower Cangulo unit. It initiates with a sharp and 
erosive contact overlaid by a conglomerate-dominated interval inter
preted as a consistent westward flowing fluvial system (Fig. 13). 
Gradational upward transition to a heterolithic succession with 
distinctive mud drapes, well-developed planar, current, and tabular 
trough cross bedding, together with common rip-up clasts suggest 
deposition in a transgressive setting from fluvial to marginal marine 
tidal flat (Fig. 14D). The most transgressive deposits of the third T-R 
cycle correspond to the Lower Cangulo carbonates, which are inter
preted to represent an arid tidal flat depositional setting with 
biologically-induced carbonate precipitation (see detailed discussion in 
section 5.1). The deposition of those carbonates suggests limited clastic 
input and runoff, and high evaporation rates (Figs. 14E and 15D). The 
inner part of the Cangulo palaeovalley do not register sediments of this 
stage as they were later eroded. As detailed in the previous section, 
analytical data suggests that the Lower Cangulo unit carbonates were 
dolomitized in close association with the circulation of mixed fluids 
(marine fluids combined with fluids derived from microbial sulphate 
reduction, organic matter oxidation and/or meteoric waters). Analytical 
data indicate that the isotopic signature of the resulting dolomites 
(Fig. 11) varies depending on the distance from the exposed basement 
(Fig. 15D). 

The regressive part of the third cycle is characterised by the diage
netic overprint of the Lower Cangulo carbonates and the major erosional 
unconformity at the top of this unit. The Lower Cangulo unit shows well- 
developed karstic collapse breccia intervals (Fig. 5) characterised by 
cycles of rubble float breccia (monomictic and heterometric host rock 
dolostones clasts) transitioning to mosaic and to crackle pack breccia 
upwards within the cycles. All these characteristics, together with the 
presence of sulphates in the karstic and dolomitic sediments of the 
breccia matrix (KS and DS1, Fig. 9I), indicate that the Lower Cangulo 
unit was originally composed by an alternance of carbonates and 
evaporites, which were dissolved due to interaction with meteoric wa
ters. These breccias show additional characteristics comparable to the 
ones reported in other collapse breccia formed by evaporite dissolution 
such as: i) sharp lower contact of the breccia cycles (Daniels et al., 2020; 
Swennen et al., 1990), ii) gradual transition into overlying strata 

(Daniels et al., 2020; Swennen et al., 1990), iii) presence of calcitized 
dolomite (see calcitized dolomite in Lower Cangulo unit, CD1 in Fig. 11I 
and J) (Daniels et al., 2020), iv) monomictic heterometric and unsorted 
clasts originated from the overlying strata (Daniels et al., 2020; Fried
man, 1997; Scholle et al., 1993), and v) localised brecciation in limited 
intervals or zones (Daniels et al., 2020; Friedman, 1997; Scholle et al., 
1993; Swennen et al., 1990). The aforementioned authors reported ex
amples of similar processes in the Permian Karstryggen Fm. (Greenland), 
the Carboniferous (Visean) Belle Roche breccia (Belgium) or the 
Permian Rocker Fm. (UK). This interpretation agrees with the facies 
model proposed by Gindre-Chanu et al. (2016) for the later sag onshore 
Namibe Basin. Based on observations from the South and North Angola 
margin, these authors interpreted that an extensive shallow sabkha was 
emplaced in the proximal region of the basin where deposition of 
inter-layered evaporites and microbialitic carbonates occurred. There
fore, the observations from the Cangulo palaeovalley reported here 
suggest the occurrence of an equivalent marginal marine depositional 
setting (i.e., sabkha) in the central part of the onshore Namibe Basin. 

The mineralogical composition of the Lower Cangulo breccia matrix 
suggests that the infiltration of meteoric waters was active at the time of 
deposition. The matrix of rubble floatbreccias is composed by karstic 
sediments that include feldspars and quartz that were likely eroded from 
the Palaeozoic basement and incorporated into the karstic sediments. In 
this regard, despite iron oxides in karstic sediments being typically 
associated with insoluble residue after carbonate dissolution, infiltrated 
meteoric waters that interact with laterites from the altered basement 
could be an additional/alternative source for iron oxides. Finally, the 
isotopic and elemental composition of the carbonate fraction in the 
breccia matrix (dolomitic sediment, DS1) is equal to those of the host 
rock (D2), suggesting that DS1 may have an origin related to erosion of 
the host rock during subaerial exposure (Baqués et al., 2013; Travé et al., 
2021). 

The dissolution of evaporites, dolostone karstification and local 
erosion of the Lower Cangulo unit is interpreted to be linked with a 
major relative sea level fall (Kervin and Woods, 2012 and reference 
therein), and this represent the maximum expression of the regressive 
tract of the third T-R cycle. Based on the spatial distribution of breccia 
outcrops and tidal deposits from the innermost part of the Cangulo 
palaeovalley, the shoreline migration during this regression is estimated 
to have been at least 1.5 km towards the west (Figs. 14F and 15E). 
Moreover, this regression was also likely the origin of partial erosion of 
the siliciclastic deposits of the Lower Tumbalunda Fm. that resulted in 
the basal unconformity of the Upper Cangulo unit. The stratigraphic 
position of the unconformity constrains this major regression as 
intra-Tumbalunda Fm., possibly regionally equivalent to an intra Che
la–Cuvo event within the latest upper sag succession (Brownfield and 
Charpentier, 2006; Burwood, 1999; Marton et al., 2000). 

Above the major marine regression, transgressive deposits of the 
fourth and final T-R cycle are represented initially by deposition of the 
Upper Cangulo travertines (see details section 5.1). We interpret that the 
marine regression of the third T-R cycle probably caused changes in the 
level of the groundwater table that resulted in the onset of freshwater 
springs along the fractured and faulted basement and the development 
of travertine complexes. Similar mechanisms are reported in Lake 
Bogoria by Renaut et al. (2013), where changes in lake level allow the 
development of thermogene travertines in the so-called Travertine 
Window. 

Upper Cangulo carbonates facies located in the distal parts of the 
travertine bodies show a high content of exotic components like feldspar 
and quartz grains, which record the income of detritus probably related 
to the increase of fluvial activity (Fig. 15F). The predominantly meteoric 
fluid regime is also recorded by the presence of calcitized dolomite 
(CD2, Fig. 12K and L) that has been related to the interaction of the 
dolomite sediment (DS2) of the Upper Cangulo travertines with mete
oric waters (Fig. 15F). 

The Upper Cangulo travertines change laterally and vertically to 
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siliciclastic deposits of the Upper Tumbalunda Fm., which progressively 
onlap the previous deposited units, recording the final transgression and 
migration of the shoreline landward (Fig. 14G, H and 15F). Analysis of 
partial dolomitized distal travertine beds (D4, Fig. 9L and M) suggest a 
marine influence of the dolomitizing fluids. The elemental composition 
of dolomite D4 is similar to the composition of dolomite D2 of the Lower 
Cangulo unit (D2, Fig. 10), with high Mg/Ca ratio and low Mn content. 
In this regard, the presence of domal laminated carbonates, cross bedded 
calcareous sandstones and highly bioturbated intervals (?Ophiomorpha) 
within the clastic dominated Upper Tumbalunda formation points to a 
return to marginal marine, tidal-influenced, mixed depositional envi
ronment comparable to the Lower Tumbalunda and Lower Cangulo 
units (Fig. 14G, H and 15F). The marginal marine interpretation of 
Upper Tumbalunda formation is in agreement with the equivalent de
posits in Benguela area where well-exposed bivalve coquina facies filling 
tidal channels, and very clear Ophiomorpha and Thallassinoides traces 
have been identified. This final transgression terminated with the 
deposition of the Bambata evaporites, not preserved in the Cangulo 
palaeovalley but reported regionally (Gindre-Chanu et al., 2016). These 
evaporites were likely later mobilized, eroded and/or dissolved during 
Albian times, in addition to younger dissolution (Gindre-Chanu et al., 
2015). 

5.3. Regional implications for margin evolution 

In the onshore Namibe and Benguela Basins the contact between the 
Upper Tumbalunda Fm. and the overlying evaporites of the Bambata 
Fm. is mostly gradational and transgressive in nature, with each suc
cessive bed and mixed tidal-sabkha parasequence onlapping and over
stepping the palaeovalleys and associated interfluves, cumulating with 
an overstepping and widespread evaporite sheet deposited (Sharp et al., 
2016). Progressive onlapping and overstepping transgressive valley 
filling parasequences are also commonly described for the age equiva
lent Grey Cuvo, Chela, and Gamba formations further north (Brownfield 
and Charpentier, 2006; Burwood, 1999; Karner et al., 2003; Van Eden, 
1978.; Viera et al., 2015). Each parasequence has an increasingly 
evident marine/tidal signature, including in the Benguela (Dombe 
Grande) region (Fig. 16) a well-developed marine ichnofauna (Thallas
sinoides, Ophiomorpha) and locally exposed tidal channel filling bivalve 
and gastropod coquinas. In general, more obvious marginal marine tidal 
facies are evident in the Benguela pre-salt palaeovalley fill successions 
than in Namibe (Sharp et al., 2016), and these can be tied to an 
increasingly clear marine signal documented for the latest Chela/Cuvo 
in the northern Kwanza, Cabinda and Congo-Gabon region. Collectively 
these data could be interpreted to indicate a northerly marine con
nection/transgression direction for the latest pre-salt, which would be in 
keeping with the southerly propagation/opening direction suggested for 
the Kwanza-Campos, Namibe-Outer Santos conjugate rift arm based on 
regional offshore seismic tectono-stratigraphic mapping by Higgins et al. 
(2016). In all onshore areas of Angola an increasingly evaporitic facies 
association is evident in the uppermost pre-salt units towards the contact 
to the main Bambata Fm. evaporite. This includes locally well-developed 
halite pseudomorphs within tidal heterolithics, and interbedded cm 
scale cycles of evaporite, desiccated tidal flat muds and algal-fenestral 
carbonates (particularly well exposed in the Tumbalunda section). Ich
nofaunas become sparse to absent in this uppermost section. In northern 
Namibe (Gaio and Tumbalunda regions) these uppermost pre-salt par
asequences and main evaporite body backfill, onlap and overstep the 
palaeovalleys. A directly comparable situation is evident all along the 
Benguela to Kwanza basin margin outcrops (Fig. 16), leading Sharp et al. 
(2016) to conclude that, somewhat unusually, at least the initial phase of 
evaporitic deposition of the main Bambata/Loeme evaporite was 
transgressive in nature. Bambata/Loeme Fm. evaporites back-filling and 
overstepping palaeovalley features all along the Angolan margin, from 
Namibe to Kwanza, with very little evidence of coeval interbedded 
clastic deposition within the valleys is an important observation. This 

likely indicates an extreme phase of aridity and evaporation during the 
Middle Aptian, with effective palaeovalley fed clastic sediment supply 
shut off from the African craton. After the initial widespread Early 
Albian marine flooding event above the Bambata/Loeme evaporites 
(Binga/Gaio Mbr), clastic supply dramatically returns in the Middle 
Albian with thick red bed clastic successions of the Giraul and Dondo 
Fm’s developed in the Namibe, Benguela and southern Kwanza basins. 

Based on the present work, we cannot conclusively identify a unique 
regional or local mechanism that controlled the sea-level variations and 
T-R cycles recorded in the studied sedimentary succession. Additional 
detailed work in other localities of the margin would be required to get a 
better understanding of how the T-R cycles correlate from valley fill to 
valley fill from Namibe to Benguela and Kwanza. What we can say with 
some certainty however is that broadly age equivalent latest pre-salt 
sections in the Namibe, Benguela and southern Kwanza basins all 
display a similar overall backstepping onlapping valley filling and pro
gressively overstepping mixed clastic-carbonate-evaporite sequence that 
passes gradationally upwards into the Bambata/Loeme evaporites 
(Fig. 16), and that these valley fill successions consist of a number of 
smaller scale transgressive-regressive cycles. A linked genetic relative 
sea level control thus appears obvious at the margin scale, although as to 
if base level changes were driven by eustatic versus regional tectonic/ 
geodynamic controls at present remains unclear. The Aptian long term 
global eustatic sea level curve from Haq (2014) shows an overall high 
amplitude sea level fall trend, with several short-term cycles of sea level 
change. In the Atlantic the Early Aptian is associated with a sea level 
rise, whilst the Mid Aptian is associated with a significant relative sea 
level fall that is well documented in both the Atlantic and Tethyian 
realms, with some authors indicating a relative sea level fall of up to 120 
m (Haq, 2014, Quirk and Rüpke, 2018). It is appealing to link the intra 
Tumbalunda unconformity or main South Atlantic evaporite phase to 
this major Mid Aptian sea level fall, as Quirk and Rüpke (2018) also 
concluded for the main evaporite phase. However, the as yet lack of 
precise dating of the studied onshore succession does not allow us to 
make this link with confidence. 

The Cangulo study area is located at or just inboard of the Atlantic 
hinge of the necking domain (Fig. 2c), a zone which bounds the land
ward limit of post-rift thermal subsidence (Quirk and Rüpke, 2018). 
Faults observed at outcrop and on offshore seismic data offsetting sag 
units of the upper pre-salt units are also associated with folding of the 
evaporite and lower post-salt units up to the Lower Giraul Fm. Region
ally, these faults and folds accommodate outer hinge zone tension at the 
transition between the outboard subsiding hyper-extended margin 
(outer basin, Fig. 16) and the stable inner marginal basin domain 
(Higgins et al., 2016). Regional pulsed or progressive seaward tilting of 
the African margin during this post-rift thermal relaxation (sag) phase 
could thus also be considered as a key driver on latest pre-salt sequence 
facies and thickness development, with pulsed basinwards rotation and 
regional tilting around the Atlantic hinge line driving the T-R cycles 
(Fig. 16). This mechanism could elegantly explain the regional basin
wards fanning and expanding growth geometries observed within the 
latest Aptian pre-salt, evaporite and Albian post-salt successions all 
along the Angolan margin, resulting in a classic “steers head” like 
margin onlapping sag geometry as also suggested by Pindell et al. 
(2020). The hinge zone also controls the marked change in thickness of 
the sag, evaporite and immediate post salt successions from the thin 
inboard outcrops to the thick outboard/offshore sections (Fig. 16). 

Placing the Cangulo palaeovalley study into a regional South Atlantic 
context, our onshore data unequivocally confirm the marginal marine 
evaporitic nature of the latest sag Pre-Salt successions. Given the out
crops studied are inboard of the main Atlantic Hinge or necking zone on 
relatively thick continental crust (Fig. 2), these new data have important 
implications for discussions of palaeobathymetry and water body 
composition (lacustrine vs marine) in the more offshore areas of the 
main Atlantic hinge immediately prior to the onset of deposition of the 
main South Atlantic evaporite (Karner et al., 2003; Sharp et al., 2016). 
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Fig. 16. Uppermost Sag Paleogeographic map (Aptian) – Angolan margin rotated clockwise to approximate 112 Ma position using Splates rotation model. Present 
day Angolan coastline outlined in black. Insert lower section showing interpreted main geodynamic events from Early Aptian to Early to Middle Albian. Section is 
based on regional seismic data across Kwanza Basin blocks 38, 22 and 7 tied to onshore sections. Thick black line on map shows location of the sketch section. 
Paleogeographic map shows interpreted depositional environments along the Angolan margin integrating outcrop, well and seismic data. Location of studied 
palaeovalleys indicated, included the Cangulo palaeovalley. SDR’s – Seaward Dipping Reflectors. LDF – Landward Dipping Faults. HZ – Hinge Zone. Note the 
interpreted volcanic Outer High and SDR’s in Kwanza Distal margin are not evident along strike in Benguela and Namibe, where the Distal Margin is more typically 
associated with interpreted exhumed mantle or crustal scale faulting. Uppermost Sag succession that forms the focus of this study is indicated in blue on lower sketch 
section, onlapping and overstepping both the Hinge Zone and Inner Basin (outcrops) and Distal Margin/Outer High. 
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The onshore marginal marine sections effectively act as a latest pre-salt 
relative sea level “datum” that can be projected outboard of the hinge 
line across the outer sag basins towards the volcanic outer highs 
(Fig. 16). Well data from age equivalent immediate pre-salt succession 
developed on the outer volcanic highs in the Kwanza Basin also confirm 
a marine signature, including the presence of marine red algae and 
echinoderm debris (Higgins et al., 2016; Sharp et al., 2016). Our new 
data confirm a latest pre-salt marine succession developed inboard of the 
main necking domain, and thus it appears unlikely that the South 
Atlantic Late Sag and evaporite in the outer basins was deposited in an 
underfilled Messinian-like silled basin significantly below regional sea 
level immediately prior to evaporation. An immediate Pre-salt marine 
datum in both the onshore and outer high areas would indicate that the 
intervening outer basins were marine in nature, with a palae
obathymetry and water depth of between 200 and 500 m based on 
seismic stratigraphic mapping and onlap relationships (Fig. 16). These 
are important conclusions with regard placing hard data constraints on 
the hotly debated nature of the depositional setting of the South Atlantic 
evaporites and latest sag deposits. 

6. Conclusions 

A 150 m-thick succession deposited in Cangulo palaeovalley exposed 
within the Namibe Basin is analysed in the present work. The studied 
succession belongs to upper sag deposits of the South Atlantic Pre-Salt 
succession, and is characterised by fluvial to marginal marine (tidal to 
sabkha) and non-marine sediments deposited during Aptian times in a 
well-developed Cretaceous palaeovalley. Regional mapping and com
parisons indicate that Cangulo is not unique, with an age and facies 
equivalent network of pre-salt palaeovalley fill successions being 
evident along the SW Angolan margin from Namibe to Benguela and 
southern Kwanza (Fig. 16). 

New data provide unambiguous evidence for a reinterpretation of 
the Pre-Salt carbonates of the Cangulo Fm., that were previously defined 
as a single depositional unit, as is summarised below. 

The first early Aptian deposits in Cangulo palaeovalley (Lower 
Tumbalunda Fm.) corresponds to 2 transgressive-regressive cycles 
characterised by basal alluvial to fluvial coarse-grained deposits linked 
to systems flowing towards the west, transgressed by tidal marginal 
marine and tidal flat successions. The later transgressive package is 
characterised by the deposition of mixed siliciclastic, carbonate and 
evaporites associated with a maximum flooding event that reached very 
proximal parts of the palaeovalley. Early dolomitization of carbonates 
occurred, with marine fluids being the prevailing origin for this process 
(δ18O between +2.04 and +3.27 ‰VPDB and δ13C values between − 1.11 
and − 0.22‰VPDB). 

After an abrupt regression and deposition of fluvial deposits, a third 
transgression resulted in the deposition of the Lower Cangulo unit in an 
intertidal-sabkha environment. This unit is interpreted to originally 
comprise an alternation of evaporite and carbonate interbeds, early 
dolomitized due to the circulation of mixed fluids. Dolostones located 
far from the basement walls of the palaeovalley point to a mixture of 
marine water and fluids derived from microbial sulphate reduction, 
organic matter oxidation and/or meteoric waters (δ18O ranging from 
+0.64 to +3.64 ‰VPDB and δ13C from − 9.56 to − 7.14‰VPDB, and high 
Mg/Ca ratio). In areas near the basement, dolomitization was more 
influenced by meteoric fluids (δ18O from 0.15 to 1.98 ‰VPDB and δ13C 
from − 16.41 to − 11.86 ‰VPDB, and low Mg/Ca ratio). 

After deposition and dolomitization of the Lower Cangulo unit, a 
major regressive event with a shoreline migration of at least 1.5 km 
occurred, and meteoric fluids circulated and interacted with the previ
ously deposited units. This event resulted in development of a large- 
scale erosive surface, the development of karstic systems and collapse 
breccias due to dissolution of evaporites. This major regressive event is 
stratigraphically dated as an intra Chela-Cuvo formation event, and is 
described here from the Namibe Basin for the first time. 

The drop-off of the phreatic level during this regressive event caused 
onset of spring flows from basement highs and the development of the 
Upper Cangulo travertine complex, with geomorphology and geobody 
development closely linked to existing paleotopography. The δ18O and 
δ13C values of those deposits (− 7.58 and − 4.87 ‰VPDB and − 15.83 and 
− 7.64 ‰VPDB respectively) are consistent with precipitation from low/ 
ambient temperature meteoric waters. Facies constituting travertine 
smooth slopes and pools (massive porous facies accompanied by 
dolomicrite-microsparite crusts) define a dynamic system with variation 
of the water flow regime pivoting between low-energy and rapid flows. 

A final transgressive event flooded the Cangulo palaeovalley 
following deposition of the upper Cangulo unit travertine complex, 
resulting in deposition of tidally-influenced calcareous sandstones that 
onlap the travertine deposits. The elemental composition of partially 
dolomitized distal travertine beds (Ca and Mg content between 20.7⋅104 

and 21.9⋅104 ppm and between 11.2⋅104 and 12.4⋅104 ppm respec
tively), suggest that mixed marine and meteoric waters were circulating 
at this time. The end of the transgression is marked by deposition of the 
Aptian aged evaporites (Bambata Fm.) representing the maximum 
transgressive stage, although they are not preserved in the Cangulo 
palaeovalley due to erosion and dissolution. Regional correlation in
dicates that the pre-salt Cangulo palaeovelly fill succession is not 
unique, but in fact represents a now well studied control section to 
compare to other West African palaeovalley fill successions evident in 
the onshore Namibe, Benguela and Southern Kwanza basins (Fig. 16). 

The sedimentary and diagenetic reconstruction of the latest Pre-Salt 
succession of the onshore Namibe Basin demonstrates a periodic marine 
influence in the sedimentary record of onshore palaeovalleys, linked to 
at least four transgressive events. Thus, the latest Pre-Salt succession is 
not a simple transgressive event as interpreted previously, but rather 
there is a higher frequency transgressive-regressive story that controlled 
not only the depositional environments but also a complex succession of 
early diagenetic processes, including the deposition and partial removal 
of precursor evaporite bodies. Our new data have significant implica
tions for the genesis of intra-late sag evaporitic successions know from 
the offshore basins, in addition to placing important constraints on the 
overall setting, bathymetry and transition from the sag to main evapo
rite period of deposition in the South Atlantic. 
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volcanism and fluid circulation in the South Atlantic: insights from continental 
carbonates in the onshore Namibe Basin (Angola). Mar. Petrol. Geol. 134, 105351 
https://doi.org/10.1016/j.marpetgeo.2021.105351. 

Folk, R.L., 1994. Interaction between bacteria, nannobacteria, and mineral precipitation 
in hot springs of central Italy. Géogr. Phys. Quaternaire 48, 233–246. https://doi. 
org/10.7202/033005ar. 

Folk, R.L., Land, L.S., 1975. Mg/Ca ratio and salinity: two controls over crystallization of 
Dolomite1. AAPG (Am. Assoc. Pet. Geol.) Bull. 59, 60–68. https://doi.org/10.1306/ 
83d91c0e-16c7-11d7-8645000102c1865d. 

Friedman, G.M., 1997. Dissolution-collapse breccias and paleokarst resulting from 
dissolution of evaporite rocks, especially sulfates. Carbonates Evaporites 12, 53–63. 
https://doi.org/10.1007/BF03175802. 

Friedman, I., O’Neil, J.R., 1977. Compilation of stable isotope fractionation factors of 
geochemical interest. In: Fleischer, M. (Ed.), Data of Geochemistry, sixth ed. United 
States Goverment Printing Office, Washington (U.S), pp. 1–112. https://doi.org/ 
10.3133/pp440KK. 

Gandin, A., Capezzuoli, E., 2008. Travertine versus calcareous tufa: distinctive 
petrological features and stable isotope signatures. Italian Journal of Quaternary 
Sciences 21, 125–136. 

Gandin, A., Capezzuoli, E., 2014. Travertine: distinctive depositional fabrics of 
carbonates from thermal spring systems. Sedimentology 61, 264–290. https://doi. 
org/10.1111/sed.12087. 

Geske, A., Zorlu, J., Richter, D.K., Buhl, D., Niedermayr, A., Immenhauser, A., 2012. 
Impact of diagenesis and low grade metamorphosis on isotope (δ26Mg, δ13C, δ18O 
and 87Sr/86Sr) and elemental (Ca, Mg, Mn, Fe and Sr) signatures of Triassic sabkha 
dolomites. Chem. Geol. 332–333, 45–64. https://doi.org/10.1016/j. 
chemgeo.2012.09.014. 

Gindre-Chanu, L., Perri, E., Sharp, I., Peacock, D.C.P., Swart, R., Poulsen, R., Ferreira, H., 
Machado, V., 2016. Origin and diagenetic evolution of gypsum and microbialitic 
carbonates in the Late Sag of the Namibe Basin (SW Angola). Sediment. Geol. 342, 
133–153. https://doi.org/10.1016/j.sedgeo.2016.06.015. 

Gindre-Chanu, L., Warren, J.K., Puigdefabregas, C., Sharp, I.R., Peacock, D.C.P., 
Swart, R., Poulsen, R., Ferreira, H., Henrique, L., 2015. Diagenetic evolution of 
aptian evaporites in the Namibe Basin (south-west Angola). Sedimentology 62, 
204–233. https://doi.org/10.1111/sed.12146. 
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Swart, R., Puigdefàbregas, C., Holtar, E., 2016. The geology of the Namibe Basin. In: 
London, G.S.o. (Ed.), Rifts III: Catching the Waves. Geological Society of London, 
London (United Kingdom).  

Swennen, R., Viaene, W., Cornelissen, C., 1990. Petrography and geochemistry of the 
Belle Roche breccia (lower Visean, Belgium): evidence for brecciation by evaporite 
dissolution. Sedimentology 37, 859–878. https://doi.org/10.1111/j.1365- 
3091.1990.tb01830.x. 

Szatmari, P., Milani, E.J., 2016. Tectonic control of the oil-rich large igneous-carbonate- 
salt province of the South Atlantic rift. Mar. Petrol. Geol. 77, 567–596. https://doi. 
org/10.1016/j.marpetgeo.2016.06.004. 

Teboul, P.-A., Durlet, C., Girard, J.-P., Dubois, L., San Miguel, G., Virgone, A., 
Gaucher, E.C., Camoin, G., 2019. Diversity and origin of quartz cements in 

M. Moragas et al.                                                                                                                                                                                                                               

https://doi.org/10.1144/gsl.sp.2003.207.6
https://doi.org/10.1144/gsl.sp.2003.207.6
https://doi.org/10.3724/SP.J.1261.2012.00006
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref48
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref48
https://doi.org/10.1007/978-94-007-0123-6_21
https://doi.org/10.1007/978-94-007-0123-6_21
https://doi.org/10.1007/s13146-018-0429-y
https://doi.org/10.1007/s13146-018-0429-y
https://doi.org/10.1007/978-1-4612-3748-8_3
https://doi.org/10.1007/978-1-4612-3748-8_3
https://doi.org/10.1016/0009-2541(92)90128-R
https://doi.org/10.1016/0009-2541(92)90128-R
https://doi.org/10.1016/j.sedgeo.2021.106023
https://doi.org/10.1016/j.sedgeo.2021.106023
https://doi.org/10.1016/j.sedgeo.2020.105827
https://doi.org/10.1016/j.jvolgeores.2016.10.011
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref56
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref56
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref56
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref56
https://doi.org/10.1016/S0264-3707(99)00014-9
https://doi.org/10.1016/j.crte.2015.09.007
https://doi.org/10.14241/asgp.2016.013
https://doi.org/10.14241/asgp.2016.013
https://doi.org/10.1306/2dc408f9-0e47-11d7-8643000102c1865d
https://doi.org/10.1306/2dc408f9-0e47-11d7-8643000102c1865d
https://doi.org/10.1144/jgs2012-059
https://doi.org/10.1111/bre.12026
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref63
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref63
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref64
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref64
https://doi.org/10.1144/sp369.3
https://doi.org/10.1016/j.sedgeo.2013.05.018
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref67
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref67
https://doi.org/10.7202/033011aradresse copi&eacute;eune erreur s&tnqh_x2019;est produite
https://doi.org/10.7202/033011aradresse copi&eacute;eune erreur s&tnqh_x2019;est produite
https://doi.org/10.1002/2014TC003644
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref70
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref70
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref70
https://doi.org/10.1111/sed.12157
https://doi.org/10.1111/sed.12157
https://doi.org/10.2113/gssgfbull.180.2.117
https://doi.org/10.2113/gssgfbull.180.2.117
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref73
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref73
https://doi.org/10.1111/j.1365-3091.2009.01059.x
https://doi.org/10.1007/978-94-007-0123-6_19
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref76
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref76
https://doi.org/10.1139/e17-066
https://doi.org/10.1111/j.1365-3091.2012.01347.x
https://doi.org/10.1144/1354-079309-907
https://doi.org/10.1144/1354-079309-907
https://doi.org/10.1130/g48019.1
https://doi.org/10.1130/g48019.1
https://doi.org/10.1144/SP438.10
https://doi.org/10.1144/SP438.10
https://doi.org/10.1016/j.marpetgeo.2016.11.018
https://doi.org/10.1016/j.marpetgeo.2016.11.018
https://doi.org/10.1111/j.1365-3091.2006.00844.x
https://doi.org/10.1111/j.1365-246X.2005.02638.x
https://doi.org/10.1111/j.1365-246X.2005.02638.x
https://doi.org/10.1111/j.1365-3091.1993.tb01368.x
https://doi.org/10.1144/petgeo2014-083
https://doi.org/10.1144/petgeo2014-083
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref87
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref87
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref87
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref87
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref87
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref87
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref87
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref87
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref88
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref88
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref88
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref88
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref88
https://doi.org/10.1306/m33429c8
https://doi.org/10.1016/j.jafrearsci.2014.03.003
https://doi.org/10.1016/j.jafrearsci.2014.03.003
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref91
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref91
http://refhub.elsevier.com/S0264-8172(23)00059-4/sref91
https://doi.org/10.1111/j.1365-3091.1990.tb01830.x
https://doi.org/10.1111/j.1365-3091.1990.tb01830.x
https://doi.org/10.1016/j.marpetgeo.2016.06.004
https://doi.org/10.1016/j.marpetgeo.2016.06.004


Marine and Petroleum Geology 150 (2023) 106153

27

continental carbonates: example from the Lower Cretaceous rift deposits of the South 
Atlantic margin. Appl. Geochem. 100, 22–41. https://doi.org/10.1016/j. 
apgeochem.2018.10.019. 

Torsvik, T.H., Rousse, S., Labails, C., Smethurst, M.A., 2009. A new scheme for the 
opening of the South Atlantic Ocean and the dissection of an Aptian salt basin. 
Geophys. J. Int. 177, 1315–1333. https://doi.org/10.1111/j.1365- 
246X.2009.04137.x. 
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