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ABSTRACT

The Ombonde detachment is a primary low-angle normal fault that developed in an un-
deformed Neoproterozoic carbonate shelf succession as it entered a west-dipping Pan-African
subduction zone. The fault is mappable from the top of the shelf succession to the granitic base-
ment surface at a paleodepth of 1.5 km, and the hanging wall has not been significantly deformed.
The primary fault geometry is well constrained by stratigraphic cutoff relationships, irrespective
of secondary rotations. The dip direction of the fault was ~270°, and its horizontal separation was
15-18 km. The fault plane is composed of two ramps separated by a long flat segment at a paleo-
depth of 0.55 km. The ramps are inclined 8°-14° relative to the carbonate strata, which under-
went little or no compaction, and the mean cutoff angle overall is 1.3°. Given constraints on the
contemporaneous tectonic setting, the primary fault dips must equal the stratigraphic cutoff
angles augmented by a taper angle for lithospheric flexure of not more than 4°. Primary mean
dips of <5° are mechanically implausible for a shallow tectonic fault related to extension of non-
thickened crust because of the high normal- to shear-stress ratio. However, large gravity slides
have moved on detachments dipping 1°-5° on modern continental margins. A gravitational origin
is therefore favored, although no toe thrust is observed on account of younger cover. Stratigraphic
and sedimentologic observations indicate a relative sea-level drop of >200 m, which would have
significantly reduced the water load and thereby the normal stress on a subhorizontal plane, pos-
sibly leading to excess pore-fluid pressures. This scenario is consistent with the virtual absence of
macroscopic shear deformation adjacent to the fault plane.

INTRODUCTION cline (Fig. 1C), along a strike length of 44 km of almost continuous outcrop.
Large submarine landslides are known to have moved on slopeStué structural relief, or depth range, of the exposed detachment is 1.5 km,
1°-5° on both passive continental margins and active margins (Dingle, 13 the top of the shelf succession at the southeast end (Fig. 1C, iii) to its
Bugge et al., 1987; Kayen and Lee, 1991; Hampton et al., 1996). Most sotersection with crystalline basement at the northwest end (Fig. 1C, i). The
marine landslides are located too far offshore to threaten coastal halbiMatsproterozoic strata had undergone no contractional deformation at the
directly, but they pose a hazard for offshore installations (e.g., drilling platae of the detachment, thus distinguishing it from low-angle normal faults
forms) and may generate tsunamis. Large, coherent, undeformed, submasgseciated with metamorphic core complexes developed in tectonically
landslides have seldom been recognized in the ancient record, and outbiokened crust (see Wernicke, 1992, and references therein).
descriptions are therefore lacking. Here we report the discovery of a large- The Grootberg syncline is composed of four tectonostratigraphic
scale low-angle normal fault that transects a carbonate-dominated shelfuits (Fig. 1F): (1) a 2.0-1.9 Ga basement complex, (2) a pre-760 Ma flu-
cession and formed in conjunction with Pan-African foreland flexurgal assemblage (Nosib Group), (3) a passive-margin carbonate-dominated
Although a tectonic origin for the fault cannot be ruled out, it seems meteelf (Otavi Group), and (4) a pre-540 Ma siliciclastic foredeep succession
likely from consideration of fault mechanics that it represents the breakafylden Group). The Otavi carbonate shelf is represented by the Abenab
detachment of a large coherent submarine landslide. The potential rolesdfTsumeb Subgroups (Fig. 1F), both of which are floored by glaciated
sea-level change and gas-hydrate destabilization in triggering the slidestafaces and are elsewhere blanketed by glacial diamictites (Hoffmann and

be evaluated from its stratigraphic and structural characteristics. Prave, 1996). In the Grootberg syncline, each subgroup begins with a post-
glacial “cap” carbonate sequence (Rasthof and Maieberg Formations),
REGIONAL SETTING AND STRATIGRAPHY which is stratigraphically, lithologically, and isotopically distinctive (Hoff-

The Damara orogen formed at a collisional triple junction of latean et al., 1998a, 1998b). The Abenab Subgroup thins from north to south
Pan-African (Brasiliano) age (ca. 600-500 Ma) between the Congo, Kala-part of a regional trend related to back rotation of a crustal-scale fault
hari, and Plata cratons in Gondwana (Fig. 1A). The coastal escarpmebtadk active when the southern margin of the Otavi platform was estab-
northern Namibia exposes the west-facing passive margin of the Coligjeed during deposition of the Gruis Formation. The back rotation is mani-
craton along the northern branch of the triple junction (Miller, 1988sted by erosional truncation of the Rasthof Formation, by south-derived
Stanistreet et al., 1991). Subduction of the passive margin beneathdhgues of basement-derived detritus in the Gruis Formation, and by south-
active margin of southern Brazil produced thin-skinned folds and thrustsrd onlap of the basement complex by the Ombaatjie Formation
that are warped by broad basement-involved folds and high-an@ay. 1F). There is little east-west facies variation on the scale of the Groot-
oblique-reverse faults (Fig. 1B). berg syncline. Rheologically, the Abenab Subgroup in the northern part of

The Grootberg syncline (Fig. 1B) is a broad basement-involved falde syncline is a complex sandwich with the weak marly Gruis Formation
the hinge line of which is located 25 km beyond the limit of thin-skinnédthe middle, whereas the Tsumeb Subgroup is a simple couplet composed
contractional deformation. The Ombonde detachment snakes down a sthtielatively weak Maieberg Formation limestone overlain by strong
graphic section from southeast to northwest around the closure of the Ey@rdshoek Formation dolomite.
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FAULT GEOMETRY, CUTOFF ANGLES, AND SEPARATIONS northeast-striking segment of the outcrop belt west of the synclinal axis

In outcrop, the detachment is typically a smooth planar fault, orientgdg. 1C, ii). The paleovalley crosses the detachment without offset, show-
subparallel to bedding and having <5 cm of cataclasite or sheared rockitigclearly that fault movement was complete before the paleovalley was
characterized by the omission of 200—400 m of stratigraphic section afilédld. In the southeast part of the area, the detachment is cut by a set of
structural levels, implying an overall normal sense of slip. The detachmgmiinger high-angle faults, on which sinistral-oblique reverse movements
is commonly a single fault, but a 2.5-km-long extensional horse occursua inferred. Despite local rotations related to the younger fault set, the
the exposed keel of the syncline and smaller horses occur elsewletachment is observed to climb upsection to the contemporaneous erosion
(Fig. 1C). Slickensides are rarely observable in carbonate outcrops becsuigace at the top of the Elandshoek Formation (Fig. 1E). Small paleovalleys
of karstification, and kinematic analysis of vein systems is complicatedftied by Mulden Group conglomerate are eroded through the hanging wall
younger strains related to the Grootberg syncline. Fortunately, stratigrajgimd down to the detachment surface. Therefore, movement on the detach-
cutoffs can be precisely located (Fig. 1H) and are used to constrainntieat postdated the youngest passive-margin carbonates and predated the
direction and magnitude of fault separation. locally oldest sediments of the foredeep.

The most informative sets of stratigraphic cutoffs occur in the east- If detachment faulting occurred in conjunction with foreland flexure,
striking segment of the outcrop belt west of the synclinal axis (Fig. 1, Ctfie primary westward dip of the fault should combine the stratigraphic cut-
and H), where the detachment cuts downsection from east to west in béitangles (i.e., 1.3° overall and 14° for the steepest ramp segment) with an
the footwall and hanging wall. The hanging wall cuts down from the lowegppropriate lithospheric flexure or taper angle. The taper of a foreland
Elandshoek Formation to the lower Rasthof Formation, and the footwzdkin depends on the flexural rigidity of the lithosphere, then >1 Ga, and
from the middle Gruis Formation through the Nosib Group to the basenmamthe tectonic load. The tectonic load is difficult to estimate, but the rela-
granite (Fig. 1C, ii). The hanging-wall cutoff at the base of the Elandshdifkly fine grained facies of the foreland-basin fill (Stanistreet et al., 1991),
Formation is exposed in two places, owing to second-order, open, cressepting the colluvial deposits lining the paleovalleys, suggests an
folding of the detachment (Fig. 1C, ii). The cutoff trends 357°, implyingabsence of proximal high topographic loads. A taper angle exceeding 4° is
contemporaneous dip direction of 267° for the detachment at this locatioghly improbable (Lorenzo et al., 1998). Accordingly, the primary dip of
A dip direction of 270° + 10° is required by the distribution of cutoffthe detachment was <5° overall and was <13° and <18° for the upper and
throughout the syncline in order for the detachment to ramp continuouelyer ramp segments, respectively.
downsection. Because stratigraphic thicknesses are known from measured
sections (Fig. 1F) and compaction in the carbonate rocks is virtually z&$CUSSION
primary cutoff angles, defined as the angles between the detachment surfacds the detachment a tectonic fault rooted in the crystalline basement, or
and various stratigraphic horizons, can be calculated (Fig. 1D). An averdges its downdip extension ramp back up through the Otavi Group as the toe
footwall cutoff angle @) of 14° is calculated for the Rasthof Formation, anthrust of a superficial slide mass? Mapping of the detachment directly west
hanging-wall cutoff angles, averaged through the Ombaatjie and Maiehsitihe Grootberg syncline is precluded by Cretaceous volcanic cover, and no
Formations, are 10° and 9°, respectively. It is noteworthy that the hangivest-vergent thrust with displacement comparable to the detachment was
wall is unextended in the area where the outcrop belt parallels the infefoeohd in the belt northwest of the syncline (Fig. 1B). However, normal
slip direction (Fig. 1C, i). faults of tectonic origin developed close to the Earth’s surface in non-

The average cutoff angle for the entire Abenab Subgroup, includihgckened crust should not have primary dips of <30°, according to simple
the long “flat” in the Gruis Formation, can also be calculated. The footwAlhdersonian fault mechanics, and the normal stress acting on the detach-
cutoff of the base of the subgroup is located very close to the hanging-wedht (dipping <5°) was at least 10 times the shear stress (sin 85°/cos 85° =
cutoff of the top of the subgroup (Fig. 1H). Given a stratigraphic thicknés687). The focal planes of normal-fault earthquakes defined by waveform
of 395 m for the subgroup and an estimated horizontal separation, or heaeeleling rarely dip <30° (Wernicke, 1995, and references therein), and
of 17.3 km between the footwall and hanging-wall cutoffs of the top of tirost low-angle normal faults of tectonic origin observed geologically
subgroup, the average cutoff angle through the entire subgroup is calculdéinicke, 1992) or seismologically (Abers, 1991) are associated with
to be a mere 1.3° (Fig. 1, D and E). metamorphic core complexes developed in regions of tectonically thickened

Where are the footwall cutoffs equivalent to the hanging-wall cutoffsust. Therefore, we consider the possibility that the detachment is a root-
described here? Around the northern closure of the syncline, the detachiesststructure, despite the absence of an observed toe. By suggesting that the
was nearly flat, placing the middle Elandshoek Formation in the hanghanging wall at the toe of the detachment displaced water rather than rock,
wall over the middle Gruis Formation in the footwall, except for the horsetbé overall enigma of the structure is partly solved, but the lack of internal
Ombaatjie Formation at the keel of the syncline. On the east limb of the slgformation in the hanging wall must still be explained.
cline, the detachment ramps upsection in the footwall. If it is assumed that Given its tectonic setting on the lower plate of a west-dipping subduc-
the detachment dipped due west, calculated average cutoff angles thrtiagtzone and its westward-directed sense of displacement, the hanging wall
the Ombaatjie and Maieberg Formations are 8° and 9.5°, respectively, cohthe detachment can only have moved as a gravity slide between the crest
parable to their hanging-wall equivalents. The horizontal separation®bthe forebulge and the trench (foredeep) axis. If faulting had occurred
equivalent footwall and hanging-wall cutoffs are 17.3, 16.4, and 16.0 km if@fore reaching the crest of the forebulge, gravitational sliding would have
the tops of the Gruis, Ombaatjie, and Maieberg Formations, respectiveen directed eastward, contrary to observation. The seaward dip of the
Because profiles of the syncline indicate ~0.5% of east-west shorteningfenedeep outer slope would rotatefrom vertical to a steep westward
west-directed components of slip for the respective pairs of footwall gridnge, thereby also decreasing normal stress and increasing shear stress on
hanging-wall cutoffs are 18.2, 17.3, and 16.8 km (Fig. 1E). If the horsetted detachment. The setting of fault movement is important for considering
Ombaatjie Formation exposed at the syncline axis is projected onto thepimssible triggering mechanisms. Any suitable triggering mechanism must
of section (Fig. 1E), the separation of that unit would be reduced by ~2.5 krarease the downslope driving stress and/or decrease the shear resistance

(Hampton et al., 1996). The former can be achieved by seismic activity, or
TIMING, TECTONIC SETTING, AND PRIMARY DIPS by sediment or storm-wave loading, and the latter by excess pore-fluid pres-

The age of fault movement is constrained by incised paleovalleggre. The setting envisioned for the detachment would be prone to earth-
lined by locally derived dolomite-chert breccias and boulder conglomerajeskes which relieve stresses generated by the bending and unbending of
of the Mulden Group, which were eroded through the hanging wall of the subducting plate. Sediment loading would not be a factor on the sedi-
detachment and into the footwall. The largest paleovalley occurs in thent-starved outer slope of the foredeep, and storm-wave loading would be
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Figure 1. Geologic setting of Om-
bonde detachment. A: Location of
Grootberg syncline (small red box)
in northwestern Namibia (red line)
(key: 1, cratons [PI, Plata; Kal, Kala-
hari; and Congo]; 2, Pan-African oro-
gens; 3, Phanerozoic orogens). B: d i .

Structural setting of Grootberg syn- : — t : Yz
cline between Pan-African thrust . 1 : ! Hw b5
belt (barbed lines) and foreland |
basement inlier. C: Geologic map of
Grootberg syncline. Box i: Hanging-
wall and footwall cutoffs in section oy
subparallel to motion on detach- T, wshide tack
ment.bBox iiI: Trunl(lzation of ?ﬁ:t%cg- MBS meamimd Ecion
ment by paleovalley (PV) filled by 5 i
Mulden C(’))nglomerate,(whi)ch estab- = hobligus Teveme tuk
lishes pre-Mulden Group age for de- e Klmbonte detachmenT
tachment. Box iii: Headwall paleo- & krm
scarp of detachment at top of
Elandshoek Formation. D: Schematic
cross section of detachment show-
ing calculated cutoff angle ( 6) of 1.3°
through Abenab Subgroup. E: Trans-
verse cross section after motion on
detachment but before folding of
syncline, showing ramp-flat-ramp
detachment geometry, postdetach-
ment PV filled by Mulden conglom-
erate, and estimated 17.3 km of slip
based on matching footwall and
hanging-wall stratigraphic cutoffs.

F: Generalized stratigraphy of Groot-
berg syncline based on measured
sections MS1-MS6 (see C for loca-
tions). G: Model for development of
detachment as submarine landslide.
Panel x: West-facing passive conti-
nental margin about to enter west-
dipping subduction zone, showing
trajectory of future detachment
within nondisplaced shelf strata.
Panel y: As continental margin
descends outer slope of subduction
zone, rapidly falling sea level (due to
evaporative drawdown?) reduces
water load, causing excess pore-
fluid pressures in shelf strata. Outer
shelf detaches and slides coherently
downslope, shedding debris apron.
Panel z: Continued fall in sea level
leads to karstification of nondis- . . peosit Gip.
placed shelf carbonates and chan- L. "
nel incision through displaced shelf
sediments and basal detachment.
Ultimately, displaced and nondis-
placed shelf strata are buried in
fluviatile foredeep sandstones of
northerly derivation; foreland thrust-fold belt incorporates western quarter of cross section. H: Panorama of detachment (line wit h ticks) in area of
C, ii (view looking south) showing mappability of stratigraphic cutoffs.
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limited by water depth. Water loading would have increased as the shefflanation for the long flat segment of the detachment at a paleodepth of
descended into the foredeep, barring major eustatic changes, but this webfi® m, but not for the lower ramp segment that reached a paleodepth of at
be ineffective as a triggering mechanism because it would also increaséstmst 1500 m (Fig. 1E). However, rapid sea-level falls can lead to pore-fluid
normal stress and hence also the shear resistance. overpressures in sediments of low permeability, independent of hydrates.
It has often been suggested that submarine landslides are triggerethieyremarkable lack of macroscopic strain in rocks adjacent to the detach-
falls in relative sea level, which by reducing the effective normal stress nnagnt is indicative of excess pore-fluid pressures. Moreover, if pore-fluid
potentially result in gas-hydrate destabilization and consequent pore-fluieissures within the sediment column approached hydrostatic prior to sea-
overpressures at the base of the gas-hydrate zone (Bugge et al., 1987; Kawarall, reducing the water load would have caused the least-compressive
and Lee, 1991; Hampton et al., 1996). The base of the gas-hydrate zosteass axis to become vertical, thereby favoring low failure angles. For
determined by the geothermal gradient and is typically 200—600 m bek&#® m of water-saturated carbonate mud (density ~2.3dlem12.4 MPa),
the sea floor. Therefore, gas-hydrate destabilization provides a possibtop in water depth from 500 m (at titgeto 300 m {;) (saline water,
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density ~1.1 g/ci i.e., 2.2 MPa), for example, would have lowered thACKNOWLEDGMENTS
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reaching 1.5 km paleodepth is well below the normal lower limit of gas

hydrates determined by geothermal gradients.
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