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Abstract

South African basalt-hosted chalcedonies provided an ideal case study, to (a) achieve information about the origin of mineral-
forming fluids, the process of chalcedony formation and weathering alteration and (b) to verify if the geochemical and micro-
textural characterization of chalcedony allowed multiple provenances to be distinguished. For the first time, Drakensberg
chalcedonies from the Karoo Jurassic basalts and Windsorton chalcedonies from the alluvial environment of the Vaal River
(traversing the Allanridge basaltic—andesitic lavas) were investigated by optical microscopy, laser ablation inductively coupled
plasma mass spectroscopy and isotope ratio mass spectrometry (1°0, '*0). The results showed that the compositional differ-
ences observed in Drakensberg and Windsorton chalcedonies could not be explained by changes in host rocks composition.
The tholeiitic basaltic—andesitic lavas of the Allanridge Formation (Pniel Group, comparison term for Windsorton samples)
and the tholeiitic basaltic—andesitic lavas of the Golden Gate Unit (Drakensberg Group, comparison term for Drakensberg
specimens) proved to be very similar, also in terms of alteration degree. Conversely, both geochemical and oxygen isotope
compositions clearly supported a relatively low temperature, hydrothermal origin for all the investigated chalcedonies, fur-
ther indicating that differences mostly occurred during their formation (fluid circulation). Moreover, several characteristics
suggested deposition in non-equilibrium conditions, although oxidizing conditions were most likely. Weathering processes
were effective in the alluvial environment only, leading to a wider compositional heterogeneity of Windsorton chalcedonies
with respect to Drakensberg samples. Lastly, a correlation between color and chromophores (Fe and Mn) amounts was lack-
ing while a correlation between the geochemical composition and the texture was clearly observed in several specimens.

Keywords Chalcedony and agate - Volcanic host - Alluvial weathering - Hydrothermal fluids - LA-ICP-MS - Oxygen
isotopes
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«Fig. 1 Agate sample sites in South Africa. a The rectangle in demar-
cated area in (a) is enlarged in (b) showing the sample sites in rela-
tion to the regional geology. a agate sample site in Drakensberg For-
mation 28°32'4.37"South, 28°39'17.73"East. b agate sample site from
alluvial gravels 28°19'47.68"South, 24°43'36.63"East. Simplified
geology: 1=Drakensberg Formation basalt; 2=Karoo Supergroup
sedimentary strata (undifferentiated); 3 =Karoo-age Jurassic doler-
ite; 4 = Ventersdorp Supergroup; 5="Transvaal Supergroup dolomite;
6=Quaternary sediment. ¢ Sample site A. Camera lens cap (6 cm) is
on the contact between underlying yellow Clarens Formation sand-
stone and overlying, weathered Drakensberg Formation basalt. The
pitted hollows in the basalt are amygdales that have weathered and
released agates (and other minerals). d Panoramic view of the Drak-
ensberg Mountains at the Amphitheatre, South Africa. The flat-
topped skyline consists of Drakensberg Formation basalts (see Fig. 1)
from which sample set A was obtained. The grassy slopes in the mid-
range are sandstones and siltstones of the upper Karoo Supergroup
formations. The boulders in the foreground are alluvial fragments of
basalt and are filled with white amygdales, the source of the agates.
e Google Earth image of the Vaal River at Windsorton, Northern
Cape Province, South Africa. The scarred landscape to the east of the
town along the banks of the river are alluvial diamond mine diggings
and dumps, where the agates (site B) were collected

other specific peculiarities (e.g., Gotze et al. 2012, 2015)
that may occur in some unique environments (e.g., Clark
2002; Moxon and Reed 2006; Moxon et al. 2006, 2007;
Gotze et al. 2009) or specific discovery contexts such as
the archaeological excavations (e.g. Gliozzo et al. 2011,
2014), have received attention.

Compared to the worldwide occurrence of agates and to
the range of topics that have been addressed for their study,
the number of publications that have dealt with their geo-
chemical composition are rather few (see Gliozzo 2019 for
a comprehensive list of references). In particular, South
African agate has rarely been investigated (Mountain 1953)
although some work has been undertaken on Namibian
agates (Harris 1988, 1989). Moreover, the fact that the oldest
evidence of agate’s heat treatment comes from the Middle

Fig.2 The 21 samples from the D1 D2 D3 D5
Drakensberg. Banding is clearly 3
observable in samples nos.

D4, 17 and 19 (agates), barely
visible in samples nos. 3, 6, 8
and 12 (chalcedonies/agates),
absent in all the other chal-
cedonies. The red full circles
indicate where the LA-ICP-MS
measurements were performed.
As for samples D4, 17 and 19,
the numbers correspond to the
analysis ID as provided in Sup-
plementary Table 1

D15 D16 D18 D21

L 0.5 cm I

Deée D7 D8

0A%R

Stone Age in South Africa (Brown et al. 2009; Mourre et al.
2010; Porraz et al. 2013) has strongly focused this field of
study towards the investigation of its behavior upon heating
(Brown et al. 2009; Mourre et al. 2010; Wadley et al. 2017,
Prinsloo et al. 2018).

In this manuscript, a collection of 36 South African chal-
cedonies and agates has been sampled from two geological
environments—volcanic and alluvial—to provide their full
geochemical characterization, as well as to compare and
contrast the main distinguishing features between the two
types of occurrences.

Geological setting

In South Africa, agates are well known from two different
geological settings: the Drakensberg Group Jurassic basalts
(Site A), that form most of the Kingdom of Lesotho, and the
alluvial gravels deposited by the Vaal River (Site B), that
drains part of central South Africa (Fig. 1a, b).

Site A: Drakensberg Group

The first set of chalcedonies was collected southeast of the
town of Clarens (close to the northeastern border with Leso-
tho), from the basal lava flow of the Drakensberg Group,
close to the contact with the underlying Clarens Formation
sandstone (Fig. 1c).

The Drakensberg Group is the uppermost lithostratigraph-
ical unit of the Carboniferous—Jurassic Karoo Supergroup
(Duncan and Marsh 2006). “°Ar/*°Ar ages of plagioclase
from five lava flows covering the entire sequence in neigh-
boring Lesotho have given a precise Lower Jurassic age of
182.3+£1.6 to 181.0+£2.0 Ma (Jourdan et al. 2007). The
strata are composed of low Ti—Zr tholeiitic basalt that can

D9 D10 Di1 D12 D13 Di4

R

D19

D22
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«Fig. 3 Binary plots showing the geochemical variation of Drakens-
berg (a—f) and Windsorton (g-1) samples. In Drakensberg binary dia-
grams (a—f), the following samples were excluded from R’ calcula-
tions: a—f D7; ¢ D2 and D17; d D2 and D19; e D2, 17 and D19; f
D17 and D19. In Windsorton binary diagrams (g-1), black full cir-
cles indicate Windsorton samples while grey full circles in the back-
ground represent the Drakensberg Group samples. The outlier sample
Win6 has been omitted

be geochemically subdivided into recognizable units (Rho-
des and Krohn 1972; Duncan et al. 1984; Marsh and Eales
1984; Marsh et al. 1997) with the entire volcanic sequence
(in Lesotho) reaching a maximum thickness of 1650 m.
However, this is a remnant of the original thickness of the
volcanic pile as it has been estimated that 600-700 m have
been denuded from the land surface during the past 100 Ma
(Brown et al. 2002; Sumner et al. 2009). The lithostratig-
raphy is, therefore, relatively well constrained not only in
Lesotho but also in South Africa (Lock et al. 1974; Pember-
ton 1978; Ramluckan 1992; Mitchell et al. 1996).

The Clarens Formation—informally termed the Golden
Gate unit (Duncan and Marsh 2006)—is the lowermost
basaltic unit. These basalts are highly amygdaloidal (Fig. 1d)
and contain abundant vesicles filled with secondary minerals
such as chalcedony (agate), natrolite and other secondary
minerals such as calcite, epistilbite, heulandite, stellerite,
laumontite, mesolite, mordenite and quartz (Dunlevey et al.
1993; Cairncross and Dixon 1995; Cairncross 2004), apo-
phyllite and pyrite (Cairncross and du Plessis 2018). Fur-
thermore, epigenetic deposits of laumontite are known to
occur within the basalts and the Clarens Formation sand-
stone (Potgieter et al. 1982).

Site B: Vaal River alluvial gravels at Windsorton

The second set of agate samples was collected from the
alluvial diamond workings on the Vaal River at Windsorton
in the Northern Cape Province (Fig. le). Alluvial diamond
mining has been taking place in South Africa since 1866
when the first alluvial diamond was found (e.g., Wilson
et al. 2007). Since then, the gravels of the Vaal River and
the Orange River, which drain diamond-bearing kimberlite
terrains, have been worked for alluvial diamonds. One of
the offshoots of this mining are the resultant gravel dumps
that are ubiquitous surrounding the diggings. Included in
the water-worn, rounded alluvial cobbles, pebbles and boul-
ders are agates that originate from the areas drained by the
rivers. The likely source of Windsorton gravels is the Ven-
tersdorp Supergroup lavas (van der Westhuizen et al. 2006)
based on three considerations. Firstly, the agate-bearing lith-
ologies have to be sourced in the stretch of the Vaal River
which connects Windsorton to the upstream Bloemhof Dam
(approximately 130 km upstream), in view of the fact that

this dam acts as a sink for all sediment and any alluvium
carried downstream. Secondly, the agates were sampled
from uppermost, younger alluvial gravel dumps at Wind-
sorton, therefore, they do not correlate with older alluvium,
deposited by palaeodrainage systems (Partridge and Brink
1967; McCarthy 1983). Thirdly, the Vaal River traverses
the Allanridge Formation (van der Westhuizen et al. 2006)
which is the most likely source of the agates. This is sup-
ported by Keyser (1998) description of this Formation, north
of Windsorton: “Amygdales occur in both types of lavas
(dark-green amygdaloidal lava and light-green-grey porphy-
ritic lava) but are more common in the dark-green variety. It
consists of quartz, chalcedony, calcite, chlorite or epidote or
any combinations of these minerals”. Within the uppermost
volcanic Ventersdorp Supergroup formations (Makwassie,
Rietgat and Allanridge Formations), the Allanridge lavas
are basaltic—andesitic in composition. As for chronology,
quartz porphyry rhyolites of the Makwassie Formation—that
underlies the Allanridge F—have been dated at 2720 +2 Ma
(Cornell et al. 2017).

Materials and methods

The collection from Site A (Drakensberg) includes 21
samples, rarely exceeding 3 cm in size. The predominant
color is grey, but brown (samples D8, 11, 16, 21 and 22)
and very light blue (sample D4) specimens have been found
as well. The specimens D4, 17 and 19 have clear banding
(henceforth called agates) while in samples 2, 3, 6, 8 and 12
banding is barely visible (henceforth called chalcedonies/
agates). All the other samples were rather homogeneous,
with limited changes in the shade of grey color (henceforth
called chalcedonies).

The collection from Site B (Windsorton) consists of 14
agates, ranging in size from 1.8 to 6.3 cm. The samples show
both wall lining (e.g., sample no. 2) and horizontal banding
(e.g., sample no. 8) and a preferential brown to dark brown
color. Orange colors were found in samples nos. 1 and 11
only, while samples nos. 5, 9 and 12 were nearly black.

To achieve a complete geochemical characterization of
the chalcedonies and agates, all 35 were analyzed by laser
ablation inductively coupled plasma mass spectroscopy
(LA-ICP-MS) at IGG-CNR in Pavia, Italy. The instrument
combined an ablation microbeam, based on a Nd: YAG laser
source (Brilliant, Quantel) operating at 266 nm (for details
see Tiepolo et al. 2003), and a quadrupole ICP-MS (Drc-e,
Perkin Elmer). Forty masses were acquired; the laser was
operated at 10 Hz of repetition rate, the power on the sample
was 1.5 mW and spot size was set at 40 pm. Accuracy was
assessed on the USGS BCR-2 reference glass (analysed as
an unknown in each analytical run) and was better than 20%
at the sub ppm level. Data reduction was carried out with the

@ Springer
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Fig.4 a The agates (D4, 17
and 19) from the Drakensberg:
the geochemical composition
of the bands. In the Fe and Mn
patterns, D and L stands for
dark and light colour of the
agates bands. This information
has not been given for sample
D17 which is homogeneously
light in colour. b—¢ Binary plots
showing the geochemical vari-
ation with respect to samples
colours in the Drakensberg (b)
and Windsorton (c) samples.
Legend: very light grey (empty
circles); light blue (empty
square); dark grey (full grey
circles); dark brownish (black
cross); blackish (full black
circles)
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Fig.5 Concentrations of Drakensberg agates normalised to the chon-
drite (McDonough and Sun 1995). a Grey lines indicate each sam-
ple while the black thick line indicates the average value obtained for
Drakensberg samples. b Grey, red and green lines indicate reference
samples and the black thick line indicates the average value obtained
for Drakensberg samples. Comparison with references data includes a
total of 40 measurements performed on both chalcedonies and agates
from Nova Paka and Frydstejn in the Czech Republic, Groppendorf,
Lauterbach and Idar-Oberstein in Germany, Montrose and Ardownie
Quarry in the UK, the Sarusa Mine in Namibia, Agate Island and
Agate Point in Canada, Chihuahua in Mexico, Rio grande Do Sul in
Brazil (Gétze et al. 2001, reviewing data from McCrank et al. 1981;
Fallick et al. 1985, 1987; Blankenburg 1988; Haake and Holzhey

T T T
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1989; Harris 1989; Beer 1992; Cross 1996; Schmitt-Riegraf 1996),
Chemnitz, Chemnitz-Altendorf, Hohenstein Ernstthal, St. Egidien,
Zwickau-Planitz in Germany (Gotze et al. 2016; samples Z1 and StE1
provided in Table 5), Nowy Kosciot in Poland (Mockel et al. 2009)
and the Montana Bighorn district in the USA (Gotze et al. 2009). ¢
Grey lines indicate basalts analyses while the black thick line indi-
cates the average value obtained for Drakensberg samples. Compari-
son with different Units of the Barkly east Formation (Karoo basalts)
have been made with a total of 15 measurements provided by Lut-
tinen (2018): OXB-61, MLP-183, LTW-42 (Wonderkop), LTW-47,
OXB-63, LTW-50A, OXB-65 (Letele), OXB-66, LWT-49, OXB-64,
MLP-184, MLP-185, MLP-186 (Golden Gate)
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Table 1 Whole-rock 8'%0 values were determined for a total of 18
samples from both the Drakensberg Group and Windsorton

§"°0 Toceanic water
(%0 VSMOW)
Drakensberg group
D19 16.0 143
D4 20.0 105
D10 20.1 104
D1 20.2 104
D15 20.5 101
D8 21.2 96
Windsorton
Win9 17.5 128
Winl 18.0 123
Winl1 18.4 119
Win5 18.7 116
Winl2 18.8 115
Win4 18.8 115
Win7 19.0 114
Winl13 19.1 113
Win2 20.9 98
Win6 22.1 90
Win3 23.1 82
Winl4 233 81

Temperature estimation has been calculated based on quartz-H,O
equilibrium fractionation equation of Matsuhisa et al. (1979) and
using a 8'30 value of water of oceanic water of + 0%o

software package GLITTER (van Achterbergh et al. 2001)
and using NIST SRM 610 and *Si as external and internal
standards, respectively.

Furthermore, to further constrain the origin, a total of 18
samples from both the Drakensberg Group (D1,4,8,10,15,19)
and Windsorton (Winl-7, 9, 11-14) were analyzed for their
oxygen isotope composition (1°0, 0). The samples were
measured at the University of Lausanne, using a method
similar to that described in Vennemann et al. (2001).
Between 0.5 and 2 mg of sample was loaded onto a small
Pt-sample holder and pumped out to a vacuum of about 107¢
mbar. After prefluorination in the sample chamber overnight,
the samples were heated with a CO,-laser in 50 mbars of
pure F,. Excess F, is separated from the O, produced by
conversion to Cl, using KCl held at 150 °C. The extracted
O, is collected on a molecular sieve (5A) and subsequently
expanded into the inlet of a Finnigan MAT 253 isotope ratio
mass spectrometer. Oxygen isotope compositions are given
in the standard &-notation, expressed relative to VSMOW
in permil (%0). Replicate oxygen isotope analyses of the
in-house standard used (Ls-1 quartz; n=x) had an average
precision of +0.1 %o for §'%0 (n=6). The accuracy of 5'%0

@ Springer

values is better than 0.2 %o compared to accepted 8'30 val-
ues for NBS-28 of 9.64 %eo.

Lastly, to compare the geochemical composition to the
textural features of the Windsorton agates, polished thin
sections (30 pm) of a selected group of samples (nos. 1-9)
were investigated by polarizing light microscopy. Length
slow (with slow ray parallel to the elongation, i.e., positive)
and length fast (with fast ray parallel to the elongation, i.e.,
negative) chalcedony was further distinguished, using the
550 nm gypsum plate (compensator).

Results
Site A: Drakensberg group

LA-ICP-MS. The results obtained on the 21 Drakensberg
samples (Fig. 2; Supplementary Table 1) show the typi-
cal composition of chalcedony and agate (see e.g., Merino
et al. 1995; Gotze et al. 2001; Mockel and Gotze 2007,
Mockel et al. 2009; Gotze et al. 2009, 2016) with small
concentrations of elements other than silica (on average
99.8 wt% +0.07). Among chalcedonies, SiO, contents are
particularly low in sample D7 and, excluding this sample,
show a marked tendency to decrease with the increase of
Al, Na, K, Mn, Rb, Sr and Ba (Supplementary Fig. 1 A-F).
Na, Al, K, Rb, Ba and Sr contents are weakly correlated, as
well as Mn and B (Fig. 3a—f), conversely, Mg, Ti, Fe, V, Cr,
Ni, Cu, Zn and Ge contents are not linearly correlated with
any of the other measured elements. Among agates, Al, Na
and Rb and Sr and Ba show similar trends within each single
sample (Fig. 4a). SiO, pattern is similar to that of Mn, Ga
and Y in D4, to none in both D17 and 19 while it is opposed
to the trend of Al, Fe, Na, B, Ge, Rb, Sr, Ba in D4, to that of
Ge in D17 and to none in D19.

Correlating the amount of chromophores and the agates
colors (especially Fe and Mn), a direct comparison is not
straightforward, i.e., dark and light bands cannot be directly
correlated to an increase/decrease of Fe or Mn contents
(Fig. 4b). In detail, the light grey sample D19 shows low
Fe content but the highest Mn contents of this group while
the dark brownish samples 8, 11, 16, 21 and 22 show vari-
able Mn contents (0.7/1.4 ppm) and Fe levels, ranging from
14 to 56 ppm, i.e., the lowest and the highest values of the
group, respectively. The remaining dark grey samples show
the entire range of Fe contents and Mn levels ranging from
0.8 to 1.8 ppm.

Concentrations normalized to those of the chondrite
(Fig. 5) are comparable in Ba, Fe and Mg, enriched in Ti,
Al, Mn, Ca, Na, B, Hf and U, and depleted in all the others
trace elements (esp. Ni and with LREE more depleted than
HREE). Negative Ce and Sb anomalies are noteworthy.
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Isotopic analysis

Determined for a total of six chalcedony samples
(D1, 4, 8, 10, 15 and 19; Table 1), the whole-rock 8'%0
values have a range between 16 (sample D19) and 21.2 %o
(sample D8), however, the majority of samples have val-
ues between 20.0 and 20.5 %0 (D4, 10, 1 and 15), without
clear differences between chalcedony (D1, 8, 10 and 15)
and agate (D4 and 19). These values are rather similar to
those provided by Ledevin (2013) for South African Pre-
cambrian chert (3432/3416 Ma) from Komati River (5'%0
of 16.8-19.4 %o) and Buck Reef (5'%0 20.0-20.6 %o).

T T T T T T T T T T T T T I T I L
V C Co Ni Cu Zn Rb Sr Y Zr Nb C Ba La Ce Sm Eu Tb Yb Lu Hf Ta Pb Th U

data includes the same 40 measurements previously used (see Fig. 5).
¢ Grey and blue lines indicate basalts analyses while the black thick
line indicates the average value obtained for Windsorton samples.
Comparison with different Units of the Ventersdorp Formation have
been made with a total of 15 measurements provided by Keyser 1988
(Table 5.2) and Crow and Condie 1988 (Table III)

Site B: Vaal River alluvial gravels at Windsorton

LA-ICP-MS. Similar to samples of the Drakensberg
Group, the results obtained on the 15 Windsorton sam-
ples (89 measurements; Supplementary Table 1) have
shown the typical composition of chalcedony and agate,
with small concentrations in other elements than silica
(on average 99.8 wt% +0.07); however, Windsorton agates
are compositionally more heterogeneous, both in terms of
absolute values and the relationships between the vari-
ous elements (Fig. 3g-1). For example, SiO, values range
between 98.3 and 99.9 wt% while it was limited between
99.3 and 99.9 wt% in the Drakensberg Group samples.
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Fig.7 Optical microscopy on selected Windsorton samples. Bands of chalcedony in samples Win4 (d) and Win5 (e). Aggregates of zebraic
concentric length-slow and length-fast chalcedony in samples Winl chalcedony in Win7 (f). Feathery and macrocrystalline granular
(a) and 2 (b). Fan-shaped aggregates of spherulitic chalcedony in quartz, respectively, in samples Win6 (g) and 7 (h)

sample Win3 (c). Alternating bands of length-slow and length-fast
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Fig.8 Geochemical profiles on samples Winl and 2. Both macro
(scanner) and micro (optical microscopy) images have been provided
per each sample. Along Fe and Mn profiles, B brown, W white, G
grey, O orange. Sample Winl: From the inner to the outer rim (nos
1-6), Al and Sr increase while Fe decreases. Mn, Mg, Na, B, Ga, Ge,
Y and Ba show similar oscillating patterns, opposed to SiO, trend.
Sample Win2: From the inner to the outer edge, Mg and Ge decrease.
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SiO, contents are constantly high in microgranular quartz, decrease in
the zebraic chalcedony and rise again at the outer edge (thin alternat-
ing bands). The central micro-granular quartz is particularly poor in
Al, Fe, Mn, B, Sr and Ba and particularly rich in Mg, Ga and Ge. Al,
Na, Rb and Y trends are comparable and inverse to SiO,; similarly
Fe, Mn and B and Sr and Ba show similar patterns
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«Fig. 9 Geochemical profiles on samples Win3 and 4. Both macro
(scanner) and micro (optical microscopy) images have been provided
per each sample. Along Fe and Mn profiles, Bk blackish, B brown, W
white, Oc ochre. Sample Win3: From the outer to the inner rim, Al
and Fe constantly increase while Mg and Na decrease. Similar ele-
ments trends are observed in large fan shaped or in thin alternating
bands. Partially similar patterns are shown by Mn, Mg, Na, Sr and
Ba, inverse to SiO, trend and by Al and Fe. Sample Win4: From
the inner zebraic and macroscopically darker area to the outer edge,
characterised by thin alternating bands of a grey lighter colour, SiO,
decreases while Fe, Ga, Sr and Ba basically increase. Similar patterns
are shown by (a) Al, Sr and Ba; (b) Mn, Na, B and Ge; and (c) Ga
and Fe

Moreover, the element contents vary independently from
one to the other (e.g., SiO, does not show any correlation
with respect to Al or Na or Mn or Rb or Sr contents; Sup-
plementary Fig. 1G-L).

Bulk geochemical concentrations normalized to those
of the chondrite (Fig. 6) are comparable in Mg and Sb,
enriched in Ti, Al, Fe, Mn, Mg, Ca, Na, B, Ba, Hf and
U, depleted in all the others trace elements (with LREE
slightly more depleted than HREE). Ce anomaly is nega-
tive in this case also.

Isotopic analysis

The 8'0 values were determined for a total of 12 samples
from this group (Winl-7,9,11-14; Table 1). These Windsor-
ton samples have values in a range from 17.5.0 to 19.1 %eo.
Four samples (Win2, 3, 6 and 14) have higher values of
between 20.9 and 23.3 %o. These values are rather simi-
lar to those provided by Ledevin (2013) for South African
Precambrian (3260 Ma) chert from Barite Valley (8'%0 of
21.0-23.7 %o).

Optical microscopy

Mineralogical investigations on a selected set of samples
(samples Winl-7 and 9) have clearly demonstrated that
all the agates are made up by fibrous microcrystalline and
nanocrystalline chalcedony, as well as by macrocrystalline
granular quartz. The microtextures are various, ranging from
monocentric wall-lining (e.g., sample no. 2), to polycen-
tric wall-lining (e.g., sample no. 1) and horizontally banded
agates (e.g., sample no. 6). In samples nos. 1 and 2, respec-
tively, polycentric and monocentric, bands of concentric
length-slow and length-fast chalcedony are observed along
the outermost layers (Fig. 7a, b), while zebraic chalcedony
to micro-granular quartz fill the inner layers to the centre/s.

In samples nos. 3, 5 and 9, fan-shaped aggregates of
spherulitic chalcedony are common in the outermost layers
(Fig. 7c¢) while thin bands of length-slow and length-fast
chalcedony alternate towards the centre (Fig. 7d). Sample

Win4 shows thin alternating bands only, with a reduction
in the thickness of the bands from the outside to the inside.
In samples Win6 and 7, aggregates of zebraic chalcedony
(prevalent in sample no. 7) constitute the outer layers while
feathery (Fig. 7g) or macrocrystalline granular (Fig. 7h)
quartz fills the innermost cavity.

Optical microscopy results combined with LA-ICP-MS
data. Textural differences can be correlated to compositional
differences (Figs. 8, 9, 10 and 11; Supplementary Figs. 2
and 3) in samples Win3-4 and 9. Large fan-shaped areas and
thin alternating bands are characterized by relatively lower
(99.5-7 wt%) and higher (99.8-99.9 wt%) SiO,, respectively.
Lower SiO, is counterbalanced by a constant increase of Mg
and Na levels (also Al in Win4 and 9). In sample Win2, this
relationship is not clearly observed, however, the composi-
tion of the various types of chalcedony is distinguishable,
type by type. Similarly, in sample Win7, micro granular
quartz and macroquartz are clearly distinguished by lower
and higher SiO, contents, respectively. In sample Win9, thin
alternating bands have relatively higher SiO, and lower Al,
Fe, Mn, Mg, Sr, Ba and, to a lesser extent, Na and Rb with
respect to wide concentric bands. Lastly, it can be noted that
fan-shaped and zebraic chalcedony are compositionally more
homogeneous than alternating bands (esp. in Win3, Win4
and to a lesser extent Win5).

From the inner to the outer rims, element increase/
decrease varies sample by sample. For instance, Al increases
in sample Winl while decreases in sample Win3. Element
trends are sample-specific, however, Al, Ba and Sr gener-
ally show similar trends, inverse to that of SiO,. Lastly, the
variability of Fe amounts cannot be correlated to the light
or dark colors of the bands in the geochemical profiles of
samples Winl, 4,5,7,9, 10, 12, 13, 14 and 15. Conversely,
high Fe amounts characterize the ochre bands (not the black-
ish ones) of samples Win3 and 6 and, together with high
amounts of Mn, Al, Ga and Sr, the orange bands of sample
Winll1. Regarding Mn, a relation between the variability
of its contents and the light or dark colors of the agates is
lacking in samples Win3, 4, 7, 9, 10, 12, 13, 14 and 15.
However, in Winl and 2, high Mn contents correspond to
white or light colors while low Mn contents correspond to
brown areas. In Win3 and 6, high Mn contents have been
found in blackish and brown spots. Similarly, a direct cor-
relation between a specific color and the abundance of the
chromophores is rarely found even if considering the average
values per samples (Fig. 4c).
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«Fig. 10 Geochemical profiles on samples Win5 and 6. Both macro
(scanner) and micro (optical microscopy) images have been pro-
vided per each sample. Along Fe and Mn profiles, Bk blackish, G
grey, B brown, W white, Oc ochre. Sample Win5: From the outer
dark fan shaped areas to the inner light and thin alternating bands,
SiO, increases while Na and, less regularly, B, Ge and Rb decrease;
conversely, Al, Mg, Ga and Y increase up to central measurements
and then decrease. Similar patterns are also shown by Mn, Sr and Ba
while Ni (not shown) and Al trends are inverse. Sample Win6: From
the inner feathery to central zebraic and outer microcrystalline granu-
lar quartz, Fe, Mn and Mg while Ga, Ge, Cu and Ni (the latter two
not shown) decrease. Al, Na, Rb, Sr, Y and Ba show comparable pat-
terns, inverse to SiO,

Discussion

Despite the larger set of samples analyzed from the Drak-
ensberg Group (i.e., both chalcedonies and agates), they
are compositionally more homogeneous compared to those
from Windsorton. Geochemical analyses enucleated a single
outlier in the Drakensberg group (sample D7) while every
Windsorton sample presents peculiar characteristics (esp.
Win6, followed by Win2, 3, 4, 7, 13 and 15).

On average, Windsorton agates are enriched in most
minor and trace elements (Ti, Fe, Mn, Mg, V, Cr, Co, Ni,
Cu, Ge, As, RDb, Sr, Y, Zr, Sb, Ba, La, Ce, Pr, Nd, Sm, Eu,
Gd, Tb, Dy, Ho, Er, Yb, Lu, Hf, Pb, Th, U) with respect to
the Drakensberg samples.

To understand which processes have led to those differ-
entiations, numerous working hypotheses have been con-
sidered. In the first place, the composition of the tholeiitic
basaltic—andesitic lavas of the Allanridge Formation (Pniel
Group, Ventersdorp Supergroup) has been compared with
that of the Windsorton agates and the composition of the
tholeiitic basaltic—andesitic lavas of the Golden Gate Unit
(Barkly East Formation, Drakensberg Group) at Clarens has
been compared with that of the Drakensberg chalcedonies
and agates.

Major elements composition of both host rocks is very
similar (Fig. 12a), as well as their Chemical Index of
Alteration (CIA), which point to a mild weathering and
limited alteration. These conditions would lead to the for-
mation of similar agates, however, with respect to the host
rocks, Windsorton agates are relatively less depleted in
Fe, Mn, Mg and Ca compared to the Drakensberg chal-
cedonies. Among minor elements contents (Fig. 12B), V,
Co, Ni, Cu, Zn, Ga, Cs and Ba display similar trend in
both host rocks and chalcedonies/agates while Y, Zr and
Nb are reversed; moreover, in Allanridge lavas and Wind-
sorton agates, Cr absolute content is very similar while
the Rb-Sr trends are reversed. REE patterns (Fig. 12b)
are overall decreasing from LREE to HREE in host rocks
while increasing in chalcedonies/agates and a Ce negative
anomaly is clearly observed in chalcedonies/agates while
absent in the host rocks. Lastly, a negative Pb anomaly is

typical of both host rocks and chalcedonies/agates, while
a positive Hf anomaly is present in chalcedonies/agates,
only. The marked increase of U contents, with respect to
Th (relatively immobile), further characterizes chalce-
donies and agates from both sites and it may be easily
explained considering that U can be released and accumu-
lated during alteration processes.

As a result of this comparison, it is possible to assert that
the compositional differences observed in chalcedonies and
agates cannot be attributed to the composition of the host
rocks, therefore, two different possibilities have been then
considered: (1) that the differences occurred during their
formation (e.g., fluid circulation) or (2) at a later stage (e.g.,
weathering). While assuming that both processes could have
influenced the composition of the investigated samples, main
arguments are in support of the first hypothesis:

(a) The difference in Mn and, to a lesser extent, in Fe,—
i.e., of two elements that are easily transported and
deposited through oxidation—cannot be directly related
to the composition of the host-rocks but rather to a dif-
ferent efficiency of the metasomatism (with H* displac-
ing the cations—e.g., Fe’*, Mn?**, Cu®** and Zn**—
from the Fe-Mg and aluminosilicate rock-forming
minerals) in the two different geographic areas.

(b) The high amounts of Ge, U and B can be explained if
considering the possible interaction of volatile fluids
(HF), which lead to the volatile transport of SiF,, as
well as of compounds such as BF;, GeF, and UO,F,
(this chemical transport reaction is fully discussed in
Gotze et al. 2012).

(c) The coherent or opposite behavior of specific elements
in chalcedonies/agates with respect to their host-rocks
may indicate that H,S-bearing fluids have also played
arole (e.g., reacting with H,O to form sulphuric acid),
given that acidic conditions favorably mobilize some
specific elements only (e.g., V, Sr, Zr and LREE con-
sistently depleted in Drakensberg samples).

(d) The pronounced positive Hf anomaly—also measured
in several reference data—may be due to Hf solubility
in siliceous melts, given that its resistant nature limits
its concentration in water.

(e) The HREE enrichment (with respect to LREE) is fre-
quently observed in agates and it is generally explained
as an overprinting of the primary composition by “the
preferred complexation of released HREE by carbon-
ate- and F-complexes during the alteration and trans-
port processes” (see e.g., Gotze et al. 2016 also quot-
ing Wood 1990). Similar processes are involved in Ba
mobilization as sulphate and carbonate.

(f) Based on isotopic measurements, these chalcedonies
and agates come from different localities and were
likely formed at different times. One possible explana-
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«Fig. 11 Geochemical profiles on samples Win7 and 9. Both macro
(scanner) and micro (optical microscopy) images have been provided
per each sample. Along Fe and Mn profiles, Bk blackish, G grey, W
white. Sample Win7: The inner area is filled by macrocrystalline
granular quartz while the edges are made of microcrystalline granular
quartz. Regular trends are not evident, except for Na, B, Ge, Rb, Sc
and V (the latter two not shown), which show higher levels in macro-
than in micro-crystalline quartz. This sample has no chalcedony.
Sample Win9: From the inner area characterised by thin alternating
bands, to the outer bands of concentric length-slow and length-fast
chalcedony, Al, Fe, Mn, Mg, Sr and Ba show a flat pattern until point
5, followed by a sudden increase at no. 6 and a further decrease at
nos. 7 and 8, overall inverse to the patterns of Si and B. Na and Rb
show similar patterns to the former ones, except at no. 8

tion for the differences would be that they are of hydro-
thermal origin, forming at similar temperatures in the
presence of isotopically similar fluids that may even be
of late magmatic origin (see Fig. 13 for comparison).

This scenario would, therefore, imply a circulation of
hydrothermal fluids that, geochemically diversified dia-
chronically/geographically in terms of HF, H,0, CO, and
H,S contents, have variably acted on host rocks, resulting in
a consequent diversification of the chalcedonies and agates.

Acidic—oxidising conditions are part of this reconstruc-
tion, as evidenced by the negative Ce anomaly and posi-
tive U anomaly. The Ce negative anomaly is explained by
the redox-sensitive behavior of this element (e.g., Liu et al.
1988; Braun et al. 1990; Bau et al. 1996; Shields and Stille
2001; Bau and Koschinsky 2009) that passes from the sol-
uble state (trivalent) in a reducing medium, to an insolu-
ble state (tetravalent) in an oxidizing medium. Hence, Ce
anomalies are indicative of the redox conditions which were
prevailing when REE were incorporated into the chalcedony/
agate and geode filling. In this case, both Windsorton agates
and Drakensberg samples show negative anomalies which
are indicative of oxidizing conditions, suitable for stabilizing
Ce**. The absence of slightly positive Eu anomalies of the
same agates coincides with the Ce anomaly and, therefore,
with the reconstruction of oxidizing conditions during agate
formation. Similarly, high U amounts support the fact that
U is more soluble in oxidizing, alkaline and carbonate-rich
water than under acidic, reducing conditions. In this regard,
the capacity of organic compounds to mobilize specific ele-
ments, the high amounts of B, Ge and Hf may suggests that
organic material played a role, as it enhances the mobiliza-
tion of B, especially in acidic conditions, thereby increasing
Hf concentrations in water and complexation with Ge with
the humic acid component (for Ge see Wedepohl 1978).

The extent of chemical weathering is evident at the scale
of the single specimen (i.e., the higher heterogeneity of
Windsorton agates with respect to the Drakensberg sam-
ples) while it does not seem to have left significant traces at
the scale of the average group values. In these cases, it is,

therefore, advisable to obtain a good number of samples to
be sure of a representative statistic.

Finally, it is worth underlining that other factors may con-
trol the chalcedonies/agate composition. In detail, elements
can be either incorporated or bound to micro-inclusions
(e.g., Al), or preferentially incorporated in the structure
of specific mineral phases (e.g., Al, Na, Rb, Sr and Ba in
Drakensberg samples whose correlated trends seems due to
feldspar impurities or Ge in quartz), or even preferentially
present in micro-inclusions (e.g., Fe and Mn). Indeed, crys-
tal-chemical rules generally control the distribution of REE,
based on their relative differences in ionic radii and charge
(ionic radii of LREE (La**~Eu**)=1.18-1.07 A; HREE
(Y?* with Gd**—Lu’*)=1.07-0.97 A). As for chalcedony
and agates, this “crystallographic control” is difficult to real-
ize (REE ions seem too large to be incorporated into the
structure) but, in absence of fluid-bearing micro-inclusions
(which are usually enriched in REE) may explain the enrich-
ment of small HREE rather than bigger LREE. Similarly, the
relative abundance of Ge may have substituted for silicon
atoms.

Furthermore, the compositional differences observed in
relation to textures, may be related to the different uptake-
capacity of the different textures with respect to the different
atoms. In fact, as Wang and Merino (1995) clearly explained
“agates are a remarkable case of textural and compositional
self-organization”, the latter being responsible of a self-
purification (see also Wang and Merino 1990; Merino et al.
1995). However, further analyses would be required before
this reconstruction can be confirmed. Similarly, the observa-
tions made on chalcedonies/agates colors would require ad
hoc insights. Indeed, several features may have played a role
(e.g., crystallite size, porosity, water content, Tyndall effect,
Mn amounts, etc.), although Fe oxidation state (blue Fe?™)
may have contributed more than others. The current research
excludes, however, the possibility that Fe amounts—abso-
lute or in relation with manganese—have been somehow
significant in coloring these agates.

Conclusions

The geochemical differences that distinguish Drakensberg
chalcedonies/agates from Windsorton agates cannot be
attributed to the composition of their host rocks. The tholei-
itic basaltic—andesitic lavas of the Allanridge Formation
(Pniel Group, Ventersdorp Supergroup) and the tholeiitic
basaltic—andesitic lavas of the Golden Gate Unit (Barkly
East Formation, Drakensberg Group) proved, in fact, to be
very similar, also in terms of alteration degree.

Conversely, both sample sets have shown characteristic
geochemical features of hydrothermal alteration and the
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oxygen isotope compositions support a relatively low tem-
perature, hydrothermal origin for these agates. Fluids were
heterogeneous and the formation of agates occurred in non-
equilibrium conditions, although oxidizing conditions were
most likely. Several factors coincided in modifying the con-
ditions for both silica precipitation and deposition (different
types of fluids, basic/acidic conditions, oxic/anoxic environ-
ment, element incorporation modalities, and substitutional
properties of specific elements) and, particularly in relation
to alluvial Windsorton agates, it appears that the interaction
with organic compounds as well as the different adsorption

of elements on the surfaces of the iron oxyhydroxides and
clays may have played a significant role.

In contrast to what has been often described in the pre-
vious literature, a direct and clear correlation between the
abundance of chromophores (Fe and Mn) and the color of
the bands is generally absent. Among the numerous phe-
nomena that may have contributed to coloring these chal-
cedonies/agates, Fe oxidation state may have played a more
effective role than its absolute quantities or relative (esp. to
Mn) ratios.

To the best of our knowledge, texture-dependent com-
positional differences have been observed for the first time.

Golden Gate Drakensberg cc. and agates Allanridge F. Windsorton agates
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Fig. 12 a Log-ratio diagram based on log-transformed values of:
Golden Gate Unit (Barkly East Formation, Lesotho Group) based on
samples OXB-65, OXB-66, LWT-49, OXB-64, MLP-184, MLP-185,
MLP-186, analysed by Luttinen (2018); Allanridge F. composition
(Crow and Condie 1988); average values of Drakensberg chalcedo-
nies and agates, omitting sample D7; and average values in Wind-
sorton agates, omitting sample Win6. Chemical Index of Alteration
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Fig. 13 Modified after Gotze e al. 2016. 8'0OVSMOW values of
the Drakensberg and Windsorton chalcedony and agate samples
compared to oxygen isotope data from the literature. SRH sedi-
mentary host rock, HVA hydrothermal vein agate; A =Blanken-
burg et. al 1982; B =Harris 1988; C=Harris 1989; D =Strauch et al.
1994; E=Holzhey 2001; F=Gotze et al. 2001; G=Holzhey 2001;
H=Gotze et al. 2016; I=Fallick et al. 1985; J=Fallick et al. 1987;
K =Gotze et al. 2001; L=Duarte et al. 2011; M =Gotze et al. 2009;
N=Gotze et al. 2001

For the moment, however, the eventual relation between the
chemical composition and the texture must be considered as
a working hypothesis only.
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