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Abstract

The structural crganization of a giant mafic dyke swarm, the (kavango complex, in the northern Karoo Large Igneous Province (LIP) of
NE Botswana is detailed. This N1 10 E-oriented dyvke swann extends for 1500 km with a maximom width of 100 km through Archaean
basement terranes and Perme-Turassic sesdirncntu'}' Seguences. The cormerstone of the Hlud}' 15 the qumlimlivcunah'.l:is af N=170 {cnpumd]
and N 2420 (deteeted by pround magnetics) dykes evidenced on aea. 80-km-long seetion 1yving in crystall ine host-rocks, ot high-angle to the
densest zone of the swarm (Shashe area). Individual dykes are genemlly sub-vertical and parallel to the entire swarm. Statistical amalysis of
width data indicates anomalous dyke frequency (few data < 5.0 m) and mean dyke thickness (high value of 17 m) with respect to values
classically ohiained from other glant swarms, Variations of mean dyke thicknesses from 17 (N 1TTOE swarm) (0 27 m(adjoining and coeval
NIOE giant swarm) are assigned to the conditions hosting fracture networks dilated as either shear or pure extensional structure s,
respectivel y, in response o an inferred NNW-SSE extension. Both frmcture patterns are regarded as inherited brittle basement fubrics
associated with a previous (Proterozole) dyking event. The Okavango N1T0°E dyke swarm is thusa polyphase intrusive system in which total
dilmtion caused by Karoo dykes (setimated Feguency of 87%) is 122% (8315 m of comulative dvke width) thmoughout the 52-km-long
projected Shashe section. Assuming that Karoo mafic dyke swarms in NE Botswana follow inherited Proterozoic Factures, as similarly
applied for mostof the nearly synchronous giant dyke compleses converging toward s the Nuanetst area, leads us w consider that the resulting
triple junction-like dyke/Tracture pattern is not a definitive proof for a deep mantle plume in the Karoo LIP.
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1. Introcuction

Durin g the last two decades, igneous dyke swarms have
received considerable attention in both intraplate Large
lgnecus Provinces (L1Ps) and magmatic passive margins
(Wheite, 1992 Callot et al., 200 1), This interest stems from
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* Disceasad in Novembser 2004,

the ability of dyke swarms to supply information on: (1) the
relative timing of deformation vs, igneous activity; and (2)
the amount of crustal extension during dyke emplacement.
Therefore, dyvke swarms can be kinematic indicators in
stretched continental crusts {Emst et al, 19955 In old
magmatic provinces, dyke swarms can also provide
structural and magmatic records for the roots of deeply
eroded ntrusive systems. This s particularly true for the
Jurassic evaolution of the Karoo-Antarctica LIP (K A-LIP) in
relation 1o dispersal of the Gondwana supercontinent
iFig. la). Previous kinematic models of the KA-LIP were

based on either petrological data (Brewer et al., 1992) or the
spatial distribution of volcanic complexes (Burke and
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Fig. 1.{a) Distrbution of continencal fecd basali and relared intrusive recks of the Kaoo RerariAnmrotes LIP in a prdrift Gondwsna reconstruction: [1)
exposed complexes; {20 extrapolatsd magmatic rocks; (3] inferred magmatie units beneath joe cover in western Antarctica. (b Kamoo tsctono-magmatic
tramework of seuthern Alrica. Inset shews ihe stidied ares in NE Botswana: | 1) magmatic conplexes with {1a) Hood basalt, { 16) dyies md slls, snd | lc)
emptive contres; (20 sadimentiry basing T Lesothor N, Nuanetsi: TS, ONE, ORNS, SROS, SLNS STeNS, SMNS, Tebomba, Dkavangs, Olifant River,
Soeuth Botswans, Sabi-Limpopo, Seuth Lesotho, South Malawi, dyke swarms. respectively. (o) Trace of the N1 1050DS on fie low-resolution sromagnetic

map of NE Botswana {medihed trom Ishoss, 2006

Dewey. 1972 White and McKenzie, 1939), Patticularly. the
large-scale radiating dyse systems cemred in the Nuznetsi
area (Fig. 1b) ave regarded as convincing evidence for a
mantle plume beneath the Karco LIP (Campdell and
Criffiths, 1990 Cox, 1992). However, detailed geachrono-
logical, petrological, and strucural data on the Lebombo
(N8)., Olifants River (N20E?), Limdopa> (NTIE") and
Ckavango (NTIOE") dvke sworms forming the Nusnetsi
triple junction-like pattzrn are lacking in their ability to
firmly catablish their synchroneus md cogenctic emplace-
ment as expectad inthe “mantle plume’ model

This paper presents the first detailed guentitative
structural study of two arms of te MNuanetsi triple

system, 1e. the NIIOPE-tiending Ogavango  swarm
INTIOPODS) and pant of the NO"E-trending Limpooao
swarm (N70P/LDE), as exposed in NE Botswanz. The
main resulis are based on stmemral Aeld measurements,
integratzd with ground ond acromegnctic data, from a
B0-km-long section across the highest dvke density zone
of tie N110%ODS, Comodiling these data allows us to
unravel the anatomy of 2 giant mafic dyke swarm anwd
1o investigate specific problems related to: (1) ndividual
dyke geomctry; (1) dyke opening dircctions; (3) dyke
spatial distribition avd frequeney: and (4] geomeatrical
and chronelogical relations of fracture retworks and
dyke swarms. Some new insights imto the role of
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Fig. 2. The studied areas in the geological context of NE Botswana. () Simplified geological nap. The Shashe reference section {and 5 projected trase in
dashed line), the Twetsebjwe (Ts)and Tuli ( THG) sectors are shown: | 13) megional envelopofthe highest density dyke zone in the N1 10 and N7 swarms; { 1b)
envelop of the swam observed along the Shashe section; (1) flood basalt; {3) Karoo basins (4) Precambrian basement with (42) deminantly gneissic rocks, and
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Precambrian structures on Karoo dyke emplacement in
the LIP of NE Botswana are supplied by recent
radiometric dating that demonstrate the polvphase origin
of the N110°F/ODS and NTOP/LDS (Le Gall et al., 2002;
Jourdan et al., 2004a).

2. Geological framework

From aeromagnetic records (Reeves, 2000), dykes in
NE Botswana can be divided spatially into: (1) the
~ 100-km-wide N110%0DS that strikes uniformly at
NIIPE over ~1500km; and (2) the ~350-km-wide
southwestern tip of the N70F/LDS to the SE (Fig. 1b
and ¢). The two giant dyke swarms are partially
exposed in the easternmost part of the country where
they cut across basement crystalline rocks to the west
(Shashe area), and Permo-Jurassic sedimentary and
volcanic rocks in the Tuli half-graben further east
(Fig. 2). Basement country rocks are mainly Neo-
Archaean gneisses and granitoids of the Limpopo belt
that were reactivated during the Palacoproterozoic
(McCourt and Armstrong, 1998). Their complex
deformational history is shown by polyphase-folded
ductile fabrics dismupted by variously trending shear
zones and fracture networks. The overlving Permo-
Jurassic cover consists of poorly strained terrigensous
sequences overlain by basaltic lava flows of the
Stormberg series (Clark and Machacha, 1976).

In NE Botswana, N110 and NTOE dyke swarms and
related lavas are exclusively composed of basalts, dolerites
and minor gabbros, with geochemical compositions of
quartz- or olivine-normative tholeiites (Jourdan et al.,
2004a). Extensive Ar/Ar plagioclase dating of 40 dykes
from the NI110/ODS cutting through Archacan rocks
reveals that eight of them are Proterozoic in age, with no
discriminative field characteristics (Le Gall et al., 2002;
Jourdan et al., 2004a). The dated Karoo dykes (32 data)
vield plateau ages between 179+1.2 and 1784+ 1.1 My,
with no across-strike age variation, hence indicating that
they have intruded the crust over a shorttime span of 1-2 My,
in agreement with previous radiometric age data for lavas in
the northern Karoo LIP (Elburg and Goldberg, 2000; Jones
et al., 2001). Similar ages are obtained from Karoo dykes in
the NT0%LDS that also contain Proterozoic dykes (Jourdan
et al., 2004 a).

1. Data acquisition

The present work focuses on the broad structure of the

two giant mafic dyke swarms, as well as on the shape and
internal structure of individual dykes. Exposures are usually
limited in extent, hampering investigation of the 3D
geometry and along-strike characteristics of dykes. How-
ever, exceptionally good exposures at a few localities
(Shashe Dam. Thune River) allow detailed mapping of the
dyke system. The comerstone of our investigation is the
~#0-km-long Shashe river bed that cuts at a high angle
through the densest zone of the NI110°7/ODS within
basement country rocks (Fig. 2b). Among 171 dykes
identified along the exposed portions { ~ 58% ) of the Shashe
profile (Fig. 3b), 153 dykes have been measured in terms of
strike, dip, and width ( Table 1). The accuracy of field data in
this paper is 0.5 m for the dyke width and a few degrees for
their strike and dip. The greater number of dykes (423)
detected along this profile using ground magnetics { Tshoso,
2003) allows us to estimate the dyke-induced dilatation on
the 52-km-long section projected perpendicular to the trend
of the swarm. This value is then extrapolated to the total
width (60 km) of the highest dyvke density zone drawn from
regional aeromagnetic maps (Fig. 2a).

Because of the polyphase nature of the N110°P/0DS,
which is now known to involve both Proterozoic and
Jurassic dykes, the statistical analysis of field and
aeromagnetic data must be carried out with cation to
ensure focus on the Karoo dyke component. For that reason,
the Shashe section has been subdivided into three distinct
segments with respect to the spatial distribution of
Proterozoic and Karoo dykes (Fig. 3c). The 22-km-long
central segment (1) comprises 8 (30%) Proterozoic dykes
and 18 (70%) Karoo dykes, whereas the two external
segments (I and IIT) are assumed to be exclusively
composed of Karoo dyvkes. Applving the corresponding
ratios of Karoo vs. total dykes for segments 1, ITand 0T (i.e.
100, 70 and 100%) to the entire dyke population (423 data)
suggests that the Okavango giant dyke swarm may comprise
around 370 Karoo dykes (ca. 87%) along the Shashe
transect. A nearly similar dyke ratio is deduced from the
map distribution of dykes on either side of the northern
border of the Tuli half-graben to the east (Fig. 2c). Herein,
the term N110F/ODS only refers to the Karoo part of the
Okavango polyphase dyke complex. A much higher (not
precisely defined) ratio of Proterozoic vs. Karoo dykes is
deduced for the composite N7UP/LDS from the contrasted
density of mapped dykes on both sides of the Tuli half-
graben (Fig. 2c).

From field investigations in the Tsetsebjwe (NTOVLDS
across basement) and Thune (N110%0DS across Permo-
Jurassic cover) areas (Fig. 2a), assessments about the role of
country rock lithology on the across- and along-strike
variations in structural styles of the dykes are attempted.

{4b) granites; (5) exwensional faults. Fr, Francistown quary; G, Gulubane; ODS, Okavango dyke swarm; P, Phoenix quarry; SD, Shashe Dam; T, Tonota; TR,
Thune river section; TS, Tsetsebjwe section. {b) Map-view of the Shashe section. The dyke pattem {from Akliss, 1986) is too intense to e shown in its enfirety.
o) Mapped distribution of N 1 10%0D S and NT0°ALDS dykes at the periphery of the Tuli half-graben (from 1:125,000 maps {Geological Survey of Botswana)
of Magogaphate {Bennett, 19690, Semolale (Aldiss, 1982), Tsesehjwe (Aldiss, 1981 ), and Baines Drift (Clark and Machacha, 1976).
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Table |
Drvke dataset acquired in the three areas under study
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Geological Survey This wark
of Botswana
Field data CGiround Magnetic data
Tdentified Measmured Drated Inferred age
Width Complei Karoo Basement F aroo Basement
NIIFE Shashe section 46 171 171 &l 32 8 366 57
AWATT Thune section b4 15 15 15 w0 o No Ko
NIFE Taetsehjwe b4 14 14 L] 1 1 No Mo
AWAIm

The limited number of dykes measured in these two areas
cannot be statistically representative of the regional
patterns, but the quantitative parameters (width, total
dilatation) on these dykes may be compared with those of
the N110°E Karoo dykes along the Shashe section.

4. Geometry of dykes

Maost of the geometrical data constraining Karoo dyke
emplacement mechanisms are obtained from N1107/ODS
dykes exposed in horizental surfaces along the Shashe

Hosl-rocks

Graniloid-gnaissic rack B Confinwous
Amphitolites
Mafic sills

] unexposed

Highly faulted zone

Outcrop exposures

[] Intermittently expased sectian

section. Emphasis is placed on the width parameter.
Additional 2D structural information about strike and length
dykes are supplied by published 1:125,000 geological maps
(Geological Survey of Botswana) covering the densest
zones of the N110P/0DS and N70°/LDS (Fig. 4).

4.1 Strike
The dyke networks drawn on the Shashe and Tsetsebjwe
maps from aerial photographs (Aldiss, 1981, 1986) do not

discriminate the two chronologically unrelated dyke
populations (Proterozoic and Middle Jurassic in age) that
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Fig. 3. The Shashe reference section projected perpendicular to the NI IOE wrend of the ODS. {a) Host-rocks; (b) conditions of exposurne; {c) frequency
distribution of dykes in the field. T, IT, and 1T are segments discussed in the text. 3, is the Kareo dyke population within the total number of dated dykes (Ny);

the corresponding percentage of Karoo dykes is indicated.
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have been since identified (Le Gall et al., 2002). Because of
the estimated high percentage (87%) of Karoo dykes in the
M110°/0DS, these limitations are assumed not o bias our
statistical analysis.

The cartographic arrangement of 628 dykes from the
N110%0DS and 201 dykes from the NTOYLDS { Shashe and
Tsetsehjwe sheets in Fig. 4al and bl) indicates a preferred
dyke orientation within each swarm, About 70% of dykes in
the ODS are within 107 of parallelism with the N1107 wend
of the swarm envelope (Fig. 4a2), but with a marked
asymmetry (greater frequency of N100°E dykes), which is
not easily interpreted because of the uncertainties about
cross-cutting relationships and origins (inherited or newly
formed) of the different dyke trends. A stronger parallelism
for the dykes in the NTOYLDS is shown by 95% of dykes
oriented between N6O-NBIPE (Fig. 4b2). Rapid changes of
dyke szimuth are only reported at a smaller scale from field
observations about N110%0DS dykes in both basement and
Permo-Jurassic terrains (see Section 4.6).

4.2, Length

Karoo dyke length ranges from 1 to 18 km for
N110%0DS and 1 to 14 km for N7OP/LDS (Fig. 4al and
b1}, but dykes generally display a relatively short strike
length of 3.0 km on an average for both swarms ( Fig. 4c).

4.3. Dip

The dip of 82 dykes along the Shashe section indicates
that ~91% of dvkes are vertical, and the remaining 9% are
within 307 of the vertical (Fig. 5a). Most inclined dykes
show strigted walls that typify reverse fault swfaces
trending at ca. NIIPE. Since syn- to post-Karoo
compression is not vet documentad in Botswana, the reverse
fault planes likely originated as Archaean/Proterozoic
structures that were later locally injected by Karoo
magma. In contrast, Karoo dyke attitade in the Permo-
Jurassic series of the Thune river section differs significantly
since dykes dip consistently 70-80°5, throughout shallowly
dipping { ~207) strata (Fig. 5¢ and d). The entire dyke/host-
rock system is dissected by a dense aray of dyke-parallel
normal faults that preferentially reactivate dvke margins
with a dominantly dip-slip component (Fig. 5b and e). The
dipping attitude of the overall dyke/hostrock system is
assigned to extensional fault-block rotation coeval with
dyke intrusion in Middle Jurassic time on the southern
margin of the Tuli half-graben.

4.4, Width

The width of N1107/ODS dykes is constrained using: (1)
field measurements that provide an incomplete, but accurate
dataset: and (2) ground magnetic records that supply a
complete dataset, but with no certainties on the age of the
mapped dykes. Field measurements were principally

acquired on dykes intruding the Archaean basement along
the Shashe transect (Fig. 2b). For each dyke. the width is
measured normal to its main strike. Whether eroded or not
exposed, the contact between the dyke and its host-rock can
usually be located within 0.5 m, hence defining the
resolution limit of field measurements.

The dyke width estimates from ground magnetic records
are deduced from the shape of the corresponding magnetic
anomaly (Tshoso, 2003). Dvke boundaries are located by
the inflection points of the deskewed magnetic anomaly
signal with a lateral resolution of 1-6 m that depends on the
altiide of the measurements above the magnetized dykes
(expected to range between 2 and 12 m). With a sampling
interval of the ground magnetic signal of 5-10m, itis likely
that a number of dykes narrower than 5 m may not be
detected. For similar reasons, dyke widths estimated from
the ground magnetic signal may be in error by several
metres. Despite these limitations and given the great number
of both magnetic (N=423) and field data (N=171),
statistical analyses of dyke widths are atempted, first in
terms of class distribution for both the total (Karoo and
Proterozoic, K-P) and Karoo (K) dyke populations. To
avoid additional errors, the Karoo dyke component of the
compaosite segment [1 (see Fig. 3c) is not included in the K
population, which is thus N=236 (ground magnetic data)
and WV=2183 (field data).

Width-scaling properties are also investigated from
conventional cumulative frequencies in order to test the
“self-similar” behaviour of the width population, as well as
the power-scaling law distribution classically observed for
2Dstructures (Scholz and Cowie, 1990), Histograms of K-P
and K subsets show dyke widths ranging from 0.2 to 69 m
(Fig. 6a-d). Magnetic data (K-P and K populations) display
unimodal distributions, marked by a progressive decreasing
frequency of dykes from a mode walue of 11m to a
maximum value of 69m (Fig. 6a and b). The drastic
decreasing number of values from A'=110 (class 10-15 m)
to N= <30 in the lowest class (0-5 m) is also noticeable,
and further discussed below. The caleulated arithmetic
mean widths are 17.5 (K-P) and 17.1 m (K). respectively.
Quite similar mean dyke widths are obtained from field
measurements of K-P (16.1m) and K (159m) dyke
networks (Fig. 6c and d). The small frequency of narrow
dykes ( <25 m) also observed on K-P and K field data plots,
values that are much greater than the field resolution (0.5 <
5 m), is assumed not to be an artefact due to a sampling
effect. Consequently, and despite the lack of resolution of
the magnetic records for dykes <5m thick, the low
frequency of narrow dyvkes depicted from magnetic data
may indeed be a real featre.

The scaling properties of width populations have been
investigated further using conventional cumulative fre-
quency vs. width distributions (Fig. 6e-h). Data plotted in
log-log space permit identification of eventual fit to power-
law distribution defined by:
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NIW) = aW ™ i that also gives the fractal dimension of the population wder
study (Childs et al., 1990), Examination of dyke widths (K-F
where W is the number of dvkes with width greater than or and K subsets) from magnetic and fizld datasets suggests

equal to W, & is o constant, aad Cis the power-lew exponeat that the M1 1{F/ODS does not ascribe to a single power-law

Fig.4. Strike disritution of Karoo dykes in {a) the N1 10FODS and {b) the NIOPLDS. al ) Canographic amangenient of N1 IOPODS dykes in the Shashe |
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model (Fig. Ge-h). The population distributions on log—
log plots do not exhibit self-similar properties and provide
non-linear curves that are not assigned to sampling issues
(see above) such as truncation at small width (resolution
effects) or censoring at large widths (dyke widths are much
lower than the total width of the dyke swarm). Each curve is
segmented into two or three straight line portions (P in
Fig. Ge and h) corresponding to potential power-law
functions, It has been shown elsewhere that even though a
total 2D population does not show a single power-law size
distribution, it may contain sub-populations that do (Fossen
and Rornes, 1996). In the case of the N110°/ODS, the
narrower dvkes tend to form sub-populations (P1),

occurring for width <11 m, that closely follow power-law
width distributions with a low exponent C~0.4. Second
portions (P2} are observed for dyke width values ranging
between 16 and 28 m and fitting with power-law dimensions
of € between 1.57 and 1.82. The break in slopes berween P1
and P2 occurs on all diagrams for a width value of ~11 m
(Fig. Ge-h), higher than the field resolution, corresponding
to the mode statistic parameter. A simple explanation for
this break in slopes still remains to be found. The last
portions (P3), comprising the widest dykes (28-69 m),
could be defined by power-law exponent C~3 (Fig. 6e and
f). Indeed, P1 and P3 are controlled, respectively, by
excessively low or high exponents that are significantly
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different to the usual 1-2 range (e.g. P2) typically assumed
for 21 structures (Cladouhos and Marrett, 1996). It s thus
believed that the lower dyke width population (<211 m) is
under-representzd on histograms and cumulatve log-log
frequency diagmms when plotting the magnete and field
dataset of K-P and K popalations,

When comparing field dyke widths from the Shashe (171
data), Tuli( 13 data), and Tsetsebjwe (13 data) areas, tere is
a clear Increase in Karoo dyke width from 1.3 (N110°E

dykes intruding sedmentary rocks, Tuli half-graben) to 18
(NIIPE dykes cutting across Archaean basement, Shashe
area), up to 27 m (NTIPE dykes intruding crystalling
basement, Tsetsehjwe area).

4.5, Dyke distribution and cumulative dilatation

The 2D distribution of Karco dykes inthe N110%0DS is
also consirained using both field and ground magnertic data
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along the Shashe section. On well-exposal areas, Oeld
observations indicate that the N110%0DS consists of
individual dyke: separated >y larzge arcas containing no
intervening mafic dvkelets (in agreement with the statistical
results abave). The frequency of Karoo dykes deduced from
ground magnetiz records has been calculated for 2 km
intervals, ane each segment (1, T and T by applying the
corrzsponding Jurassic'total dyke atios of 100 (1 and 111)
and T0% /10y, The histograms in Fig. 7 show three high-
density dyke zones, each ~15km wide, labelled X (108
dykes), Y (118 dykes) and Z (92 dykes). with dyke
frequencies ranging fom 10 to 22 dykes/2xm™", and
seperated by two narrow low-density dyke zones.

The frequency and spacing of Karoo dvkes, expressed as
the volume percentage of rocks composed of dykes. is used
to infer the amomt of dilatation aong the Shashe section
(Fig. Th). Total dilatation (£} is obtained by projecting the
dykes onta a line that is drawn perpendicular to the envelope
of the swarm and dividing the cumulative dyke width by the
lemgthe of tre Line (G udmundsson, 19500

_ 2 w1
D == (2)
where w is the cumulative width of dykes, and L the length
of the projected section.

The cumulative dyke width (3~ w) dediced from ground
magnetic data (Tshoso, 2003) is 6315 m. In terms of finite
strain, it corresponds to a dyke-induced dilatation of 12.2%
i the 532Z-kmelony projectel section. Extapolaing s
value to the total width (60 km) of the highest dvke density
zone suggests, at first approximation, a dyke-driven
extension of ~7300m in the N110P/ODS. Fig. 7b also
illustrates the inhomogeneous distribution of dilaation
across the N110%0ODS. Transects with high dilatation of
neatly 20 (2 km long Tati Sidng and Mattangwane
sections) md 16% (4 km long Bomlong section) alternate
with lower dilatation transects of <2% (2km long Toxotha
and § Tai Siding sections]. The inhomogensous distri-
bution of dyke-induced dilatation coincides with dyke
freqaency along the projected section (Fiz. 7a and b

4.6. Shape of dyies

Karoo dykes are better exposed throvghout the
N1ID%ODS cuting across basement (Shashe river) and
Permo-Jurassic ( Tuli half-graben ) country rocks Generally,
dvke margins are almost invariably sharp, and thicmess
rarely changes along-strike. Marked contrasts of the 2D
geometry of dykes are documented as a function of the
sedimentary or erystaliine nature of the host-rocks. When
the 3D genmetry of dykes is observed (Shashe Dam and
Thune section), information is also sapplied on their
relafionships to basement and Keroo smuctures, and on
kinematics of dyke emplacement.

404, Fermo-furassic hos-rocky

Karoo dykes exposed along the southzrn flexural margin of
the Tul half-graben (Thune section) (Iig. 2c) cut through
basal and fine-gmined terrigeneous sequences of the Permo-
Jurassic succession, In a 150 200 ni® area along the Thune
river, gt strata plunzing shallow!y to the norty (see Fig. 5¢),
a®e ot by 12 thin ( 1-2 m rhick on averape), connectad dykes
that are symmetrically disributed on both sides of 2 20-m-
wide gabbroic body striking N105°E (Fg. 8b) Dwkes form a
braided system resulting locally in elongated country rock
bodies totally engufed by mafic dykes. Of the 56 dyke
azimuths mesured in this area (with several data on each
individual dyke), 80% lie between NOOand 120E” (Fig. 8¢).
This low range of oentations is due to either the rectilinear
tiace of the wider (~1-2m) dykes or the smooth and

i midal teo ks st ofF 27 Slsame wrid s sed nneannactad dvless
NUSOGE WaRdiory O < SU-CM-Wihs abh Unoonacton QYRS

(XY and Z in Fig. #b) that show no pronounced offsets.

4.6.2. Basement crystalling host-rocks

Acwider weimuy range wpilies dykes of e WN110M00S
catting through Archaean Sasement in the Shashe area. The
distribution of six closely spaced Karoo dykes and dykelets
in the Phoenix quarry, 50 km east of the Shashe section
(Fig. 2a), is shown in Fig. 9a. Strike changes of ca. 50F
originate from predominantly right lateral steps related to a
set of fractures striking in the szinuth N75-1257E, although
0% of dykes trend N9O-1 1{PE (Fig. 9b).

In the southern part of the Shashe section (Shashe Dam in
Fig. 2a and b), nearly unbroken exposures over ~200%
400 m allow detailed mapping of a complex linked dvke array
comprising three main dykes (named a, b and d), ~20mwide
each, and stricing ar N8O-110PE (Fig. Sc). Dvke ‘b splits
westwads, via oblique diverging dyke segments, into two
dykes (b1 and b2) with highly segmented geometries. Right
stepping offsets of dyke margine are dominat. Segmented
dykes are formed of 5-60-m-long segments showing a wide
range of strikes between NG3 and 120°E, lm<ed by shorter
(1=30m lonz) segments with a narow spectrum of
orenanons @ N120-140rE, The azimuth dispersil of the
zigzag dyke pattern shows two peaks at N8 and NI14OPE
(Fig. 9d). Walls of the dyke segments are generally simple
planar contacts, but they are locally distrbed >y asymmetic
and low-angle bayonet-like apophyses that are well displayed
indvke ‘c’, for example (Figs. 9cand 10a).

5. Conditions of dyke emplacement

On the basis of the above-mentioned geometrical
parameers, a number of assumptions adout the mechanisms
of Karoo dyke injection are attempted below.

5.0, Dyke emplacement stages

Mos: individual dykes show a well-developed centi-
metre-wide ashyric chilled margin and endose very few
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Fig. | 1. Field evidence for dyke-induced hiittle deformation ie Precambrian tonaitic basement host-rocks in the Franckiown quarry, Shashe area {location ie

Tig. 2a).

crustal xenoliths. Furthermore, there are aeither significant
brecciated wall rocks nor distortion in the intruded rocks,
suggesting that emplacervent of dykes was not forceful.
This is in agreement with the leck of any mtemal strain.
Dvke geometries zenerally observed in the NITIP/ODS
indicate that dyke fissure dilatation is a single event. There
are only a few cases of multiple-stage dvkes recording a
repetition of the fractwe—dilatlation-magma injection
sequence.

5.2, Divection of fracture opening and palaeosiress field

Pre-existing discontinuties may play a strong tectonic
connol on dyke peomeuny  when mapgma s emplsed
thronghout highly strained terrains. In these conditions.
dvkes usually follow ivherited fractures that do not
necessarily lie perpendicular to the applied least compres-
sional stress, and their orientation cannot be used o infer
paleusiuess direction (Delaney e al., 1980). Allemauve
criteria, such as dyke width changes, may supply

information about the extension direction that prevailed
during dvke emplacement (Baer e al., 19%94). OUne firs:
notices that Karoo segmented dykes in the NI110%0DS
show an systematic width changes with a change in strike
when studied at a local scale (Shashe Dam sive, forexample)
(Fig. [0al and a2). Significint dyke width variatons are
only evidenced at a regional scale when comparing the
average dyke width in the NOYLDS (27 m)and the N110°7
ODS (~ 17 m). If we assume that the twe swarms were
emplaced: (1] synchronously (Jourdan et al., 200db); (2}
under homogeneous extension: and (3) with a simila
magma viscosity—known o partly control dyvke width
(Wadz, 1994) and deduced here from close chemical
compositions and phenocryst contents (Jourdan ot al,
2004a); the estimated thickness changes are likely to be a
function of dyke orientation with respect to the applied
stress field. Baer and Beyth (1990) prososed that the
thickness of a given dyke segment 1) forming an angle o
with the optimally orented segmen: of mazimal thickness
(Winax! 15 given by (Fig. 10b):
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Wd =W, *Xcosa (3)

The dyke width values applied to the above two studied
Karoo swarms give an angle o of 507 in Eq. (3). i.e. close to
their angular relationships. It is thus suggested that the
fracmrefdyke network in the NTOVLDS is dilated at high
angle to its walls (as pure extensional structures), whereas
those of the N110%ODS opened obliquely (with an inferred
dyke-parallel shear component) to a regional extension that
should be roughly oriented at NNW-SSE (Fig. 10b).
Assuming that N1 10°E dykes should have dilated as oblique
shear fractures suggests the inherited origin of part of their
hosting fracture network, in agreement with additional
criteria presented below,

5.3 Inherited and dyke-induced fractures

Whether dykes occupy pre-existing fractures or generate
their own fractures is a long-standing debate (Delaney et al..
1986): further emphasized when host-rocks belong to a
crystalline basement that recorded a polyphase brittle—
ductile history, as for the Archagan rocks in NE Botswana.
Discrimination between dyke-generated and inherited
fractures has been made here by comparing the fracture
abundance close to a given dyke and regional fracture
abundance in both basement and sedimentary host-rocks.

In the Permo-Jurassic grit'shale alternations of the Thune
section, the only clear deformation related to Karoo dyke
injection is curved anastomosing joints, developed a few
metres away from dyke margins,

Identification of Karoo dyvke-induced brittle structures in
highly deformed metamorphic basement terranes (Shashe
area) is more difficult. But supportive evidence is locally
documented in Francistown quarry (Figs. 2aand 11), where
a narrow Karoo (dated) dyke (Le Gall et al., 2002) cuts
across Archaean tonalite. The host-rock is intensely
dismpted by a dense network of brittle joints, parallel to
the dyke margins, that gradually decrease in density 2-3 m
apart from the dyke. The symmetrically distributed brittle
fracmres likely formed as wall-parallel tensile joints in the
hasement tonalitic rocks during dyke emplacement.

Generally, the Archaean crystalline basement of the
Shashe section displays N30-40°E ductile fabrics that are
dismpted by close to vertical brittle fractures with a great
variety of orientations, including N110°E structures parallel
to the ODS trend. Given the various origins of the N110FE
fracture surfaces as either strike-slip, reverse faultrelated
fractures, or extensional joints (mainly deduced from the
plunging attitude of striations and sense of displacement),
most of them are likely to be inherited basement features
formed at some stage of the polyphase tectonic history of
the pre-Karoo basement. More convincing evidence for
occurrence of pre-existing N110°E basement fabrics, and
their role on Karoo dyke orientation, comes from the Shashe
Moocke and Borolong areas (Fig. 3a). These two zones, 1-
2 km wide each, enclose a dense array of vertical fractures

that are continuous for tens of metres with a constant
azimuth of NI10DO-110°PE. Their frequency commonly
exceeds one fracture per metre. The restricted spatial
distribution of this joint/fracture network within segment
II, ie. where basement dykes strictly occur (Fig. 3c),
suggests causal links with the Proterozoic dvking process, A
quite similar origin is likely for the pattern of dyke-hosting
fractures in the adjoining composite segments 1 and 11

A second network of extensional fractures, expressed as
N140°E epidote-filled wveins and pegmatitic dykes in
granitoid rocks, may also be basement structures that have
potentially caused the local segmentation of N 110°E Karoo
dykes (see Figs. 9cand 12a, and corresponding text below).
According to our structural model, the N110°E basement-
controlled trend of Karoo dykes in the Shashe area should
have rotated 407 (anticlockwise ) when crossing through the
Permo-Jurassic cover to form perpendicular to regional
extension. However, their still persistent N100-110°E
orientation along the Thune section (see Fig. #) probably
results from the influence of shallow basement fabrics along
the southern flexural margin of the Tuli half-graben.

The faultfracture system in the NTOF/LDS is also
believed to be at least partly inherited because of involving
basement and Jurassic dvkes also (see Fig. 2) (Jourdan et al.,
2004b).

54, Dyke segmentation

Field relations between highly segmented dykes and
hasement fabrics in the Shashe Dam site provide important
constraints on both dyke segmentation mechanisms and
relative ages of fracturing and dyke intrusion. Dilational
emplacement of dykes in brittle fractres might have first
proceeded by filling of a set of unconnected en relais cracks
striking at NBO-110°E, the mherited or newly formed origin
of which is not firmly defined (Fig. 12a). However, the
occurrence of joint fractures, with a similar range of
azimuth at NE80-110°E, within the gneiss host-rocks, either
close to or at a distance from dyke margins. suggests that
most of them originate as Proterozoic structures. As such,
the sense of shearing (probably right-lateral in the present
case) indicated by their dextral en relais arrangement is not
relevant to the way fractures later dilate during Karoo dyke
emplacement. This sense of shearing is opposite to the
component of sinistral shear-sense compatible with the
inferred NNW-SSE direction of Karoo extension (see
above). The low-angle bayonet-like apophyses occurring
with & dominant asymmetry along a number of dyke
margins (dyvke ‘¢’ in Fig. 10al, for example) have been used
elsewhere as kinematic indicators (Hanmer et al., 1997) and,
in the present case, they should indicate a dextral shear-
sense. However, quite similar dyvke geometry could he
obtained from broken host-rock bridges at an offset in dyke
(Fig. 12c and d) (Nicholsen and Pollard, 1985), whatever
the conditions of dyke/fracture opening were.

The linkage of en relais dyke segments occurs via N120-
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Table 2
Compled dyke widih dsts from cominentsl snd ocesme ndge seitings

Tectono-mapmatic seting Aupe Mean dyke width (m) Reference

HiiF

Skye Praleocens (1) Walker (1993)

Mull P alesene 12 Jully and Sanderson (1995}

leeland Rifted Fone (Justernary <20 Crudmnadson {1990)
Tertiary 4l Grudmundson | 19902)

Centsal Atlastie Ridge P st 10 Kamon & al. (1999

Hamad Procent [0 Walker (197)

Mid-Choeanic Ridpe Mum. midel 02 W30 Hesd et al. (19946)

Orn Ophiolie Pemo-Trasmie <10 Lippard et 2l {198a)

Citant Clovango DS Middle hrasac 1% This wark

Me Kewigie DS fworld's greaest 1D§)

Basanga “ 30 Anderson and ehl { 1982)

Carllon Acrchazn <15 Chandler {19860

Buluth 4 Motamedi (1954)

14FE oblique dvke segments possibly initiated in two
different wavs &5 a function of the initial dvke spacing.
When separation of two adjoining (generally underlapping)
NEO—110°E dykes is small compared with dyke lengths,
tensile failure zones developed at the tip of the propagating
cracks (Fig. 12b), in a way predicted by the model of Olson
and Pollard (19913, These may have later interacted and
coaleseed into 2 single \2nsile fracture zone, Tying 20 high
angle to the dyvke wrend (Rogers and Bird, 1987). Subsequent
infilling with magma leads w the final segmented dyke
network (Fig. 12a). Inversely, when dyke separation is
preater, mechanical interaction between adjacent crack tips
is unlikely. In this case, their connection might have been
governed by inherited N120-140°E fractures (X and Y in
Fig. 12a) that dilzted obliquely with regard 1o the inferrad
extension.

6. Discussion and conclusions

Structural analysis of the Okavange (N110PE) and the
Limpopo (NTO°E) dyke swarms in NE Botswana provides
new insights about: (1) the internal organisation of giant
mafic dyke swarms: and (2) the structural framework during
the emplacernent of magma inthe northern part of the Karoo
LIP, The maost significant results of this study come from the
Shashe section that intersects the densest dvke zone of the
NI10F/0DS at high angle. More than 220 dykes recorded
from ground magnetics allow us o quantify the dyvke
population, whereas structural features of the crvsialline
country rocks help (o constrain the role of pre-existing
basement fabric on the emplacement of Karoo dvkes.

Quantitzfive resulis oblained from Karoo dyke geomelry
in the NI1107/0DS do not conform to the properties usually
displaved by dvkes in other giamt mafic swarms. The low
frequency of narrow dvkes { <5.0'm), when compared with
the thickest dykes (1670 m], is a real feature that still
remainsg o be explained in terms of either mechanical
conditions of emplacement, pre-dvke fraciure network, or

natute of the mapima. The structural sighificance of the 16—
17 m mean dyke width, which is much grester than the 5—
10 m considered as typical average dyke thickness for giant
dvke swarns (Table 2) (Erst et al., 19485), is also
questionzble. The narrowing of N11E dykes, from 16—
17 m in basement host-rocks to 1.3 m into the owverlving
Permo-Jurassic cover, is rather assigned to the coexistence
(Tuli half-graben) of absence (Shashe basement area) of
normal faulting with extension accommodated by dvke
intrusion, instead of being due 0 & decrease of magnea
pressure &t higher structural lewels. In the Shashe area, dvke-
driven dilation is calculated at 7295 m (12%) throughout the
60-km-long highest density dyke zone of the N110°/0DS.
On the other hand, the change of Karoo dyvke widths from
17 i inn the N1T0P0DS 1o 27 i in the NTO%/LDS possibly
relates o regional principal siresses at the time of dvke
emplacement. The N70°E-rending fraclure network is
assumed to have been favourably oriented (perpendicular
to the NINW-SSE exiension) for opening as pure tensile
fractures with a maximum dilation, whilst under such siress
comditions, N1TO'E dykes should have dilated as oblique
shear fractures recording 2 smaller amount of dilation. It is
therefore concluded that: (1) part of the N110FE fracture
pattern is inherited and possibly linked o a previoos
(Proterozoic) dyke intrusion event; and (2) the main
controlling factor for the comstant NIIOPE trend of the
ODS over more than 1500 km is 2 major pre-existing
hasement brittle fabric rather than the orientation of the
applied stress field.

The 2D map-view of the 1500-km-long N110F/0DS
varies along=strike on regional aeromagnetic maps with a
gradual westerly narrowing of the high density dvke zone
from 60 km in the Francistown area to 53 and 45 km in the
Maun and Ngami areas, respectively (Fig. 13a) It is
suggested that dyke-driven extension decreases abruptly
westwands (Table 3) from 7295 m (12%) along the Shashe
section e 1384 m (2.6% ) along the Maun section (400 km
o the W) and 1160 m along the Ngami section (200 ki
further W) (Fig. 13}, if we assume that most of the dvke
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Table 3

2353

Alng-sirike varistions of the widih snd dyke-induced exiension in the high dyke density zone of the ~ 1500-km-lmg Oksvango dyke swarm (fmom

seromagnetic dataaet of Tehoo (2003) calibested wdng te Shadhe section)

Mpammi band (M) Mazun (M) o Fi Francitown
Shashe tramect Enite swamm
Total width of the swam (k) 45 L] 52 G
Mumber of semmagnetic amoms e (high nesolution) Ell E 162 1495
Dyl sprascing (hom) 15 15 03 03
Cumulstive dyke widih (m) 1160 1384 G315 24
Crustal ailststion (%) 26 16 122 122

parameters measured in the Shashe reference section, e.g.
the ratio of Proterozoic/Karoo dykes (~ 1/6) and the
average Karoo dyvke thickness (17 m). remain constant
along-sivike. Such 2 change in the laeral distribution of
dykes in the N110%0DS, coupled with the lack of map-
scale deflection of the swarm wend around magma chambers
at depth, suggesis that Karoo mafic dvkes propagated
laterally westwards, away from the Nuanetsi source re gion
(Fig. 14b), instead of being injected vertically from deep-
seated linear magmatic ridges. The model of lateral flow of
Karoo magma is also supported by anisotropy of magnetic
susceptibility data that show a transition from  predomi-
nantly vertical (Tuli basin) w0 horizontal (Shashe arez)
magma flow with increasing distance from the MNuanetsi
focal point (Fig, 141) (Tshoso, 2003), in agreement with the
mantle plunse hypothesis (Campbell and Griffiths, 1990;
Cox, 1992). However, since the N110°%0DS and N70%LDS

in NE Botswana (this study), as well as the Lebombo (N5),
Olifants River (N20°E) and Limpopo (N70°E) dvke swarms
seemingly radiating from the Nuanetsi region (Fig. 14b), are
polyphase intrusive complexes including both Karoo and
Precambrian dykes (Marsh, 2002; Jourdan et al., 2004b)
they must follow pre-existing crustal structures extending
close to Archzean craton margins (Fig. 142) (Hutchins and
Reeves, 1980). Whatever be the origin of the associsted
thermal perturbation in the upper mantle, either related o a
plumeflat subduction svstem (Dalziel et al, 20000 or
incubation processes as proposed elsewhere (Anderson,
1987), the upward migration of magma through the upper
crust of the Karoo LIP should have occurred via vertical
conduits at the intersection of deeply rooted basement
discontinuities (Cox et al., 1965) that later fed the inherited
fault-fracture network laterally (Fig. 14a). Assuming the
inherited and polyphase origin of the fraciure network

Proterozoic
structural
configuration

O EE ™=
2

& 4 &

~180 Ma.
Onset of Karoo|”
magmatism

Kalahar - -

Imr  Dyke swarm

:I Basin and lavas

Kareo

Fig. 14. Major Precambrizn and Koo strocuns] festunes of West Gondwana, {2) Baerme ntboundares i souther n Alfnca. (1) Palasoseic belt (2 Protemeods
beli; (3 Craton; (4) Dyde swamma; (5) Sumse lines. GI, Grest Dyke; MSE, Mapopaphaie shes zme; FT, Pongols Al srend; ODE, Okavango (pooto) dyke
awamn; VT, Venterdony il rend. fb) Kamoo tectonoemapmatic framework of sonthem Afnes st the onsetof the Middle Jussssic magmetic seivity. Comstrinis
in the directim of extensdon (black amow) e hmited (mainly fom our dsts on NE Botswans Kamoo dykes). Same captions as in Fig. b
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hosting mafic dvkes in the northern Karoo LIP implies that
the final radiating arrangement of giant dyke swarms does
not constitute unequivocal proof for the exisience of a
mantle plume. The structural interpretation of the Karoo
riple junction-like dvke pattern as a result of radial siress
ghove a plume head, in agreement with the theoretical
madels of Fahrig (1987) and Ernst and Buchan (19497), is
thus considered in the present work as an over-simplifica-
tion. But further detailed structural works, similar o those
discussed here about the Okavango mafic dvke swarm,
should be applied to the other giant dylke arms of the triple
Junction-like svsiem as a prerequisite for any Kinematic
madel of the Karoo LIP,
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