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Highlights

e A-type granitoids not only related to extensional environments;

e Time-space relation between anothosite and MCG (mangerite-charnockite-granite)
components;

e Tectonic setting of AMCG complexes compatible with contractional tectonics.

Abstract

Anorthosite-mangerite-charnockite-granite (AMCG) suites form large batholiths emplaced
during the Proterozoic Eon. Magma source(s), emplacement mechanisms, and the tectonic
setting of AMCG suites remain poorly understood. We present new major and trace element
geochemistry combined with U-Pb zircon geochronology and Lu-Hf isotopes for the Red
Granite Suite, part of the Mesoproterozoic Kunene AMCG Complex (Angola and Namibia),
and its Paleoproterozoic host rocks, to elucidate the petrogenesis and tectonic setting of the
Kunene Complex granitoids. The studied samples are mostly granite with minor syenite and
quartz monzonite. LA-MC-ICPMS U-Pb zircon dates indicate that felsic magmatism was
active for at least 90 Myr (1450—1360 Ma) and shows spatial and temporal similarities with
emplacement of the main anorthositic body. The geochemistry of the granitoids did not
change substantially over time, with predominant alkali-calcic, A-type granites. The eHf(t) of
zircon grains in the Red Granite Suite ranges between —11.3 and + 1.6. These results, when
considered together with Hf isotopic compositions of zircon from the Paleoproterozoic host
rocks (eHf) =-11.3 to + 0.4) and xenocrysts in the Red Granite, suggest the suite is derived
from the mixing of a Paleoproterozoic crustal component with juvenile mantle-derived
material. Syn-magmatic east-west shortening has been documented in both the anorthosites
and Red Granites at the southwestern margin of the Kunene Complex in the period 1400—
1380 Ma. The results from the Hf isotopes on zircon, combined with the long-lived nature of
magmatism, the syn-contractional magmatism, at least locally, and the requirement for
extensive crustal melting, suggest that the Red Granite Suite was formed in a convergent
margin setting. This challenges the traditional view that A-type granitoids are restricted to
anorogenic, extensional settings, and is in agreement with recent views on the petrogenesis of
massif-type anorthosites and their associated MCG magmatism.
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1. Introduction

Large volumes of intermediate to felsic rocks, including granitoids, mangerite and
charnockite, are typically associated with massif-type anorthosites, which are intrusive rocks
dominated by modal plagioclase (Ashwal, 1993). These associations are collectively known
as AMCG (anorthosite-mangerite-charnockite-granite) suites (Emslie, 1978, Emslie et al.,
1994, McLelland et al., 2004), and have been documented worldwide (e.g., Chatterjee et al.,
2008a, Chatterjee et al., 2008b, McLelland et al., 2010, and references therein;
Shumlyanskyy et al., 2017, Wang et al., 2020, and references therein). AMCG suites, mainly
Proterozoic in age, still present unresolved dilemmas with regards to magma source(s) and
tectonic setting, and multiple models have been proposed to explain their emplacement
mechanisms (Emslie, 1978, Morse, 1982, Wiebe, 1992, Ashwal, 1993; McLelland et al.,
1996, 2010; Myers et al., 2008, Bybee et al., 2014, Ashwal and Bybee, 2017, Slagstad et al.,
2018, Lehmann et al., 2020, and references therein). The granitoids of AMCG suites can
exceed the volume of the anorthosites (McLelland et al., 2010). Early studies suggested that
AMCG suites formed from a fractionated crustal melt that was intermediate in composition
(Michot, 1960, de Waard, 1968). More recently, however, evidence has been provided
indicating that MCG rocks are coeval, but not comagmatic, with the anorthositic and mafic
components of AMCG suites (McLelland et al., 2010). Melting of the lower crust due to
ponding of primitive magmas at the crust-mantle interface is invoked as a trigger to produce a
large proportion of MCG rocks (Emslie, 1975, Emslie, 1978, Emslie et al., 1994, McLelland
et al., 2010).

The tectonic setting of AMCG suites is still unclear. The apparent absence of syn-contraction
tectonic fabrics in AMCG rocks has been used to support an extensional setting for these
suites (e.g., Emslie, 1978), but an overall contractional environment accompanied by late-
stage orogenic extension has also been proposed (Corrigan and Hanmer, 1997). On the basis
of tectonic, petrographic, and geochronological evidence, reactivation of lithospheric sutures
and involvement of processes like slab break-off, back-arc extension, and post-orogenic
collapse during lithosphere delamination have also been invoked in the petrogenesis of
AMCG suites (Corrigan and Hanmer, 1997, Scoates and Chamberlain, 1997, Myers et al.,
2008, McLelland et al., 2010, Wang et al., 2020). Further insights are required from AMCG
suites in order to determine their tectonic setting.

Granites in AMCG suites show a typical A-type character, being dominantly potassic and
rich in alkalis (K20 + Na20), high field-strength elements (HFSE), FeOwt/MgO and Ga/Al
(e.g., Whalen et al., 1987, Eby, 1992, Frost and Frost, 2011). Traditionally, A-type granites
have been assigned to a variety of extensional regimes, such as back-arc basins, post-
collisional settings, or within-plate settings (Pearce et al., 1984, Whalen et al., 1987, Pearce,
1996). However, other authors have challenged this view, showing that A-type granites can
also be emplaced during crustal contraction (Ren et al., 2021, and references therein).
Similarly, AMCG suites can form during crustal shortening related to arc accretion, basin
closure and collision, with examples such as the gabbro-anorthosite rocks in the Eastern
Ghats Mobile Belt, India (e.g., Dobmeier, 2006, Nagaraju et al., 2008) and the composite
gabbro-mangerite-charnockite-granite intrusions of the Lofoten—Vesterélen suite, Norway
(Corfu, 2004).



I
14°E

KAGC119-109
1964 = 3 Ma
/—-eHﬂ:t} =83

KACOE-82

1830 £ 27 Ma

eHflt) = -6.7

-15°S
Humpata Plateau - -

N AC2ES-268
| 1374 + 10 Ma
eH{t) = -0.8 i
unena
o M‘i Complex
KSATGB—zé ongoquepia —KACT4-T1 -
1780 £ 11 Ma si » Pocoio 1947 £ 4 Ma MNamibia

EHfft) = -10.5

I:l Quaternary

Mafic dyke and sill (age
undifferentiated)

Karoo Supergroup - Dwyka
Group (Carboniferous)

[ siliciclastic rocks (Paleazoic)

Damara Supargroup — Nosib
Group (Neoproterazoic)
i il Silici- and volcaniclastic
—— rocks (Proterozoic)
Red Granite
(Mesoproterozoic)

:I Kunene anorthosite

{Mesoproterozoic)

Kheisian to Namagquan
intrusion

Chela Supergroup
(Paleoproterozoic)

Epupa Metamorphic Complex
(Paleoproterozoic)

[:] Regional Granite
(Paleoproterozoic)

Metamorphosed supracrustal
rock {pre-Regional Granite)

Undifferentiated older

basement rocks
) I .
i ...o-" 30 km
Orue Unit - ‘,‘ﬂ

Fig. 1. Geological map of the Kunene Complex and surrounding rocks in southwestern Angola and northern
Namibia (after Servigos De Geologia E Minas De Angola 1:100 000, 1:250 000, and 1:1 000 000 maps;
Geological Survey of Namibia 1:250 000 map; Seth et al., 2005, McCourt et al., 2013, Brandt et al., 2021).
Boxes report U-Pb age and average eHf(;) for dated samples. Black boxes: Red Granite Suite; 21 of the 27 rocks
have been analyzed for major and trace elements (Table 1). White boxes: basement host rocks. In italics: U-Pb
ages published by Lehmann et al. (2020). Inset map shows the position of the Kunene AMCG Complex in
southwestern Africa. Datum is WGS84 and projection is UTM zone 33 south.



Table 1. Major and trace element analytical geochemistry of representative Red Granite Suite rocks.

Rock
type

sampl
e

Long
E
(dec
deg)
LatS
(dec
deg)

SiO2
TiO»
AlLOs
Fe:0;
FeO
MnO
MgO
CaO
Na,O
K>0
P20s
LOI
Total

Syeni
te

KAC
79-74

13.83
5466

15.78
4389

type
52.7
0.84
13.9
1.62
10.8
0.37
0.27
6.14
4.87
4.09
0.28
1.00
95.8
1497
1.21
51.7
0.04
18.3
33.1
2.13
2.37
27
60.7
1.34
14.3
46.6
9.08
0.42
120.3

Syeni
te

KAC
234-
235
13.47
6294

16.76
3058

type
59.1
1.41
14.3
0.98
6.56
0.16
1.59
2.65
3.81
5.03
0.76
1.12
97.5
2136
11.2
49.1
0.15
12.8
413
1.37
12.00
34
53.8
2.40
27.9
88.0
18.9
3.49
308.7

Qz
monz
onite

KAC3
2-236

13.48
8411

16.76
7013

type
63.1
0.92
14.6
0.68
4.56
0.12
1.52
2.81
3.60
441
0.42
1.47
98.2
1536
7.19
37.1
1.34
8.01
379
2.57
28.56
26
38.8
2.90
26.3
102.4
12.5
5.93
3213

Qz
monz
onite

KAC2
30-
233
13.47
4290

16.76
5471

type
60.7
1.19
14.6
0.87
5.71
0.14
1.35
3.38
3.29
4.94
0.59
0.83
97.7
2131
10.1
18.6
0.23
9.96
35.6
2.00
8.09
33
51.0
2.48
27.1
82.2
18.4
3.55
291.8

Qz
monz
onite

KAC2
60-
254
13.70
8975

15.92
3305

A-
type
66.9
0.39
14.9
0.50
3.36
0.07
0.26
1.49
4.00
5.56
0.10
0.69
98.2
1907
1.52
64.5
2.58
7.82
26.7
4.49
14.5
36
29.6
1.92
23.8
142.2
6.56
6.40
153.3

Qz
monz
onite

KAC3
31-1

13.46
1700

16.86
9249

type
67.5
0.57
14.9
0.43
2.84
0.07
0.77
1.95
3.37
5.76
0.22
0.46
98.8
1230
4.46
82.0
0.62
5.59
26.5
433
14.0
35
37.9
3.52
32.6
140.2
7.26
4.10
244.1

Qz
monz
onite

KAC3
4-37B

13.44
1027

16.68
1810

type
67.0
0.38
15.2
0.34
2.30
0.05
0.56
1.32
3.24
6.64
0.16
1.06
98.3
1899
3.00
68.3
0.36
11.7
30.4
1.58
10.8
19
30.8
2.16
27.1
122.7
7.49
3.06
278.4

Grani
te

KAC
23-
28B
13.48
5900

16.78
1190

type
68.4
0.50
14.2
0.42
2.81
0.07
0.68
1.71
3.20
5.46
0.19
0.87
98.4
1463
4.39
35.2
0.26
8.53
25.1
2.62
7.38
34
27.7
3.90
279
102.7
6.72
1.51
236.3

Grani
te

KAC
23-
28C
13.48
5900

16.78
1190

type
64.6
0.77
16.0
0.58
3.84
0.07
1.33
3.11
6.36
0.67
0.33
1.22
98.9
210.7
8.24
72.5
0.18
6.30
28.6
2.89
8.38
37
28.9
4.69
9.43
14.4
7.99
3.88
317.2

Grani
te

KAC
31-35

13.46
9986

16.94
1510

type
75.1
0.16
12.1
0.24
1.61
0.03
0.15
0.25
3.26
5.46
0.04
0.72
99.0
423.8
1.61
133.4
2.28
7.84
26.8
10.3
1.56
<d.l
38.4
4.49
253
196.3
1.45
14.4
20.3

Grani
te

KAC
35-4

13.44
9689

16.59
3061

type
72.7
0.33
15.0
0.29
1.92
0.04
0.65
0.94
1.94
4.36
0.14
0.81
99.1
1363
4.29
87.6
0.64
13.8
204
1.61
13.27

20.4
3.83
26.3
130.7
8.08
2.97
246.8

Grani
te

KAC
61-58

13.92
3343

16.49
9553

type
72.8
0.19
12.5
0.30
2.03
0.04
0.22
0.99
3.18
5.90
0.04
0.63
98.8
1102
1.46
98.9
0.46
3.00
36.9
3.15
6.75
30
18.8
3.63
21.3
96.1
2.50
8.16
91.3

Grani
te

KAC
186-
188
14.08
1797

15.41
4246

type
71.0
0.16
13.9
0.31
2.04
0.04
0.17
1.81
4.07
4.73
0.04
0.74
99.1
466.5
1.65
64.2
0.10
3.99
39.7
8.58
1.11
31
41.8
1.92
6.96
61.7
3.44
7.51
353.5

Grani
te

KAC
226-
224
13.47
6349

16.93
7279

type
74.1
0.19
12.3
0.29
1.95
0.03
0.20
0.26
3.10
5.60
0.06
0.81
98.8
906.5
0.48
60.9
2.65
4.50
21.5
7.91
1.59
24
31.5
1.65
22.8
177.6
3.17
10.5
319

Grani
te

KAC
274

13.63
5403

17.08
6877

type
72.6
0.44
13.0
0.30
1.97
0.02
0.48
0.83
4.73
4.19
0.10
0.41
99.1
735.4
1.82
102.6
0.45
4.75
19.6
9.21
1.77
38
24.4
3.00
8.46
93.1
5.53
10.3
93.4

Grani
te

KAC
45-46

13.74
7779

16.54
7995

type
76.7
0.07
13.2
0.08
0.54
0.01
0.22
1.37
0.70
5.64
0.00
0.93
99.4
57.8
0.96
127.5
0.64
2.69
14.7
0.77
1.27
23
63.6
2.84
4.56
21.7
0.99
4.90
287.9

Grani
te

KAC
269-
269
13.88
9764

15.59
5566

type
76.3
0.08
12.2
0.15
0.97
0.02
0.12
0.21
3.70
4.65
0.00
0.90
99.3
53.9
1.85
36.0
1.97
1.85
24.5
13.24
1.17
20
55.6
1.85
21.1
191.3
0.20
11.7
7.27

Grani
te

KAC
297

13.53
8857

17.07
5111

type
76.4
0.07
11.9
0.17
1.12
0.02
0.29
0.06
3.99
4.54
0.00
0.71
99.3
118.3
0.39
72.6
2.25
10.8
24.9
14.76
4.55
29
62.0
1.69
29.0
254.3
0.78
24.6
4.21

Grani
te

KAC
43-45

13.67
8043

16.55
0546

type
75.3
0.03
13.6
0.06
0.39
0.01
0.13
0.76
3.53
5.25
0.00
0.50
99.6
135.8
1.20
70.3
0.10
2.12
13.7
1.79
0.62
<d.l
0.70
2.14
21.6
75.2
0.31
0.34
29.0

Grani
te

KAC
208-
205
13.45
9035

16.91
0502

type
71.0
0.23
14.9
0.17
1.11
0.03
0.62
1.01
4.16
4.47
0.10
1.08
98.9
993.7
2.69
84.7
0.62
4.41
19.5
3.39
6.95
24
3.92
4.62
23.5
92.6
2.86
4.30
416.2

Grani
te

KAC
221-
219
13.46
3068

16.93
2399

type
73.9
0.12
13.7
0.11
0.77
0.02
0.33
1.05
4.42
4.17
0.02
0.72
99.3
571.4
1.54
1354
1.01
34.0
13.1
3.29
2.27
19
5.58
3.38
15.8
84.4
2.05
3.68
2453



Sb
A/CN
K
A/NK
K.0/
Na,O
Eu/Eu
*

(La/Y
b)n
La/Th
Ce/Th
La/Nb
Zr/Hf
Y/Ho

Major element oxides in wt%. Trace element concentration in ppm by weight.

1.75
0.61
0.20
4.57
0.56
67.0
335.1
90.6
50.0
136.4
20.1
101.8
223
8.51
19.9
2.68
14.8
2.88
7.90
1.21
9.58
1.79
0.22
0.01
0.6

0.1
0.8

1.2

3.5

81.4
222
0.8
42.5
23.3

1.80
6.04
0.27
44.7
0.34
77.1
174.6
41.5
191.5
399.3
44.1
168.8
27.5
5.38
23.0
291
16.2
3.03
8.24
1.15
7.51
1.05
0.53
0.01
0.9

0.1
1.3

0.7

17.2

31.7
66.1
3.6

30.4
25.5

1.53
12.4
1.59
38.6
0.41
60.1
119.2
78.0
161.7
346.5
37.4
139.6
22.6
4.19
18.0
2.30
12.5
2.42
6.74
0.92
6.26
0.88
0.61
0.04
0.9

0.1
1.2

0.6

17.4

13.0
27.9
4.2

30.3
24.9

1.71
3.83
0.39
41.1
0.32
75.5
158.9
63.0
117.4
271.7
343
143.2
26.2
5.01
21.9
2.92
16.1
3.06
8.25
1.17
7.66
1.06
0.51
0.01
0.9

0.1
1.5

0.6

10.3

30.7
71.0
2.3

31.5
24.7

1.56
12.4
3.45
9.09
0.98
44.2
116.5
152.6
58.2
125.6
14.9
61.0
12.0
3.58
11.0
1.58
9.52
1.91
5.27
0.77
5.41
0.78
0.86
0.07
1.0

0.1
1.4

1.0

73

4.7
10.1
2.0
34.0
23.2

1.47
10.1
1.54
30.2
0.53
44.0
70.8
154.2
83.0
168.4
18.8
71.4
12.8
2.44
11.0
1.51
8.98
1.76
491
0.70
4.53
0.62
0.91
0.04
1.0

0.1
1.7

0.6

12.4

8.2
16.6
22
35.6
24.9

1.00
8.94
0.56
15.4
0.37
44.8
62.0
51.4
129.7
274.1
29.4
108.3
18.3
3.52
14.8
1.91
10.3
1.93
5.10
0.66
4.16
0.55
0.74
0.02
1.0

0.1
2.0

0.7

21.0

14.5
30.7
42

32.6
23.3

0.87
2.50
0.46
24.0
0.25
41.6
71.2
89.5
68.8
147.3
17.8
72.3
14.3
3.08
11.9
1.63
9.39
1.79
4.81
0.66
4.30
0.58
0.64
0.02
1.0

0.1
1.7

0.7

10.8

27.6
59.0
2.5

34.2
23.2

0.99
8.32
0.73
42.8
0.41
44.8
58.4
101.2
103.2
2223
254
95.9
16.3
2.50
13.5
1.74
9.82
1.88
5.13
0.71
4.65
0.63
0.15
0.03
1.0

0.1
0.1

0.5

15.0

12.4
26.7
3.6

35.0
23.8

A/NK = Al/Na + K (molar prop); A/CNK = Al/Ca + Na + K (molar prop).

Geographic coordinate systems (GCS) in decimal degrees.

2.53
22.23
6.67
12.6
1.58
71.4
75.2
267.6
56.8
149.7
14.2
56.4
12.7
1.02
13.0
2.12
13.71
2.93
8.71
1.34
9.44
1.28
1.32
0.08
1.0

0.1
1.7

0.2

4.1

2.6
6.7
1.5
26.1
24.4

0.86
4.93
0.97
30.6
0.45
333
61.4
50.6
49.5
110.5
14.6
61.4
12.1
2.26
9.91
1.31
7.32
1.39
3.75
0.51
3.31
0.47
0.82
0.04
1.6

0.1
22

0.6

10.1

10.0
22.4
2.4

31.5
23.9

0.78
28.4
1.19
10.5
0.51
36.9
56.2
96.6
207.5
413.9
39.3
133.0
18.2
2.06
14.3
1.70
8.96
1.66
4.44
0.60
3.83
0.53
0.52
0.06

0.1
1.9

0.4

36.5

7.3

14.6
11.1
30.7
22.2

2.17
16.3
2.74
16.0
0.54
58.6
13.2
235.0
223.4
480.2
493
180.1
28.7
1.36
22.0
2.52
12.6
2.36
6.59
0.97
7.04
1.05
0.39
0.03

0.1
1.2

0.2

21.4

13.7
29.4
5.3

27.4
24.8

2.01
214
6.33
5.18
1.15
41.1
55.2
2324
35.7
95.8
9.84
36.9
7.82
1.13
7.04
1.19
7.97
1.70
5.19
0.82
5.81
0.83
1.05
0.05
1.1

0.1
1.8

0.5

4.1

1.7
4.5
1.1
29.4
24.1

1.56
23.0
5.66
24.6
1.42
43.7
16.5
308.0
61.1
133.8
13.8
51.7
9.60
1.15
9.00
1.37
8.81
1.83
5.42
0.84
5.76
0.82
0.59
0.11

0.1
0.9

0.4

72

2.7
5.8
2.5
334
23.9

1.53
15.7
2.75
11.0
0.55
27.0
14.2
12.6
9.24
243
3.56
16.3
5.79
0.32
6.42
1.20
8.09
1.66
4.74
0.68
4.37
0.58
0.13
0.09
1.4

0.1
8.1

0.2

0.6
1.6
0.1
16.4
16.3

2.71
23.5
4.90
2.96
0.68
38.9
46.0
314.6
30.0
81.0
2.68
11.5
3.87
0.14
4.83
1.03
8.28
1.94
6.37
1.07
7.96
1.08
1.10
0.17
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There is a peak in A-type granite production worldwide between 1500 and 1400 Ma, with
large A-type batholiths in orogenic belts of Laurentia, eastern Grenville, Baltica, and in the
Brazilian Shield (Bettencourt et al., 1999; Dall’ Agnol et al., 1999; Condie, 2013, and
references therein). Similarly, massif-type anorthosites are found in orogenic belts and are
abundant during large parts of the Mesoproterozoic (e.g., Slagstad et al., 2018). Therefore,
there may be a correlation between the production of A-type granites in the Mesoproterozoic
and the formation of anorthosites in AMCG suites.

The Mesoproterozoic AMCG suite of the Kunene Complex of southern Angola and northern
Namibia extends over > 15,000 km?, and is one of the largest known AMCG suite on Earth
(Bybee et al., 2019, and references therein). The Red Granite Suite is part of the Kunene
Complex and forms approximately one-third of the exposed surface area (Fig. 1). In this
study we use major and trace element compositions, U-Pb crystallization ages, and Lu-Hf
isotopes in zircon to constrain the petrogenesis and tectonic setting of the Red Granite Suite.
Our findings reveal that (i) the suite was emplaced over a prolonged timescale, similar to the
Kunene anorthosites, that extends over 100 Myr (Bybee et al., 2019), and (ii) the Red Granite
Suite magmas were produced from a mixture of juvenile mantle-derived melts and
Paleoproterozoic crust. This study has important implications for the petrogenesis and
tectonic setting of Mesoproterozoic A-type granites and AMCG suites.

2. Geological setting
2.1. Basement rocks to the Kunene AMCG Complex

The Paleoproterozoic and Mesoproterozoic eras are characterized by the development of
major accretionary orogens across Laurentia, Baltica and Amazonia that formed during the
assembly of the Columbia supercontinent between 2.4 and 1.3 Ga (e.g., Meert, 2012, Condie,
2013). The rocks that host the Mesoproterozoic Kunene AMCG Complex in southern Angola
and northern Namibia (Fig. 1) are part of the Paleoproterozoic Lubango Zone crustal domain
and correspond to the southern part of the Angolan Shield of Central Africa, along the
present-day southwestern margin of the Congo Craton (Jelsma et al., 2018). An arc system
developed along an active continental margin during the Paleoproterozoic in southern Angola
and extended for 1000 km to the Kamanjab and Grootfonten inliers of Namibia in the south
(Jelsma et al., 2018). At least three distinct magmatic events have been recognized over the
region, which testify to the reworking of mainly Neoarchean crust, peaking at 2.0 Ga for the
Eburnean granitoids in the north and extend to 1.77 Ga in the Epupa Metamorphic Complex
in the south (Jelsma et al., 2018).

The western part of the Kunene Complex in Angola intruded a volcano-sedimentary sequence
referred to as the ‘schist, quartzite, and amphibolite complex’ (de Carvalho and Alves, 1993),
as well as a suite of Paleoproterozoic granites known as the Regional Granite. Regional
Granite at the southwestern margin of the Kunene Complex has recently been dated at 1800—
1780 Ma and is interpreted to be syntectonic with a regional deformation event (Lehmann et
al., 2020). Regional Granite to the northwest of the Kunene Complex has older ages between
2050 and 1950 Ma (Pereira et al., 2011, McCourt et al., 2013), corresponding with the
regional Eburnean magmatic event (Jelsma et al., 2018). The Regional Granite is
unconformably overlain by the Chela Group, a sedimentary succession that forms the
Humpata Plateau (Fig. 1), and that has been dated at ca. 1800 Ma (McCourt et al., 2013). The
eastern margin of the Kunene Complex in Angola is concealed under Kalahari Group
sediments.



The basement rocks to the Kunene Complex in northern Namibia are the Epupa Metamorphic
Complex (Driippel et al., 2007), which consists of prevalent migmatites and calc-alkaline
orthogneisses dated at 1860—-1760 Ma (Kroner et al., 2010, 2015). The migmatites of the
Epupa Metamorphic Complex are divided into the metamorphosed supracrustal Eyao, Orue
and Epembe units (Fig. 1, Brandt et al., 2003, 2007, 2021). Geochronological and
petrological studies on these rocks indicate metamorphic events that are pre-, syn-, or post-
Kunene emplacement (Seth et al., 2003, Seth et al., 2005, Brandt et al., 2021). The oldest HT-
LP metamorphism is between 1740 and 1720 Ma in the Eyao Unit, and this was followed by
Mesoproterozoic UHT metamorphism between 1520 and 1450 Ma in the Epembe Unit and
then by upper amphibolite facies (lower-crustal conditions) metamorphism at ca. 1330 Ma in
the Orue Unit peaking at 770 °C and 7.5 kbar (Seth et al., 2003, Seth et al., 2005, Brandt et
al., 2003, Brandt et al., 2007, Brandt et al., 2021, Brandt and Klemd, 2008).

2.2. Kunene anorthosites

In Angola, the Kunene Complex is broadly N-S-trending and mainly consists of large bodies
of anorthosite (sensu stricto) and associated leucotroctolite, leuconorite and
leucogabbronorite (Ashwal and Twist, 1994, Driippel et al., 2007, Bybee et al., 2019). In the
Zebra Mountains of northern Namibia, the Kunene Complex forms a broadly E-W-trending
antiformal structure and is composed of layers of olivine-bearing and pyroxene-bearing
anorthosite (Maier et al., 2013). Recent high-precision ID-TIMS U-Pb zircon and baddeleyite
dates for the Kunene anorthosites in Angola are between 1440 and 1375 Ma (Bybee et al.,
2019). The same authors also dated an evolved pegmatoidal segregation in anorthosites in the
central Angolan part of the Kunene Complex (Fig. 1) that had a significantly older age of
1500 £ 1.2 Ma. This suggests that the Kunene anorthosites were emplaced over a prolonged
timescale of > 120 Myr (Bybee et al., 2019). The Namibian part of the Kunene Complex
anorthosite suite is comparatively poorly dated, with a single published U-Pb baddeleyite age
of 1363 = 17 Ma for olivine-bearing anorthosite along the Otjitanga River (Maier et al.,
2013).

Mafic to ultramafic intrusions, mainly composed of dunite, harzburgite, pyroxenite, troctolite,
gabbro, with minor anorthosite, occur as irregular stocks along the western and southern
margins of the Kunene Complex. These have been described as satellite intrusions to the
main Kunene Complex and have the potential to host Ni-Cu-(Co)-PGE mineralization
(Ashwal and Twist, 1994, Maier et al., 2013).

The thermobarometric conditions for the emplacement of the Kunene anorthosites are not yet
well constrained, and different P-T conditions come from studies in the southern and northern
portions of the complex. Lower crust conditions (7-9 kbar) have been estimated from Ti-in-
amphibole barometry in anorthosite in the Zebra Mountains (Driippel et al., 2001). However,
Slejko et al. (2002) suggested shallow-level crystallization (3—5 kbar), estimated using
clinopyroxene-orthopyroxene equilibration temperatures of 880 °C in a sample of anorthosite
from the northern portion of the Kunene anorthosites in Angola.

2.3. Red Granite Suite
The felsic part of the Kunene AMCG Complex is referred to as the Red Granite Suite, and

includes dominant granite and granite porphyry, as well as mangerite, charnockite,
granodiorite, syenite, monzonite (Fig. 1). The Red Granite Suite is in contact with Kunene



Complex anorthosites, crystalline basement, and metamorphosed supracrustal rocks (de
Carvalho and Alves, 1993, McCourt et al., 2013, Lehmann et al., 2020).

In the north of the Kunene Complex, the Red Granite Suite forms a NNE-SSW-trending belt
that divides the Kunene anorthosites of Angola into two distinct compositional regions
(Morais et al., 1998, Mayer et al., 2004). Large portions of granite crop out in the
northeastern sector of the Kunene Complex in the Matala region (partly shown in Fig. 1) and
substantial exposures are also present to the west in the Ompupa region. The Red Granite
Suite forms a large part of the southern Kunene Complex in Angola, with extensive
exposures to the SE and W of the anorthosites. In Namibia, granitoids purportedly similar to
the Red Granite Suite intruded the Epupa Metamorphic Complex as ENE-WSW-elongated
bodies and are exposed at the western and southeastern margins of the Zebra Mountains
(Driippel et al., 2007, Brandt and Klemd, 2008).

Field evidence and Rb-Sr age dating indicate that the Red Granite Suite is coeval or younger
than the anorthosites (Torquato et al., 1979, de Carvalho et al., 1987, de Carvalho and Alves,
1990, Morais et al., 1998). U-Pb zircon dating of the granitoids yielded a date at

1371.3 £ 2.5 Ma for a mangerite dyke cross-cutting anorthosite near Dongue in the northern
Kunene Complex (Mayer et al., 2004) and a SHRIMP U-Pb zircon date for the same dyke at
1385 £ 7.6 Ma (McCourt et al., 2013). Seth et al. (2005) provided a SHRIMP U-Pb zircon
date of 1374.0 + 5.2 Ma for a weakly foliated granite from an ENE-WSW-trending felsic
intrusive belt hosted by the Orue Unit on the southern margin of the Kunene Complex. In the
same area, Kroner and Rojas-Agramonte (2017) provided a date of 1214 + 3 Ma on a coarse-
grained porphyritic granite. The link between the latter rock and the Red Granite Suite is
unclear as there is also an alkaline suite distributed within the gneisses of the Epembe Unit
described by Ferguson et al., 1975, Menge, 1986 and which was dated at ca. 1215 Ma (U-Pb
zircon; Littmann et al., 2000). A few kilometers to the north in the Zebra Mountain
anorthosites, Driippel et al. (2007) dated an undeformed syenodiorite, which forms part of a
swarm of syenites, at 1376 = 2 Ma. The most recent U-Pb zircon dating of the Red Granite
Suite produced dates between 1450 and 1370 Ma in the southwestern parts of the Kunene
Complex in Angola (Lehmann et al., 2020).

SHRIMP U-Pb zircon dates at 1521.6 + 1.5 Ma and 1533.5 + 1.2 Ma have been recorded on
two undeformed granitoids (granodiorite and granite, respectively) approximately 50 km west
of the Zebra Mountains (Kroner et al., 2015). Based on field observations, it was suggested
that these granitoids were derived from anatectic melting of a Paleoproterozoic protolith
related to a major thermal event in this area at ca. 1520 Ma (Kroner et al., 2015). Such
relatively old dates have not been recognized elsewhere in the Red Granite Suite and their
significance remains uncertain.

To the west and east of the Zebra Mountains along the Kunene River, as well as further to the
southwest in Kaokoland, there are 1440 and 1350 Ma metaluminous to peraluminous
granitoids that have been deformed with the Epupa rocks (Seth et al., 2005, Driippel et al.,
2007, Kroner and Rojas-Agramonte, 2017). These rocks may share a genetic relationship
with the Kunene Complex.

2.4. Tectonic setting for the Kunene Complex

The emplacement of the Kunene Complex has previously been attributed to a period of
significant crustal extension and the presence of a large thermal anomaly below the southern



margin of the Congo Craton (Mayer et al., 2004, Driippel et al., 2007, McCourt et al., 2013,
Kroner and Rojas-Agramonte, 2017, Jelsma et al., 2018). The reasons for such extension are
debated, however, it is noteworthy that the timing of the Kunene Complex emplacement
overlaps with the ca. 1375 Ma ‘Kibaran’ magmatic event, 2100 km to the northeast, in the
Karagwe-Ankole Belt of Central Africa (Tack et al., 2010). The synchronicity of these events
has been invoked to support the presence of a Large Igneous Province (LIP), active at

1.38 Ga for a relatively short time along the margins of the Greater Congo Craton (Ernst et
al., 2013, Makitie et al., 2014, Blanchard et al., 2017).

The LIP model is debated for both the Karagwe-Ankole Belt and the Kunene Complex on
structural and geochronological grounds. In the former, “°Ar/*°Ar dates at 1350—1326 Ma of
orogenic fabrics are interpreted to mark continental collision (Koegelenberg et al., 2015). In
the latter, Lehmann et al. (2020) present new data from the southwestern margin of the
Kunene Complex in Angola, which show that the Red Granite Suite and the Kunene
anorthosites in this area were emplaced during E-W contraction between 1400 and 1380 Ma.
The evidence for this regional contraction event, plus the long duration of Kunene anorthosite
magmatism, led Lehmann et al. (2020) to propose a contractional setting for the Kunene
Complex, in agreement with recent understanding of the petrogenesis of Mesoproterozoic
anorthosites and related rocks (Ashwal, 2010, Ashwal and Bybee, 2017). During the
Neoproterozoic and Cambrian, the country rocks to the west of the KC were involved in the
Araguai-West Congo orogeny, which resulted from collision of the Congo Craton with the
eastern margin of the Sdo Francisco Craton (Alkmim et al., 2006).

3. Methods

In this paper, we use the geochemistry and geochronology of the Red Granite Suite as a basis
to investigate the petrogenesis and disputed tectonic setting for the Kunene Complex. We
selected 28 samples from the Red Granite Suite, and six from the Paleoproterozoic basement
from Angola, including five granitoids from the Regional Granite and one anorthosite from a
mafic intrusion hosted in Regional Granite. The anorthosite sample is part of the
Paleoproterozoic Caongoquepia mafic intrusion (Angola), which intrudes the Regional
Granite approximately 25 km west of Pocolo (Langa, 2019). The Red Granite Suite samples
are widely distributed, covering an area of ca. 200 x 60 km in Angola, and extending from
the NNE-SSW-trending granite belt to the extensive outcrops of granite in the southernmost
part of the Kunene Complex (Fig. 1). Twenty-one Red Granite Suite rocks were analyzed for
major and trace elements at the University of Pretoria (XRF) and the University of the
Witwatersrand (ICP-MS). Zircon grains were separated from seven representative samples of
the Red Granite Suite and from five samples of the Paleoproterozoic basement and were
dated by the U-Pb method using a Nu Plasma HR LA-MC-ICPMS at the University of
Johannesburg. Hf isotopes in zircon were analyzed on the same instrument in 20 dated
samples from this study and for part of the samples presented in Lehmann et al. (2020).
Detailed analytical methods are reported in the supplementary material.



Fig. 2. Representative field photographs and photomicrographs of the Red Granite Suite. a) Medium-grained
syenitic gneiss KAC234-235 enclosing a rounded anorthosite xenolith. b) Carlsbad twinning in perthitic K-
feldspar in granite KAC297. Sub-parallel late hydro-oxide veinlets are also visible (XPL). ¢) Cuneiform
intergrowth of quartz and K-feldspar (graphic texture) in bimineralic leucogranite KAC45-46. d) Hornblende
oikocryst including numerous prismatic zircons in qz monzonite KAC260-254 (PPL). e) Euhedral titanite
crystals in mylonitic qz monzonite KAC32-236 (PPL). f) Megacrystic mylonite KAC23-28B with relict augens
of K-feldspar rimmed by plagioclase and set in a dark hematized foliated groundmass. g) Protomylonite
KAC331-1 showing flattened K-feldspar augens in a foliated groundmass in light (quartz + K-feldspar) and dark
(amphibole-rich) mm-scale bands. h) Possible localised rapakivi texture around K-feldspar megacryst, qz
monzonite KAC260-254 (XPL). i) Green-yellow pleochroic, moderate relief, Na-pyroxene (likely aegirine) in
K-feldspar, qz monzonite 34-37B (PPL). j) Radial myrmekite development in K-feldspar, granite KAC31-35
(PPL). k) Saussuritized plagioclase and K-feldspar intergrowth with chloritized hornblende oikocryst. Qz
monzonite KAC34-37B (PPL). 1) Microcline crystal with rounded inequigranular quartz inclusions in granite
KAC61-58 (XPL). Ch = chlorite; Cpx = clinopyroxene; Hbl = hornblende; Kf = K-feldspar; P1 = plagioclase;
Qz = quartz; Tit = titanite; Zr = zircon.
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4. Results
4.1. Mineralogy and petrography of the Red Granite Suite

The granitoids and gneisses of the Red Granite Suite have grain sizes ranging from coarse-
grained (porphyritic to megacrystic) to fine-grained, can be divided into undeformed or
deformed (up to ultramylonite) varieties, and have a typical reddish color due to the presence
of disseminated iron oxides. The studied samples are mostly silica-oversaturated granites,
with minor quartz monzonites and syenites. A meter-wide mylonite sheet (KAC208-205) and
a 50-cm wide undeformed vein (KAC221-219) injected into the Paleoproterozoic basement
were also sampled. Field photographs and microphotographs of the main phases and
representative textures for the granitoid samples are reported in Fig. 2a-1.

The undeformed Red Granite Suite samples are medium- to fine-grained and have porphyritic
to megacrystic textures. Round to subangular dm-scale anorthosite xenoliths sporadically
occur and suggest there was felsic magma emplacement into Kunene anorthosite (e.g.,
KAC34-37B, KAC234-235: Fig. 2a). The megacrystic granites are characterized by large (up
to 5 cm) euhedral grains of Carlsbad-twinned K-feldspar (Fig. 2b). Some leucocratic granites
show outcrop-scale graphic intergrowths of quartz and K-feldspar (KAC45-46: Fig. 2c¢).
Biotite is ubiquitous among the ferromagnesian accessory minerals and hornblende may be
locally abundant (e.g., KAC61-58) as mm-size elongated euhedral/subhedral crystals.
Magnetite and ilmenite make up most of the opaque phases. Rutile, apatite, monazite, and
zircon are common accessory minerals (e.g., KAC260-254: Fig. 2d). Titanite (mm-sized)
may be abundant (e.g., KAC32-236: Fig. 2e).

The deformed Red Granite Suite samples are fine- to medium-grained and have megacrystic
gneissose to ultramylonite textures. Dynamic recrystallization and grain size reduction
produced mylonitization in some of the samples (KAC23-28B, KAC32-236, KAC234-235,
KAC331-1: Fig. 2f, g), with local ultramylonites also present (e.g., KAC23-28C and
KAC230-233). Centimeter-scale K-feldspar augen porphyroclasts (+rmedium-grained
hornblende) are set in a matrix of recrystallized quartz ribbons, feldspar, and biotite
(xamphibole), locally developing compositional layering. Late-stage hydrothermal oxides can
produce homogeneous staining as micro-veinlets oriented parallel to the main gneissic
foliation.

Rapakivi textures are present in some of the granitoids (e.g., KAC260-254, Fig. 2h), but the
overall proportion of rocks characterized by plagioclase-mantled K-feldspar is scarce. Rare
(sodic?) pyroxene is present in the quartz monzonites (mangerite) (e.g., KAC34-37B: Fig.
2i). Other common textures (including myrmekite) in the Red Granite Suite are shown in Fig.
2j-1.

4.2. Major and trace element compositions of the Red Granite Suite
Major and trace element compositions of 21 Red Granite Suite samples are presented in

Table 1. Eleven of the samples represent deformed rocks. Full details of the analytical
techniques are given in the supplementary material.
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The samples are evolved felsic rocks (59.1-76.7 wt% SiOz; see Table 1). The rocks range
from syenite to quartz monzonite to granite and are mostly sub-alkaline (Fig. 3a, b). Loss on
ignition (LOI) values (up to 1.5 wt%) indicate a low volatile content and limited alteration,
even in highly deformed samples (i.e., ultramylonites). The samples show progressive
depletion in TiO2, Al203, FeOrot, MgO, Ca0, and P2Os with increasing silica content. The
rocks are potassic (apart from KAC23-28C, according to the definition Na20O-2 < K20), with
Na20 + K20 content ranging from 6.3 to 9.9 wt%. Al2O3 ranges between 11.9 and 16.0 wt%.
The most evolved (75.3—76.7 wt% Si0Oz) samples are characterized by bimineralic

quartz + K-feldspar mineral assemblages (e.g., KAC43-45, KAC45-46, KAC269-269 and
KAC297). The lack of biotite and amphibole is consistent with the low TiOz2, FeOtt, MnO,
MgO and P20s contents of these samples. Most samples plot within the alkali-calcic and
alkalic fields on a MALI diagram, however, a few samples plot in the calc-alkalic field,
suggesting that there is source heterogeneity (Fig. 3c). A ferroan-type character is evident
from the FeO/(FeO + MgO) versus SiO:2 discrimination diagram of Frost and Frost, 2008,
Frost and Frost, 2011, although some of the most evolved samples show magnesian affinities
(Fig. 3d), and most samples are metaluminous (Fig. 4).
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Fig. 3. Chemical classification diagrams for representative Red Granite Suite rocks. a) Total alkali-silica (TAS)
diagram adapted to plutonic rocks (after Middlemost, 1994); symbols and colors as in the legend. Symbols with
an orange border refer to granites showing a tetrad effect in REE (see text); the dashed line separating alkaline
from subalkaline series is after Irvine and Baragar (1971). b) AFM diagram, after Irvine and Baragar (1971). c)
Alkali-lime (MALI) index (Na,O + K,O-CaO) (Frost and Frost, 2011) vs. SiO; diagram. A-type granite
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composition of Lachlan Fold Belt is from Frost and Frost (2011), and references therein. d) FeO/(FeO + MgO)
vs. SiO;, diagram discriminating between ferroan and magnesian granitoids (Frost and Frost, 2011).
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Fig. 4. A/NK [molar ratio Al,O3/(K,O + Na,0)] vs. A/CNK [molar ratio Al,O3/(CaO + Na,O + K,0)] diagram
of granitoids, after Maniar and Piccoli (1989).

The primordial mantle (PM)-normalized distribution shows variable, but relatively high
contents of large ion lithophile elements (LILE) and rare earth elements (REE; specifically,
La, Ce, Nd, Sm and Tb) and negative anomalies in Sr, P and Ti (which are most pronounced
in the granites) (Fig. 5a, b). Such depletion is most prominent in the samples with the highest
SiO2 contents (SiO2 > 76 wt%; KAC45-46, KAC269-269, KAC297), which also record the
lowest Fe, Mn, and Mg contents. U (up to 6.3 ppm) and Th (up to 38.5 ppm) concentrations
are generally low, with variable Pb concentrations (4.6 and 32.6 ppm), and there is a
progressive increase in U/Pb from syenite (ca. 0.10) to granite (up to 0.67).
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Fig. 5. Primitive mantle-normalized trace element diagram (a, b) and chondrite-normalized rare earth element
patterns (c-f) for the studied rocks. Primitive mantle normalizing values after Wood et al. (1979); chondrite
values after Boynton (1985). Squares with orange border (e): evolved granites showing the tetrad effect
(KAC45-46, KAC269-269 and KAC297).

Chondrite-normalized REE patterns are moderately steep, with a general decrease in LREE
and MREE from syenite to monzonite to granite (Fig. Sc-f). The highest REE concentrations
are recorded in granite KAC186-188, which also contains abundant monazite. Except for the
syenite (KAC79-74), the samples show negligible to marked depletion in Eu (e.g., Eu/Eu* =
0.06-0.95, with Eu/Eu* = (Eu)n/[(Sm)~ x (Gd)N]*) that reflects a variable extent of feldspar
fractionation. (La/Yb)n is variable (1.24-36.5), but the lowest (La/Yb)n values (1.24-2.54)
are recorded in the three most evolved samples (KAC45-46, KAC269-269, KAC297, with
Si02 > 76 wt%, squares with orange border in Fig. 5¢). These samples are also peraluminous,
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show HREE enrichment, a REE M—type tetrad effect (Masuda et al., 1987), are depleted in
Ba, Sr, P, Ti, Eu, and show low Zr/Hf, La/Th, Ce/Th, and high Nb, Ta, U and Th (Fig. 5b, e).

Some of the Red Granite Suite samples show a marked depletion in Nb, Ta, Zr, Ti, Y and
REE, with a steep trend from LREE to MREE and a flat HREE distribution (e.g., KAC43-45,
KAC208-205 and KAC221-219, red squares in Fig. 5b, ).

4.3. Geochronology

U-Pb zircon dates were determined for seven Red Granite Suite samples, four Regional
Granite samples, and an anorthosite sample from the Paleoproterozoic Caongoquepia mafic
intrusion within the Regional Granite (Fig. 1, Table 2 and supplementary material). Red
Granite Suite dates were obtained from both undeformed and deformed granites and an
undeformed quartz monzonite. Table 2 includes our dates (Red Granite Suite and basement
rocks) and all U-Pb dates for the Red Granite Suite that we have obtained from the literature.
The results for the granitoid suite can be grouped into 3 age ranges, (i) 1450-1410 (n = 3),
(i1) 14001380 (n = 6), and (iii) 1380—1360 Ma (n = 9) (Table 2). Representative zircon
cathodoluminescence (CL) images are in Fig. 6 and graphic results are in Fig. 7. Zircon
habits and textures for each sample are in the supplementary material along with the U-Pb
data in Table 1SM.

KAC186-188 KAC280-254 KAC269-269

1408 14 Ma

A

7 4
[ R A a | S Y I )

200 um 200 jum

KAC29T7 KACZT4

118-108-2C
1958 £ 6 Ma

2
1364 £ 14

Fig. 6. Cathodoluminescence images of representative zircon grains from the Red Granite Suite and Regional
Granite KAC119-109. The positions of laser spots are indicated. Dates refer to 2°’Pb/2%Pb (full data in Table 1
in supplementary material).
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Table 2. Compilation of zircon chronological results for the Red Granite Suite belonging to the Kunene Complex, divided according to age range. The recent dates of the
basement rocks are also reported. Locations are from GPS acquisition, except for Ku-98-201, 180—1 and 'Mangerite dyke', extrapolated from map in publications.

Sample
Red Granite
Suite
KAC43-43
KAC274
KAC260-254
KAC23-28A
KAC34-37A
KAC35-38B*
KAC301-01
KAC35-38A
KAC61-58
KAC31-35
KAC297
Ku-98-201
Nal90
KAC269-269
180-1
KAC43-44

Mangerite
dyke

Long E (dec
deg)
13.678043
13.635403
13.708975
13.485900
13.441027
13.449689
13.362436
13.449689
13.923343
13.469986
13.538857
13.824656
14.033250
13.889764
13.767391
13.678043

14.005912

Lat S (dec
deg)
16.550546
17.086877
15.923305
16.781190
16.681810
16.593061
16.962940
16.593061
16.499553
16.941510
17.075111
17.377885
17.423083
15.595566
17.431773
16.550546

15.415038

Rock type

Megacrystic augen
gneiss
Fine-grained granite

Megacrystic qz
monzonite

Megacrystic augen
gneiss

Megacrystic granite
gneiss

Fine-grained dark
microgr in KAC35-38A
Fine- to medium-grained
gneiss

Fine-grained granite
gneiss

Medium-grained granite

Medium-grained granite
Medium-grained granite
Syenodiorite

Weakly foliated granite
Granite gneiss

Fine- to medium-grained
granite

Microgranitic dike

Mangerite dyke

Date
range

1450

1410

1400-
1380

1380-
1360

Date

1442
1441
1414
1391
1393
1391
1392
1387
1386
1380
1377
1376
1375
1374
1373
1372

1371

16

2s

Type

weighted
mean
concordia

concordia

weighted
mean
upper
intercept
weighted
mean
concordia

upper
intercept
concordia

upper
intercept
concordia

upper
intercept
concordia

upper
intercept
upper
intercept
upper
intercept
upper
intercept

MSWD

5

1.4

1.1

1.5

39

0.8

3.1

1.6

2.4

1.9

0.4

1.0

2.0

1.2

Method

U-Pb
LAMCICPMS
U-Pb
LAMCICPMS
U-Pb
LAMCICPMS
U-Pb
LAMCICPMS
U-Pb
LAMCICPMS
U-Pb
LAMCICPMS
U-Pb
LAMCICPMS
U-Pb
LAMCICPMS
U-Pb
LAMCICPMS
U-Pb
LAMCICPMS
U-Pb
LAMCICPMS
U-Pb TIMS

U-Pb SHRIMP

U-Pb
LAMCICPMS
U-Pb SHRIMP

U-Pb
LAMCICPMS
Pb-Pb evap.

Interpretation

CA

CA

CA

CA

CA

CA

CA

CA

CA

CA

CA

CA

CA

CA

CA

CA

CA

Reference

Lehmann et al.
(2020)
this work

this work

Lehmann et al.
(2020)
Lehmann et al.
(2020)
Lehmann et al.
(2020)

this work

Lehmann et al.
(2020)
this work

Lehmann et al.
(2020)
this work

Driippel et al. (2007)

Kroéner and Rojas-
Agramonte (2017)
this work

Seth et al. (2005)
Lehmann et al.

(2020)
Mayer et al. (2004)



KAC186-188
Basement
rocks
KAC27-31
KAC74-71
KAC98-92
KACI119-109
KAC254-250

KSAT35-22

14.081797

13.463860

13.935498

14.037250

14.425314

13.452443

13.558591

15.414246

16.904320

15.837491

14.945120

14.800068

16.874024

15.784633

Granite gneiss

Granodiorite gneiss
Granodiorite
Granite

Granite
Granodiorite sill

Anorthosite

1370

1782

1947

1830

1964

1800

1780

Geographic coordinate systems (GCS) in decimal degrees. CA = crystallization age.

*the attribution of KAC35-38B (microgranite in KAC35-38A) as part of the RGS is unclear.

17

concordia

weighted
mean
concordia

upper
intercept

concordia

upper
intercept
concordia

1.5

0.5

1.5

1.5

0.9

0.7

1.9

U-Pb
LAMCICPMS

U-Pb
LAMCICPMS
U-Pb
LAMCICPMS
U-Pb
LAMCICPMS
U-Pb
LAMCICPMS
U-Pb
LAMCICPMS
U-Pb
LAMCICPMS

CA

CA

CA

CA

CA

CA

CA

this work

Lehmann et al.
(2020)

this work

this work

this work

this work

this work
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Fig. 7. LA-ICP-MS zircon U-PDb results shown in Wetherill concordia diagrams. Data point error ellipses are
2c. The concordia ages are calculated at the 95% confidence level. MSWD is the mean square of weighted
deviates for combined equivalence and concordance of the data points used for the age calculation. The data
were processed and plotted using Isoplot software (Ludwig, 2003).

4.3.1. Geochronology of the Red Granite Suite

The geochronology results for our samples are listed from north to south. KAC186-188 is a
medium- to fine-grained granite gneiss from the northernmost part of the NNE-SSW-trending
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granitic belt characterized by dominant quartz (partially recrystallized), sericitized K-
feldspar, and minor plagioclase with scarce biotite and diffuse staining by Fe-
oxide/hydroxide. Five analyses on five zircon grains (one analysis per grain) plot on a
concordia and give a date interpreted as a crystallization age of 1370 £ 9 Ma (concordance &
equivalence MSWD = 1.5) and a weighted mean 2°’Pb/2°Pb age of 1365 + 9 Ma (six zircons,
MSWD =2.2).

KAC269-269 is a porphyritic red granite gneiss from the NNE-SSW granitic belt and is
composed mostly of quartz and minor feldspar present as porphyroclasts wrapped in a
mylonitic foliation of recrystallized quartz and abundant Fe-hydroxide. Three analyses on
three zircon grains plot on a concordia and give a poorly constrained date of 1375+ 17 Ma
(MSWD = 1.8), which we consider to be the crystallization age. The precision of this age
slightly improves considering ten grains that plot on a discordia (upper intercept) and provide
an age of 1374 + 10 Ma (MSWD = 1.2).

KAC260-254 is an undeformed megacrystic quartz monzonite sampled in the southernmost
sector of the NNE-SSW-trending granitic belt and characterized by large feldspar
phenocrysts (up to 2 cm long), quartz and minor plagioclase. Microcline is highly sericitized
and the abundant amphibole is typically intergrown with biotite and rimmed by Fe-hydroxide
(limonite). Prismatic zircon and apatite are abundant as inclusions in hornblende (e.g., Fig.
2d). Nine concordant grains yield a date of 1414 =4 Ma (MSWD = 1.4), interpreted as a
crystallization age, and 12 zircons provide a weighted mean 20’Pb/?%°Pb age of 1414 + 4 Ma
(MSWD =2.2).

Sample KAC61-58 is an undeformed medium-grained granite from the extensive region of
Red Granite located to the SE of the Angolan Kunene Complex. The sample has significant
perthitic feldspar and quartz associated with plagioclase, biotite, anhedral large dark-green
amphibole, and opaque minerals. Twelve analysis spots on 12 zircon grains plot on a
concordia and yield an age of 1386 + 5 Ma, which is interpreted as the crystallization age
(MSWD = 1.6). The sample yields a weighted mean age of 1384 =4 Ma (29 grains,
MSWD = 1.5).

KAC301-1 is a fine- to medium-grained granite gneiss that was sampled in the
southwesternmost sector of the Angolan Kunene Complex. Elongated mm-wide lenses of
quartz are wrapped in a matrix of subparallel bands, where recrystallized and elongated
quartz and feldspar are present as sub-tabular grains that alternate with laths of bent and
recrystallized hornblende. Six analyses (on 6 zircon grains) are concordant and give a date,
which we assume to represent the crystallization age, of 1392 + 5 Ma (MSWD = 0.8), with a
weighted mean age of 1392 + 5 Ma (8 grains, MSWD = 0.8).

KAC297 and KAC274 were sampled in the southernmost Angolan part of the Kunene
Complex. In hand specimen, KAC 297 is an undeformed medium-grained leucogranite
characterized by subhedral K-feldspar grains in a matrix of recrystallized quartz and oxides
as stockwork veinlets. Microscopically, K-feldspar grains show lobate contacts, core and
mantle structures, and quartz is recrystallized, indicating incipient crystal plastic deformation.
Fourteen analyses (on 14 grains) provide a concordant age of 1378 £ 4 Ma (MSWD = 1.9),
which we interpret as the crystallization age, with a weighted mean age of 1378 =4 Ma (17
grains, MSWD = 1.5).
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KAC274 is an undeformed fine-grained granite characterized predominantly by
microgranular quartz and K-feldspar, with rare biotite as tabular elongated grains. The rock is
reddish due to the abundance of limonite as subparallel bands, cut by late-stage subparallel
veinlets also filled with Fe-(oxy-)hydroxides. Fourteen analyses (on 14 zircon grains) provide
a concordant date of 1441 £ 3 Ma (MSWD = 1.7) interpreted as a crystallization age, and a
weighted mean age of 1442 + 3 Ma (17 grains, MSWD = 0.8). Two minor xenocrystic
populations were also found, with 2 grains yielding 2°’Pb/?°Pb concordant dates of 1790~
1770 Ma and 4 grains yielding a date of ca. 2050 Ma (Table 1SM, supplementary material).

4.3.2. Geochronology of the basement rocks

The basement rocks of the Regional Granite (Fig. 1, Fig. 7 and Table 2) are medium- to
coarse-grained, granitic to granodioritic in composition. Zircons are well-preserved,
prismatic, with regular oscillatory zoning. Xenocrystic cores are common (see supplementary
material).

KAC119-109 is a porphyritic granite in the basement to the north of the Kunene Complex.
Eight analyses (on 8 zircons) provide a concordia date of 1964 = 3 Ma (MSWD = 0.9), which
we consider to be the crystallization age, with a weighted mean °’Pb/?%Pb age of

1968 = 3 Ma (15 grains, MSWD = 2.9).

KAC98-92 is a massive coarse-grained granite from the basement to the northwest of the
Kunene Complex. Sixteen analyses (on 13 zircons) plot on a discordia line and yield a date of
1830 =27 Ma (MSWD = 1.5), which we consider the crystallization age, with a weighted
mean 207Pb/2°Pb age of 1803 + 6 (8 grains, MSWD = 3.2). Thermal resetting is indicated by
six zircons that provide concordant dates between 1600 and 1700 Ma, with one measurement
at ca. 1550 Ma (Fig. 7).

KAC74-71 is a medium-grained granodiorite from a septum in the central part of the Kunene
Complex. Ten analyses (on 10 zircon grains) plot on a concordia and yield a date of

1947 + 4 Ma (MSWD = 1.5), with an identical weighted mean 2°’Pb/2%Pb age (1947 + 4 Ma,
10 grains, MSWD = 0.8). We interpret this age as the crystallization age of the granodiorite.
One zircon grain provides a concordant date of 2467 + 14 Ma, which represents the oldest
age obtained from the basement rocks so far in the literature.

KAC254-250 is a lit-par-lit injection of a dm-scale granodiorite sill in the migmatitic
basement from the southwestern Angolan Kunene Complex. Fourteen analyses (on 13
zircons) plot on a discordia and yield a date of 1800 + 5 Ma (MSWD = 0.7), which we
interpret as the crystallization age, with a weighted mean 2°’Pb/?%Pb age of 1794 + 3 Ma (13
grains, MSWD = 0.7).

Sample KSAT35-22 is a medium-grained heavily altered anorthosite from the Caongoquepia
mafic intrusion (Angola). It consists mainly of euhedral to subhedral laths of sericitized
plagioclase and interstitial chloritized pyroxene, and contains a few euhedral to subhedral
zircons that are < 200 um in size. Two zircon grains have been dated in thin section and
provide a concordant date of 1780 £ 11 Ma (MSWD = 1.9), which we interpret as the
crystallization age, with a weighted mean 2°7Pb/?%°Pb age of 1804 + 9 Ma (5 grains,

MSWD =6.7).
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4.4, Hf isotopes

Table 3 shows a summary of the average eHf compositions of zircon grains from 14 Red
Granite Suite samples and six basement samples (full dataset in Table 2SM, supplementary
material). The four xenocrysts in KAC274 (ages at ca. 2050 Ma) were also analyzed.

Initial epsilon Hf values calculated at their crystallization age for the Red Granite Suite are
bracketed between —8.3 and + 0.2 (as sample averages, Fig. 1, Fig. 8, and Table 3). The
highest eHf(y value (+1.6) was measured in KAC31-35, while the lowest value (—11.3) was
measured in KAC186-188. The 11 Red Granite Suite samples in the southern sector of the
Kunene Complex have average eHf(t) values that are constrained between —6.1 and + 0.2,
whereas the 2 samples in the northernmost part of the Kunene Complex have average eHft
values of + 0.9 (KAC269-269) and —8.3 (KAC186-188). No correlation seems to exist
between crystallization age and ¢Hf, as the two samples older than 1410 Ma (KAC260-254
and KAC274) have average e¢Hf(y) at ca. —4 and are within the range of the rest of the Red
Granite Suite rocks.
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Fig. 8. eHfy) vs. U-Pb age diagram showing the results of analyzed zircon grains from the Red Granite rocks
(red circles) and 4 granitoid rocks plus an anorthositic rock from the basement (blue and orange squares, see
text). The crust evolutionary trends of source components from hypothetical DM melts are shown in different
colors. A compilation of Hf isotope compositions of zircons from AMCG suites is also plotted. Star = Southern
Finland (Heinonen et al., 2010); plus = Ukrainian shield (Shumlyanskyy et al., 2017); circle = Adirondack,
North America (McLelland et al., 2004); square = Mucajai complex, northern Amazonian craton (Heinonen et
al., 2012); black triangle = Damiao complex, North China (Zhao et al., 2009); diamond = Sancheong and
Hadong, South Korea (Lee et al., 2017). Arrow at bottom left marks the evolution of average continental crust
with 7°Lu/!’Hf = 0.0113 (Rudnick and Gao, 2003). For details and references for depleted mantle (DM)
evolution and chondritic uniform reservoir (CHUR) parameters, see Gerdes and Zeh (2006).

The basement granitoids from the southern Kunene Complex (dated at 1800—1780 Ma) have
slightly unradiogenic eHf(y, with average values of —1.2 (KAC27-31) and —0.6 (KAC254-
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Table 3. Summary of average eHf{(t) results for the Kunene granitoids and basement host rocks. U-Pb zircon dates from * Lehmann et al. (2020) and ® this work.

Sample Empty Cell Empty Cell Rock eHfy =£20 #zircon grains TDM (Ga) U-Pb Age Age type
Red Granite Suite Long E (dec deg) Lat S (dec deg)
KAC23-28A 13.485900 16.781190 Megacrystic augen gneiss =52 21 8 2.1 1391 £9* | weighted mean
KAC31-35 13.469986 16.941510 Undeformed medium-grained granite 0.2 23 12 1.8 1380+£5* | upper intercept
KAC34-37A 13.441027 16.681810 Undeformed megacrystic granite —5.4 1.6 11 2.1 1393+£7?2 | upper intercept
KAC35-38A 13.449689 16.593061 Fine-grained granite gneiss -57 038 11 22 1387+8* | upper intercept
KAC35-38B* 13.449689 16.593061 Microgranite in KAC35-38A -6.1 2.7 11 22 1391+ 14?  weighted mean
KAC43-43 13.678043 16.550546 Granite augen gneiss -33 1.9 11 2.1 1442 +8? | weighted mean
KAC43-44 13.678043 16.550546 Fine-grained microgranite dyke —4.6 1.0 12 2.1 1372+£5? | upper intercept
KAC61-58 13.923343 16.499553 Undeformed medium-grained granite -2.9 1.3 11 2.0 1386 + 5P concordia
KAC186-188 14.081797 15.414246 Medium- to fine-grained granite gneiss = —8.3 | 3.5 12 2.3 1370 £ 9° concordia
KAC260-254 13.708975 15.923305 Undeformed megacrystic qz monzonite = —3.7 1.4 12 2.1 1414 + 4> concordia
KAC269-269 13.889764 15.595566 Granite gneiss -0.9 1.7 9 1.9 1374+ 10°  upper intercept
KAC274 13.635403 17.086877 Undeformed fine-grained granite —4.0 3.1 11 2.1 1441 + 3b concordia
KAC297 13.538857 17.075111 Undeformed medium-grained granite -1.2 1.0 12 1.9 1377 £ 4° concordia
KAC301-1 13.362436 16.962940 Granite gneiss -1.7 22 11 1.9 1392 £ 5° concordia
Basement rocks
KAC27-31 13.463860 16.904320 Granodiorite gneiss -12 14 10 22 1782+92 | weighted mean
KAC74-71 13.935498 15.837491 Granodiorite -10.5 1.1 10 2.9 1947 + 4° concordia
KAC98-92 14.037250 14.945120 Granite —6.7 23 10 2.5 1830+27°  upper intercept
KACI119-109 14.425314 14.800068 Granite -8.3 1.5 10 2.8 1964 + 3° concordia
KAC254-250 13.452443 16.874024 Granodiorite sill —0.6 1.2 9 2.2 1800 £ 5° upper intercept
KSAT35-22 13.558591 15.784633 Anorthosite 2.8 27 3 2.3 1780+ 11> | concordia

TDM Two-stage model age in billion years using the measured 7°Lu/!7’Hf of each spot (first stage = age of zircon), a value of 0.0113 for the average continental crust (second stage), and an
average;

MORB (DM) '7Lu/!77Hf and '7°Hf/'7"Hf of 0.0384 and 0.28314, respectively. * the attribution of KAC35-38B (microgranite in KAC35-38A) as part of the Red Granite Suite is unclear.

Geographic coordinate systems (GCS) in decimal degrees.
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250). More unradiogenic values were obtained for the oldest (1970-1950 Ma) basement
rocks sampled to the north-northwest of the Kunene area, with average eHf(t) values of —8.3
(KAC119-110) and —10.5 (KAC74-71). Sample KAC98-92 (ca. 1800 Ma) has an average
eHf(x) of —6.7. The four xenocrysts (ca. 2050 Ma) in sample KAC274 have an gHf(y) of =7.1 to
-9.1.

Sample KSAT35-22 from the Caongoquepia mafic intrusion (1780 Ma) has an eHf(y) of —2.8,
which overlaps with the initial Hf values of the coeval granitoids in the basement (Fig. 8).

5. Discussion
5.1. Geochemical affinity: A-type, I-type granitoids and high-silica rocks

Most of the Red Granite Suite samples from the Kunene AMCG Complex that were
investigated in this study are characterized by high FeO/FeO + MgO, high

(Na20 + K20)/Al203, and relatively low Ca and Al contents. They generally show an A-type
character (after Loiselle and Wones, 1979), with the exception of samples KAC43-45,
KAC208-205 and KAC221-219. Such an affinity is emphasized by the discrimination
diagrams of Whalen et al. (1987) in Fig. 9a, b, and is also supported by other features that are
distinctive of A-type granites, such as the alkali-calcic to alkali character (Frost et al., 2001),
relatively high Ti/Mg, K2O/Na20 and Ga/Al, enrichment in LILE and HFSE, as well as
negative Sr, P, Ti and Eu anomalies (e.g., Dall'Agnol et al., 1999, and references therein;
Jahn et al., 2001, Lenharo et al., 2002, Wu et al., 2002). In the Rb vs. Yb + Nb and Nb vs. Y
discrimination diagrams of Pearce et al. (1984), the Red Granite Suite samples plot in the
‘within-plate’ field (Fig. 9c, d). The Nb vs. Y diagram suggests that there was crustal
contamination, as crust has Y/Nb > 1 (Eby, 1992). In the Y-Nb-Ce diagram of Eby (1992),
most of our Red Granite Suite samples plot in the A2 field, and this is compatible with the
magmas being derived from continental (or underplated) crust related to subduction or
continent—continent collision (Fig. 2 in supplementary material).
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Fig. 9. Tectonic discrimination diagrams for the Red Granite Suite rocks. a) FeO/MgO vs. Zr + Nb + Ce + Y
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The ferroan and metaluminous character of the alkali-calcic and alkalic granitoids is in
agreement with the association of these types of rocks with anorthosite and Fe-rich mafic
rocks during the Proterozoic, while large ferroan felsic batholiths are rare in the Archean and
Phanerozoic (Frost and Frost, 2008, Frost and Frost, 2011, Frost and Frost, 2013). In AMCG
suites, felsic and mafic rocks typically coexist, with the felsic rocks ranging from ferrodiorite
and monzodiorite, to monzonite, syenite and granite (Frost and Frost, 2011). Our field
observations and analytical work indicate that mangerite and charnockite are minor among
the Kunene Complex felsic rocks.

The three most evolved (SiO2 > 76 wt%) leucocratic granites (KAC45-46, KAC269-269,
KAC297) with low Ba, Sr, P, Ti, Eu, Zr/Hf, La/Th, Ce/Th, and high Nb, Ta, U and Th, show
a characteristic M—type tetrad effect in their REE profiles (Fig. 5¢). The REE tetrad pattern
was first described by Fidelis and Siekierski (1966) and is common in highly differentiated
evolved granites and/or those that are hydrothermally altered (Bau, 1996, Irber, 1999, Lee et
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al., 1994). The origin of the tetrad effect is still debated, but it is thought that it can be caused
by an exotic fluid interacting with the magma (e.g., Monecke et al., 2002). It has been
demonstrated that an (external) fluid-magma interaction, resulting in a tetrad effect, can be
responsible for a non-CHARAC (CHARAC, charge-and-radius-controlled) behavior in trace
elements, including the REE (Bau, 1996). A way to highlight the presence of non-CHARAC
behavior is to assess the fractionation between isovalent couples of trace elements such as Y-
Ho and Zr-Hf, as these ratios are sensitive to changes in melt composition during magma
fractionation (Bau, 1996, Irber, 1999). The tetrad effect could explain these chemical patterns
for the three leucogranites assuming chondritic ratios of 2434 for Y/Ho and 2646 for Zr/Hf
(Bau, 1996) (Fig. 3a in supplementary material), which plot as non-CHARAC (outside of the
CHARAC field) with low Zr/Hf and Y/Ho (Fig. 3b in supplementary material).

The petrology and geochemistry of our samples allow us to highlight a minor group of
granitoids. Samples KAC43-45, KAC208-205 and KAC221-219 are megacrystic to medium-
grained rocks mainly composed of quartz and K-feldspar with negligible plagioclase,
ferromagnesian minerals (biotite, amphibole) and oxides. KAC208-205 and KAC221-219 are
rocks injected into the basement along the southwestern margin of the Kunene Complex, with
the first from a mylonite sheet and the second representing an undeformed vein. The
relationship of these two samples with the Kunene Complex is uncertain as no age is
available. KAC43-45 is a foliated porphyritic gneiss from a domain of Red Granite Suite
located within the Kunene anorthosites. The rock has a positive Eu anomaly (Fig. 5f) that is
likely related to high temperature water—rock interaction (Nakada et al., 2017). The three
rocks are alkali-calcic, magnesian, weakly peraluminous, depleted in REE, Nb, Ta, Zr, Y, Ga,
Ti, P, enriched in Ca (Fig. 3¢, d, Fig. 4, Fig. 5f), and they show an affinity to I-S-type granites
(Fig. 9b) and collisional settings (Fig. 9c, d), which indicates that these granites are derived
from a different source. The negative correlation between SiO2 and P20s is indicative of
apatite saturation, and the lack of Al-rich minerals suggests an I-type character (e.g.,
Chappell, 1999). The I-type and magnesian character, and the marked Nb-Ta and Ti negative
anomalies, are comparable to subduction-related granitoids (e.g., Frost et al., 2001). The low
Y and Sr concentrations, and the concave-upward pattern from middle to heavy REE are
consistent with hornblende and plagioclase fractionation (Romick et al., 1992), or could
indicate partial melting of a mafic crust with plagioclase and hornblende as residual phases
(Hastie et al., 2010, Jiang et al., 2018).

5.2. Spatial-temporal extent of the Red Granite Suite

Based on the geochemical and geochronological evidence discussed here, we infer that the
Mesoproterozoic granites within and around the Zebra Mountains in Namibia are part of the
Red Granite Suite. The ages determined in this study, and in recent studies on the granitoids
of the Kunene Complex, show that the emplacement of the Red Granite Suite is bracketed
between 1450 and 1360 Ma (de Carvalho and Alves, 1990, Morais et al., 1998, Lehmann et
al., 2020), thus supporting a coeval to younger relationship with the Kunene anorthosites,
which range between 1500 and 1375 Ma (Bybee et al., 2019). The magmatism can be broadly
divided into three main stages (1450—-1410 Ma, 1400-1380 Ma, 1380-1360 Ma), with
approximately half of the dated granitoids being emplaced during the most recent period
(Table 2).

According to Bybee et al. (2019), three age clusters have been proposed from north to south
for the Kunene anorthosites. The cluster of anorthosite ages in the range 1384—1375 Ma to
the north of the NNE-SSW-trending Red Granite Suite belt is in general agreement with the
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ages in the range 1392-1361 Ma measured on three Red Granite samples from the same belt
(KAC186-188, KAC269-269 and the mangerite sample of Mayer et al., 2004, McCourt et al.,
2013). Two ages of ca. 1410-1400 Ma for Kunene anorthosites south of Pocolo are in
agreement with the age of ca. 1410 Ma measured in the same area for sample KAC260-254
of the Red Granite Suite. A variable temporal distribution is apparent in the southernmost
part of the Kunene Complex as indicated by the ages of two anorthosites at ca. 1390 Ma and
a leucotroctolite at ca. 1440 Ma. This is in agreement with the wide range of ages obtained
for the Red Granite Suite rocks in the same region, which span 1440 to 1370 Ma (see Fig. 1
and Table 2). A general time—space correlation between the anorthosites and the Red Granite
Suite can therefore be inferred and suggests that both were triggered by the same thermal
processes (a summary of published and new radiometric ages for the Kunene Complex and
host rocks is presented in Fig. 10).
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Fig. 10. Summary of the distribution along N-S strike of all the published and new radiometric ages of the
Kunene AMCG Complex, and country rocks (modified after Lehmann et al., 2020). The new data are
represented with green borders. Data sources: A Seth et al. (2003); B Mayer et al. (2004); C Seth et al. (2005); D
Baxe (2007); E Driippel et al. (2007); F Pereira et al. (2011); G Ernst et al. (2013); H Maier et al. (2013); I
McCourt et al. (2013); J Kroner et al. (2015); K Kroner and Rojas-Agramonte (2017); L Bybee et al. (2019); M
Lehmann et al. (2020). Colors as in Fig. 1.

The affiliation of the Red Granite Suite to the dated granitoids sampled 60 to 100 km to the
south of the Kunene River and along the Kunene River to the west and east of the Zebra
Mountains (Kroner et al., 2015, Kroner and Rojas-Agramonte, 2017) is not straightforward.
Granitoids located 60 to 100 km to the south of the Kunene River (Na41, Na71, dated ca.
1250-1220 Ma, and Na77, Na87, Na96 ca. 1440-1350 Ma, in Kroner and Rojas-Agramonte
(2017)) show some chemical differences compared to our samples: besides being in part
substantially younger than the Red Granite Suite (<1250 Ma), these granitoids are magnesian,
relatively low in Ga, Nb, Zr, Y and alkali content, and are compatible with I-S types (Whalen
et al., 1987). In contrast, the granitoids collected along the Kunene River to the west and east
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of the Zebra Mountains (1375-1175 Ma) show more chemical similarities with the Red
Granite Suite. However, there is a gap in the emplacement age of these granites between
1350 and 1250 Ma and so only the older granites may be part of the Red Granite Suite.

5.3. Paleoproterozoic basement

The four Regional Granite samples are dated between 1965 and 1800 Ma and the anorthositic
basement rock from the Caongoquepia intrusion has an age of 1780 Ma. These ages are in
agreement with previously reported ages for the basement of the Kunene Complex in
northern Namibia (e.g., Kroner et al., 2010, 2015) and SW Angola (Jelsma et al., 2018,
Lehmann et al., 2020). The two xenocrysts in KAC274 that were dated at 1790—1770 Ma are
also in agreement (Table 1SM in supplementary material). The xenocrystic ages of ca.

2050 Ma in KAC274 are similar to the ages of detrital zircons (ca. 2035 Ma) in a quartzo-
feldspathic paragneiss along the Kunene River to the west (Kroner et al., 2015). Similar ages
have been obtained in the Regional Granite of the Humpata Plateau (250 km to the north),
where a U-Pb zircon age and a less well constrained Rb-Sr age have been measured
(Torquato et al., 1979, McCourt et al., 2013).

Paleoproterozoic magmatism has been recognized in NW Namibia in a crustal block
extending into Kaokoland (Seth et al., 1999, Kroner et al., 2010, McCourt et al., 2013) and
further to the south in the Kamanjab and Abbabis inliers of the northern Damara Belt (Tack et
al., 2002, Miller, 2008, Jelsma et al., 2018). The ages of ca. 1965 Ma for the northernmost
basement, and 1800—1780 Ma for the southwestern basement of the Kunene Complex in
Angola, agree with the known different magmatic provinces in SW Angola and NW Namibia
(Jelsma et al., 2018): the Eburnean Event (2.0-1.96 Ga) and Epupa Event (1.80-1.77 Ga). In
addition, the new ages of 1800—1780 Ma confirm the extension of the northern Namibian
Epupa Event to SW Angola. These tectonomagmatic domains have been interpreted as part of
a2.05-1.76 Ga system of continental arcs (e.g., Kroner et al., 2010, Jelsma et al., 2018),
which are thought to extend further to the east in the Tsumkwe inlier of northeastern Namibia
(dated at ca. 2020 Ma, in Hoal et al., 2000), in the Quangwadum region of northwestern
Botswana (dated at ca. 2050 Ma, in Singletary et al., 2003), and in the Lufubu Metamorphic
Complex of NW Zambia (dated at 1980-1870 Ma, Rainaud et al., 2005, Jelsma et al., 2018).

5.4. Petrogenetic constraints using Hf isotopes in zircon

The Hf isotope compositions recorded in the Red Granite Suite samples are comparable to
those measured in other AMCG suites worldwide (Table3, Fig. 8), but the variability in initial
eHf values (from —11.3 to + 1.6) is higher than in any other AMCG suite (e.g.,
Shumlyanskyy et al., 2017, Fig. 8; Table 2SM in supplementary material). Projection of the
eHft) composition of the Paleoproterozoic basement rocks, according to an average
continental crust '7°Lu/!7"Hf of 0.0113 (Rudnick and Gao, 2003, Fig. 8), results in highly
unradiogenic Hf (from ca. —20 to ca. —8 eHfy), suggesting mixing between an unradiogenic
crustal component and a radiogenic juvenile mantle-derived component. The range in eHf
(+0.4 to —11.3) in the five Regional Granite samples (Fig. 8 and Table 3: Table 2SM in
supplementary material) suggests that the basement rocks likely represent the crustal
component, but an unradiogenic Archean component cannot be excluded. The four
xenocrysts (ca. 2055 Ma) in sample KAC274 in the southern part of the Kunene Complex
overlap with the eHf(y) composition of the oldest basement rocks in the northern Kunene
Complex (sample KAC119-109, Table 3, Table 2SM, supplementary material), and suggest
the presence of a relatively uniform unradiogenic basement component at around 2.0 Ga
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throughout the complex. As to the radiogenic juvenile component, a mantle-derived magma
(i.e., parent magmas to the Kunene anorthosites), and/or a component derived from the lower
crust, and which was melted during the emplacement of the Kunene anorthosites, can be
proposed. The zircons in the Caongoquepia intrusion (KSAT35-22), potentially a source of
information on a Paleoproterozoic mantle component, show eHf(y) values comparable with
thoseof the Paleoproterozoic granitoids (Table 3, Fig. 8). Such overlap in Hf isotopes
between mantle and crustal sources is not surprising (e.g., Bickford et al., 2010), but prevents
a better characterization of the mantle component.

Separate (mantle-crustal) sources for the A and MCG (e.g., Bybee et al., 2014, Emslie et al.,
1994, Shumlyanskyy et al., 2012, Lee et al., 2017), or derivation from a common lower crust
melt (e.g., Duchesne et al., 1999, Longhi et al., 1999, Vander Auwera et al., 2011) have been
inferred to explain the nature of AMCG components. According to a consolidated model,
mantle-derived magmas ponded at Moho depths of 30—40 km undergo gravitational settling
of mafic silicates and separation and flotation of plagioclase-rich mushes that ascend through
the crust. The coeval anatexis of crustal material caused by heat released from the ponded
mafic magma would generate the MCG rocks (Emslie, 1985, Longhi and Ashwal, 1985,
McLelland et al., 2010, Scoates, 2000). Derivation from pure crustal melts is unlikely (Bonin,
2007, Frost and Frost, 1997), and isotopic studies support mixing of a mantle component with
older and enriched crustal material (e.g., Anderson et al., 2003, Bonin, 2007, Fraga, 2009,
Scoates and Chamberlain, 2003, Shumlyanskyy et al., 2017).

0-Sr-Nd-Os isotopic evidence shows that the Namibian Kunene anorthosites originated from
the upper mantle and were contaminated by the crust (Driippel et al., 2007, GleiB3ner et al.,
2010, GleiBner et al., 2011, Gleilner et al., 2012). However, O isotopes indicate
geochemically different sources for the anorthosites and the granitoids, suggesting a mantle
origin for the anorthosites, and then anatexis of lower crust, with or without input of a mantle
component, for the origin of the felsic rocks (Driippel et al., 2007).

Our Hf isotope data for the Red Granite Suite are consistent with a mantle-crust mixing
model. We suggest that initial injection of basaltic magma into the crust would have created
crustal melts that hybridized with the differentiating and ascending mantle-derived melts,
producing intermediate to felsic magma. The latter was a combination of fluid and partially
crystallized magma (mush) rising to shallower crustal levels, undergoing further
crystallization, mixing, assimilation, storage, homogenization, and replenishment (e.g.,
Moyen et al., 2021). The variation in type and intensity of these processes, and ultimately the
different geochemistry of the crustal material involved, would explain the inter- and intra-
sample heterogeneity in Hf isotopes in zircon in the Red Granite Suite (Table 3 and Fig. 8).

5.5. Tectonic setting of the Kunene AMCG Complex

5.5.1. Subduction-collision model

The association of AMCG complexes with extensional environments is still considered valid
for many regions such as the Fennoscandian Shield (Lundmark and Corfu, 2008, Rimé and
Haapala, 2005), but increasing geochronological and field evidence suggests that AMCG

complexes on Earth are compatible with continental margin settings during the terminal
stages of an orogenic event (McLelland et al., 2008).
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An example is provided by the AMCG magmatism of North America, referred to as a

4,000 km-long continental arc margin active for ca. 800 Ma (e.g., McLelland et al., 2010, and
references therein). In support of a continental arc setting for AMCG complexes, it has been
observed that geodynamic scenarios including continental rifting, continent—continent
collision and waning collisional stages cannot be reconciled with the long time-frame of
magmatism, the involvement of large-scale crustal melting, and the preferential arrangement
of AMCG suites in linear belts (Ashwal and Bybee, 2017, and referenced therein). Such
features are more typical of convergent continental margins, for example in the 1,700 km-
long fossil magmatic arc of the Coastal Mountains batholith (Ducea et al., 2015, Gehrels et
al., 2009), or in the 1,100 km-long Central American Volcanic Arc of Panama, Costa Rica,
and Nicaragua (Buchs et al., 2010, Whattam and Stern, 2015). Convergent continental
margins for Proterozoic AMCG magmatism have also been proposed in North China Craton
(Lee et al., 2017, and references therein), in the Lofoten—Vesteralen rocks in Norway (Corfu
et al., 2004, and references therein), in the Sweconorwegian Orogen (Slagstad et al., 2022),
and in the Grenville province of Canada (Corrigan and Hanmer, 1997).

5.5.2. Hot intracontinental orogen model

Linear magmatic belts, prolonged magmatism (in the order of 50 Ma), and crustal contraction
are not only the hallmarks of convergent continental margins. These key features are also
noted for the Pan-African Araguai-Ribeira-Congo and Dom Feliciano-Kaoko-Gariep
orogenic belts, which have been recently interpreted as hot intracontinental orogens with
extensive crustal melting due to thickening (Vauchez et al., 2019, Fossen et al., 2020,
Konopasek et al., 2020) and radiogenic heat production from buried sediments (e.g.,
Cavalcante et al., 2019, and references therein). Although agreement on this model is not
unanimous (see Caxito et al., 2022), the authors refuting the subduction-collision model base
their argument on the lack of oceanic space and high-P metamorphic rocks, and the very short
time span between the end of rifting and the onset of convergence. Their hypothesis admits a
negligible contribution of mantle sources, with largely prevailing melting crust (e.g.,
Gongalves et al., 2018).

5.5.3. Crustal-mantle contribution in a convergent continental margin setting

The prolonged magmatism of the Kunene Complex could either indicate the existence of a
N-S-elongated Andean-type arc situated along the southwestern margin of the Congo Craton
or the formation of a hot intracontinental orogen.

Hf isotopes in zircon can help in deciphering the most appropriate between these two models.
Zircon in the Red Granite Suite has the largest range in eHf(r) (13.5 epsilon units) compared
to other AMCG complexes worldwide (Fig. 8), which can be explained by: 1) mixing of
(unradiogenic) crustal and (radiogenic) mantle material, which is compatible with a
convergent continental margin model, or ii) crustal source heterogeneity, which would be the
case in a hot intracontinental orogen.

Crustally-derived granites, with no evidence of addition of mantle material, can show a range
in eHf(y) even greater than that observed in the Red Granite Suite (e.g., Villaros et al., 2012,
Tang et al., 2014). This happens when the magmatic zircon crystallizes rapidly so that the
homogenization of Hf isotopes, due to dissolution of the zircon during mixing and/or
diffusion between crustal melts, is only partial (e.g., Davies and Tommasini, 2000, Zeng et
al., 2005, Farina and Stevens, 2011). This process requires rapid cooling, and therefore is
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more likely at shallow depths. In the Red Granite Suite, however, there is little to no evidence
of shallow depth emplacement. In the southwestern Kunene in Angola, Lehmann et al. (2020)
infer emplacement of the Red Granite Suite and the anorthosites along deep crustal
discontinuities. Hayes et al. (2022) constrain granitoid intrusion at mid crustal levels, based
on Al-in-hornblende barometry, and Driippel et al (2001) measured anorthosite crystallization
conditions of at 950-985 °C and 7-9 kbar in Namibia. Moreover, in the case of inefficient
zircon dissolution in the magma, inherited zircons, as cores or entire grains, will commonly
be preserved, and this is not the case for the Red Granite Suite, where xenocrysts have been
found only in one sample (KAC274).

Therefore, we infer that the Hf isotopic variability in the Red Granite Suite rocks is due to the
contribution of both crustal and mantle material. In accordance with the global evidence of
the emplacement of large-scale A-type granites along accretionary margins during the
Mesoproterozoic (Anderson and Morrison, 1992, Anderson and Morrison, 2005, Goodge and
Vervoort, 2006), we suggest that a convergent continental margin developed in this part of
the Congo Craton during the Mesoproterozoic, which was built on the roots of an older
magmatic arc that was active during the Paleoproterozoic (Kroner et al., 2015, Jelsma et al.,
2018). The inferred absence of large volumes of [-S-type continental arc granites to the west
of the Kunene area may be due to large-scale subduction erosion of the advancing margin
(e.g., Stern, 2011), which is the mechanism proposed to explain the lack of I-S-type granites
in Mesoproterozoic accretionary orogens (Condie, 2013). This would have also been
enhanced by contraction in the upper plate, in agreement with syn-Kunene deformation that
has been documented in southwest Angola (Lehmann et al., 2020). Alternatively, or in
conjunction with subduction erosion, I-S-type granites may be concealed under younger
supracrustal sequences surrounding the Kunene Complex.

Whether the Kunene MCG magmatism was, at least in part, an expression of an extensional
system (back-arc?) or not, is not clear, and we cannot resolve it with our data for the Red
Granite Suite. AMCG complexes emplaced in back-arc settings have been proposed in
Labrador for the Mesoproterozoic convergent margin of southeastern Laurentia (Condie,
2007, Rivers, 2008, Rivers and Corrigan, 2000) and in the Rogaland Anorthosite Province in
the SW Sveconorwegian Orogen (Slagstad et al., 2022). Extension in the Kunene Complex
cannot be ruled out before 1400 Ma, a period during which no contraction fabrics have been
noted (Lehmann et al., 2020).

An A-type geochemical character is present in the Red Granite Suite for the entire duration of
its magmatism, including the contractional period between 1400 and 1380 Ma (Lehmann et
al., 2020). This confirms that A-type granites do not only form in extensional settings and an
overall extensional tectonic regime may not be applicable to AMCG complexes globally.
Prolonged (~90 Myr) A-type granite magmatism in the Kunene AMCG Complex is also
difficult to reconcile with anorogenic or post-orogenic settings. A-type granites may also
form during late- to post-collisional stages, possibly because of gravitational collapse due to
crustal thickening (Bonin, 2007, and references therein), and cases of A-type magmatism
associated with orogenic horizontal shortening have been documented (e.g., Milani et al.,
2015, Ren et al., 2021, Zhao et al., 2013). A combined geochemical, structural, and
geochronological investigation becomes key for constraining the tectonic environment of A-
type granites.
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6. Conclusions

The Red Granite Suite is part of the Mesoproterozoic Kunene AMCG Complex, forming at
least one-third of the exposed rocks of this complex, in Angola and Namibia. The
geochemistry of the granitoids did not change substantially during the 90 Myr emplacement
window, with alkali-calcic, A-type granites predominant. U-Pb age data from the Red Granite
Suite show that the peak of A-type granite magmatism is bracketed between 1380 and

1360 Ma, but some of our ages extend magmatism to 1450 Ma. This corroborates previous
findings that showed that Kunene anorthosite magmatism lasted > 100 Myr. Three age
clusters were recognized from north to south in the Kunene anorthosites in Angola and they
roughly correlate with the age distribution of the Red Granite Suite in the northern, central,
and southern sectors. This suggests that anorthosite magmatism played an important role in
triggering crustal anatexis and the petrogenesis of the MCG component. The A-type signature
and Hf isotope chemistry of the Red Granite Suite did not change significantly during
protracted magmatism, including during the documented E-W contraction between 1400 and
1380 Ma, thus challenging the notion that A-types granitoids are the exclusive products of
magmatism in extensional environments. Hf isotopic data of zircons from the Red Granite
Suite and Paleoproterozoic basement (including a mafic intrusion) are consistent with the
derivation of magmas from mixing of recycled Paleoproterozoic (or Archean) crust with a
juvenile mantle component. Parent basalts to the Kunene anorthosites that ponded at the
Moho led to melting of the Paleoproterozoic crust and the protracted emplacement of
dominantly A-type granitoids. The long-time span for Kunene AMCG Complex magmatism,
and the requirement for both mantle-derived and extensive crustal magmatism are compatible
with a convergent continental margin and reinforce the view that Proterozoic massif-type
anorthosites and related granitoids can be generated in arc environments undergoing regional
shortening.
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