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M Insights into past tectonism from authigenic quartz
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Authigenic quartz grains carry information that is diagnostic for the thermal history
and thereby the burial depth and uplift of sediments. Recycled quartz grains with
embayed or rounded authigenic remnants have been observed globally, but the value
of these grains in unravelling past tectonism is presently underexplored. In this study,
we launch a new method to demonstrate that cathodoluminescence (CL) in combi-
nation with fluid inclusion data and textural characteristics of authigenic quartz can
provide important information about past tectonic activity. Vital in the method is the
realisation that recycled quartz grains can be distinguished from other quartz grains
by their geochemical CL fingerprint, allowing tracking of uplifted source terrains in a

direction towards higher fractions of the recycled grains. Furthermore, regional map-
ping can reveal both intra-basinal recycling as well as recycled grains transported into the basin from external sources. The new
proposed method is simple and does not require more than a standard Scanning Electron Microscope equipped with a CL detec-
tor, available at many geoscientific institutions worldwide. This innovative approach applies to a wide section of geoscientific
disciplines, and complement and supplement other conventional methods used for unravelling past tectonism.
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¥ Introduction

Unravelling distinct fingerprints of past tectonic activity from the
sedimentary record is important to understand the basin fill his-
tory. This is however not always straightforward. For example,
persistent individual grains can be buried, uplifted, weathered
and eroded, transported and redeposited, and even undergo
several such cycles reflecting the large scale tectonic processes
operating in the area over time (Fig. 1). In other words, the “sink”
of one sedimentary cycle may act as the “source” for subsequent
sedimentary sequences (Andersen et al., 2016). While detrital
zircon dating in most cases can provide reliable source area ages,
radiation damage (metamictisation) may destroy old age signa-
tures (Andersen et al., 2016), recycling may obscure the source to
sink interpretations, and zircon ages may not be unique for a
given source area (Slagstad and Kirkland, 2017). Conventional
source-to-sink models therefore do not apply to recycled sedi-
ments and the consequences of ignoring or misinterpreting
recycled components as primary deposits may lead to incorrect
provenance interpretations, inaccurate sediment budgeting,
erroneous thermal histories and uplift estimates — ultimately
affecting basin modelling and subsurface predictions.

During a sedimentary cycle, quartz grains can retain part
of the information about their travel and the physical conditions
they have been exposed to without giving information about the
exact timing and duration of tectonic events. Authigenic quartz
cement may form as syntaxial overgrowths on detrital quartz
grains when sediments are buried to 2-3 km depth and temper-
atures reach about 70 °C (Walderhaug, 1994). As cements com-
pletely fill irregular detrital grain surfaces, microscopic pockets of

the diagenetic fluid may be trapped below the cement (Bodnar,
2003). Fluid inclusions carry a geochemical fingerprint of the
temperature and pore water chemistry at the time of quartz
formation, and they can be used as geothermometers and even
tectonic markers recording the physical conditions at the time of
quartz cementation (Walderhaug, 1994; Boullier, 1999).

Another attribute that provides additional information on
the physico-chemical state of the fluid from which quartz crystal-
lised is the cathodoluminescence (CL) spectra emitted after
shooting the crystals with electrons (Gotze et al., 2001; Gotte
and Richter, 2006). The CL spectra may also distinguish several
generations of quartz cement formed during different diagenetic
stages (Demars et al., 1996).

A third factor providing insight into the history of individ-
ual quartz grains is their roundness, traditionally used as an indi-
cator for the degree of weathering and transport (Folk, 1951;
Crook, 1968; Dott, 2003). Syntaxial quartz overgrowths tend
to form sharp edges and straight crystal interfaces when growing
unconfined, whereas chemical weathering and abrasion tend to
smoothen the grain surfaces (Garzanti, 2017). Rounded authi-
genic cements may thus provide evidence for large scale uplift
of a precursor basin and subsequent weathering, erosion and
transport of its sedimentary infill.

Rounded and embayed authigenic quartz cements are
found worldwide, unconstrained by time and space (Fig. 2;
Johnsson et al.,, 1988; Rezaee and Tingate, 1997, Dott, 2003;
Gotte and Richter, 2006; Ulmer-Scholle et al., 2014). Despite
being found in old and recycled sediments, abraded or corroded
authigenic quartz cements are rarely reported.
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Figure 1 The temporal history of a quartz grain after deposition.
Stage | to II: burial followed by diagenesis and the formation of
authigenic cements as temperatures higher than ~60-70 °C are
reached; stage Il to Ill: uplift; stage Il to IV: weathering before
transport to the final depositional setting, potentially with multi-
ple cycles of stages | to lll in between; and finally stage IV to VI:
burial in a new system leading to diagenesis and again reaching
the threshold temperature of 60-70 °C leading to new syntaxial
authigenic quartz growth.

Attempts have previously been made to use the geo-
chemical characteristics of clastic quartz grains as indicators of
provenance and depositional history (Blatt, 1967; Augustsson
and Reker, 2012; Ackerson et al., 2015), but only a couple of
studies have targeted individual quartz grains as indicators of
past tectonics (Vityk and Bodnar, 1995; Seyedolali et al., 1997).
In this study, we launch a new method that combines fluid
inclusion data with SEM-CL and that is complementary and

supplementary to the standard methods that are in use to recon-
struct past tectonism and provenance, and we demonstrate the
kind of geochemical information individual quartz grains and
quartz rich sedimentary rocks carry. We finally propose the
regional mapping required to understand past tectonism of
the basin and beyond. To demonstrate this, we used quartz
grains from the Lower-Middle Mesozoic sedimentary succession
exposed at Wilhelmoaya, on the western Barents Shelf. These
sediments are poorly lithified sands that have not been buried
to substantial depths. Vitrinite reflectance data suggests a maxi-
mum burial temperature of ~40 °C (Haile ef al., 2019). As these
deposits have not been exposed to depths sufficient for quartz
cementation, the presence of authigenic cements clearly demon-
strates that grains covered by overgrowths are allogenic and
must be recycled from older units.

Microscale Properties of Authigenic
Quartz

Authigenic quartz cement can be identified using a standard pet-
rographic microscope. Quartz overgrowths (QO) are separated
from detrital quartz grains (DQ) by palaeo-rims that have accu-
mulated dust and where fluid inclusions have formed (Fig. 3a).
This observation is supported by RGB-CL intensity images
highlighting the different cathodoluminescence response of
authigenic cements and the detrital quartz grain (Fig. 3b). The
original detrital grain constitutes the core, whereas authigenic
quartz fills in fractures and covers parts of the detrital grain sur-
face. The RGB-CL image discriminates in this case two genera-
tions of cements; an innermost dark blue cement being the
oldest, and a red cement filling fractures both in the detrital
quartz grain and in the blue cement. The reason for variations
in the RGB colour component intensities (mainly red and blue)
is not perfectly known, but is likely related to the chemical-
physical properties of the fluid from which quartz crystallises,
and on the growth rate of the authigenic cement (Gotte and

Figure2 Rounded authigenic quartz has been reported from several stratigraphic intervals and locations worldwide. The red star indicates
the position of Wilhelmgya. The figure compilation was made from Johnsson et al. (1988), Rezaee and Tingate (1997), Dott (2003), Gotte and
Richter (2006), and Ulmer-Scholle et al. (2014). Abbreviations: Ord. = Ordovician, L. Carb. = Late Carboniferous, E. P. = Early Permian, L. Tr. =
Late Triassic, E. Ju. = Early Jurassic, Pg. = Palaeogene, Hol. = Holocene, Mod. = Modern.
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Figure 3

CL and petrographic images showing rounded authigenic quartz overgrowths at the surface of detrital quartz grains.

(a) Representative light microscope micrograph of a portion of quartz grain with dust rims and fluid inclusion assemblages (FIAs; circled)
containing primary fluid inclusions. (b) RGB-CL image highlights two generations of authigenic cements. The last generation has filled in
fractures in both the detrital grain and the first generation of authigenic cement.

Richter, 2006). By distinguishing detrital and authigenic quartz
phases from one another, we can confirm that the investigated
grain was subjected to at least one previous cycle of deep burial
prior to its current compaction state. The outer edges of the
quartz cement seen as dark blue in RGB-CL (Fig. 3b) are
rounded to different degrees, signifying that the grain has been
exposed at the Earth’s surface after the authigenic cements
formed at depth.

! Information from Single Quartz Grains

The Wilhelmgya grains must have been buried to a depth of at
least 3—4 km based on the highest recorded fluid inclusion tem-
perature of 130 °C (Haile et al., 2019). Although a basin inversion

more difficult task is to identify the palaeo-basin responsible
for burying the quartz grains to these depths.

A single grain indicates sediment recycling and extent of
uplift for that particular grain, but cannot say much about the
locality or timing of a specific tectonic event. An in depth analysis
of the quartz assemblage from a field site or drill core can how-
ever bring us closer to unravel past tectonics of a region. By ana-
lysing the CL images of a representative number of grains,
normally a few hundred is sufficient (van der Plas and Tobi,
1965), one can obtain the fraction of grains that are tectonically
uplifted and transported to the site. If using the RGB-CL option
one can even identify authigenic grains sourced from different
tectonic events, or cements formed during different stages in
the same grain such as seen in Figure 3b. The RGB-CL image
is like a fingerprint reflecting the different chemical and physical

of 4 km would certainly represent a major tectonic event, the conditions upon the formation of the cements. One important
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Figure 4 Suggested three step procedure to use rounded authigenic quartz cements to identify tectonic source. (a) Identification

of recycled authigenic cements including collecting information about the chemical fingerprint using SEM-CL and RGB-CL.
(b) Quantification of recycled (R) and other sedimentary quartz grains without authigenic fingerprints (P) providing the fraction of recycled
grainsin the sediment. (c) Regional mapping to investigate whether the source for recycled material is intra- or extra-basinal. (i) R/P ratios are
expected to increase towards a local source if recycled grains from a sole intra-basinal high are mixed with particles from an external source
that dominates the input to the basin. (ii) If mixing of recycled sediment from an extra-basinal source area and other extra-basinal particles
occur inside the basin, R/P fractions are expected to increase towards the drainage area where recycled units are exposed. (iii) No apparent
R/P gradients are expected if multiple intra-basinal highs exist, or (iv) if the recycled material is mixed with other sedimentary particles in the
drainage system prior to entering the basin.
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factor to keep in mind when estimating the fraction of grains
being recycled, is that only quartz grains must be counted and
analysed. The CL images do not distinguish quartz from other
minerals such as feldspars or oxides, and only quartz can carry
the syntaxial overgrowths being evidence of the uplift and recy-
cling events. Other minerals may have had nucleation and non-
syntaxial quartz cement, but this is rather an exception during
sandstone diagenesis.

We propose a two step procedure for the identification
and quantification of recycled grains. First quartz is separated
from other minerals using SEM-EDS element mapping, before
the recycled grains are identified by SEM-CL and the tectonic
fingerprint is found by CL-RGB analyses together with fluid
inclusion data (Fig. 4a). The second step is to separate the iden-
tified recycled grains (R) from other sedimentary quartz grains
without authigenic recycling fingerprints (P) and quantify the
fraction of the former (Fig. 4b). It is important at this stage to real-
ise that authigenic cements may be completely removed after
chemical corrosion and transport, and the value of (R) must
therefore be regarded a minimum estimate.

This work requires some effort, but both the SEM work
and the image analyses can to a certain degree be automated
thereby reducing both operator dependent factors and man
hours (Sime and Ferguson, 2003; Wu et al., 2019).

Integration of Recycled Quartz Grains
into Regional Studies

To identify possible tectonic source areas, it is necessary to iden-
tify and quantify recycled quartz grains in a larger region. The
distribution of R/P fractions in the basin may suggest whether
the source for recycled grains is intra- or extra-basinal (Fig. 4).
If the source terrain is intra-basinal and recycled grains are mixed
with sediments from an external source that dominates the input
to the basin, R/P gradients are expected to increase and converge
towards the local source. A similar convergence of gradients is
expected if mixing of recycled and sedimentary grains from dif-
ferent extra-basinal source areas occurs inside the basin. If, on
the other hand, multiple uplifted intra-basinal sources exist, or
mixing of primary and recycled particles occur in the drainage
system prior to entering the sedimentary basin (Fig. 4c), no ap-
parent R/P gradients are expected. However, it can, even in cases
with multiple intra-basinal sources, be possible to identify gra-
dients in cases with very characteristic CL-RGB signatures from
specific uplift events. With this concept in mind, integrating
information on the amount of recycled grains on a regional or
basin scale may reveal new information on the past tectonics that
no other method can provide.

! Conclusions

In this paper we have launched a new methodology utilising
geochemical and textural fingerprints of quartz cements to
unravel past tectonics and sediment routing. The new method
uses the fact that authigenic cements on single quartz grains
carry chemical, textural and physical fingerprints that can pro-
vide information about depth of burial, number of former deep
burial cycles and weathering and transport of the grain prior to
final deposition. Integrating the analysis of single quartz grains
over a region may furthermore provide the information required
to understand intra- or extra-basinal past tectonism. One of
the key advantages of the method is the lack of fertility biases
in the quartz as it is a framework grain thus the relative propor-
tion of the intra-basinal/extra-basinal sources can be calculated.
The potential for unravelling past tectonic processes using

geochemical and textural analyses of recycled grains may be
attributed to polycyclic sediments worldwide. With this new
application, there will be more emphasis on locating recycled
quartz grains and harvest their full potential as a carrier of geo-
logical information.
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