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Abstract. High-velocity lower crust (HVLC) and seaward- during the rifting and breakup process. We suggest that the
dipping reflector (SDR) sequences are typical features ofdrastically different HVLC volumes are caused by asymmet-
volcanic rifted margins. However, the nature and origin of ric rifting in a simple-shear-dominated extension.
HVLC is under discussion. Here we provide a comprehen-
sive analysis of deep crustal structures in the southern seg-
ment of the South Atlantic and an assessment of HVLC
along the margins. Two new seismic refraction lines off
South America fill a gap in the data coverage and togethed Introduction
with five existing velocity models allow for a detailed in-
vestigation of the lower crustal properties on both margins.A lower crustal zone with high density and high seis-
An important finding is the major asymmetry in volumes of mic P-wave velocity is part of the magmatic “trinity”
HVLC on the conjugate margins. The seismic refraction linesthat characterizes volcanic rifted margins: continental flood
across the South African margin reveal cross-sectional areasasalts, seaward-dipping reflector (SDR) sequences and
of HVLC 4 times larger than at the South American mar- high-velocity lower crust (HVLC) (e.g., Menzies et al., 2002;
gin, a finding that is opposite to the asymmetric distribution White et al., 1987; Talwani and Abreu, 2000). There is no
of the flood basalts in the Parana—Etendeka Large Igneouset definition for “high velocity” in this context, but here
Province. Also, the position of the HVLC with respect to we use a cutoff value of 7knT$ as “normal”, based on
the SDR sequences varies consistently along both marginghe Vp values of unaltered gabbroic oceanic crust (layer
Close to the Falkland—Agulhas Fracture Zone in the south3: 6.8-7.1kms?! after Mooney et al., 1998). Thus, the
a small body of HVLC is not accompanied by SDRs. In the HVLC has a P-wave velocity (and density) greater than
central portion of both margins, the HVLC is below the in- that of typical oceanic lower crust. In general, HVLC at
ner SDR wedges while in the northern area, closer to the Riovolcanic rifted margins is thought to represent magmatic
Grande Rise-Walvis Ridge, large volumes of HVLC extend (gabbroic) intrusions and related cumulate layers (Farne-
far seaward of the inner SDRs. tani et al., 1996; Furlong and Fountain, 1986; Kelemen and
This challenges the concept of a simple extrusive/intrusiveHolbrook, 1995; White and McKenzie, 1989; Thybo and
relationship between SDR sequences and HVLC, and it proArtemieva, 2013). Alternatively, HVLC may represent ser-
vides evidence for formation of the HVLC at different times pentinized peridotite (O'Reilly et al., 1996) or dense meta-
morphic rocks (Gernigon et al., 2004; Mjelde et al., 2013).
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The lower continental crust of cratons or shields may haveNeoproterozoic arc terrane on the Uruguay margin, whereas
velocities exceeding 7 knt$ (Rudnick and Fountain, 1995). lines 2 and 3 cross the broad Argentine continental shelf at
A common assumption describes a close spatial relationer south of the Colorado transform fault, an area whose base-
ship between the SDRs and HVLC, whereby the HVLC rep-ment geology is buried by younger rocks.
resents intrusive equivalents of the erupted lavas which form On the conjugate margin of South Africa, the coastal
the SDRs (White et al., 2008; White and Smith, 2009; Blaichzone is underlain by the Neoproterozoic Kaoko, Damara and
et al.,, 2009). HVLC can make up a large part of the total Gariep belts (from north to south, respectively). These are
magmatic output along volcanic rifted margins, and as stud-bordered on the east by older, Mesoproterozoic metamorphic
ies in the North Atlantic have shown, variations in size andunits of the Namaqua—Natal Mobile Belt and, still farther in-
physical properties of the HVLC in these settings hold im- land, by the Kalahari Craton. On the southern end of the mar-
portant clues to mantle melting scenarios (Fernandez et algin the Neoproterozoic rocks are overthrust by mainly Paleo-
2010; Kelemen and Holbrook, 1995; Korenaga et al., 2002;zoic sedimentary rocks of the Cape Fold Belt, which resulted
Ridley and Richards, 2010; Voss et al., 2009; White et al.,from northward-directed convergence in Permian and Car-
2008). Alternatively, it might be speculated that portions of boniferous times. With respect to these basement features,
the HVLC form postrift (Franke, 2013). the onshore parts of seismic lines 4 and 5 lie within the
The presence of HVLC bodies along the South Atlantic Damara Belt, whereas lines 6 and 7 cross the Gariep Belt
rifted margins is well established from seismic and gravity at the coast and extend into the Namaqua-Natal Mobile Belt
studies (e.g., Bauer et al., 2000; Blaich et al., 2011; Franketo the east. The seismic traverse across the southern margin
2013; Franke et al., 2010; Maystrenko et al., 2013; Schnabebf Africa (Stankiewicz et al., 2008) crosses the Cape Fold
et al., 2008), but they have not yet been studied for areal exBelt and extends into the Namaqua—Natal Mobile Belt to the
tent and rifting process determination. That is the purposenorth (line 8 in Fig. 1).
of the study reported here. We provide seismic velocity and The key point about the regional geology of the South At-
gravity models for two new margin profiles in South Amer- lantic margins is that the zones of HVLC detected by geo-
ica and integrate them with five others into a regional inter-physics are located beneath the current coastline or farther
pretation of breakup and magmatism in the South Atlantic.seaward, so only the Neoproterozoic belts near the margins
The emphasis is on variations in the size ahdvave ve-  are potentially relevant for explaining the crustal velocities.
locities of the HVLC along the South American and African None of the seismic traverses on either margin extend inland
margins, and on their distribution relative to the SDRs. Weas far as the cratons.
demonstrate a much stronger development of HVLC bod- The South Atlantic Ocean formed as a consequence of the
ies on the African margin than on the conjugate margin ofbreakup of Western Gondwana in Early Cretaceous times
South America, whereas the distribution of surface volcan-(ca. 140-130 Ma). South of the Walvis Ridge—Rio Grande
ism in the Parana—Etendeka flood basalt province shows exRise, the volcanic trail generated by the mantle plume Tris-
actly the opposite sense of asymmetry. The development ofan da Cunha, most of the continental margins of the South
SDR sequences is roughly symmetrical, and there are variAtlantic are of the typical volcanic rifted type, with well-
ations in the relative position of HVLC bodies with respect developed SDR wedges and HVLC bodies mentioned above.
to the SDRs which question a simple intrusive vs. extrusiveHowever, the nature of the margins changes abruptly be-
relationship and have implications for the timing of HVLC yond these limits. North of the Walvis Ridge—Rio Grande
formation relative to rifting and breakup. Rise, the margin architecture resembles the end member of
a magma-poor margin (Mohriak and Leroy, 2012). HVLC
at the West African Angolan margin thus was interpreted as
2 Geologic framework being likely unrelated to breakup (Contrucci et al., 2004).
Still another style of margin occurs at the Falkland—Agulhas
For the interpretation of the origin of HVYLC on the conjugate Fracture Zone (FAFZ) in the south (Fig. 1), where the South
margins of the South Atlantic (in Sect. 5.1), it is useful to Atlantic rifting likely was accommodated by strike-slip dis-
summarize the onshore geology of the continental crust. Th@lacement to form a margin that is lacking SDRs and other
coastal zone on both margins is underlain by Neoproterosigns of magmatism (Becker et al., 2012; Franke et al., 2007;
zoic mobile belts and/or Paleozoic fold belts which border Koopmann et al., 2014a).
older cratonic provinces farther inland (see Frimmel et al., In contrast to the rifted volcanic margins in the North At-
2011, for a review). On the South American margin, the Neo-lantic, the geology and spreading history of the South At-
proterozoic crust at the Atlantic margin is part of the Dom lantic (between the FAFZ and the Walvis Ridge—Rio Grande
Feliciano Belt, which separates the inland Rio de la PlataRise) is comparatively simple. There are no major ridge
Craton from the coast. Much of the Dom Feliciano Belt is jumps as found in the Greenland—Iceland Ridge, and the
composed of intermediate meta-igneous rocks that represemipposing continental margins have a broadly similar geo-
a magmatic arc which was accreted to the inland basemeribgic history. The margins of East Greenland and Norway are
terranes (Frimmel et al., 2011). Seismic line 1 crosses theshaped by the Caledonian orogen, post-Caledonian basins
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Figure 1. The southern South Atlantic Ocean aligned along magnetic seafloor-spreading anomaly MO (dashed green line; ca. 125 Ma).
The continental margins between the Falkland—Agulhas Fracture Zone (FAFZ) and the Colorado—Cape transfer zone lack major magmatic
extrusives and are indicated as magma-poor. The margins to the north of the transfer zone are volcanic rifted margins with extensive seaward
dipping reflector (SDR) wedges and highwave velocities in the lower crust. Black lines show the location of the refraction seismic lines
discussed in the text: line 1 (BGR04-01), line 2 (BGR98-02), line 3 (BGR04-02), line 4 (Mamba 1), line 5 (Mamba 2), line 6 (Orange River),
line 7 (Springbok) and line 8 (Agulhas—Karoo transect). Magnetic anomalies are shown as green lines.The inlay shows the present-day Soutt
Atlantic Ocean, with the black areas marking the distribution of the Parana—Etendeka flood basalts.

and flood basalts. The asymmetry in the crustal structureanomalies in the northern margin areas of the Walvis Basin,
of the conjugate margins, as well as a complicated tectoniavhere M4 (ca. 130Ma) is the oldest spreading anomaly.
interplay of magmatism and geological features, like linea-Anomaly M4 can be mapped along the entire margin (Fig. 1),
ments and/or metamorphic rocks (eclogites) inherited fromand this will serve in the present study as a time marker for
the Caledonides, suggests a complex rifting evolution andhe regime of seafloor spreading in oceanic lithosphere.
postrift events (Moss and Jokat, 2007; Mjelde et al, 2003). Onshore, by far the largest concentration of magmatic ac-
The timing of South Atlantic opening was diachronous, pro- tivity was in the Parand—Etendeka province of Brazil and
gressing from south to north (Austin and Uchupi, 1982; Namibia, where considerably more than®kén® of conti-
Blaich et al., 2011; Franke, 2013; Franke et al., 2007; Jacknental flood basalts and related silicic volcanic units were
son et al., 2000; Rabinowitz and LaBrecque, 1979; Sibuet eerupted in the time span of about 134-126 My (Peate, 1997).
al., 1984; Koopmann et al., 2014a). The use of seafloor magWe do not discuss the complex topic of magma generation
netic anomalies to date this process is complicated by uncerand evolution here, but point out that there is a great deal
tainties in anomaly picks for the southern margins. A recentof information and much controversy about the source of
detailed investigation by Koopmann et al. (2014b) proposedmagmas in the Parana—Etendeka province and the role of
that the oldest magnetic anomaly offshore of Argentina andthe Tristan plume in producing them (see Peate et al., 1999;
South Africa related to oceanic spreading is M9r (ca. 135 Ma,Hawkesworth et al., 1999; Trumbull et al., 2003; Ewart et
using the Geologic Time Scale 2012 (GTS 2012; Gradsteiral., 1998; Comin-Chiaramonti et al., 2011). The distribution
et al., 2012). Rabinowitz and LaBrecque (1979) suggesteaf lavas offshore, represented by the SDR wedges, shows that
that MON and M11 (133 and 136 Ma, respectively) are themagmatism was not only concentrated in the north but in fact
oldest spreading anomalies, whereas others mentioned M&xtended along both margins to the Colorado—Cape Fracture
as the earliest anomaly. There is less debate about spreadi@ne (Franke et al., 2007; Becker et al., 2012; Koopmann et
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al., 2014; Gladczenko et al., 1997) (Fig. 1). On the Southphic rocks (garnet amphibolite, mafic granulite) in the conti-

African margin onshore, mafic dikes of breakup age occur asiental basement (as in Norway; see Gernigon et al., 2006).

far south as Cape Town. A comparative geochemical study On the South American margin, Schnabel et al. (2008)

of mafic dikes along the African margin (Trumbull et al., identified HVLC underlying SDRs along a traverse of the

2007) demonstrated a north—south decrease in crystallizaArgentina margin at latitude 446 (Fig. 1 line 2). They in-

tion temperatures by about 150, which is important when terpreted this HVLC as magmatic underplating at the Moho

discussing the variations and possible origin of HVLC in with intruded lower crust above.

a later section. Finally, widespread but sporadic magmatic

activity continued well after breakup (80 Ma and younger) 3.2 New profiles

in southern Africa and Brazil (Gibson et al., 1995; Comin-

Chiaramonti et al., 2011). The most common expression 0f3.2.1 Seismic velocity

this are alkaline intrusions, which are locally numerous (e.g.,

kimberlite fields) but involve much smaller volumes com- For this study we have calculate®l-wave velocity—depth

pared with the Early Cretaceous activity. models for two previously unpublished seismic lines at
the South American margin. Line BGR04-REFRO02 (Fig. 1
line 3) crosses the Argentine margin at about 87 and
line BGR0O4-REFRO01 (Fig. 1 line 1) is located at 3536

3 Geophysical coverage (Fig. 1). In addition to seven ocean-bottom hydrophones
(OBH), one three-component seismometer was deployed to
3.1 Existing profiles and interpretation collect the data (Fig. 2). An array of 20 airguns with a total

volume 51.2 L was used as a seismic source. Refraction line 1

The upper crustal structure on both margins is well con-and line 3 had a mean shot distance of 125m. The seis-
strained by multichannel reflection seismic data, and this hasnic P-wave tomography models were computed using the
been used for mapping the distribution of SDRs and theirTOMO2d refraction and reflection travel time inversion rou-
segmentation along the margins (e.g., Bauer et al., 2000tine described by Korenaga et al. (2000). The evaluation pro-
Franke et al., 2007; Koopmann et al., 2014a; Gladczenkaedure started with a very simple model consisting of the
et al., 1998). In contrast to the reasonable spatial coveragbathymetry and a 1-D velocity model to the basement as
of seismic reflection data, wide-angle seismic lines are fewconstrained by coincident seismic reflection data. For the re-
especially on the South American margin, which motivatedsulting velocity model, we inverted the first arrivals which
the new studies reported below. To some extent, gaps in theovered the sedimentary layers, as well as the crust, down
seismic coverage can be compensated for by regional gravitjo the crust—-mantle boundary. Primary phases from the re-
interpretations (e.g., Blaich et al., 2009, 2011; Dragoi-Stavairfracted waves were observed at all stations, whereas cover-
and Hall, 2009; Maystrenko et al., 2013; Franke et al., 2006;age by reflected waves from the crust—-mantle boundary (PmP
Hirsch et al., 2009). phases) was slightly lower. The Moho as a reflector was sam-

Prior to this study, five velocity profiles were available pled every 2 km (black line in Fig. 3). Schnabel et al. (2008)
from wide-angle seismic studies and four of them are ontested the velocity depth ambiguity for a similar data set on
the African margin (Fig. 1). Bauer et al. (2000) presentedthe Argentine margin (line 2) which has a comparable acqui-
seismic velocity and gravity models for two seismic refrac- sition and processing procedure as compared to lines 1 and
tion traverses of the Namibian margin at 22>24(Fig. 1, 3. Variations of the weighting parameter had no significant
lines 4 and 5), which show thick bodies of HVLC beneath ainfluence on the depth of the Moho.
broad zone of SDRs (inner wedge, flat-lying flows and outer For the inversion of line 1, we used 3576 refracted travel
wedge). The third seismic traverse on this margin crossesimes. A model resulting from an inversion of these crustal
the Namibian coastline near Orange River (Fig. 1, line 6)phases (Pg) formed the starting model for a joint refrac-
(Schinkel, 2006). The fourth traverse is located at aboiS30 tion/reflection inversion. The final models, shown in Fig. 3,
(Fig. 1, line 7) and the seismic velocity profile derived by include an inversion of the PmP phases in addition to the Pg
Hirsch et al. (2009) shows a well-developed body of HVLC phases. Line 1 is constrained by 2531 reflected travel times
below SDRs. Finally, it is worth mentioning for reference from the PmP phases and the resulting velocity model has a
that Stankiewicz et al. (2008) published a seismic velocityroot-mean-square (rms) misfit for the Pg phases of 42 ms and
profile (Fig. 1, line 8) across the sheared South African mar-for the PmP phases of 41 ms.
gin east of the Cape Peninsula in South Africa. This seismic For the inversion of line 3, 2448 Pg and 727 PmP travel
profile across the FAFZ shows no evidence of magmatic featimes were used from eight common receiver gathers. After
tures at the continent—ocean boundary, but there are small5 iterations the rms travel time misfit reduced to 41 ms, with
HVLC bodies well inland, which Stankiewicz et al. (2008) a corresponding 2 of 0.658. On line 3 the seaward extent
attributed to igneous crust formed during the 180 Ma Karooof the HVLC cannot be fully constrained due to poor ray
event, but may also be interpreted as high-density metamoreoverage between 210 and 250 km distance (Fig. 3b). The
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Figure 2. Data example for ocean-bottom hydrophones (OBHSs) from lire ©BH1.5;b OBH1.2) and line 3¢ OBH2.4;d OBH2.1). The

reduction velocity is 6 kmst. Upper panels: seismic sections for OBHs. Middle panels: the middle panels represent the picked travel times
as gray circles and the calculated travel times as black dots for the final model. Lower panels: the lower panels show the ray coverage for the
stations.

eastern parts of both lines show distinct regions of HVLC, Distance b
with velocities between 7 and maximal 7.5 kntsat the base
of the crust (Fig. 3).

180 200 220 240

3.2.2 Checkerboard tests and resolution

epth [km]

We performed checkerboard tests to examine the resolu - e
tion of the data imaging the crust-mantle boundary. The »
velocities of the final model were perturbed by variations 22

of £59%, resulting in a checkerboard with cells of dimen-
sion 25 kmx 9 km for line 1 (see Fig. 4a upper panel), and
30kmx 12.5km for line 3 (Fig. 4c). Synthetic travel times
were calculated using this input model and the given source
receiver geometry. We assumed an uncertainty of 50 ms irjelz
the identification of the travel times and inverted these date Iy
to recover the undisturbed anomaly pattern (Fig. 4a, c, lowe!l 1
panel). The results show that the resolution is good at shal- #
low crustal depth. To resolve the artificial velocity perturba- rigyre 3. The resultingP-wave velocity models according to deep
tion in the lower crust, we conducted a second test, wher&eismic refraction experiments along prof# line 1 and(b) line 3

we placed three different anomalies (characterized by Gausef the South American margin. The location of the lines is shown
sian spikes, ellipses with= 10 km,b = 1.5 km) in the lower  in Fig. 1. The white line roughly resembles the 4.8 knt ssoline
crust (Fig. 4b, d, upper panel). The obtained recovery dis-and marks the top of the basement, and the black line is the Moho.
played in Fig. 4b confirms that we are also able to resolveThe basement depicts the breakup unconformity on the continental

variations in the lower crust exceeding 10 km horizontal andCrust separating the crystalline basement from the postrift sediments
1.5 km vertical dimension and evolves eastwards into the top of the oceanic crust. Black points

indicate OBH positions.

oo s~ NO
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a) . b) . and without a high-density lower crustal body (see red and
A =, green lines in Figs. 5 and 6), we conclude that a high-density
B . ." "TT 11 e lower crustal body within the velocity range above 7 km's
£ 182. TII »€  determined by the tomography is necessary to fit the ob-
8 ey W= w18 served gravity values. The dimension of the HVLC bodies is
o 22 L1001 24 verified by refraction seismics. We can observe a strong lat-
g0 —r—\‘!' ——— — —19z  eralgradientin the velocities to values below 7 km sast-
T e - 'l b 182§ wards of the HVLC, where there is a lack of data in line 1 and
g 18] ' & » BTy 3 due to low quality. Gravity modeling confirms the extent
2 - of the HVLC within the distance range given by the tomog-
raphy. A refraction seismic line across the Colorado Basin
c) Distance [km] d) Distance [km] also shows that the HVLC is limited to an area close to the
L0 % 100 150 20 250 050 10 10 20 2 continent—ocean transition and gives evidence that there is no
FYY VT T T pe—m— R continuation of the HVLC to the west (Franke et al., 2006).
E%ﬁ"'...."!; ] -® & :ig ( )
SSNeNNNNNg | R
° 1 ¥ 4 Distribution and geometric analysis of the HVLC
O L L L L L | 1 | | L 0
T 44 -_—5"m Fo Fa4—
%182; 3”’: E '8E  HVLC bodies (with Vp>7.0kms) are identified in all
g.%%gf ' o EEE“;@ deep seismic lines on the conjugate margins of the South
BE Eo F200 Atlantic (Figs. 7 and 8). However, the HVLC bodies differ

greatly in thickness and velocity, and the emphasis of this
Figure 4. Checkerboard tests of line 1 and line 3. The upper panelsS€ction is to document and interpret these differences. Use-
represent the applied velocity perturbations and the lower panels th&ul points of reference are the Rio Grande Rise-Walvis Ridge
resolved velocities after eight iteratior(s) and (b) are results of  in the north and the FAFZ in the south (Fig. 1), as well as the
line 1(a) The upper panel shows the relative velocity perturbation seafloor-spreading anomalies M4 and MO, which are mapped
of up to 5% in cells of 25« 9 km. The right panels db) show that  on both conjugate margins (Fig. 1). To define the size and
even small eIIiptica_I anomalies within the lower par_t of the crust ggismic properties of the HVLC bodies along the traverses,
can be resolved with the dat¢c) and (d) Results of line 3. The —\ye givided the velocity profiles into vertical sections with
upper panel ofc) shows the velocity perturba.t'ons of 5% n ?e"S 20 km width and compiled for each section the thickness and
of 30 x _12.5. _Th_e panels dfl) show the resolution test for elliptical the average Vp of HVLC. Due to the use of different model-
anomalies within the lower part of the crust. . ’ .

ing approaches for the eastern and western margin we have
to differentiate between the respective uncertainties. For the
western margin, the estimated uncertainty in average Vp es-
timates is probably better than 0.1 km/s, and the uncertainty
in thickness is on the order of 1 km. All relevant lines on the
The seismic modeling was complemented and extended byfrican margin were modeled with a forward modeling rou-
2-D gravity modeling (Figs. 5, 6) based on shipboard grav-tine. Thus the uncertainties relating the eastern margin are
ity data, which were processed and modeled using the softhigher.
ware GM-SYS. For the density—depth model, structural con- The South American margin at the latitude of line 3 is
straints are given by the seafloor, basement and the Mohalassified as magma-poor because there are no SDRs and no
from the seismic reflection experiment. These boundariegsecords of Cretaceous igneous rocks onshore. However, the
were fixed throughout modeling. The densities of modelseismic velocity and gravity models do indicate small bod-
blocks represent mean values following the velocity—densityies of HVLC with a total estimated cross-sectional area of
conversion law by Ludwig et al. (1970). In general, two about 120 krA, a maximum thickness of 4.4 km and maxi-
layers were used to represent the Cenozoic and Cretaceomsum average Vp of nearly 7.3kmk (one segment has a
postrift sediments in the Argentine Basin, with densities be-local maximum of 7.6 kms!). The lack of SDRs above the
tween 2150 and 2400 kgTA. In the area of the shallow con- HVLC body calls into question whether it can be interpreted
tinental shelf, the thin postrift sediments are modeled jointly as a magmatic feature related to breakup. Farther north along
as one layer. The crust is represented by three layers: uppé¢he margin, on lines 2 and 1, the area of HVLC increases
continental, lower continental and oceanic crust. Wedges ofo 334 and 586 ki) respectively. The corresponding values
SDRs were included in the gravity model as a single body. Tofor maximum thickness are 4 and 6 km, and the average Vp
set the boundaries for the HVLC we followed the 7kms  values reach 7.4 and 7.3 km's respectively.
isoline in the 2-DP-wave velocity models. From the devia-  The seismic profiles in South Africa and Namibia show
tion of the observed and calculated gravity for models with much greater amounts of HVLC (Fig. 9). The southernmost

3.2.3 Gravity models
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Figure 5. Two-dimensional gravity model along northernmost line 1 from the western margin as adopted from velocity m¢aediyg.

served shipborne gravimetric (red) and magnetic (green) data with tentative interpretation of magnetic anomalies M@rabderved

(blue) and calculated (red) gravity curves shown for the gravity model. The green line displays the curve for a gravity model without an
HVLC body. (c) Result of 2-D gravity modeling showing a deep crustal transect with a gradually thinning crust-mantle boundary towards
the oceanic domain. The HVLC results in thick mafic crust close to the continent—ocean transition before a typical thickness of the oceanic

crustis reached at the eastern end of the line. The density values are giveni g3iRs: seaward-dipping reflectors; HVLC: high-velocity
lower crust.

traverse, line 7 at about 3@, has a cross-sectional area of The HVLC in line 5 (Mamba 2) has a cross-section area of
HVLC of 1340kn?, a maximum thickness of about 10km 2530 kn?, average Vp of 7.2 kmig and maximum thickness
and highest average Vp of 7.4km's The next traverse to  of 20.5km. The HVLC on line 4 (Mamba 1) has an even
the north, at Orange River (line 6), has a well-developedlarger cross-section area of 3240%nmaximum thickness
HVLC with a cross-section area of about 1900%mmax-  of 18 km and average Vp reaching 7.3 kmtsWe point out
imum thickness of 12km and maximum average Vp of that the estimated volumes of the HVLC based on 2-D sec-
7.3kmsL. Finally, the two northern refraction lines in tions for lines 4 and 5 are likely to be overestimated because
Namibia (4 and 5), about 100 km apart and 500 km norththese lines do not run perpendicular to the continental mar-
of Orange River, show thick and broad bodies of HVLC. gin. We have not corrected for this effect because to do so
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(red) gravity curves shown for the gravity model. The green line displays the curve for a gravity model without an HVLEpBegult

of 2-D gravity modeling showing an abrupt thinning of the continental crust when approaching the oceanic domain. The density values are
giveningcn >,

requires information about the 3-D shape of the HVLC bod-5 Discussion
ies and that is not constrained.

In summary, the HVLC bodies are 2-3 times thicker and5.1  Origin of the HVLC bodies
about 4 times larger in cross-sectional area on the African

margin compared to the South American margin, and thisqyv|C bodies on volcanic rifted margins are commonly in-
contrast is maintained along the entire N—S extent of the marterpreted as mafic igneous crust related to rift-induced mantle
gins. A striking feature of the African margin profiles is a melting, but many researchers have pointed out that there are
systematic increase in the size of the HVLC from south togther possibly explanations. These fall into two categories:
north (Fig. 9). (1) high-density metamorphic rocks at the base of the pre-
rift continental crust or (2) serpentinized upper mantle.
Holbrook et al. (1992) pointed out th&-wave velocities
greater than 7.0 knt$ are found in seismic refraction stud-
ies of the lower continental crust. Based on extensive data
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Figure 7. Interpretation of the crustal-scale lines 1-3 from north
(top) to south (bottom) along the South American margin with
emphasis on the HVLC. HVLC withP-wave velocities above
7.0kms! is indicated in red; HVLC exceeding 7.3km% is
shown in orange. Line 2 is modified after Schnabel et al. (2008).
The shape and distribution of SDRs as interpreted from coincidenigyre 8. Interpretation of the crustal-scale lines 4—7 from north
seismic reflection data are indicated as black lines on line 1 and 2. (top) to south (bottom) along the South African margin with empha-

sis on the HVLC. HVLC withP-wave velocities above 7.0 knT$

is indicated in red, HVLC exceeding 7.3km%is shown in or-

. . . . . ange. Line 4 (Mamba 1) and line 5 (Mamba 2) are modified after
for typical crustal lithologies, such high velocities (and/or Bauer et al. (2000), line 6 (Orange River mouth) is modified after

corresponding densr[y).can be st,lgned to hlgh-g.rad.e maflgchinkel (2006) and line 7 (Springbok) is modified after Hirsch et
crustal rocks (e.g., mafic granulites, garnet amphibolites, or (2009). The shape and distribution of SDRs as interpreted from

mi_xtures of mafic and u_Itramafic igneous rocks. From the_po'coincident seismic reflection data are indicated as black lines. Same
sition of the HVLC bodies under the present coastal regionsscale as in Fig. 7.

on most profiles, we can rule out a contribution from cra-

tonic crust. The Neoproterozoic mobile belts are typically

volcano-sedimentary sequences, metasediments and felsiexpect that pre-rift crustal rocks contribute significantly to
intermediate plutonic complexes of an arc or back-arc assothe HVLC bodies described on the South Atlantic margins.
ciation (Frimmel et al., 2011) and are not known or expected The next possible explanation is serpentinization of man-
to contain thick sections of high-density mafic rocks in the tle peridotites. This process is known to occur when oceanic
lower crust. Where the seismic profiles are long enough tacrust is thinned to a thickness of 5km or less (Mjelde et al.,
constrain lower-crustal velocities of the Damara or Gariep2002), where brittle and semi-brittle faults provide pathways
Belt (lines 4, 5, 6), the values do not exceed 6.8khs for downward migration of seawater. We consider this con-
and the same is true for the Cape Fold Belt and Namaqua<ept to be unlikely in the South Atlantic for the following rea-
Natal Mobile Belt (line 8 in Fig. 1). Stankiewicz et al. (2008) sons. First, if serpentinization beneath the thinned crust took
described a zone of HVLC in the Namaqua—Natal Mobile place, it must have occurred before the emplacement of the
Belt with > 7km s™1, but interpreted this as mafic intrusions SDRs, which would be expected to seal deep-reaching faults.
from the Karoo igneous event since seismic studies of thé~urthermore, the HVLC bodies along the northernmost lines
Namagqua—Natal Mobile Belt in other locations (e.g., Greenl, 4 and 5 developed maximum thickness at the continent—
and Durrheim, 1990; Hirsch et al., 2009) did not identify high ocean transition and extend from there for a considerable
velocities in the lower crust. Therefore, there is no reason tadistance under oceanic crust, and therefore their formation at

401 Springbok
kmg 100 200 300 400 km
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least partly postdates the emplacement of the SDRs. Thirdmnantle. The HVLC occurs together with an extremely thin
the vertical extent of the HVLC bodies, especially on the continental crust and with a synrift basin above the HVLC,
African margin, is greater than 10 km, far exceeding valueswhich may have eased water entry to serpentinize mantle
suggested for serpentinized mantle in other studies. We find iperidotites. Since serpentinization is a gradual process with
difficult to envision a process that could produce such thickno clear interface (Mjelde et al., 2002), the presence of Moho
serpentinized zones. Finally, the serpentinization model of+reflections at the base of the HVLC argues against the model
fers no explanation for the systematic north—south variationof serpentinized peridotites and supports, together with a
in HVLC distribution that is observed and (see below) is con- sharp vertical and lateral velocity gradient surrounding the
sistent with an origin from mantle-derived melts. HVLC, the hypothesis of an intrusive body. Based solely on
The conjugate margins on the South Atlantic were classi-seismic observations we cannot clearly decide on one hy-
fied as volcanic because of the emplacement of the SDRothesis — magmatic intrusions or serpentinization.
Due to the close spatial correlation of SDRs and HVLC,
a magmatic origin for the latter seems likely, with under- 5.2 Relationship of HVLC and
plating or mafic intrusions as the most probable reasons for SDR sequences
the anomalous velocity layer. In its original meaning, under-
plating described the accumulation of magmatic material atAll margin profiles except line 3 from southern Argentina
the base of the crust. Nowadays the term “underplating”’show well-developed SDR wedges close to the HVLC. Pre-
combines both processes, i.e., mafic intrusions and underious studies have demonstrated a common pattern of SDR
plating (Thybo and Artemieva, 2013; Mjelde et al., 2002). sequences with distinctive “facies” consisting of an inner
Bauer et al. (2000) favor sensu stricto accreted igneous madandward) SDR wedge interpreted as subaerial lava flows,
terial over intrusions as an explanation for the HVLC in line 4 which is followed by a zone of flat SDRs and commonly an
and 5. Intrusions related to the Cretaceous Cape Cross conouter wedge that presumably formed in a submarine setting
plex with velocities of 6.9-7.2 knTs fail to explain the part  (Planke and Eldholm, 1994). The generation of the SDRs
of the HVLC with velocities above 7.2 knt$ (displayed in  is assumed to be restricted to the breakup process and lies
orange in Fig. 8) and differ in shape from the HVLC bodies. close to the continent—ocean boundary (Mutter, 1985; Hinz,
It is important to note that th&-wave velocities in HVYLC  1981). Astonishingly, there is a distinct seaward shift of the
bodies on the northern margin segments are considerabliAVLC relative to the SDRs. While in the south the HVLC
higher than the value of 7.2 kmiSwhich is typical for ocean is situated below the SDRs, towards the north the HVLC
layer 3, i.e., gabbro of MORB (mid ocean ridge basalt) com-formed seaward of the SDRs. The contrast in their distribu-
position. It has long been recognized (e.g., Keleman and Holtion across the conjugate Atlantic margins, nearly symmetri-
brook, 1995) that the higher Vp velocities of HVLC can be cally SDRs (Koopmann et al., 2014b) against asymmetrically
explained by magmas richer in Mg than MORB, which are HVLC, questions a simple intrusive vs. extrusive relationship
the consequence of melting at anomalously high potentiabetween them. The formation of the HVLC bodies seems to
temperature. Trumbull et al. (2002) suggested from petro-be more complex than merely a breakup-related feature. This
physical models that the HVLC intrusions on profiles 4 andis indicated by the 2-fold HVLC as found along line 2, which
5 have 14 to 18 wt. % MgO, consistent with melting at 150 to could be explained by a formation during different stages of
200°C excess temperature compared with average MORBsthe rifting and breakup. From the position of HVLC bodies
Further, a sharp vertical velocity gradient above the HVLC in relative to the SDRs, we try to infer the approximate timing
line 1 may argue for underplated material against small-scalef the HVLC emplacement.
intruded crust. The HVLC of the southernmost line 3 was found in con-
The HVLC along central lines 2, 6 and 7 extends over thetinental crust in an SDR-free, magma-limited environment.
total width of the SDRs. Previously, the HVLC was inter- This challenges the intrinsic relationship between SDRs and
preted as a combination of magmatic underplating and heavHVLC. On the central lines where SDRs and HVLC are well
ily intruded crust (Schnabel et al., 2008; Hirsch et al., 2009).developed (2, 6 and 7), the vertical coincidence of SDRs and
A low-velocity gradient above the HVLC on line 2 suggests HVLC (Hinz et al., 1999; Blaich et al., 2009, 2011) suggests
intruded continental crust above the HVLC. Densities ex-that the HVLC bodies are of synrift character. This resem-
ceeding normal crustal values argue for intruded continenbles the classical architecture of volcanic rifted margins. The
tal crust above the HVLC in the central lines 2, 6 and 7 heavily intruded crust under the SDRs of the central lines 2, 6
(Schinkel, 2006; Hirsch et al., 2009; Schnabel et al., 2008),and 7 (Schnabel et al., 2008) may have acted as conduits pro-
which implies the HVLC being intruded crust. viding magma for the thick volcanic flows imaged as SDRs
If the HVLC of line 3 is magmatic material, it may be in- (line 2 and line 7). The HVLC of the northernmost lines 1,
terpreted as an intrusion, which has not reached the surface #h and 5 is located mainly seaward of the inner SDRs. The
form SDRs. The small thickness of the HVLC makes mag-HVLC bodies show maximum thickness beneath the inner
matic underplating unlikely for this section. This does not SDR wedges and thin slowly with increasing plate separa-
necessarily mean the HVLC is composed of serpentinizedion. This implies that the formation of the HVLC initiated at
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Figure 9. Comparative N-S volumes of HVLC in the South Atlantic along the crustal transects. HVLC on the South American margin is
shown to the left and aligned according to the distance from the Rio Grande Rise (top). HVLC on the South African margins is shown to the
right and aligned according to the distance from the Walvis Ridge (top). The timing of the emplacement of HVLC is indicated with respect
to magnetic chrons M7, M4, and M2. Southern limit of the SDRs corresponds to the Colorado—Cape transfer zone as indicated in Fig. 1. The
diagrams to the right show the respective spatial relation of the HVLC to the SDRs at the relative margin position.

breakup marked by the SDR inner wedge but continued into  The HVLC in the central segment of the margins (Fig. 9)
the phase of margin subsidence and steady seafloor spreafitrmed coincident with magnetic anomalies M11/M9 (about
ing as indicated by magnetic anomaly M4 (130 Ma) at the136 to 133 Ma), but before M7. In the north, the HVLC for-
seaward end of the HVLC. mation postponed anomaly M7 but continued until anomaly
We do not have the advantage of densely spaced OB®4, at ca. 130 Ma. Thus, the seaward-shifting HVLC bodies
stations as, for example, Mjelde et al. (2007), but we con-suggest that the HVLC formation followed the northward-
sider the inner SDR sequences as being emplaced predominigrating South Atlantic rift.
nantly over extended continental crust (Hinz, 1981). Planke
et al. (2000) argued that the arcuate, diverging reflection pat5.3 Asymmetry of magmatism and implications for
tern in the inner SDRs are related to more numerous and the breakup process
thicker lava flows towards the rift axis where the largest ac-
commodation space was created. The southernmost HVL®ur study shows a 4-fold difference in the cross-sectional
on the western South Atlantic margin likely lies below area of the HVLC between the South American and African
stretched continental crust, but there is no correspondingnargins (Fig. 9). A new assessment of SDR distribution and
SDR sequence. We consider this HVLC to represent intru-area by Koopmann et al. (2014b) reveals a more symmetric
sions into stretched continental crust, where magmas extrudistribution, with only 50 % difference in area (0x210° for
sion failed to take place or was so minor as to not show upSouth America vs. 0.& 10°km? for Africa), which is in-
seismically. The HVLC intrusions on this profile may have significant considering the uncertainties. Interestingly, both
occurred before breakup and seafloor spreading. In the certhe HVLC and SDR distributions are completely at odds
tral portion of both conjugate margins, the HVLC likely rep- with the onshore record in the Parana—Etendeka Large Ig-
resents a combination of lower crustal intrusions beneath th@eous Province, where the magma volumes in South Amer-
inner SDR sequences and later underplating that extends farea are on the order of 10 times greater than on the African
ther seaward. The proportion of magmatic underplating vsside. The Paranéa volcanic units cover at leastd12f km?
crustal intrusion increases to the north, and in the northerr{Peate et al., 1992). The equivalent units on the African mar-
margin segment underplating predominates. There, a majogin cover 0.08«< 10° km? (Erlank, 1984), to which we may
part of the HVLC was emplaced in the oceanic domain, lead-add an equivalent area covered by basaltic feeder dikes where
ing to considerably thickened oceanic crust which is clearlylavas are eroded (Trumbull et al., 2004, 2007). Taking max-
of post-breakup age. imum thickness values for the Parana—Etendeka sequences
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studies on both margins do not support this (Gallagher and
Hawkesworth, 1994; Gallagher et al., 1994). We suggest that
South America possibly offered more favorable structures for
magma ascent and extrusion than South Africa.

Potentially, the greater HVLC volumes on the African
margin could reflect a misinterpretation of the HVLC as ig-
neous crust. Arguments for an igneous origin of HVLC were
given above, but we cannot claim that the HVLC bodies con-
sist entirely of igneous material, especially for their land-
Agﬁgxgggggre ward border under inner SDR wedges. It seems, however,

both unlikely and ad hoc to suggest that the proportion of

I continental material in the African HVLC bodies should be
& = many times greater than on the conjugate margin. Also, if
A we suppose that less than half of the African HVLC repre-

sents mafic intrusions, their seismic velocity would need to

be much greater than 7.5 kmsto explain the observed av-

erage Vp values of the HVLC bodies. Thus, it seems safe
| WW%\W to assume that much of the HVLC observed along the South

Atlantic margins represents magmatic material of mantle ori-
seafloor gin. However, there is little good evidence regarding the
spreading timing of HVLC-forming intrusions. A breakup-related con-
text for the initial formation is suggested by the coincidence
of the landward end of HVLC with the inner SDR wedge

Figure 10. Conceptual model for the asymmetric emplacement of

the HVLC in a simple-shear rift setting. According to the litho- on most of the profiles. However, as pointed out above,

spheric model, extension is accomplished by displacement along . . )
major detachment, resulting in nonuniform extension of crust and?he HVLC bodies on the northern margin profiles extend

mantle lithosphere. Melts will intrude into the continental lower 07 100-150km seaward of the inner SDRs, and as far as
crust and fill the resulting space below. Continued extension andSPreading anomaly M4. It might be speculated that part of
subsidence results in increasing similarities of upper crustal archithe larger volumes of HVLC on the African margin are re-
tecture on both margins but the major asymmetry in HVLC will be lated to a longer duration of magma generation and accumu-
preserved. lation. Indeed, it is clear from onshore geology that there
were postrift magmatic events in the Late Cretaceous (90—
70 My), late Eocene/early Oligocene (~40 Ma) and Miocene
into account (1.7 km in Brazil vs. 0.9 km in Namibia from (Bailey, 1992, 1993; de Wit, 2007) in southern Africa. The
Peate et al., 1992) yields volumes of x40fkm3 and  surface expressions of postrift magmatism must have an in-
0.14x 10° kmd for South America and Africa, respectively, trusive equivalent at depth that may contribute to the present
which are likely to be minimum estimates given the advancedvolume of HVLC. This would only hold for the landward
state of erosion. part of the HVLC. Postrift magmatism as a consequence of
This brings up two important questions: how did the stronguplift cannot be made responsible for the seaward part of the
asymmetry of magmatism develop during rifting and breakupHVLC. Further, it fails to explain the systematic decrease in
in the South Atlantic, and why is there such a difference inthe cross-sectional area of the HVLC to the south.
the sense of asymmetry from the offshore and onshore ev- Despite many uncertainties regarding how and when the
idence? One point to consider is that the Parand—EtendekidVLC bodies formed, it is difficult to avoid the conclusion
Large Igneous Province is a feature of the northern endhat much of their volume formed during and slightly after
of the margins only and not necessarily related to the At-continental breakup, and therefore the reason for their asym-
lantic rifting which started in a magma-poor setting in the metric distribution should relate to the breakup process it-
south. Franke (2013) points out that there was already a wellself. Asymmetric rifting with a simple-shear component of
established seafloor-spreading system in the southern Soustiretching offers a mechanism to explain the differences in
Atlantic during the peak of Parana—Etendeka volcanism onthe HVLC distribution and was earlier proposed by Blaich
shore (13Gt2 Ma after Peate, 1997). Nevertheless, the con-et al. (2011) from analysis of structures across the South At-
trast in asymmetry of onshore volcanic rocks and HVLC lantic margins.
is a general feature of the margins and must be explained Latest rift-related sedimentary basins are confined to the
in the context of the breakup process. One explanation foeastern margin, where the Orange, Luderitz and Walvis
the smaller volume of volcanic rocks on the Namibian mar-basins indicate regions of major crustal extension and thin-
gin relative to South America could be a greater extent ofning, in line with the breakup direction. In contrast, the major
postrift uplift and erosion, but fission-track and denudation sedimentary rift basins on the South American margin — the

Solid Earth, 5, 10114026 2014 www.solid-earth.net/5/1011/2014/



K. Becker et al.: Asymmetry of high-velocity lower crust on the South Atlantic 1023

Colorado, the Salado and the San Jorge basins — are orienteggment was likely formed before breakup. The HVLC in
perpendicular to the rift axis, which negates a symmetric ex-central part of the margins was emplaced contemporaneously
tension and support the simple-shear mode of extension asith the SDRs, i.e., synrift. However, in the northernmost
already suggested by Blaich et al. (2011) and Koopmann eimargin segment, the formation of the HVLC started after the
al. (2014b). emplacement of the SDRs. Thus, a causal relationship be-
According to the simple-shear model, rifting is accom- tween SDRs and HVLC is questioned. The northern HVLC
plished by displacement along a major detachment, resultmay have formed at the end of the breakup process and con-
ing in nonuniform extension of the lithosphere (Fig. 10). The tinued until the earliest seafloor spreading.
initial stretching process effects an asymmetrically stretched Concerning the distribution of the HVLC, we observe an
crust. The lower crust and the space below is filled by the risincrease in cross-sectional area on the conjugate margins
ing melt, producing asymmetrically distributed HVLC. Fig- from south to north. Evident is an asymmetry in the cross-
ure 10 illustrates the different stages of the breakup processsectional area across the margins. The South African margin
reveals HVLC about 4 times larger and 2-3 times thicker
than the South American margin, which stands in contrast to
6 Conclusions the onshore Parana—Etendeka flood basalt province, which
shows the opposite sense of asymmetry. We attribute this
Two new refraction seismic models complemented by grav-asymmetry of HVLC to rifting in the simple-shear mode.
ity models fill a gap in the data coverage on the Argen-There may be some analogies to the volcanic margin in the
tine margin and prove the existence of high-velocity lower North Atlantic, where asymmetric HVLC structures were ob-
crust (HVLC; Vp> 7.0). Combined with the models from served in the conjugate East Greenland/Hatton Bank data.
several publications, a compilation of seven transects allows
for a comparative analysis of the deep crustal structures and
physical properties along the conjugate margins of the Soutt\cknowledgementsie wish to thank the reviewers for comments
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