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ABSTRACT
This paper shows how heavy minerals and single-grain varietal studies can be conducted on

silt (representing ~ 50% of world’s sediments) sediments to obtain quantitative data as
efficiently as for sand-sized sediments. The analytical workflows include heavy mineral
separation using a wide grain-size window (15-355 p) analysed through integrated optical
analysis, RAMAN spectroscopy, QEMSCAN microscopy, U-Pb dating of detrital zircon.
Upper Jurassic-Cretaceous silt-sized sediments from the Mandawa basin of central-southern
Tanzania have been selected for the scope of this research. Raman-aided heavy mineral
analysis reveals garnet and apatite to be the most common minerals together with durable
zircon, tourmaline and subordinate rutile. Accessory but diagnostic phases are titanite,
staurolite, epidote, and monazite. Etch pits on garnet and cockscomb features on staurolite
document the significant effect of diagenesis on the pristine heavy mineral assemblage.
Multivariate statistical analysis highlights a close association among durable minerals
(zircon, tourmaline and rutile, ZTR) while garnet and apatite plot alone reflecting
independence between the three group of variables with garnet increasing in Jurassic
samples. Raman data for garnet end-member analysis document different associations
between Jurassic (richer in A, Bi and Bii types) and Cretaceous (dominant A, Ci and Cii
types) samples. U-Pb dating of detrital zircon and their statistical integration with the above
mentioned datasets provide further insights on changes in provenance and/or drainage

systems. Metamorphic rocks of the early and late Pan-African orogeny terranes of the
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Mozambique belt and those of the Irumide Belt acted as main source of sediment during the
Jurassic. Cretaceous sediments record a broadening of the drainage system reaching as far

as the Usagran-Ubendian Belt and the Tanzanian Archean Craton.

Introduction

Provenance studies traditionally focus on the sand fraction and include a number of
techniques as for instance optical and digital petrography, heavy mineral analysis, bulk-rock
and single-grain geochemistry and geochronology (e.g. Gazzi, 1966, Dickinson, 1970,
Valloni and Maynard, 1981, Zuffa 1985, Ingersoll, 1990, Lihou and Mange, 1996, von
Eynatten and Gaupp, 1999, Garzanti et al., 2007, Ando et al. 2011, von Eynatten and Dunkl,
2012, Caracciolo et al., 2015). The provenance of other clastic sediment fractions is
generally disregarded for a number of reasons. Conglomerates represent a small
percentage of the sedimentary record (~1%) and generally reflect provenance from first
order environments as alluvial fan, coarse grained braided and meandering rivers and more

rarely deltas.

Even though the silt fraction represents ~50% of the sedimentary record, the
guantitative analysis of the finer-grained portion of siliciclastic sediments is generally
disregarded or limited to mineralogical (XRD) and geochemical (major, trace and REE
elements) analyses (Ando et al., 2011, Caracciolo et al., 2015). However, provenance
interpretations of both mineralogy and inorganic geochemistry may lead to ambiguous
results, especially when evaluated in light of climate and chemical weathering (Basu et al.,
2015, Garzanti et al., 2015). In fact, most of the assumptions used to constrain provenance
are based on the paradigm that silt is impermeable and substantially immune to diagenetic
overprint. An assumption that is easily challenged by the shale gas industry which is based
on the evaluation of diagenesis, petrophysical parameters (especially porosity and
permeability) and eventually reservoir quality (e.g. Armitage et al., 2010, Aplin and
Macquaker, 2011, Dayal et al., 2017) . Kaolinite, illite and other clay minerals cannot be
certainly attributed to weathering of the source area nor to diagenesis unless more detailed
analysis are performed. Even when immobile trace elements are used for provenance (e.g.
Y/Ni, Cr/V, Th/Sc — Taylor & McLennan, 1985, Nesbitt & Markovics, 1997), the resolution to
which sourcing lithologies are identified is generally low and expressed in terms of mafic vs
felsic, which is too low a resolution to precisely identify the specific parent rocks of the
sediment. Furthermore, immobile elements (e.g. chromium, yttrium, caesium etc.) are also

commonly trapped in clay minerals, either during deposition and diagenetic phases
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(Frysinger and Thomas, 1960, Galen et al., 1960, Aagard et al., 1974, Maksimovi¢ et al.,
1981, Syed, 1999).

The recent proliferation of analytical tools, such as Raman spectroscopy and
‘quantitative  evaluation of minerals by scanning electron microscopy’ (QEMSCAN), allows
today to obtain quantitative and semi-quantitative data to properly constrain provenance
signatures recorded in the silt fraction, offering the opportunity to develop a brand-new way
to tackle the analysis of fine-grained sediments. While QEMSCAN provides semi-
guantitative mineralogical (volumetric) data that can be used efficiently for determining bulk-
rock composition and observe rock textural parameters, Raman spectroscopy permits the
quick identification of heavy minerals and is particularly useful in discriminating mineral
polymorphs, such as TiO, oxides (rutile, brookite and anatase), CaCO; phases (calcite,
dolomite and aragonite), metamorphic quartz and feldspar types, garnet end-members,
zircon, tourmaline, amphibole and epidote types (Gasharova et al., 1997, Nasdala 2004,
Bersani et al, 2009, Hoang et al., 2011, Ando et al., 2014, Skulteti et al., 2016).

Having the chance to analyse heavy minerals within the silt fraction by applying the
same techniques routinely used in sandstone provenance is a paradigm shift that can permit
the reconstruction of dispersal mechanisms of most fine-grained material in an
unprecedented way. Sediment flux and suspended load can be better understood and
efficiently linked to erosional processes (e.g. Garzanti et al., 2011) and contribute it to the

reconstruction of drainage systems.

In this paper, we aim at providing a full-blown compositional approach to serve as a
workflow to determine the provenance of silt material without necessarily using bulk rock
geochemistry, or at least without needing to rely on uncertain variables that can’t be
unequivocally attributed to a specific sedimentary process (e.g. chemical weathering vs
diagenetic overprint). The multidisciplinary approach includes a Raman aided heavy mineral
point count (Ando et al., 2011, Garzanti et al., 2011, Andd and Garzanti, 2013) -, Raman
derived garnet typing for end-member recalculation (Bersani et al.,, 2008), QEMSCAN
analysis for automated mineral phase mapping, and detrital zircon geochronology. To
investigate the level of similarity of individual cases of one/mulitple dataset samples have
been statistically processed using multidimensional scaling techniques in order to (i)
integrate the different datasets derived from quantitative and semi-quantitative analyses, (ii)
link compositional signatures to better understand drainage evolution in relation to Mesozoic
stratigraphy of the Mandawa Basin, and (iii) maximise the interpretation potential. The

available stratigraphic framework for the Mandawa Basin is currently under review which will
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possibly result into modifications. Therefore, the results presented in the manuscript are
intended to contribute to the analytical improvement used for the analysis of silt rather than

solving major geological problems for the Mesozoic of southern Tanzania.

In the last decade, hydrocarbon exploration has focused on unconventional plays,
producing oil and gas from shale formations and is therefore crucial to be able to apply
provenance techniques not only to sand deposits but also to the finest fractions of the
sediment. The analytical approach and the integration of different data sets provided in the
study is particularly attractive for silty-rich unconventional plays in which reservoir quality is
controlled by provenance changes through time (e.g. Montney play in western Canada,
Egbobawaye, 2013, Morris et al., 2014)

Regional geology of Tanzania and northern Mozambique

East African geology consists of a complex assemblage of metamorphic terranes of
different composition and age and of cratons, such as the Mozambique Belt and the
Tanzanian Craton (Figure 1). The latter comprises a granitoid-migmatite-gneiss terrane
surrounded by schist and formed at a convergent margin prior to 2500 Ma, as indicated by
zircon ages occurring at ~2660 Ma (Mansur, 2008), although ages of >3200 Ma have also
been reported (e.g. Kabete, 2008). Moreover, in the north-western Tanzanian Craton, mafic
rocks of ~2800-2600 Ma are reported (Cook et al., 2015, and references therein).

The Mozambique Belt (MB) constitutes part of the East African Orogen and covers
much of eastern Tanzania and northern Mozambique and is predominantly composed of
granulite- and amphibolite-facies rocks, and is formed of numerous crustal blocks, such as
the Eastern and Western Granulites, the Cabo Delgado Nappe Complex, the Usagaran-
Ubendian Belt (UUB), the Kibaran Belt (KB), and the Irumide Belt (IB, Figure 1). The
Neoproterozoic—early Cambrian tectonothermal overprint is documented by metamorphic
zircons, recording high-temperature and high-pressure metamorphic events at ~650-620 Ma
and ~550 Ma (Kroner et al., 2003, Sommer et al., 2003, 2005). Moreover, zircon
crystallisation ages of ~1150-950 Ma are recorded in parts of the MB (Kroner et al., 2003,
Tenzer et al., 2006).

The UUB, located east (Usagaran Belt), south, and west (Ubendian Belt) of the
Tanzanian Craton (Figure 1), is predominantly made up of granitoids and granitoid gneisses,
whereas paragneisses occur less frequently (Fritz et al., 2013, and references therein). Parts

of the belt underwent ultra-high pressure metamorphism, producing some eclogite-facies
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rocks (Mdller et al., 1995). The belt also underwent greenschist-facies regressive
metamorphism with epidote + chlorite + titanite assemblages reported (Lawley et al., 2014,
Sommer and Kroner, 2013). The UUB formed in the Palaeoproterozoic, having 2000-1800
Ma magmatic ages (Gabert and Wendt, 1974, Lenoir et al., 1994, Mdller et al., 1995, Collins
et al. 2004), however an early granulite-facies metamorphism dated at 2100-2025 Ma is
also recorded in the Ubendian Belt (Dodson et al., 1975, Lenoir et al., 1994, Ring et al.,
1997, Muhongo et al., 2002) and the Usagaran Belt contains a component of reworked
Archean crustal fragments (Maboko and Nakamura, 1996, Moller et al., 1998, Maboko,
2000).

The KB, located to the west of the Tanzanian Craton (Figure 1), is made up of
greenschist-to-amphibolite facies metasedimentary rocks intruded by numerous granitoids,
and it records a magmatic intracratonic bimodal event at ~1375 Ma (Tack et al., 2010,
Fernandez-Alonso et al., 2012). The Irumide Belt, located mainly in Zambia and Malawi,
comprises a mix of gneisses and granite gneisses, plus a sequence of quartzite and pelite
(De Waele and Mapani, 2002), and has deformation and metamorphism dated between
1100 and 950 Ma, with peak metamorphism at 1050-1000 Ma (Daly, 2007). In northern and
central Mozambique, the Irumide Belt contains large volumes of orthogneisse emplaced
between 1062 and 946 Ma, granulite-facies metamorphic rocks of ~953 Ma (Bingen et al.,
2009, Sommer and Kréner, 2013).

Based on the geological background given above and in agreement with Roberts et al.
(2012), the expected ages of the detrital zircon grains can be related to the following
provenances: (i) 250 Ma and ~160 Ma Ma: alkaline volcanics (associated with the East
African Rift System, Roberts et al.,, 2012, and references therein), (ii) 650 Ma - 450 Ma:
Mozambique Belt, late Pan-African event, (iii) 800 Ma - 650 Ma: Mozambique Belt, early
Pan-African event, (iv) 1100 — 1000 Ma: Irumide Belt, (v) 1500 Ma - 1300 Ma: Kibaran Belt,
(vi) 2100 Ma - 1800 Ma: UUB, and (vii) >2400Ma: Tanzanian Archean Craton.

The evolution of the Mandawa Basin and its sediment provenance

The Mandawa Basin (Figure 2) of coastal southern Tanzania is one of many coastal
rift basins located along the coast of East Africa that developed in response to the break-up
of Gondwana during the early Mesozoic Era (Kent et al., 1971, Geiger et al., 2004,
Schandelmeier et al., 2004, Nicholas et al. 2007, Hudson, 2010, Hudson & Nicholas 2015).
Mesozoic sedimentation in the Mandawa Basin is largely controlled by variations in sea-

level, with coarser-grained material being deposited in the central areas during times of
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eustatic lowstand. The Mandawa Basin also experienced fully evaporitic conditions during
the earlier stages of sedimentation (i.e. during the early Jurassic, or possibly Triassic
periods). A period of tectonic stability lasted from the Late Cretaceous to Early Oligocene
epochs and a passive margin developed along the coastal zone of the Mandawa Basin,
where thick clay-prone successions defined as the Kilwa Group accumulated (Pearson et al.,
2004, 2006, Nicholas et al., 2006, Berrocoso et al., 2010, 2012, 2015).

Petrographic and conventional heavy mineral analyses have been performed by
Nerbraten (2014) on selected Mesozoic and Cenozoic sandstones in the Mandawa Basin.
Nerbraten (op. cit.) observes: (i) apatite + garnet = titanite in (?)Triassic/Jurassic alluvial
sandstones, (i) an ultrastable-rich HM assemblage in Late Jurassic coastal and tidal
sandstones and in few Cretaceous deltaic sandstones, (iii) apatite + garnet = titanite * zircon
+ tourmaline in Cretaceous marine sandstones. In the onshore basin, the Cretaceous
changes in the HM assemblage is attributed to either a change in sediment provenance
within the Mandawa Basin and/or the preservation of less stable HM in the younger

sediments.

A more recent study from Fossum et al. (2018) subdivided the analysed sandstones
(Jurassic to Paleogene) in 4 groups according to characteristic heavy mineral types: 1)
Garnet dominated (occurring regularly from the Middle Jurassic to the Eocene), (2) Calcic
amphibole dominated (occurs in association with garnet, titanite, apatite and epidote, with
minor kyanite and staurolite), (3) Zircon dominated (Upper Jurassic and Lower Cretaceous
samples, and (4) Epidote dominated (Middle Eocene — Oligocene samples) sandstone
associated with non-opaque heavy mineral species such as garnet, titanite, apatite, zircon
and tourmaline. The integration of heavy mineral data with additional datasets derived from
garnet and amphibole geochemistry, and detrital zircon geochronology were interpreted by
the authors as reflecting a sediment supply sourced from several uplifted basement terranes
and/or Karoo formations and conclude that the transportation system drained more or less

the same terranes through most of Middle Jurassic to Eocene.

Sampling and methods
15 samples have been collected from the northern and central portion of the Mandawa Basin

(Figure 2) and span the Middle Jurassic (2 samples), Late Jurassic (4 samples) and Early
Cretaceous (9 samples). In this paper, the samples are not assigned to specific formations,
but are grouped by the broad ages of the sediment they occur within. Samples have been

disaggregated and processed for heavy mineral separation (2.90 Na-polytungstate,
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centrifuged and recovered by nitrogen freezing) and subsequent heavy mineral (optical,
Raman and QEMSCAN for automated phase mapping) and grain varietal (garnet end-

members and detrital zircon U-Pb dating) analyses.

Optical Heavy mineral analysis

More than 200 transparent heavy minerals of detrital origin were optically identified in
each sample using a polarizing microscope and counted applying the area method on
fourteen of them (Galehouse, 1971, Mange and Maurer, 1992), while the point-count method
has only been used on one sample (sample id: MDW - 164). Other transparent grains of
suspected authigenic or spurious origin, including Ti aggregates, commonly resulted too
numerous to count. Uncertainty during grain classification was eliminated by using Raman

spectroscopy, which was also applied to identify anatase in crystals or Ti-aggregates.

Raman analysis

Raman spectroscopy is used with the purpose of reducing the uncertainty in
classifying the smallest grains for which optical properties are difficult to be observed.
Spectra acquisition was obtained using an inVia Renishaw spectrometer equipped with a
532nm green laser using both 50x and 20x objectives. Spectra were collected after 20
cycles of 1 second acquisition in the spectral range 149-1900 cm™. Grains were individually
selected for analysis with time and focus being set by experienced operator. Further details
on the collection of Raman spectra are available in Ando and Garzanti (2013). The spectrum
of the bonding resin (Canada balsam) — the intense peaks of which may interfere with the
diagnostic peaks of heavy minerals — was subtracted from collected spectra and the
obtained Raman spectrum interpreted by comparison with literature data, public (e.g.,
RRUFF: http://rruff.info) and private ( Laboratory of Provenance Analysis of Milano-Bicocca,
Ando et al.,, 2011) mineralogical database. Raman spectroscopy was also applied to
determine garnet types and end-members composition. Raman spectroscopy has been
preferred to traditional microprobe analysis for a number of reasons. First, silt material is
extremely fine. Handpicking 100 grains for microcrobe analysis would be extremely difficult
and potentially introduce biases related to selective choice of garnet crystals which are
easier to identify because of coarser size or specific colours facilitating their identification.
Secondly, mount polishing for microprobe sample preparation would easily determine a
substantial loss of grains, hence reducing the number of analysed crystals and consequent

statistical robustness of the dataset and interpretation. Garnet end-members were
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recalculated following the approach of Bersani et al. (2009). The 6 main peaks characteristic
of garnet types have been evaluated for each spectrum. Peak positions have been extracted
(in cm™ with an error of £ 0.3 cm™) and processed after the fitting of a Gaussian-Lorentzian
polynomial curve. The MIRAGEM algorithm (Bersani et al. 2009) was applied to assign the
correspondent end-member to each grain— according to Mange and Morton 2007 - after
obtaining the molar percentages for each garnet. In a few cases, uncertain intensity of
diagnostic peaks related - for instance - to mineral orientation could cause a slight
overestimation of a certain component (e.g. a pyrope with unusually high grossular

component).
QEMSCAN analysis

QEMSCAN (“Quantitative Evaluation of Minerals by SCANning electron microscopy”) is
a scanning electron microscope equipped with an Energy Dispersive X-ray Spectra (EDS)
detector. It produces detailed maps of the chemical compaosition of polished rock and
mineral surfaces (Sutherland and Gottlieb, 1991, Allen et al., 2012). These maps can be
augmented with isotopic data by pairing the QEMSCAN instrument with a Laser Ablation
Inductively Coupled Plasma Mass Spectrometer (LAICPMS). The resulting
QEMSCAN+LAICPMS instrument suite greatly increases the throughput of igneous,
metamorphic and detrital geochronology by reducing or entirely removing the need for
mineral separation (Vermeesch et al., 2017). In the context of sedimentary provenance
analysis, QEMSCAN+LAICPMS does not only increase sample throughput, but also
reduces selection bias as well (Vermeesch et al., 2017, Garzanti et al., 2018). In the present
study, we have tasked the QEMSCAN to locate all zircon grains in a heavy mineral
separate. The centre points of a representative number of these grains were then dated by

the U-Pb method without further manual intervention..

Detrital zircon U/Pb geochronology

The QEMSCAN “automated phase mapping” approach described in the previous
section yielded >60 zircon grains for 11 out of our 15 samples, ensuring with 95%
confidence that no fraction greater than 8.5% of the underlying population was missed
(Vermeesch, 2004). Two samples yielded 46 and 39 zircons, respectively, thus incurring a
5% risk of missing at least one 12% or 10% fraction, respectively. The remaining two

samples did not yield sufficient zircon to constrain a U-Pb age spectrum.

Zircon age measurements followed Jackson et al. (2004), and were performed using a
New-Wave NWR193 excimer laser connected to an Agilent 7700x quadrupole ICPMS.

Repeated measurements of external zircon standard PleSovice (TIMS reference age 337.13
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+ 0.37 Ma, Slama et al., 2008) are used to correct for instrumental mass bias and depth-
dependent inter-element fractionation of Pb, Th and U. Typical ablation parameters were 20
pm spot size, 11 Hz repetition rate and an energy fluence of 2.2 J/cm?. Data reduction used
Glitter 4.4 (Griffin et al., 2008) and age calculations followed Ludwig (1998, 2008). The
calculated ?*°Pb/?®U age was used for grains younger than 1100 Ma, and the ?°’Pb/?*®*Pb
age for older grains. Grains with a complex growth history or disturbed isotopic ratios, with >

+5/-15% discordance, were rejected.

Statistical integration of the dataset
Heavy mineral compositions from all datasets were analysed by principal component

analysis (PCA) using Aitchison (1986)’'s centred log-ratio (clr) transformation. The results of
this analysis are represented as biplots. These consist of two superimposed ‘maps’
representing the samples and the variables (minerals). See Tolosana-Delgado et al. (2005)
and Caracciolo et al. (2012) for further details about further details about the theoretical
background and interpretation of biplots.

In addition to these compositional data, our dataset also comprises a number of
distributional datasets (Vermeesch et al., 2016), including zircon U-Pb data and the single
grain garnet compositions. These data are analysed by multidimensional scaling (MDS), an
ordination technique that is closely related to PCA (Vermeesch, 2013). Given a table of
pairwise ‘dissimilarities’ between ‘objects’, MDS produces a ‘map’ in which similar objects
plot close together and dissimilar one plot far apart. In the context of this study, the ‘objects’
are samples and the ‘dissimilarities’ are given by the Kolmogorov-Smirnov statistic
(Vermeesch, 2018).

Our study involves one compositional dataset and five distributional datasets.
Individually analysing these data by PCA/MDS vyields six pieces of graphical output. Jointly
analysing this entire ‘big’ dataset is a non-trivial exercise that requires further statistical
simplification. In this study, we will do so by means of three-way MDS (Vermeesch and
Garzanti, 2015, Vermeesch et al., 2016). In contrast with conventional MDS, but similar to

PCA, this technique produces not one but two pieces of graphical output.

The ‘group configuration’ displays the samples and represents a ‘consensus’ view
obtained by jointly considering all the provenance proxies. In addition to this map, 3-way
MDS produces a second scatter plot of the provenance proxies. This plot displays the
‘weights’ that each of the provenance proxies attach to the horizontal and vertical axis of the
group configuration. The combination of the group configuration and the weights serves a

similar purpose as the biplot discussed in the context of PCA.
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Results
Heavy Mineral Analysis

The general heavy mineral content in analysed siltstone samples is rather low as
demonstrated by correspondent values of the heavy mineral percentage, varying between
0.2% and 2.3% of separated material. A minimum of 200 transparent heavy minerals have
been counted for each sample and classified according to both textural properties and
degree of corrosion according to the catalogue included in Ando et al. (2012). Analytical
results are shown in Table 1. The heavy minerals encountered during optical point count are
(Table 1, Figure 3a): apatite (0-81%), zircon (4-62%), garnet (0-55%), tourmaline (6-40%,
both dravite and schdrl), titanite (0-21%), rutile (3-19%), epidote (0-14%), and lower
amounts of staurolite (up to 5%), monazite (up to 2%), Cr-spinel (observed in only two
samples) and kyanite (one sample). Other heavy minerals (e.g. anatase, biotite, carbonates,
chlorite, and barite), rare light minerals, and rock fragments, although recognised, have
been excluded from Table 1.

Jurassic samples are mainly dominated by apatite and ultrastable minerals (Ap% + ZTR
= 97%). The sum of garnet, staurolite and kyanite is >50% in two samples only. The heavy
mineral assemblage of Cretaceous samples of the central Mandawa basin is dominated by
ultrastable minerals (zircon, tourmaline, rutile, ZTR=90%). The percentage of rounded heavy
minerals is <6%, and the one of subrounded grains is 9-34% with the highest concentration
of rounded and sub-rounded grains observed in Early Cretaceous samples of the Southern
Mandawa Basin. Between 15% and 56% of the observed heavy minerals are corroded
(Table 1). The amount of rounded and subrounded heavy minerals is proportional with the
abundance of ultrastable minerals, the percentage of corroded heavy minerals is inversely
proportional with both apatite abundance and ZTR value (Table 1). The following
mineralogical associations are highlighted by the compositional biplot (Figure 3b): apatite,
garnet and the ultrastable ZTR group.

Garnet typing

A total of 1015 garnet grains have been measured and processed for assignment to
correspondent end-members (Figure 4a-d). Garnet types and field for provenance are those
included in Mange and Morton (2007). Nine out of 15 samples hosted enough garnet grains
to obtain statistically representative data for which 100 grains per sample were analysed. 2
samples (MDW-76 and MDW-318) were extremely poor in garnet, and only 4 and 11 grains

respectively have been analysed. The 4 remaining samples delivered > 40 garnet for
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analysis and end-member recalculation. Less than 1% of analysed garnets provided
uncertain compositions including an unusually high pyrope and grossular component (Fig.
4a). According to Mange and Morton (2007) the large majority of garnet end-members
consist of (Figure 4a) A (high-grade granulite facies metasediments) and Ci+Cii (high-grade
metabasic and ultramafic rocks) types representing together more than 70% of analysed
grains. Bi (granitoid and intermediate acid igneous rocks) and Bii (amphibolite facies
metasediments) types vary in concentration between 20% and 30%, except in sample MDW-
302 where they reach 58%. Other types occur in low concentrations and vary between 0%
and 8%.

Detrital zircon U/Pb geochronology

Jurassic samples contain abundant zircon grains displaying dominant age populations
of 650-450 Ma, 650-800 Ma, and 1100-800 Ma and subordinate grain populations dated
<300 Ma and 2100-1800 Ma (Figure 5a-b). Detrital zircons with ages 1500-1300 Ma and
>2400 Ma have been also detected but in lower amounts and not in all samples. Sample
MDW-294 (Southern Mandawa Basin) displays higher proportions of grains with ages of
<300 Ma and 2100-1800 Ma than observed in other Middle Jurassic samples. Sample
MDW-318 only shows detrital zircons populations of 650-450 Ma, 650-800 Ma, and 1100-
800 Ma, however, the amount of detrital zircons identified and analysed for this sample is
extremely low (n=16) and would therefore represent the most dominant set of populations

only.

Cretaceous samples contain higher amounts of detrital zircon dated 650-450 Ma
(Figure 5a-b). Three samples (MDW-813, MDW-32, and MDW-8_ 39) also show abundant
<300 Ma zircon grains, though the remaining samples show abundant 2100-1800 Ma zircon
grains. Detrital zircon grains dated 1100-800 Ma are also common in most of the samples,
whereas zircons dated 650-800 Ma are scarce. Zircon of >2400 Ma are low although
significantly higher than in Jurassic samples (Fig. 5b).

Four Cretaceous samples contain abundant 650-450 Ma, 1100-800 Ma, 2100-800 Ma
zircon ages, three samples (MDW-32, MDW-112, and MDW-220) also contain abundant
<300 Ma and 650-800 Ma zircon ages. Moreover, the amount of >2400 Ma detrital zircon

observed in Cretaceous samples is larger than those found in Jurassic samples (Fig. 5b).
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Discussion

Compositional signatures and statistical data processing
Heavy mineral assemblages

Heavy mineral assemblages of fine-grained sediments of the Jurassic-Cretaceous
Mandawa basin do not provide relevant information highlighting changes in provenance
and/or modification to drainages between the Jurassic and Cretaceous (Fig. 3a). However,
multivariate statistical data processing provides a better picture describing mineral
associations and their variations in relation to sediment average composition. Three groups
of variables consisting of garnet, apatite and ultrastable association of zircon, tourmaline
and rutile (ZTR) are confidently established (Fig. 3b). The length of the links for garnet and
apatite indicates much higher variability compared to ZTR which clearly represent most of
the heavy mineral assemblage in each of the analysed samples. The geometrical
relationships between these groups of variables suggest three distinct sources of sediments,
with ZTR being representative of older sedimentary rocks. Apatite is likely related to acid
igneous rock which are included in all of the terranes evaluated as potential source rocks of
sediments. Point count data for textural typing of heavy minerals strengthen the idea of a
polycyclic sedimentation and provide evidence suggesting depletion in heavy mineral
species due to weathering/diagenetic processes. In fact, corroded grains increase
proportionally to the decrease of ZTR minerals. If titanite is considered, apatite displays a
higher association with ZTR suggesting that at least part of the latter may be linked to
apatite, reflecting provenance from granitoid rocks (Figure 3b). Cretaceous samples have
higher garnet and titanite compared to the Jurassic ones which are enriched in ZTR
minerals. Such data are in agreement with previous studies (e.g. Nerbraten, 2014),
especially regarding the ZTR, apatite, garnet and titanite detrital phases. Differences in
amounts (e.g. titanite) are attributable to implicit differences in grain-size and consequent

sediment fractionation.
Single-grain compositional analysis

Compositional signatures for garnet end-members (Figure 4) reflect erosion of
dominantly high-grade granulite metasediments (Type A of Mange and Morton, 2007), low-
moderate grade metasediments, granite and intermediate-acidic gneisses and amphibolite
facies (Type Bi and Bii of Mange and Morton, 2007) with A, Bi and Bii types being more

abundant in Jurassic samples while Ci and Cii in Cretaceous samples. The latter indicates
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increasing sediment supply from metamafic lithologies through time. Although in different
proportions, garnet types are in agreement to those reported in Fossum et al. (2018). Such
differences can either be attributed grain-size (cfr. Krippner et al. 2016) or broader sediment
routing system for silty sediments. The multi-dimensional scaling of almandine (Figure 4b)
in particular show clear differences in terms of distribution and occurrence of Bi-Bii garnet
types during Jurassic and Cretaceous sedimentation. However, changes in the proportion of
garnet types through time are highlighted by the group configuration map including obtained
from the 3-ways multidimensional scaling (Figure 4c). As for almandine, Jurassic and
Cretaceous samples cluster in two different regions suggesting a different assemblage of
garnet types and possibly the modification of the drainages transporting sediments into the
Mandawa basin. The source weight for the 3-ways MDS display a configuration in which
pyrope attaches equal weights to the X- and Y-dimension. However, the fact that the
Cretaceous samples plot to the left of the Jurassic samples indicates that their grossular and
almandine distributions are different. On the other hand, the fact that Cretaceous samples
plot above the Jurassic samples indicates that their spessartine and andradite distributions
are different with pyrope distributions affecting both dimensions equally. In terms of
sediment provenance, both the MDS and 3-ways MDS provide additional elements
indicating that to the increase of garnet and apatite correspond an increase of Ci and Cii
types garnet and that, when all garnet types are considered, dissimilarities between Jurassic
and Cretaceous samples consist in the different association and distribution of grossular-

almandine and spessartine-andradite respectively.

KDE detrital zircon age distributions (Figure 5b) alone is already sufficient to visually
estimate the differences between Jurassic and Cretaceous samples. The former include
zircon displaying ages of mostly 650-450 Ma, 650-800 Ma, and 1100-800 Ma,
corresponding to those from (i) the last Pan-African metamorphic terranes of the
Mozambique Belt, (ii) the igneous emplacement event in the southern Mozambique Belt
(early Pan-African event) and the Irumide Belt respectively. < 300 Ma ages are difficult to
interpret and may be partly associated to the initiation of the Gondwana rifting event.
Cretaceous samples have a different age distribution, especially in regard to the abundance
of grains from the IB and UUB. Furthermore, they contain significantly higher amounts of
Neoarchean zircon attributable to the Tanzanian Craton. The MDS (Figure 5¢) enhances the
difference between samples as they are strongly age-clustered in two groups with only one

Cretaceous sample outlying and grouping with Jurassic samples.
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Interpretation of paleo-drainages and sediment dispersal pathways

Compositional signatures of Jurassic samples suggest a mixed provenance including
recycling of older sedimentary successions and erosion of mostly felsic rocks. Indications
from detrital zircon geochronology allow to confidently identify the Early- and Late Pan-
African (gneisses-gneissic granite + quartzites and pelites — 1100-950 Ma, De Waele and
Mapani, 2002) orogeny terranes of the MB and the IB as the main sources, with increasing
sediment from the latter being eroded and transported during the Upper Jurassic —
Cretaceous boundary. Contributions from the UUB are negligible at this time. Garnet end-
members also vary, older samples being richer in A-type garnet derived from high-grade
granulite metasediments and those from the Upper Jurassic being enriched in Bi- and Bii
types derived from granite and amphibolite facies metasediments (Figures 4 and 6). Detrital
zircon populations from Cretaceous samples document a significant broadening of the
drainage system further extending into the IB and reaching as far as the granitoids and
granitoid gneisses of the UUB (2000-1800 Ma magmatic ages, e.g. Collins et al., 2004) and
those of the Tanzanian Archean Craton (>2500 Ma). Garnet compositional signatures of
Cretaceous samples also indicate the broadening of paleodrainages which is represented by
the marked increase in the pyrope component of detrital garnets (Figures 4 and 6). High-
pressure rocks in eclogite-facies of the UUB and the metamafic rocks of UUB and the
Archean Craton are the most likely source of Ci-Cii type detrital garnet during Cretaceous
(Moller et al., 1995). The higher pyrope component suggests increasing erosion of eclogite
terranes from the Jurassic to the Cretaceous. According to detrital zircon signatures, these
terranes are identified in the eclogite of the Usagran and Ubendian belts (cfr. Boniface &
Schenk). Although in small amounts, grossular (common in skarn and carbonatite) is only
found in Cretaceous samples and, according to the occurrence in the region, is attributed to
the Neoproterozoic Upper Ruvubu Alkaline Plutonic Complex (URAPC, Midende et al., 2014
and references therein) where carbonatite rocks are found in the Matongo Massif. The link to
the URAPC is further strengthen by the 750 Ma age, a peak which increases in the detrital
U-Pb age distribution included in this study (Figure 5).

3-way MDS

The source weight for the 3-ways MDS including garnet, detrital zircon (DZ) and heavy
mineral database display a configuration in which DZ and garnet weights determine the
difference between Jurassic and Cretaceous samples (Figure 7). However, the fact that the
Cretaceous samples plot to the left of the Jurassic samples indicates that their heavy mineral

distribution is also different. Heavy mineral data, in fact, indicate increasing amounts of
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garnet and titanite through time. On the other hand, source weights variations along the Y
axis highlight the difference in DZ ages and garnet types between Jurassic and Cretaceous
samples due to (i) increasing contribution from older terranes (UUB and Tanzanian Archean
Craton) through time and (ii) garnet types changing in composition from dominantly A-Bi-Bii
types to mostly A-Ci-Cii types. Compositional signatures included in this study are the same
of those of Fossum et al. 2018. However, proportions between U-Pb age distribution and
garnet end-members are different and lead to different conclusions. While Fossum et al.
(2018) propose an unchanged sediment routing system between the Jurassic and the
Eocene, our dataset support a broadening of the drainage system in the Cretaceous that
increasingly extended as far as the Archean Craton and the Usagran-Ubendian and Kiraban-
Urumide belts. Such differences are not necessarily related to data quality and/or
interpretation but, more probably, to grain-size and hydraulic sorting controlled compositional

features for heavy minerals, zircon and garnet.

CONCLUSIONS

The analytical workflow and the processing of compositional data proposed in this
paper constitute an example of how provenance of fine-grained sediments (silt) can be
determined by using the same analytical routine applied - for the same scope - to sand and
sandstone. In order to maximise the chances for successful analyses it is necessary to (i)
perform high quality heavy mineral separation (using centrifuge and liquid nitrogen for
separation and recovery respectively), (i) double-check minerals of uncertain origin with the
help of suitable instruments (iii) having access to Raman spectroscopy for discrimination of
polymorphs and mineral typing (e.g. garnet, zircon etc.), (iv) use the automated phase
mapping tool to get as much as datable grains avoiding biases introduced during grain

handpicking.

The analytical workflow described above has been successful in recognising
provenance changes and drainage modifications between Middle-Late Jurassic and Early
Cretaceous Periods of the Mandawa Basin. Compositional signatures from heavy minerals
are in agreement to those available in the literature and consist of dominant ZTR-apatite
assemblage in Jurassic samples and increasing garnet and titanite during the Cretaceous.
More relevant provenance signatures are provided by Raman garnet-end member analysis
and detrital zircon U-Pb dating. Detrital garnet and zircon grains in Jurassic samples reflect
contributions from mostly high-grade granulite and amphibolite facies metasediments and
granitoid lithologies belonging to the terranes of the early- and late Pan-African Mozambique

Belt and those of the Irumide Belt. Cretaceous samples record modifications and widening of
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the drainage system extending as far as the granitoids and granitoid gneisses and the high-
pressure rocks in eclogite-facies and the metamafic rocks of the Usagran-Ubendian Belt and

Tanzanian Archean Craton.
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FIGURE CAPTIONS

Figure 1. Simplified geological map of central Tanzania. A. Metamorphic terranes and

associated sedimentary basins. B. Geochronological map of terranes of Central Tanzania.

Figure 2. A. Simplified geological Map of the Mandawa Basin and sampling location. B.
Stratigraphic sketch of the Mandawa Basin (modified after Hudson, 2011) showing the

relative position of Cretaceous and Jurassic samples selected for this study.

Figure 3. Summary panel showing: A) Heavy mineral assemblages for Jurassic (MDW-294
to MDW 328) and Cretaceous (MDW-8_39 to MDW-32) samples, B) Biplot showing the
variability of most relevant heavy minerals (right side biplot includes titanite), C)

Representative Raman spectra of heavy minerals from the Mesozoic Mandawa Basin.

Figure 4. Raman garnet typing and end-members recalculation. A) Garnet end-members
including lithological fields for provenance (according to Mange and Morton, 2007), B) Multi-
dimensional scaling (MDS) highlighting the difference in Almandine content between
Jurassic and Cretaceous samples. C) 3-way multidimensional scaling showing different
provenance features and sourcing lithologies between Jurassic and Cretaceous samples
(see explanation in the text, D) Raman spectra of garnet types belonging to Pyralspites

(spessartine, almandine and pyrope) and Grandites (grossular and andradite) groups.

Figure 5. Detrital zircon age distribution in silt samples of the Mesozoic Mandawa Basin. A)
Summary probability density plot (PDP) of ages derived from U-Pb dating of 983 detrital
zircon and their association to main metamorphic events and related terranes in Tanzania,
B) Detailed view of age distributions for analysed samples highlighting the increasing
contribution from the Irumide Belt, Ubendian-Usagran Belt and Archean Craton through
time, C) Multi-dimensional scaling showing the marked difference in zircon age distribution

between Jurassic and Cretaceous samples.

Figure 6. Compositional summary panel including datasets from detrital geochronology,
garnet-end members and heavy minerals derived from both Raman-aided optical point
count showing related compositional changes through time. A, Bi, Bii, Ci, Cii correspond to
the lithological fields of provenance of Mange and Morton, 2007, HM= heavy minerals,

Ap=apatite, Sch=schorl, Rt=rutile, Grt=garnet, Zr=zircon, Tu= Tourmaline.
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Figure 7. 3-way multidimensional scaling basing on heavy mineral, garnet end-members
and detrital zircon databases. The source weights box explains compositional variations: on
the X axis, differences are related to heavy minerals assemblages, Y axis, differences
consist of different detrital zircon age distribution and garnet end-members abundances

between Jurassic and Cretaceous samples (cfr. explanation in the text).
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