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This Ph.D. project focuses on the alteration of the pe$tariscan nonconbrmity in Central Europe,
the cumulative thesis is structured into five parts and includes three papers with two published
and one accepted.

Chapter LET OOT AOAAA OEA OEAOGEO3O 1 OAOAI 1T O1I PEAR
background, themotivation of the Ph.D. project, and the analytical methods we applied for the
research.

Chapter 2 (first paper): Liang Fei, Niu Jun, Adrian Linsel, Matthias Hinderer, Dirk Scheuvens,
Rainer Petschick, 2021, Rock alteration at thpost-Variscan nonconformity: implications for
CarboniferouszPermian surface weathering versus burial diagenesis and paleoclimate evaluation,
Solid Earth, 12, 116%1184. https://doi.org/10.5194/se -12-1165-2021

This article contributes the fundamental basedr the subsequent research by distinguishing the
supergene and the following overprint of hypogene alteration. A workflow to eliminate the
influence of the burial diagenesis for the weathering degree evolution for a paleseathering
profile is developed. Bth the surface weathering and burial diagenesis are carefully illustrated
and the evolution of the weathering profile with climate variation and the diagenetic activity are
also depicted.

Chapter 3 (second paper): Liang Fei, Matthias Hinderer, Jens Homg, 2022, Quantification of
physical and chemical palaeaveathering at the microscale: a new concept, International Journal
of Earth Scienceshttps://doi.org/10.1007/s00531 -022-02281-3

This article develops a method for quantitatively evaluating the physical weathering degree. The
physical weathering degree is represented by the index of physical weathering (IPW). After
evaluating the chemical weathemg degree withan optimized workflow for chemical weathering
evaluation, the relationship between rock strength and chemical weathering degree (CIA) is
developed based on the data from previous studies. With the relationship, the IPW is normalized
as IPW to reflect the physical weathering intensity and enable the comparison of physical
weathering among different types of rock.

In addition, based on the weathering rate of different minerals in the natural environment, a
method for the normalization of chemical weathering is also developed. The result is represented
as CIA (normalized chemical index of alteration) to reflect the chemical weathering intensity.
Similar to the IPW, the ClA also enables the comparison of chemical weathering among different
lithologies.

According to the results of both IPW) and ClAx), which may shed a light on paleoclimate research.

Chapter 4 (third paper): Liang Fei, Matthias Hinderer, Jens Hornun&,alaecweathering of
different basement rocks along a first order noncordrmity - case study at the posi/ariscan
nonconformity (Germany) (acceptedby CATENA
https://authors.elsevier.com/tracking/article/details.do?aid=107070&jid=CATENA&surname=
Liang).

This article summarizes the weathering characteristics of different types 6 rock along the
Variscan nonconformity in SW GermanyBasedon the methodsdevelopedin the previous two
manuscripts, the weathering characteristics of macro/mesoscale, microscale, and the
mineralogical, and geochemical characteristics for a spectrum of granitoid with similar texture
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https://doi.org/10.1007/s00531-022-02281-3

together with gabbroic diorite and basaltic andesite, with have similar composition but different
texture are carefully described. This research set up a model for the weathering characteristics
among the three different scales.

Chapter 5 is the integrated result and conclusion of the three papers. In this parll the methods
and data are summed, and the applicability of the research aims is listed. The helpfulness of the
methods and model proposed in all three papers for the weathering studies is presented, and the
perspective of the applications for resear such as paleoclimate and nonconformity reservoirs
are discussed.
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The postVariscan nonconformity was formed during PermeCarboniferous and widely
distributed in Central Europe. While the tectonic evolution of the Variscan Orogeny has beeeliv
studied, research about the subsequent weathering and burial diagenesss fairly scarce. The
basement of the postVariscan nonconformity in southwestern Germany contains different types
of plutonic rock, which is partly covered by volcanic rock. The aathering profiles of both are well
preserved. Compare to the modern weathering profiles, the paleweathering profile was
overprinted by hypogene diagenesislf it would be possible to comparequantitatively the
weathering conditions with respect to the exposure time of different rocks, it would be possible
to construct regional palaeoclimateand alteration models. Based orthese quantitative models
predictions of rock alteration and its resulting properties are possiblewhich may help to asses
reservoir and fluid flow characteristics. To achieve these goalthe following scientific questions
arise: (i) how to distinguish the supergene and hypogene alteration and minimize the errors of
the weathering degree evaluation. In addition, for the weathering resarch about both the modern
and paleoweathering profiles, the physical weathering characteristics were less mentioned
compared to the chemical weathering Among these research,the physical weathering
characteristics were only qualitatively described, which surely leads to inconvenience for the
weathering research. Therefore, (ii) it is necessary to develop a method to quantify the physical
weathering degrees. However, as the susceptibilities of different types of rock to both physical
and chemical weathering are varied, (iii) the weathering indices need to be normalized by the
susceptibility to reflect the weathering intensity, which also enables the comparison of
weathering characteristics among different types of rock. (iv) Finally, previosi studies focus
mainly on one aspect of the weathering characteristics, a systemically model among
macro/mesoscale, microscale, and mineralogical and geochemical data never accrues, therefore,
a systemically model for weathering evaluation is urgently neesi.

To figure out the questions above, in total four drill cores with different basement lithologies and
overlaid volcanic rock (gabbroic diorite and basaltic andesite, granodiorite, tonalite, and granite)
from southern Germany Sprendlinger Horst and Langnthal) were selected. In total 69 samples
were collected and prepared into powder and thin section groups. The collected samples were
measured by Inductively Coupled Plasma Mass Spectrometry (KB#FS), Xray fluorescence (XRF),
and XRay Diffraction (XRD)for trace elements, major elements, and mineral compositions, the
thin sections were also made, which are for the analysis by scanning electron microscope (SEM),
backscattering electron microscope (BSE) and polarizing microscope.

The proportion of primary minerals overall increases from the top to the bottom while the
secondary minerals have an opposite trend. The XRD results indicate the clay minerals are
dominated by illite and a mixlayer of illite and smectite (I/S) accompanied by a minority of
kaolinite, vermiculite, and chlorite. Other secondary minerals are mainly compaosite of calcite and
dolomite with a minority of metallic oxide. The depletion or enrichment degree of the elements is
quantified by the Uvalue model, which is based on the relationshipetween the mobile elements
and the immobile elements, such as Ti and Zr. The chemical weathering degree is quantified by
the chemical index of alteration (CIA).

To distinguish the supergene weathering and hypogene diagenesis for a paleonconformity, a
new workflow is established. The secondary clay mineral aspect is distinguished with the
anhedral and euhedral forms observed under the SEM, the clay minerals with anhedral forms are
attributed to supergene alteration while the euhedral forms are attributel to hypogene diagenesis.
For the aspect of mineral compositions, the composition of the parent rock is considered,




To compare both physical and chemical weathering intensity among different rock types, the
physical weathering degree should be first quaified. To quantify the physical weathering, a
method based on the ratio between the fracture area and the total area of the thin section under
the polarizing microscope was developed. This method establishes a new index of physical
weathering (IPW). To appy it regionally, normalization of the relevant rock strength along the
weathering profile is crucial and enables the comparison of the physical intensity among different
lithologies. For the normalization of chemical weathering indices, two new conceptian the total
weathering mess (TWM) and chemical weathering ability (CWA) were proposed based on the
weathering rate among different mineral types. Similar to the normalization of IPW, the chemical
index of alteration (CIA) is normalized by CWA to reflecteemical weathering intensity. With the
results of both physical and chemical weathering intensity, the climate condition can be evaluated.

With the optimized workflow for the evaluation of both physical and chemical weathering degrees
along the paleeweathering profile, the weathering characteristics among macro/mesoscale,
microscale, mineralogical and geochemical characteristics along the basement of p¥striscan
nonconformity are described. Based on this, a comprehensive workflow for the evaluation of
weathering degree can be developed. This workflow integrated the weathering characteristics
under different scales and set up relationships among different scales of these characteristics. The
physical weathering was qualitatively classified at the macro/messcale and quantitatively at the
microscale. The chemical weathering was quantified by the mineralogical and geochemical
characteristics. Compare to previous studies, the physical and chemical weathering intensity are
also compared among different lithologes which can be applied to evaluate the paleoclimate
directly.

The model and methods developed in the thesis are applied to the nonconformity in Sprendlinger
Horst and Langenthal in southwestern Germany. The results show that the weathering products
were overprinted by hypogene diagenesis. The hypogene diagenesis led enrichment of K, Cs Rb,
and Ca. The input of K caused the transformation of smectite to illite and/or I/S. Both the inputs
of K and Ca affect the evaluation of the chemical weathering degrédter correction of these two
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and 97. After being normalized by CWA, the chemical weathering intensity is between 70 and 83.
The maximum physical weathering dgree is between 1.5 and 18 while the physical weathering
intensity is between 0.02 and 4. The higher the weathering degree the more depletion of the
mobile elements will be. In addition, the transformation among clay minerals and the
precipitation of minerals such as dolomite point to a temperature interval of 100 to 300 °C for the
circulating fluids during burial.
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By the combination of the data from both fieldwork and laboratory analysis, an integrated model
for the weathering evaluation is set up. In thisnodel, the quantified chemical versus physical

weathering intensity may shed a light on the research of palaeoclimate under which the
nonconformity formed.
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Fig. 416. (A) Angular rim of the fracture filled by clay minerals (TB8, z=14.5 m, SEM). (B)

dissolved rim of the fracture filled by clay minerals (TB8, z=6.4 m, SEM), the abbreviations
used in the figure and caption are as follows: zdepth, Plz plagioclase

Fig. 417. Comprehensive weathering characteristics along the drill core profiles

XXI




, EOO0 1T &£ 4AAT AO

Table 1-1 Chemical weathering INGICES...........uuuiiiiiiii i e mmmmmmme e e e e Lo
Table 1-2. Parameters values of different minerals for equation (L)............ccvvvvvveiviccccccee s 3.
Table 31 Parameter values of different minerals for Eq.-3 (White and Brantley, 2003)......... 56

Table 32. Results from the methods proposed by Sheldon (2006), Lukens et al. (2016) and this
study, note the unitfor MAPismmA T A - 1 4. E.0...3.8uriviiiiririeeenenn. .83

Table 41. Difference of chemical weathering parameters for theelected lithologies according to
Liang €t al., (2022)..........ccoiiiiiiiiiimmmmeeee e e e s mmmmmmeme ettt e e e e e e e s e smmmmmmmmressee e e e e e e e e s smmmmmmmns s L0

XXl



XXM






1.) 1 601 AGAOQOEIT 1

Nonconformity refers to a discontinuity in the geological record ranging over large temporal
scales with a magmatic or metamorphic rock basemeriCatuneanu, 1996) The remainder of the
information in the basement plays a key role to understand the supergene and the subsequent
hypogene alteration(Riebe et al., 2001, 2003)While the supergene alteration such as weathering,
erosion is the key factor to understanding the interactions among lithsphere, atmosphere, and
hydrosphere (Perri, 2020), the hypogene alteration provide a chance to understand the
subsequent evolution of the weathering profile, such as the activities of the diagenetic flui¢3ill,
2010; Dill et al., 2016)

This thesis focus on the weathering characteristics of po&fariscan nonconformity in Central
Europe. To address the supergene and hypogene diagenesis evolution, a new workflow to
distinguish the supergene alteration and hypogene diagenesis has been established. It comprises
a new method for physical weathering quantification, a new method for the normalization of
physical and chemical weathering indices, and a new method to chatadze the relationship
between visual scale and analytical data. The combination of these methods provides methods to
systemically depict the weathering characteristics, and the concept shade light for research to
predict and quantify paleoclimate and resrvoir geology from information hidden in non
conformities.

1.1. State of the art in research about paleo -weathering along nonconformities
1.1.1.Chemical weathering

Chemical weathering in both modern and palemonconformity has been wellstudied (Neshitt
and Markovics, 1997; Santos et al., 2017; Tripathi and Rajamani, 199®mong these studies,
various indices to quantify the chemical weathering degree were proposed (Tablel). The base
mechanism for the chemial weathering degree quantification can be divided into two groups:

(1) During the chemical weathering process, accompanied by the primary minerals such as

AAT AGPAO AT A EIT OT Al AT AR COAAOGAI T U OOAT O& Oi EI
suchas Ah #Ah -Cch AT A + xEOEET OEA DPOEI AOU 1 ET AOA]
AT AT AT 66 11 OQdd. Bad et @O2005; Nesbitt &0 Fddng, 198A)herefore, the
chemicalweathering degree can be quantified based on the ratio between the content of the sum

of the remainder of mobile elements and the Al. The quantification of the chemical weathering

degree was first performed byWogt (1927)h x EEAE E O ddddl IhdAxXV),and@mhied 2 A

to evaluate the maturity of the residual sediments such as glacial tills and marine clays. In 1982,
Nesbitt and Youngproposed the chemical index o&lteration (CIA) with the ratio between AbOs

and the sum of AIO;, CaO, Na#D, and KO in molecular percent, the index was first applied to

evaluate the degree of chemical alteration of the fingrain sediments, and the results are used to

assess the paledimate condition, as the higher values point to a relatively humid climate
condition. However, the K (represented by kO in CIA) is a special element that is particularly

more abundant than that in the protolith due to the overprint of burial diagenesisdr the palec
weathering profile (Fedo, et al.,, 1996; Jian et al., 2019}his effect is recgnized as K
metamorphism. To eliminate the effectd-edo (1995)proposed the plagioclase index of alteration

(P1A) as the modified version of CIA, the value is the ratio between ¢k, - K2O) and (AkOs - K20

+ CaO + N#). The PIA focses on the alteration degree of plagioclase, with the content of.&k

minus K>O to eliminate the influence of Keldspar.
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(2) The second group of the method for chemical weathering quantification is based on the
susceptibility of different elements to weathering. This is expressed by the strength of the
element-to-oxygen bonds(Parker, 1970). Elements being depleted from the primary minerals
should first be broken from the elemenito-oxygen bond and be ioit form. Based on this
mechanism, the weathering index of Parker (WIP) is expressed by the sum of the ratio between
element concentration and the bond strength of the element with oxygen. This index is
appropriate for the evaluation of chemical weatheringfor the rocks under relatively humid
conditions where hydrolysis is the main weathering process.

With the weathering indices, the weathering degree along a weathering profile can be
guantitatively illustrated.

Table 21 Chemical weathering indices

Index Equation Reference
61 C0OB80 : oa oo
Index (V) ® 5700 6 G0 6 oo Vogt (1927)
Chemical Index of 5 08 p A0 A Nesbitt and Young
Alteration (CIA) o O0wlOW 00 (1982)
Plagioclase Index of % prmmao o 0 0
Alteration (PIA) VOO S GO0 M UO Fedo etal. (1995)
. ) 58 505 00 600
Weathering Index 00 p A COwW L QL LU WL Parker (1970)

of Parker (WIP) WU T TR U T

However, due to the difference in mineral compositions among different types of rock, éhvalue
range of the weathering index is varied. Such as the CIA, the maximum value for different types
of rock is 100 (Nesbitt and Young, 1982) however, for fresh basaltic rock, the CIA values range
between 30 and 45 while for the granites and granodiorite, the values are from 45 to 55
(Mclennan, 1993)

Another issue is that for different minerals the susceptibility to chemical, weathering is also
different (White et al.,, 2001a) This means under the same chemical weathering intensity,
different types of lithologies show different chemical weathering degreeqBorrelli et al., 2014;
Nesbitt and Young, 1984) On the other hand, if the chemical weathering indices such as CIA are
normalized by the corresponding weathering susceptibility, the chemical weathering intensity
among different lithologies can be compared among different lithologies. Previous studiel&d a

lot of efforts to simulate the chemical weathering rate for minerals such as plagioclaseféddspar,
biotite, and hornblende (e.g. Beig and Littge, 2006; Chou. and Wollast, 1985; Chou and Wollast,
1984; Oelkers and Schott, 1995; Schott et al., 198 Most of the experiments were conducted in
the laboratory and performed with fresh minerals, fowever, the weathering rate of these minerals
between the laboratory and natural environment is different(White and Brantley, 2003) Finally,
based on an experiment last more than siyear, White and Brantley (2003) developed the
relationships betweenthe weathering rate of plagioclase, Keldspar, biotite, and hornblende with
time in the natural environment :

Y pmzo (Eg.1-1)
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Table 2. Parameters values of different minerals for equatiet).(1

Minerals A b r (coefficient)
K-feldspar -12.49+0.32 -0.647 + 0.076 0.83
Hornblende -12.67+0.22 -0.623 = 0.067 0.92
Biotite -12.32+0.25 -0.603 = 0.073 0.83
Plagioclase -12.46+0.16 -0.564 + 0.046 0.89

Which provides a chance to normalize the chemical weathering indices and reflect the chemical
weathering intensity.

1.1.2.Physical weathering

The definition of physical weathering refers to the process that breaks rocks apart without
changing their chemical composition(Earle, 2015). The rock may be fractured and broken into
fragments due to such as frequent temperature variation and frost wedging. Until present, most
of the research about physical weatherings qualitative. The research about physial weathering
mainly focuseson the factors that influence the physical weathering proces€amuffo (1995)
reviewed the physical agents for physical weathering, which detailed discussed the influence of
wind and water. Matsuoka et al. (1996)descript the influence of the salts content in the rock, that
with more saline in the rock, the rock will easier to be weatheredVicFadden etal. (2005) dated
the characteristics of macro/mesoscale fractures under the direction of solar heating in a desert
zone, and the relationship between thermal stress variation and the sunlight direction was
depicted. In addition, the relationship betwe@& physical weathering and landscape evolution is
also well illustrated (Phillips, 2005).

For the evaluation of the physical weathering degreedggisttalis et al. (1996)developed a Rock
Weathering Classification based on the physical property such as hardness. The diagram was
gradually optimized and enrichedby subsequent research and divide the weathering degree into
five degrees: fresh, slightly weathered, moderately weathered, highly weathered, and completely
weathered (Ceryan et al., 2008c; Chiu and Ng, 2014; Moon and Jayawardane, 200&mwever,
the physical weathering degee is only a part of the diagram. Until 2006, a method for physical
weathering quantification was proposed byQin et al. (2006) in this research, a total dissolved
solids (TDS) flux of the sediments per year in a river was applied to evaluate the regional physical
weathering intensity. Another method for the physical weathering intensity evaluation was
proposed byShoenfelt et al. (2019) in the research, the content of primary Fe(ll) silicates in the
dust source was applied for the evaluation of physical weathering intensity, because of that, with
more Fe(lll) indicates a relative intense chemical weatherig, in another way round, the physical
weathering is weaker. Similar to the TDS, this research also describes the regional physical
weathering intensity and can only be applied to modern physical weathering. The methods for
physical weathering degree withina relatively small scale, such as a weathering profile are not
appropriate, and both methods are not appropriate for the paleaveathering profile.

1.1.3. Weathering profiles overprinted by hypogene diagenesis

For the research about the weathering of the paleweathering profile, the overprint of the
hypogene diagenesis should always be considered. Because the hypogene diagenesis may
promote the water-rock interaction process and change the chemical and mineral composition of
the weathering profile, this will give distorted information and mislead the evaluation of the
results of the weathering characteristicgFedo, et al., 1996; Panahi et al., 2000; Zhou et al.z21r).
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To eliminate the influence, based on the relations of the elements depletion rate of Na, Ca, and K
during the weathering process and the weathering productsyesbitt and Young (1984)developed
the A-CNK diagram to predict the weathering trend for the rock from the upper continental crust
(Fig 1-1). Where A refers to the AlO;, CN means the sum of CaO andaand K refers to KO, all
the content is in molecularweight, and the theoretical weathering trend should parallel to the A
CN axis for the rock in the upper continental crust (Fig-1a) (Nesbitt and Young, 1989a)With the
lithologies including different contents of K, the weathering products are also different, for the
lithologi es containing a little amount of K, the weathering products tend to form smectite directly
to kaolinite, and the illite is less excepted regardless of the climate conditiqiNesbitt and Young,
1984). While the weathering profile was buried and overprinted by hypogene alteration, the K
will be preferentially enriched, and this situation reflected in the ACNK diagram will be the
weathering trend excursing to the K apex (Fig-1c). Trend b reflects the transformation trend of
weathering products. Based on the characteristics of the ideal wthering trend in the ACNK
diagram, Panahi et al. (2000)roposed a method to correct the K content:

00 _— (Eq.1-2)
where
a — (Eq.1-3)

In these two equations, the K, A and Chilues form calculation are from the protolith sample.

100+ AKaoIinite/Gibbsite

7 51 Illite/Mica
Lab]
=)
<
< 50- K-feldspar
5

25

0
CN K

Figure 1. Weathering and burial diagenesis evaluation in #&\AK diagram (Based ol
(Nesbitt and Young (1984) and Panahi et2000).

Another element that needs to pay attentiorio is Ca During hypogene alteration,the Ca from the
diagenetic fluids may precipitate in the porosity as carbonatdf the diagenetic environment is
alkaline. This will lead to a much enrichment of Ca&Zomparedto the original weathering profile
and reduce the CIA valug€Di Figlia et al., 2007; Mclennan, 1993)To avoid this, the content of CaO
should be from silicate minerals only. However, as it is difficult to separate the secondary-Ca
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minerals and some accessory minerals such as apatitéclennan (1993) proposed to use Na
content as a reference to correct the Ca, and the detailed method is : ea&®©Ca0O- P.0s*10/3,
whereas the BGs is related to apatite, CaO* = CaQ when CaQ«<N&O, otherwise, CaO* = N@®.
With both K and Ca correction, the CIA value for the evaluation of the original weathering degree
can be acquired and accompanied by the BN-K diagram, the mineral transfornation process can
also be clarified.

1.1.4. Applications to the research about paleoclimate and reservoir geology

The results of the weathering characteristics have been widely applied for research such as
paleoclimate and reservoir geology. Especially for the esults of chemical weathering
characteristics that are applied for the evaluation of paleoclimatéNesbitt and Young, 1982)This

is due to the consumption of C@in the atmosphere bythe weathering of silicate minerals With
the decreasen the CQ, the global temperature will also be decreasedpgether with the increase
of the pH value of the ocearthus, the biotype may also be adjuste¢(Kiehl and Shields, 2005; Schau
and Henderson, 1983) Furthermore, with the decreasing temperature, a glacial epoch may appear
and the chemical weathering intensity will be reducedThis would leadto a gradual increase of
the CQ concentration to increase the temperature and adjust the pH in the ocedBerner, 1992;
Berner and Berner, 1997; Huh, 2003) Therefore, a higher weathering degree may represent a
more humid climate condition (Berner, 1992; Rasmussen et al., 20117t present, these studies
are generally performed with fine-grained sdiments, and the climate condition is determined by
the weathering degree and the weathering product¢Reinhardt and Ricken, 2000; Sinisi et al.,
2014). However, due to the décts such as multiple provenances and the overprint of burial
diagenesis, the sediment materials may not able to reflect the weathering condition in the
provenance area, this will mislead the evaluation of the paledimate (Jian et al., 2019; Liang et
al., 2021) Another issue is thathe weathering degree and the weathering products arearied for
different types of rock under the same weathering condition Therefore, it would be more
meaningful to normalize the weathering degree (the value of weathering indices) to acquire the
weathering intensity. Through this, a more accurate climate @endition can be acquired.

As the physical weathering will fracture and break the basement rock, and the chemical
weathering process will dissolve the rock and form porous minerals such as illite, and smectite,
thus, with the weathering process going onhie petrophysical characteristics in the basement will
also be modified(Taylor and Howard, 1998, 2000) Based on the petrophysical and mineralogical
evolution of a weathering profile,Walter et al. (2018)illustrated the permeability, porosity, and
porosity diameter variations. Since a nonconformitybasement may consist of a variety range of
lithologies, the key issue is still that, the responses of different rock types to the same weathering
condition are different. This may also result from the heterogeneity of the nonconformity
reservoir.

In summary, at present, research conducted on the paleweathering profile is more emphasis on
chemical weathering The chemical weathering characteristics, such as chemical weathering
degree, mineral variations, and elements depletion and/ or enrichment can allebdescribed
quantitatively for both modern and palecweathering profiles. However, a systemic workflow to
evaluate the weathering degree ofthe paleo-weathering profile and separate the surface
weathering and burial diagenesis still hesitateMoreover, other noticeable problems include that,
the physical weathering degree is still not well quantifiedon a small scale such as within a
weathering profile or along the drill cores, especially for the paleoveathering profile. Both
chemical and phical weathering intensity is still not well comparable among different lithologies.
In addition, while the research about chemical weathering foces on the analytical data, the
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microscale visual characteristics are somehow weekly mentioned, and the phgal weathering
focus on the macro/ mesevisual, a systemically model for the weathering characteristics among
analytical scale, microscale, and macro/mesoscale visual characteristics is still not well developed.

1.2. Geological background
1.2.1.Geological evolution i n Central Europe

The Variscan Orogeny was formed due to the convergence of the Gondwana and Laurussia
continents accompanied by several microplates such as Avalonia and Armori¢@owell and
Conaghan, 1973; Ziegler and Dézes, 2008)ith the southward subduction of Avalonia beneath
the Armorica, in Central Europe, the Rheic Ocean gradually vanished and the Rhenohercynian and
Saxothuringian terranes collided and formed amagmatic arc which named MieéGerman
Crystalline Rise (MGCR|D6rr and Stein, 2019a; Stein, 2001; Willner et al., 199. Later, due to
the exhumation of the oceanic lithosphere which began during the early Carboniferous, and
ceased at the end of Carboniferous, the MGCR was uplifted and formed a highl@idiner et al.,
1991), this highland was continuously weathered and eroded (Fig-2). The maximum
exhumation rate was documented as 1.3mm/&rom 363 to 334 Ma and yielded an average rate of
0.01mm/a, until Permo-Carboniferous, thermal subsidence dominated Central EuropéHenk,
1995). Meanwhile, the area was accumulated by the typical Permian red bed sediments which
were called Rotliegend sedimentsThe age of the sediments was documenteds around 290 + 6

Ma probable (Lippolt and Hess, 1983) Subsequently, the posYariscan nonconformity was
formed as the firstorder nonconformity.

During early Permian, with the end of thé/ariscan orogeny, the magmatic activity was intensively
throughout Central Europe and interfingering with the accumulated coarsgrained, arkosic
alluvial fan to fluvial deposits(Becker et al., 2012a; Breitkreuz et al 2021) A time gap of around
30 Myrs is evaluated between the basement and the Permian Rotliegend basem@ntCann et al.,
¢cnmtenN / D1 OHOE I Thddedlogi#al rédedrds hre roughtyycdhsistently hiatus during the
mid-Permian in Central Europe, during later Permian, with the transgression process, the region
was flooded by a saline, epicontinental seand subsequently formed the Zechstein formation
which yield an age around 257 M@Hagdorn and Mutter, 2011; Stolz et al., 2013)

During the whole Mesozoic, the geological background is relatively stab{@imar-Geng et al.,
2006). From the early Triassic, several hundred meters of sediments consist of fluvial, lacus#i
to eolian red-beds sediments which formed the sealled Buntsandstein formation(Scholze et al.,
2017). From the midTriassic to the Jurassic, the sediments mainly consisted of clastic rock,
carbonate, and evaporites, which formed the formations such as Muschelkalk and Keufgiegler,
1982; Ziegler and Dézes, 2005)The maximum thickness of the sediments is evaluated during the
Jurassic(Schéafer, 2011) During this period, hydrothermal activities were ubiquitous throughout

Central Europe. Especially incentrahT A 37 ' AOi AT Uh A OAI PAOAOOOA AAO

¢xm 3 EO ABuAsthedal., QA
From the late Cretaceous to Eocene, due to the Alpine Orogeny, subsequently formed the Upper
Rhine Graben, the graben shoulder rose during the upper Pliocene at around 5 Ma accompanied

by the sink of the graben axis which accumulated various fluvial, lacustrine, and marine sediments
(Behrmann et al., 2005; Schumacher, 2002; Schwarz and Henk, 2005)
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Figure 22. Evolution of MidGerman Crystalline Rise (modified aftdenk (1995).

1.2.2.Geological background in the Research area

The Odenwald is the biggest basement window of the peMariscan basement in Central Europe
(Zeh and Gerdes, 201Q)it consists of two main parts which are separatedybthe Otzberg Fault
with the Bollstein Odenwald in the east and the Bergstrasser Odenwald in the weStein, 2001)
(Fig 1-3). The main mrt of the Odenwaldis the Bergstrasser Odenwaldwhich can be further
divided into Unit I, Unit I, and Unit 1ll from north to south. Unit | is the Frankenstein complex
which consists of amphibolite, diorite, and gabbrodUnit 1l is the sacalled Flaserganitoid Zone,
this unit consists mainlyof granitoid such as gabbro, diorite, tonalite, granodioriteand granite.
Besides, there is also a minority ometamorphic rock, which is dominated by orthogneiss and
paragneiss Unit Il can be subdivided into twoparts, with the Weschnitz Pluton in the north and
consists of paragneiss and magmatic gneiss and the Heidelberg granite and Tromm Granite in the
south (Dorr and Stein, 2019a; Zeh and Will, 2008)
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Figure 13. Geological units of Odenwald and the Permian stratigraphic framework of
Sprendlinger Horst and Kraichgau Sunken (base&tein (2001)and Becker et al. (2012)
Lippolt and Hess (1983)

The Spendlinger Horst isn the north of the Odenwald, and the basement of the Spendlinger Horst
is the extension of Unit | of the Odenwald, which consists of gabbroic rock and granitic rock.
Overlying the basemen{McCann, 1999) only Permian sediments remind with a maximum depth
of c.a. 250 m(Marell, 1989; Mezger et al., 2013)The sediments consist of three group: Moret
Formation, Lower Langen Formation, and Upper Langen FormatidiBecker et al., 2012a)The
Moret Formation consists of coarsegrained fluvial sediments, which include breccias, coarse
grained sandstone, and siltstone; The Lower Langen Formation consists of coargained alluvial
sediments, which includes matrixrich breccias, wackes, and Kstones, the sediments are
interfingering with volcanic lava; The Upper Langen formation also consists of alluvial sediments
but the volcanic lava is not found. Other younger sediments were eroded during exhumation
(Matte, 1991; McCann, 1999)according to the characteristics of the nearby outcrop strata, a
Zechstein formation with a thickness of 60 m is evaluated and followed by Buntsandstein
formation with a thickness of upto 400 m. In the south of Unit Il of Odenwald is Kraichgau Sunken,
the basement of the extension of the Heidelberg Granite. The oldest sediment overlying the
basement is Michelbach Formation, this formation consists of redrown, light-brown, and grey
color breccias with intercalated sandstone bedéHug and Vero, 2008) which yield an age between
290 and 280 Ma(Edgar and Hubert, 2009) The Michelbach formation is followed by Zechste
and Buntsandstein formation, after a geological time gap of around 235 Ma is assumed, the
sediments at the top belong to the Quaternary perio(Hug and Vero, 2008)
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1.2.3.Climate evaluation during Permian in Central Europe

During Permo-Carboniferous, with the formation of the supercontinent Pangaea, Central Europe

was under acontinental climate condition,and the climate was gradually changed from humid to
super-arid during the whole Permian(Parrish, 1993). However, the overall aridization trend was

interrupted by six relatively wet phases from the later Carboniferous to the end of the Permian.

Based on the chronological order, the wet phases are documented as the Westphalian C/D, the
Stephanian Athe Stephanian C, the lower Rotliegend, the upper Rotliegend I, and the wet phase
during the later Permian (Fig. 1t 8 4EAOA OxAO DPEAOAOSG

AAT AA

region and are attributed the reason to the deglaciation events of the Gondwaite cap(Roscher
and Schneider, 2006)
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Figure 4. Climate evolution From Perr@arboniferous to the end of the Permian in Central

Europe(Roscher and Schneider, 2006)

1.3. Aims and the overall research steps

Based on the international research status of weathering and the geological background of SW
Germany, with the samples from guthwest Germany and the dates presented in this thesis, the

study intends to address the following key issues:

nonconformity.

lllustrating both the chemical and physical weathering characteristics in posVarisccan
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ii. Analyzing the burialdiagenesis and the relevant overprint to the weathering profile.
iii. Distinguishing weathering and burial alteration processes (supergene vs. hypogene).

iv. Extracting the palecclimate and paleeenvironmental information contained in the
weathering profile.

v. Develbbping a method for physical weathering quantification.

vi. Developing methods to compare both the chemical and physical weathering intensity among
different types of rock.

vii. Deduce the influence of the weathering on the petrophysical characteristics and the
application to reservoir geology.

viii. Set up a model to describe the relationship among analytical data, microscale, and
macro/meso-scale visual characteristics.

1.4. Sampling strategy and analytical methods
1.4.1. Sampling strategy

Four representative drill cores penetrant he nonconformity from weathering to fresh part are
selected for this thesis, the overlying sediments are at least 13 m to promise the basement part of
the drill cores were not affected by the modern geological process. Among these, three of them
are from the Spendlinger Horst (GA1, GA2, and TB8), and one is from the Kraichgau Sunken near
Heidelberg (BK2/05). The drill core GA1 consists of Permian Rotliegend sediments, basaltic
andesite, and the gabbroic diorite basement. Both the sediments and the basadtidesite belong

to Lower Langen Formation. The thickness of the former two parts is 13.9 m and 6.7 m,
respectively, and the weathering part of the basement is around 3.9 m. Both GA2 and TB8 drill
cores consist of Permian Rotliegend sediments and basemerargs, and the overlying sediments

in both drill cores belong to Moret Formation. While the lithology of the basement part in GA2 is
granodiorite, the lithology in TB8 is tonalite. The thickness of the overlying sediments in GA2 and
TB8 is around 55.7 m an@1 m respectively and the weathering depth in the basement is around
8.2 m and 14.5 m respectively. The thickness of the sediments in BK2/05 is 61.9 m, which consists
of Permian Rotliegend, Zechstein sediments, Triassic Buntsandstein sediments, and the
Quaternary sediments, and Permian Rotliegend sediments belong to Michelbach Formation with
a thickness around 9.5 m, and the weathering depth in the granite basement is around 1.3 m.

In total 69 samples are collected for the analysis in this thesis. To figuout the influence of the
overlying sediments, 7 samples from the sediment part of GA1 are collected from 6 m to 11 m with
a sampling interval of 1 m. For the sampling along the basaltic andesite, the sampling interval is
reduced to 0.4 m in the topmost prt due to the rapid change of the weathering degree, and for
the other part of this drill core and GA2 basement, the sampling interval is back to 1 m. Among
these, 6 samples from the basaltic andesite, 11 samples from the basement of the GAL drill core,
and 13 samples from GA2 drill cores were collected. For the sampling work along the TB8 drill
core, also due to the weathering variations from 0 to 1.5 m, the sampling interval is reduced to 0.5
m, and for the lower part from 1.5 to 14.5 m the interval is &ick to 1 m, and in total 17 samples
were collected. Along the drill core BK2/05, to analyze the weathering variations within the
centimeter scale, the sampling interval is mainly 0.2 m, and in total 22 samples were collected. All
samples are stored at thénstitute of Applied Geosciences, Technical University of Darmstadt, and
can be required through the email: liang@geo.tdarmstadt.de.
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1.4.2. Analytical Methods
Petrographic characteristics analysis

For the petrographic characteristics of the sample analysis, thin sections were made and analyzed
by a polarizing microscope, scanning electron microscope (SEM), and backscattering electron
microscope (BSE). The thin sections from the basement and the vahic lava part were analyzed
under the polarizing microscope for the analysis of the weathering characteristics. Based on the
observation, the weathering characteristics along the drill core profile can be qualitatively
described. For the physical weatheng analysis, at least 15 visions were selected and the vision
pictures were taken for further analysis step, the detailed process is described hyang et al.,
(2022). As the weathering profile experienced both supergene and hypogene alteration
(weathering and burial diagenesis), both processes may form the clay miraés such as illite and
Kaolinite, however, for the minerals formed under different environments, the texture of the
crystal is different, the minerals formed during burial diagenesis are trend to more euhedréClift

et al., 2014; Raucsik and Varga, 2008Besides, some minerals such as illite, and quartz can also
act as a geothermometer. Therefore, to further describe the weathering characteristics and figure
out the overprint of the burial diagenesis to the suiace weathering, the SEM/BSE was applied.

Mineralogic characteristics analysis

The mineral compositions and the proportions along the drill cores are measured by-Ray
Diffraction. Analysis was conducted on the bulk powder of both volcanend basement rok. The
technical details are described byLiang et al., 2021)and Liang et al, (2022). With the results of
the XRD, the mineralogic characteristics such as proportions and types can be quantitatively
described and the weathering characteristics can be further described. Besides, the result also
complements the petrographic chaacteristics. In case, due to the limitation of the chemical
composition, the weathering process such as lithologies like tonalite, will be transformed directly
from smectite to kaolinite, and the illite is less excepted. However, due to the weathering pitef
being overprinted by the burial diagenesis, the weathering products such as smectite and
kaolinite may be transformed into illite with the K-rich diagenetic fluids during hypogene
alteration. The primary weathering products can be predicted by the ANK diagram,
accompanied by the weathering trend in the ACNK diagram, and the mineral results can be
further analyzed. Therefore, while applying the results, it is necessary to consider the types of
protolith.

Bulk Geochemistry Analysis

The major and trae elements were measured by -Xay fluorescence spectroscopy (XRF) and
inductively coupled plasma mass spectrometry (ICRIS), respectively. All the technical details are
also documented byliang et al., (2021)and Liang et al., (2022) During the weathering process,
the mobile elements sub as Na, Ca, K, Rb, and Cs tend to exist as ions in the fluids and are depleted
from the protolith, while the relatively immobile elements such as Al, Ti, Zr, Nb are trend stay in
the suit. The major elements, especially for Na, Ca, K, and Al, are appladhe calculation of
weathering indices such as CIA and PIA to quantitively describe the chemical weathering degree
(Fedo, et al., 1996; Nesbitt and Young, 1982Jhe elements such as Ti and Zr are considered as
immobile elements Therefore, these two elementsan be regarded as the reference elements to
guantitatively evaluate the enrichment or depletion degree of other elements during both the
surface weathering and /or burial diagenesisThe relative model is developed as thEvaluemodel,
and a detailed explanation of the model is documented in byiang et al., (2021) Based on theJ
value, the ACNK diagram, and the XRD results, the-iietasomatism can be analyzed and with
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the method developed byPanahi et al. (2000) the K can be corrected to correct the CIA values and
better evaluate the chemical weathering degree. Furthermore, with th&values,the depletion
order of the elements from large ion lithophile element (LILE) to high field strength elements
(HFSE) during weathering process and the elements enrichment during burial diagenesis and the
transformation among clay minerals can be illustrated

1.5. Research steps
Based on the sample types andata, the overall steps of the entirevorkflow are as follows:

i.  The workflow to separate the supergene and hypogene diagenesis and evaluate the chemical
weathering degree is developed.

ii. The methods for physicalweathering degree quantification and the comparison among
different types of lithologies for both physical and chemical weathering intensity are
developed.

iii. The modelis set up to describe the weathering characteristics among analytical scale,
microscale, and macro/mesoscale visual characteristics
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ICP-MS XRF XRD SEM/BSE microscape
Trace Major Mineral Petrographic
elements elements results results |
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Alteration evolution

Surface chemical
weathering degree
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Figure 5. Working steps of the overallorkflow.
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Abstract A nonconformity refers to a hiatal surface locatedetween metamorphic or igneous
rocks and overlying sedimentaryor volcanic rocks. These surfaces are key featuresth respect

to understanding the relations among climge, lithosphere and tectonic movements during
ancient times. Inthis study, the petrological, mineralogical and geochemicalharacteristics of

Variscan basement rock as well as its overlyingermian volcanasedimentary succession from a
drill core inthe Sprendlinger Horst, Germany, are analyzed bgeans of polarization microscopy,
and environmental scanningelectron microscope, XRay diffraction, Xray fluorescence and

inductively coupled plasma mass spectrometnanalyses. In the gabbroic diorite oftte basement,
the intensity of micro- and macrofractures increases towards thetop, indicating an intense
physical weathering. The overlyingPermian volcanic rock is a basaltic andesite that showsss

intense physical weathering compared with the gabbroidiorite. In both segments, secondary
minerals are dominatedby illite and a mixedlayer phase of illite and smectite ¢S). The corrected
chemical index of alteration (CIA) andthe plagioclase index of alteration (PIA) indicate an
intermediate to unweathered degree in the gabbroic diorite andan extreme to unweathered

degree in the basaltic andesiteThe z values for both basaltic andesite and gabbroic diorite
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indicate an abnormal enrichment of K, Rb and Cs the&nnot be observed in the overlying Permian
sedimentaryrocks. Accompanying minerals such as adularia suggest subsequenerprint by (K-
rich) fluids during burial diagenesiswhich promoted the conversion from smectite to illite. The
overall order of element depletion in both basaltic andesiteand gabbroic diorite during the
weathering process is as followslarge-ion lithophile elements (LILES)>rare earth elements
(REEs)>highfield-strength elements (HFSEs). Concerninthe REEs, heavy rare earth elements
(HREES) ardess depleted than light rare eath elements (LREES). Oustudy shows that features
of supergene physical and chemicgbaleo-weathering are well conserved at the posWariscan
nonconformity despite hypogene alteration. Both can be distinguishely characteristic minerals
and geochemical ndices. Based on these results, a new workflow to eliminatélistractions for

paleoclimate evaluation and evolution is developed.

2.2. Introduction

Nonconformities refer to contact surfaces between different lithologies in the geological record
that were produced over longlasting periods of norrdeposition and/or erosion, which are of
paramount importance for the subdivision and correlation of stratigraphic successions
(Catuneanu, 1996) They also largely control the geometry of reservoirs for oil, gas, and water
(Gardner, 1940) Moreover, nonconformities play a key role in understanding changes of past
interactions of atmosphere, hydrosphere, and lithosphere as well as in elucidating driving
mechanism for adaption and evolution of life on eartiFedo et al., 1995; Nesbitt and Young, 1989a;
Panahi et al., 2000)According to Catuneanu (1996) stratigraphic sequences and bounding
surfaces are assigned to different orders based on their relative importance, being also known as

a sequence hierarchy.

Especially for continental nonconformities the buried paleeweathered surfaces provide an ideal
opportunity to analyze the weathering and climate conditions during exposurdJian et al., 2019;
Zhou et al., 2017) This includes alteration and deformation of minerals, e.g. changes of crystal
morphology of primary and secondary minerals during the weathering process, which is also
called supergene alteration(Borrelli et al., 2014). After the palesweathered surface has been
covered by sediments or vézanic rocks, burial commences leading to an increase in temperature
and pressure as well as passage of diagenetic fluids. This second overprint during deep burial
diagenesis is called hypergene alteration and has to be carefully distinguished from the mpary

supergene alteration(Dill, 2010).

The widespread postVariscan nonconformity represents an important firstorder bounding
surface within the central and westen European strata. The nonconformity is a result of the
denudation of the Variscan orogen which mainly took place from the late Carboniferous to the
early Permian (Henk, 1995; McCann, 1999; McCann et al., 2006; Zeh and Bratz, 20Q4)cally,
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however, the contact surfae was overlain during the Triassic period. To date, the tectonic
evolution in central Europe during postVariscan times has been well studiedMatte, 1991;
Ziegler et al., 2004) However, studies on weathering during the PermeCarboniferous are fairly
scarce. On the other hand, climate and palaeoenvironmental conditions are well known from coal
bearing paralic and lacustrine sediments in the sul¥ariscan foredeep and posWariscan
intramontane basins which indicate an overall aridification trend from humid conditions in the
Westphalian to hyperarid conditions in the Guadalupian (Upper Rotliegend.:rom Lopingian, the

climate turned back to semiarid conditions(Roscher and Schneider, 2006)

For the reconstruction of the weathering conditions and the paleoclimate, fingrained sediments
such as siltstone or mudstone are usually investigate@Nesbitt and Young, 1982 Singer, 1988)
However, caution is needed as these sediments may be mdtiurced, recycled and/or
overprinted during transport and sedimentation (Fedo et al., 1995; Jian et al., 2019Jo avoid this,

it is feasible to analyze the weathering profile of igneous or metamorphic rocks in the source area
itself. With this approach, more accurte in-situ information of the weathering conditions during

a certain period can be acquired. This approach also applies to the diagenetic history of the rocks
which are situated in direct proximity to the postVariscan nonconformity (Dill, 2010). The
Sprendlinger Horst (Hesse, Germany) is a key area in southwestern Germany for investigating the
rock alteration processes at the posWariscan nonconformity, as plutonic ¥riscan basement
rocks in this area are widely covered by only a thin layer of Cisuralian volcarsedimentary rocks

and the contact surface has been penetrated by numerous drillingKirsch et al., 1988)

For this study, we selected a representative drill core reaching from unweathered basement rock
into the volcanic-sedimentary cover that was analyzed at high resolution, in particular near the
nonconformity. This drill core allowed not only for the study @ alteration in Variscan basement
rocks, but also for the study of the subsequent alteration of overlying early Permian basalt. We
carried out a detailed petrographical, mineralogical, and geochemical study and applied a new
workflow to distinguish the supergene and hypogene alteration processes within a firstrder
nonconformity. The workflow is based on normalizing mineral types and geochemical weathering
indices to unoverprinted conditions and quantifying the observed deviations. With corrected
geochemcal and mineral information of the weathered profile, the weathering and palaeoclimatic

condition and the alteration scenario were addressed.

2.3. Geological Setting

The Variscan orogen in Central Europe was formed due to the collision of the megantinents
Gondwana, Laurussia mageontinents and intervening microplates, namely Avalonia and
Armorica. The final assemblage of these continents led to the formation of Pangea between ca.
360 and 320 Ma during Carboniferous timgClive F., 1972; Schulmann et al., 2014Pue to a
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southward-directed subduction of the oceanic lithosphere below the microplate Armorica, the so
called Mid-German Crystalline Zone (MGCZ) was formed as a magdimarc at the northern margin
of Armorica during Early Carboniferous; as a highland, this region continuously weathered and
eroded until thermal subsidence began to dominate in central Européson Seckendorff et al.,
2004a; Willner et al., 1991; Zeh and Bratz, 2004; Zeh and Gerdes, 201 a consequence, the
post-Variscan nonconformity was formed, which represents a diachronous time gap of multiple
tens to hundred millions years in entral Europe (Henk, 1995; Kroner et al., 2007a; von
Seckendorff et al., 2004b; Zeh and Bratz, 2004he weathering surface was covered and, hence,
preserved by Permian sedimentary or volcanic rocks sumarized as Rotliegend GrouBecker et
al., 2012b; Korsch and Schéafer, 1991; Stollhofen, 1998)

The Odenwald basement is the largest basement window of the MGCZ and consists of two major
parts that are separated by the Otzberg shear zon&he Bergstrasser Odenwald in the west and
the Bollstein Odenwald in the east(Zeh and Gerdes, 2010) The Bergstrasser Odenwald is
subdivided into three tectonic units which are composed of magmatic and metamorphic rocks.
These are, ordered from north to south, Unit I, which includes the gabbiioritic Frankenstein
Complex, Unit Il with the secalled Neunkirchen Magmatic Suite and Unit Il which is dominated
by large intrusive bodies of the Weschnitz, Heidelberg and Tromm plutor{&owalczyk, 2001; Zeh
and Will, 2008). The basement rocks of the soalled Cenozoic Sprendlinger Horst belong to Unit

| and represent a northern extension of the Odenwald basement, consisting of amphibolite,
granite, diorite, gabbroic diorite and gabbro. Geochronological investigations of crystalline rocks
of Unit | yield an enplacement age of 362 +/ 9 Ma for the Frankenstein gabbrdKirsch et al.,
1988). K/Ar and 40Ar/ 3°Ar amphibole cooling ages fall into a range between 363 and 334 Ma
(Kirsch et al., 1988; Schubert et al., 2001)Cooling below 350 to 300 °C (approximate closure
temperature for the K-Ar system in biotite) occurred at about 330 Ma(Kirsch et al., 1988)
Thermal modeling for the southern Bergstrasse Odenwald implies that the exhumation rate
reached a maximum of 1.3 mm/a with average rates of 0.2 mm/a from 338 Ma to 333 Nienk,
1995). Recently, the basement rocks of Unit | on the Sprendlinger Horst were assigned to a
Cadomian basementDoérr and Sein, 2019b). The Dieburg metagranite in this region was dated
to 540 +/- 8 Ma. According to these new findings, the investigated basement rocks are Cadomian

relicts in the Variscan orogen.

The Cenozoic Sprendlinger Horst constituted a structural barrier between theearby SaarNahe
Basin in the west and the Hessian basin in the east already since the early CisuralisttCann,
1999). In the SaafNahe Basin, a subsidence rate of approximately 0.26 mm/a has been revealed
by backstripping analyses for the time between Namurian und Saxonigischéafer, 2011) The

oldest sedimentary rocks of the Sprendlinger Horst are represented by the Moret Formation
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(Becker et al., 2012b) The Permian Moret Formation deposited in an alluvial environment mostly
in wadi-like systems that contain poorly sorted conglomerates, pelites, cose-grained
sandstones/wackes and breccias. The fluvial sedimentary rocks of the overlying Lower Langen
Formation are interbedded with basalts and basaltic andesites. These volcanic rocks are the
product of a PermaCarboniferous volcanism which took placehroughout central Europe. Aro/
Ar30 dating of the volcanic products in the eastern Saadahe Basin imply ages of around 290 + 6
Ma (Lippolt and Hess, 1983) This age approximately caiesponds to the age of the Donnersberg
Formation (Schafer, 2011) The volcanic products in the Sprendlinger Horst are correlated to this
formation accordingly (Marell, 1989). Mudstone compaction rates indicate that over 3000 m of
sediments were eroded due to the inviesion of the basin structure during the mid and later
Permian (Henk, 1993).

During Permo-Caboniferous time, due to continental climate conditions within the
supercontinent Pangea, the paleoclimate in central Europe graduated from humid to hyperarid
conditions (Parrish, 1993). In the Permian and Triassic, only the margins of the supercontinent
attracted monsoonal rainfall and showed semiarid to subhumid conditiorfParrish, 1993, 1995)
The overall aridization is superimposed by several wet phases, hamely the Westphalian C/D, the
Stephanian A (303.6 Ma to 301.7 Ma), Stephanian C to lgdrower Rotliegend (299.1 Ma to 295.5
-Aq AT A OEA %AOI U 5DPAO 21 01 EACATA ) xAO DPEAOA
DEAOAOOG AAT AA T AOGAOOGAA ET OEA xETT A %0OOT PAAT O
events of the Gondwana iceap (Roscher and Schneider, 2006)

During the Mesozoic, the tectonic activity in Central Europe was relatively low and accompanied
by continuous subsidence and marine transgression. In this phase, around 1500 m of sediments
accumulated, which overlaid the Variscan basement and/or PermGarboniferous sediments and
volcanic rocks(Timar-Geng et al.2006). The maximumthickness of overburden is expected for
the JurassiqSchéfer, 2011) This is also the period of maximum heatingnd hydrothermal activity,
which overprinted both the Variscan crystalline basement and the overlain sediments and
volcanics locally. For this period, thdormation of hydrothermal ores in central and southwest
Germany is also well documentedBons et al., 2014; Staude et al., 2011; Tim&eng et al., 2004)
Based on apatite fission track analysis in gstalline rocks of the Odenwald basement/Vagner et

al. (1990) estimated temperatures of more than 130N for the Jurassic.Burisch et al. (2017)
calculated homogenization tenperatures from fluid inclusions in hydrothermal veins of 272 286 N
and 180N during the middle Jurassic and the Cretaceousespectively. These temperatures can

only be explainedby higher heat flow and/or ascending hydrothermalfluids.

During the late Cretaceous and the Eocene, coupled with compressional intraplate stress of the

Alpine Orogeny, the Upper Rhine Graben system was formdé8ehrmann et al., 2005) In
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conjunction with the formation of the Upper Rhine Graben, the Sprendlinger Horst was formed.
The latter is bounded by the Rhine Graben fault system in the west and by the Gersprenz graben
in the east. Most of the sediments that overlaid the podtariscan gystalline basement in the
research area have been eroded since the Cretaceqbsezger et al., 2013; Schwarz and Henk,
2005b). In the nearby southeastern Odenwald region they are partly conserved and reach a
thickness of 500 m for the Lower Triassic BuntsandsteitiMarell, 1989). On the Sprendlinger
Horst only Pemian volcano-sedimentary rocks remained which decrease in thickness from north
to south of Darmstadt from 250 to 0 m(Marell, 1989; Mezger et al., 2013)

2.4. Materials and Methods

Numerous drill cores in the Sprendlinger Horst vere acquired by a scientific drilling project
between 1996 and 2001. Many of the drill cores expose the pesariscan nonconformity in
shallow depths of up to 80 m below ground surface and, thus, provide a unique chance to
investigate this palaeosurface atocal scales. Along these drill cores, core GA1 was selected
because it exposes three different lithological units namely the plutonic basement at the bottom,
the Permian volcanic lava in the middle and overlying Permian Rotliegend sedimentary rocks at
the top. The sedimentary rocks show a gradual transition from alluvial facies at the base to fluvial
facies at the top (Fig2-1) and mainly consist of matrixrich breccias, wackes and siltstones. Both
the top of the basement rock and the top of the volcanlava constitute paleesurfaces that faced
intense alteration throughout their exposure, which is supposed to be significantly shorter for the
volcanic rocks. The macroscopic alteration underneath these surfaces is intense, this is expressed
by a higher deyree of fracturing, bleaching and grain disaggregation. The degree of macroscopic
alteration decreases with increasing depth in these parts. The core offers the unique opportunity
to study subsequent weathering intervals and to compare typical endmemberd mck types with

weak (granodiorite) and strong (andesitic basalt) vulnerability to chemical weathering.
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Fig.2-1. Location and geology of the research area with the lithological section of the drilling
GAL; note gap between 30 and 54 m drilling deptbheBtars indicate sampling spots.

In total 24 samples were extracted from the GAL drill core: 11 belonged to the basement, 6
belonged to the overlying volcanic rock (Fig-1) and 7 belonged to the sedimentary rocks of the
Lower Langen Formation. In orderto capture the smaltscale petrographic and geochemical
variations in the weathering zones appropriately, we reduced the sampling interval in the
topmost part of the volcanic rock and in the basement to 40 cm, for the rest of the core, the interval

was araund 1 m in order to avoid the fractures.

The samples were used to prepare thin sections that were analyzed by polarization microscopy
and SEMEDX (scanning electron microscomenergy dispersive XRay analysis) for their
petrographic characteristics. For mieral composition, trace element and major element analyses

all samples were crushed and milled into a powder with a diameter of less than 63 um. One part
of the powder was examined by ay diffraction (XRD) at Goethe University Frankfurt for whole

rock mineral composition. Careful backoading of the powder preparation was utilized for XRD

ET 1T OAAO O OAAOAAA DPOAEAOOAA 1T OEAT OAOGET 18 5O0E
with a BraggBrentano-Goniometer (Copper beam), each sample was scanneddan 40 kV and

30 mA for 2 h. The start angle was 2.5°, the end angle was 70.0° and a step size of 0.008° was
applied. The time for each step was 50 s. The mineral phase proportions were estimated by
weighted XRD peak intensities after conversion with theitypical Reference Intensity Ratios (RIR)

as found in the powder diffraction file (PDF2 and PDF4 of the International Centre of Diffraction
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Data: https://www.icdd.com/, last access: 12 June 2019; see Table 1) with MacDiff software
(Petschick et al., 1996)

The powder samples were sent to State Key Laboratory of Isotope Geochemistry, Guangzhou
Institute of Geochemistry, Chinese Academy of Science for examination of major elements by X
ray fluorescence (XRF) and examination of trace elements by Inductively Gied Plasma Mass
Spectrometry (ICRMS). Before XRF analysis, samples were roasted under 900for 3 hours and
weighed before and after heating to measure the loss on ignition (LOI). Subsequently, 6G5%3 g

of each sample was mixed with the ratio of 1:8 ith Li2B40O7 and fused at 1150 in a Pt crucible

to make a glass disk for XRF analysis.

For trace and rare earth elements analysis, 40 mg sample powder was weighed and placed into
high-pressure-resistant Savillex Teflon beakers to which 0.8 ml 1:1 HNOO8 mL HF and 0.5 ml
3N HCIQ was added. The mixture was heated for 48 hours at 100 and then evaporated. A total

of 0.8 mL 1:1 HN®was then added and heated at 108 for 12 hours. Next, 0.8mL HF and 0.5mL
3N HCIQ was added and the beaker was sealed andaved into an oven with a temperature of
190 N for 48 hours to make sure the sample was completely dissolved. The beakers were then
opened, the solution was evaporated and 4 mL 4N HN@ere added. Following this, the beakers
were sealed and moved into the ven which was set at a temperature of 1781 for 4 hours. Finally,
the solution was diluted with 3% HNQ until the weight of the solution was 250 times the weight
of the sample. A total of 0.25 g of the solution was taken and diluted with 3% HBO 2.00 g mixed
with 2.00 g RhRe internal standard solution and examined by IGRIS. To monitor the analytical
guality, international standards of GSRL(granite), GSR2(andesite), GSF3(basaltic andesite)

were applied.

2.5. Results
2.5.1.Petrographic characteristics

Plutonic rock

The Variscan basement in drill core GA1 consists of a coargrmined plutonic rock with a
conspicuous saltand-pepper appearance and a phaneritic texture. Fractures are pervasive from
20.6 to 21.4 and from 21.7 to 22.81. The width of the fractures is around 1cm. From 22.3 to
23.4m, both fracture density and width gradually reduce downwards. Nearly all fractures are
filled by secondary minerals (Fig.ll-I). Under the microscope, the fresh parts of the plutonic
basement rock mainly consist ofplagioclase (oligoclase and labradorite), quartz, biotite and
amphibole (Fig. 22a). With decreasing depth, primary minerals such as plagioclase and biotite

were gradually altered and transformed into secondary minerals; fractures are also ubiquitous in
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the thin sections in the topmost part. Primary grain shapes are distorted and most of them are
filled with calcite (Fig. 2-2b). Moreover, recrystallized quartz coupled with calcite is found filled

in the fractures (Fig. 22c). Some of the fractures are fi#ld by dolomite accompanied with quartz

(Fig. 22d). Even in the topmost part (20.6n), the plagioclase grains are only partly altered (Fig.
2-2e).

Fig. 22. Petrographic characteristic of the basement and the overlying volcanic rock in the GA1
drill core. (a) fresh gabbroic diorite (PM, z = 55:5 m); (b) gabbroic diorite (PM, z = 20:6 m)
and fractured quartz grain; (c) gabbroic diorite (PM, z = 23:5 m) and recrystallized quartz cou-
pled with a calcite filled in fracture; (d) gabbroic diorite (BSE, z1=52m) and dolomite ac-
companied by quartz; (e) gabbroic diorite (BSE, z = 20:6 m) and partly weathered plagioclase.
(f) basaltic andesite (PM, z = 17:8 m) and fresh plagioclase grains with the amygdaloid consist-
ing of calcite and zeolite and chalcedony), lfgsaltic andesite (BSE, z = 13:9 m) secondary
clay minerals with intact primary grain shapes; (h) basaltic andesite (BSE, z = 13:9 fifpand |
surrounded by kaolinite within one residual plagioclase grain shape; (i) basaltic andesite (SEM,
z = 13:9 m) wih kaolinite and adularia filled in the void. The abbreviations used in the figure
and caption are as follows: RNpolarizing microscopy, £ depth below ground surface, Amp

i amphibole, Klni kaolinite, Adli adularia, Bfi biotite, Cali calcite, Pli plagioclase, Ze®

zeolite, Chad chalcedony, Doi dolomite and QZ quartz.

Seite21



Lava

The lava has a phaneritic, amygdaloidal texture. Fractures in this part are very limited and occur
between 13.8 and 14.7 with a high angle to the horizon. The width is lesthan 1 mm, and the
fractures are also filled with secondary minerals (Figll-1). The fresh part of the volcanic rock
mainly consists of plagioclase (albite) crystals and amygdaloid bodies that are made up of calcite
and zeolite locally accompanied with chlcedony (Fig. 22f). With a decrease in depth, the content
of plagioclase gradually decreases under the microscope. However, the thin section in the topmost
part of the lava (13.9m) shows a sudden change compared with the samples from lower parts.
Here,nearly all primary minerals were altered to secondary clay minerals, but the primary grain
shapes are still relatively intact (Fig. 22g). Some residual grains consist of a kaolinite rim and a
core of illite or illite zsmectite (IzS) mixed layers (Fig. 2h). In the void, adularia with kaolinite

can be observed (Fig. 2i).

2.5.2.Mineral Composition

Plutonic rock

The XRD results are listed in théppendix -l (Table A1) and are plotted in Fig. 23. The plutonic
basement part is composed of plagioclase (oligoclasand labradorite), kfeldspar (only in one
sample), quartz, amphibole (mainly Mghornblende) and mica phases, with secondary minerals
of illite (not separable from micas), vermiculite, ¥S mixed layers, minor kaolinite, anatase,
hematite, calcite and dolonite. Amphibole abundance decreases in the middle section and
disappears in the uppermost part. In the topmost portion (20.823.5m), amphibole is not found.
Furthermore, plagioclase decreases in abundance from around 40 at the bottom to about 8%

at the top. Considering the mineralogical composition of the fresher parts of the plutonic rock,
based on the quartz, alkali feldspar, plagioclase, feldspathoid (QAPF) diagram for plutonic rocks,
the protolith of the basement rock can be classified as a quartzadite/tonalite (Fig. 11-11), which

corresponds well with Mezger (2013).
Lava

The fresh samples of the volcanic rock aromposed of augitic pyroxene and plagioclase (albite).

In the weathered part, most of the phases appear as secondary minerals, such as quartz, hematite
and anatase; clay minerals, such as illite, mixed layer illiemectite (1zS), vermiculite and kaolinite

and carbonate minerals, like calcite and minor dolomite. The uppermost part of the lava is
dominated by kS mixedlayer minerals, the plagioclase content is less than% and pyroxene is
absent. The abundance of plagioclase (and pyroxene) gradually deases from bottom to top, and

illite and vermiculite exhibit an increasing tendency (Fig. 23). Based on the QAPF diagram for
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volcanic rocks, the protolith of the weathered volcanic rock can be classified as a basalt or andesite
(Fig.11-11).

2.5.3. Geochemical characteristics

Geochemical rock classification

In order to further verify the lithological type of the plutonic and volcanic rock for the basement
part of the GA1 drill core, the geochemical data from comparatively fresh samples (2385%.5m)
are plotted in the total alkali silica (TAS) diagram(Middlemost, 1994) (Fig. 2-4). Here, the results
mainly plot in the gabbroic diorite field (Fig. 24a), which is grossly consistent with the reslts
from the petrographic classification (Fig.ll-Il). For the volcanic rock classification, a revised
WinchesterzFloyd diagram is applied, which is based on immobile trace elemen(Bearce, 1996)
Most lava samples fall into the andesite/basaltic andesitéield (Fig. 24b), which is also in
accordance with the petrographic classification result. In the following, we use the result of

chemical classification and term the two protolith rocks as gabbroic diorite and basaltic andesite.
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Fig.2-3. Mineralcompositions of both Permian volcanic lava and Paleozoic basement rock in
the GA1 drill core (measured by powder XRD).

Major elements

The concentrations of major elements are listed in th&ppendix II-1 (Table A2) and are visualized
in 1-D profiles for both basaltic andesite (Fig. 5a) and gabbroic diorite (Fig. 25b). Within the
lower relatively fresh part of the gabbroic diorite, major elements such as, NaO, BOs CaO and

MnO are almost constant. AD; and TiG fluctuate in the topmost part (20.6221.5 m) and show an
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overall slightly increasing tendency from top to bottom. For F€s, the fluctuation is high in the
topmost part and low in the lower part. There is a sharp shift in most concentrations when
approaching the intensely altered part at the tof the profile. Despite the high fluctuation in most
concentrations in the uppermost part, a significant increase in 40 and decrease in N® are

observed from bottom to top (Fig. 25b).
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Fig.2-4. Classification of rocks of the GA1 well with the TABgram and Revised Winchester
Floyd diagram. (A) samples from fresh and nearly fresh parts of basement; (B) samples from
overlain lava profile

Concerning the basaltic andesite, there are some clear trends with increasing@d, KO, BOs and
TiO, concentrations and with decreasing CaO and M@ concentrations towards the top. In
contrast to the gabbroic diorite, a sharp shift in concentrations is observed in the uppermost

sample for all elements except for F€; which fluctuates along the profile (Fig. 25a).
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Fig.2-5. Major elements content (in wt%) of the basaltic andesite (A) and the gabbroic diorite
(B) along the drill core profile.

Trace elements

Trace element data are also given in thAppendix II-1 (Table A3). Variations in representative
trace elements from both gabbroic diorite and basaltic andesite are shown in Fig.-@ In the
gabbroic diorite, except for the topmost part, fluctuations in higkield-strength elements (HFSES)
such as Zr, Hf, Nb, Ta and Th (in parts per million, ppm) are limited even constant. For large

ion lithophile elements (LILES), Rb and Cs decrease from top to the bottom, whereas Sr increases
from 61 to 348 ppm. Ba fluctuates in the upper part of the gabbroic diorite section but is almost

constant in the lower part.

Concernng the basaltic andesite part, HFSEs such as Zr, Hf, Nb, Ta and Th (in ppm) all exhibit an
increasing tendency from the bottom to the top, with a sharp increase in the topmost sample.
LILEs such as Rb and Cs also show an increasing tendency, whereas Sxalevan inverse trend,
with a decrease from 123pm at the bottom to 47ppm in the topmost part. The tendency for Ba

is irregular compared with the other elements, but the overall trend is decreasing.
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Fig. 26. Representative trace elemeotstent (in ppm) of basaltic andesite (A) and gabbroic
diorite (B) along the drill core profile.

Rare Earth Elements (REES)

REE concentrations are listed il\ppendix II-1 (Table A4) and are shown as chondritenormalized
patterns (McDonough and Sun, 1995n Fig. 27. The calculation for the anomalies of cerium (Ce)

and europium (Eu) are defined as follows:
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- — (Eq.2-1)
and
_— (Eq.2-2)

Here Ce* and Eu* are the hypothetical concentrations of trivalent Ce and Eu, andrefpresents
the normalized value of the element X. The distribution patterns of both gabbroic diorite and
basaltic andesite are nearly parallel at different depths and exhibit decreasing values from the
bottom to the top (Fig. 27). All samples are moderatly enriched in light rare earth elements
(LREESs) and have gently rightlipping REE patterns. They exhibit no Ce anomalies and slightly

negative Eu anomalies.
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Fig.2-7. REE pattern of basaltic andesite (A) and gabbroic diorite (B) in different depths

2.6. Discussion
2.6.1.Chemical alteration

During chemical weathering, alkalis and alkaline earth elements contained in silicates such as
feldspar, mica minerals, pyroxene and amphibole will be gradually depleted, whereas aluminum
tends to remain in situ, generating clayminerals (Clift et al., 2014; Nesbitt and Young, 1982;
Vazquez et al., 2016) Basedon this mechanism, different types of weathering indices were
developed to evaluate the weathering intensity. Among these, the chemical index of alteration
(CIA) and the plagioclase index of alteration (PIA) were proposed byesbitt and Young (1982)
and Fedo et al (1995) respectively. They are defined as:

#) ! - p T,TT (Eq.2-3)
and
0)! : p Tt Eq.2-4)  (

respectively. Here, all portions are given in moledar weight, and (in both equations) CaO* is the
Ca content within silicate minerals only. Bulk rock analysis of altered rocks, however, is affected

by Ca mobilization and secondary calcite precipitation. First, Ca may be transferred downward

Seite26



during weathering in the top part and may precipitate there along fractures that were formed
before by physical weathering and/or rock relaxation. Second, Ca may be transferred by fluids
from underlying or overlying formations during the burial process, depending on thénydraulic
conditions. Both cases will increase the Ca content. Hence, bulk geochemistry cannot be applied
directly. For the correction of calcitic CaO*cLennan (1993)proposed an approximate approach

is as following: CaQs= CaO- P.Gs*10/3, whereas the P.Gs is related to apatite, CaO* = CaQ
when CaQsi< Na&O, CaO* = N® otherwise. With this calculation, the CIA value for fresh feldspar
is about 50, unaltered basaltic andesite is between 30 and 45, granitoids range between 45 and
55, illite is from 75 to 85, muscovite yields a value of 75, and kaolinite and chlorite hatre highest
value of nearly 100(Fedo et al., 1995) As a modification of the CIA, the PIA value for fresh rock is
around 50, whereas for clay minerals such as kaolinite, illite and gibbsite, it is close to 1Jg:do

et al., 1995; Patino et al., 2003)

In our case, the CIA and PIA decrease from top to bottom for both gabbroic diorite and béisa
andesite. The PIA values are clearly higher than the CIA values (Figda. In the topmost basaltic
andesite part, the CIA is up to 77, which indicates an intermediate degree of weathering. The
results from XRD and backscattered electron microscopyBSE), however, indicate that the
plagioclase is weathered and 746 of the constituent is BS. This is well expressed by the PIA,
which yields a value of 98; hence, the PIA is more consistent with the mineralogical and
petrographic character than the CIA.
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Fig.2-8. Weathering indices with-&N-K diagram of both basaltic andesite and gabbroic dio-
rite before and after K correction; based(Bado et al., 1995; Nesbitt and Markovics, 1997)

To better evaluate the weathering intensity, an ACNK ternary diagram is applied(Fedo et al.,
1995; Nesbitt and Young, 1984)The letter A stands for AlO;, CN for (CaO*+N#D) and K is the
content of KO all in molecular proportions. The ideal weathering trend for different types of
parent rocks in the upper continental crust should be parallel to the AN axis, but the original
data tend to deviate from the theoretical weathering trend due to diagenetic alteratio(Babechuk

et al., 2015; Fedo et al., 1995; Zhou et al., 201The trends for both basaltic andesite and gabbroic
diorite samples uniformly deviate from the ideal weathering tendency and excurse to the K apex
(Fig. 28a), which clearly indicates a reltive K enrichment. In the literature, the enrichment of K

is interpreted as K metasomatism due to conversion among clay minerals, such as the
transformation from kaolinite to illite or from plagioclase to K-feldspar (Fedo et al., 1995; Nesbitt
and Young, 1984; Zhou et al., 2017K metasomatism results in a lower CIA value relae to the
actual weathering intensity and can also explain the deviation from the PIA. To address this
problem, Fedo et al. (199500CCAOOAA OEAO OEAROBOI DIAOEBRAILBT Al £EPODEKL
the weathering products could ke determined by correcting each point on the Z2CN¢K diagram
back to its predicted position. The method proposed biPanahi et al. (2000)for the K correction

is applied as follows:
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+ / (Eq.2-5)

The Ay and CN, refer to the ALO; and (CaO*+NgD) contentin the weathering zone, respectively,

where
[ (— (Eq.2-6)
and the K, A and CN values for the calculationmfare from the protolith sample.

With corrected KO values, the trend of all sample points in thezZ&NzK diagram is parallel to the
AzCN axis (Fig. Bb). Moreover, the ClAx values are now consistent with the PIA value. The
ClAwr values of the gabbroic diorite indicate an intermediate tancipient chemical weathering
degree, with ClAor values of 80 in the top part and values of 58 at the bottom (Fig-8b). PIA
values decrease from 83 to 59 (Fi®-8b). For both the ClA.r and PIA values, inconsistent trends
between the topmost part (206z21.5m) and the remaining section (22.828.5m) result from a
sudden decrease in the weathering degree which forms aliscontinuity@ The ClA.r and PIA
values in the topmost part range from 79 to 80 and from 78 to 80, respectively; in the remaining
section, the Clfr and PIA values decrease from 62 to 58 and from 63 to 59, respectively.
Petrographic and mineralogical features correspond well tahe corrected weathering indexes.

Secondary alteration products are mainly illite, with a small quantity of kaolinite and vermiculite.

The corrected CIA values in the basaltic andesite suggest an extreme to incipient weathering
degree, with the ClA.r and PIA decreasing from respective values of 97 and 98 at the top to
respective values of 42 and 41 at the bottom. Similar to the gabbroic diorite, a discontinuity exists
between the topmost part (13.9m) and the lower part (14.3919.3m) for both ClA,r and PIA
values. The high Clar and PIA values in the topmost part of the basaltic andesite indicate extreme
chemical weathering. In the lower part of the basaltic andesite, the Ghfand PIA values decrease
from 64 at the top to 42 at the bottom and fron65 at the top to 41 at the bottom, respectively (Fig.
2-8b). These values are much lower than values from the topmost part and suggest an incipient
weathering degree. Based on the XRD results, the plagioclase content at the bottom i86/&nd
declines gradially up the section to 54% at 14.5m before it suddenly drops to 0% at 13.9m. At

a depth of 14.5m, the plagioclase grains are still mostly fresh, which is clearly different from the

uppermost 0.5m in which they are completely altered.

2.6.2. Quantification of elements transfer

For quantification of element transfer due to weathering and diagenesis the model is applied
(Anderson et al., 2002; Nesbitt, 1979a; Nesbitt and Markovics, 1997lhe mocel uses the relation
of the mobile element concentration in the sample (Msample) vs. the protolith (Mprotolith) and

between the immobile element concentration in the sample (Isample) vs. the protolith (Iprotolith).
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Among the immobile elements, Ti is widelysed as a key elemen(iMiddelburg et al., 1988) Thus,

the model is defined as:

z — ), (Eq. 27)

Whenzu> 0, element M is enriched during alteration, whegu= 0, element M is immobile during
alteration, when 0>zy>-1, element M is depleted, whegu=-1, element M is completely lost from
the material. For the basaltic andesite and gabbroic diorite, the samples from the bottom (198

for basaltic andesite and 55.5 and 56.& for gabbroic diorite) were selected as prtoliths to
provide the lowest degree of alteration based on the CIA values, petrographic features and XRD

results.

The results for major and trace elements are listed in thAppendix 11-I (Table A5) and are plotted
in Fig. 29. In the basaltic andesite par both Ca and Na are strongly depleted in the topmost
section (13.9m), with zcaand zna 0f T 0.93 and1 0.99, respectively.zcagradually increases from
10.60 toT 0.07 andznaincreases fromt 0.60 to1 0.18 with increasing depth from 14.3m down to
17.8 m. The discontinuity between the topmost part and the remaining section corresponds well
to the CIA and PIA values. However, thg, values from the top gradually increase froni 0.70
(20.6 m) to 10.67 (21.5m) in the gabbroic diorite part, followed by a skrp increase in the lower
section, with values betweeri 0.12 and 0.06. This is consistent with the trends of both the CIA and
PIA.Zcavalues show a high variability compared withgna. The sample from 20.6n yields az value
of10.03, which indicates a stiht depletion in Ca, whereas the sample from 21r& shows az value
of 0.17, which suggests a slight enrichment in Ca (Fig-9b). A similar enrichment also occurs at
23.5m, which yields a value of 0.13 (Tabl&5).

The Sr/Ca ratio can be applied as a pameter to distinguish different phases of diagenetic fluids
(Berndt et al., 1988; Brandstatter et al 2018) To figure out the source of Ca, the €raO diagram
is applied (Fig. 29a). To figure out the source of Ca, the &aO diagram is applied (Fig.-2a). The
ratios of at the top of the gabbroic diorite at depths of 20.6 and 21r& show a close réation to the
ratios of the basaltic andesite, and they clearly deviate from the general trend of the gabbroic
diorite and the overlying sedimentary rocks. This hints at a chemical overprint of the gabbroic
diorite by the overlying basaltic andesite, wheras the Ca in the lower part appears to be primary.
The spike inzcaat a depth of 23.5m can also be explained by porosity data (Weinert et al., 2021),
which can be considered as a measure of fracture density and grain disaggregation in igneous
rocks. Theporosity decreases sharply from 24% at a depth of 21.5m to 3% at 23.6m (Fig. 29b).
This can be explained by the fact that the fractures provided pathways for meteoric water before

the Permian basaltic to andesitic lava flow flooded the basement. Ca was leached by meteoric
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water, transferred downward through these fracturesand accumulated around the interface,

where the porosity sharply decreases.
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Fig. 29. Elements characteristic, (A) C&®D crossplot of the samples from the GA1 drill core;
(B) Relationship between tlzevalue and the porosity in the gabbroic diorite) Relationship
among Rb, Cs and K20 among sedimentary rocks, basaltic andesite and gabbroic diorite.

Based on the K, K was depleted during the weathering process in both basaltic andesite and
gabbroic diorite. The depletion trend of K from top to thebottom is similar to the trend of Na. In
the topmost part of the basaltic andesite, i$0.59 and gradually increases ta 0.35 and 0.08 at
depths of 14.3m and 17.8m, respectively. In the top part of the gabbroic diorite, increases from
10.26 (20.6m) to 10.23 (21.5m) followed by a sharp increase to around 0 in the lowest part
(Table A5). The z value trend of Ko is in agreement with macroscopic and microscopic

weathering trends, thereby supporting the applicability of the K correction.

In contrast to Caand Na, elements closely related to clay formation such as K, Rb and Cs show
significant enrichment (Fig.2-6). In the gabbroic diorite part, thez values of K, Rb and Cs decrease
from 2.5 to 0.2, from 5.4 to 0.5 and from 19.8 to 2.3 from top to bottomespectively. Similarly,
they decrease in the basaltic andesite from 4.2 100.4, from 5.5 tor 0.4 and from 8.4 to 0.2 from

top to bottom, respectively.
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To search for the origin of this enrichment, correlation diagrams for gabbroic diorite, basaltic
andesite and sediments are plotted (Fig.-8c). The linear and close relationships between Cs, Rb
and K in the gabbroic diorite and basaltic andesite point ta joint alteration of both, whereas the
overlying sediments can be excluded as a source. This is consistent with the conclusion of
Molenaar et al.(2015), who claimed that the overlain Permian Rotliegend sediment on
3DOAT AT ETCAO (1 0060 &I Oi AA A OAI T OGAA OUOOAI o
out of the systemPalmer and Edmond (1989)laimed that mobile elements such as K, Rb and Cs
are very easily extracted by thermal fluids and transferred during hydrothermal activity. In
addition to clay transformation, typical minerals formed from hot fluids are observed in thin
sections and XRD, such as dolomite accompanied by secondary quartz and adularia (F&). Zhis
observation supports the model of a second alteration that was pervasive through the

nonconformity and must have happened during burial diagenesis.
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Figure 2-10 displays thezm values for all elements. The largéon lithophile elements (LILES), K,
Rb and Csare removed from the figure due to their strong enrichment which would affect the
scaling of all other elements. The remaining LILEs, Sr and Ba, are enriched in the gabbroic diorite
but depleted in the basaltic andesite. The enrichment in the gabbroic alite is most probably

associated with diffusive carbonate precipitation, which is missing in the basaltic andesite.

In both gabbroic diorite and basaltic andesite, the, values gradually increase from LREEs to
HREEs (Fig. 20). This indicates that the deletion degree from LREES to HREESs decreases during
the alteration process if the same conditions exist. In a study of the weathering of a granodiorite,
Nesbitt (1979) showed that REEs are removed by acidic leaching of meteoric water which
becomes buffered with depth and loses its etching effect due to nigj pH. MoreoverNesbitt (1979)
proposed that the fractionation of LREEs and HREEs may be controlled by the mineral type.
Kaolinite and illite are favorable for LREEsS, whereas vermiculite, E€i oxyhydroxides, relict
hornblende and biotite are more favorable for HREEs. In our study, the decreasing depletion
degree from LREEs to HREEs in both weathering profiles also indicates that LREEs are more
mobile than HREEs in the same acid weathering environment. Moreover, REE fractionation of the
gabbroic diorite is less systematic from the top down compared with thbasaltic andesite (Fig. 2
10b). By comparison with rock textures, we assume that this is due to physical fracturing and
more heterogeneous chemical alteration in the basement. The strongly depleted samples at
depths of 20.6 and 22.5n are close to fractue zones and possibly more affected by leaching. In
contrast, the enriched samples from depths of 21.5 and 23m® do not have macrefractures. This
can be explained by acidic meteoric water that used the pathways provided by the maero
fractures in the topmost part of the gabbroic diorite. REES in the fracture zone were leached,
transported downward, and accumulated around the interface of macrfracture- and macro

fracture-free zone. This is comparable to the behavior of Ca.

The highfield-strength elements(HFSESs), Zr, Nb, Hf, Ta and Th, are expected to be immobile. In
the gabbroic diorite, thez values scatter significantly for specific elements within single samples.
The samples from depths of 21.5 and 2318 show mostly enriched values as well as Pb and U
which is in line with REEs. Other element shifts appear to be controlled by heterogeneous
conservation and alteration of specific minerals due to the fractured and granular texture of the
rock. The depletion of Pb and U can be well explained by oxidaticluring weathering into the
mobile species Pbrand U+, respectively, and subsequent leaching by meteoric water. In addition,
from LILEs to HFSEs, the overall depletion degree decreased in both the basaltic andesite and

gabbroic diorite part during the alteration process.
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2.6.3.Burial diagenesis

In addition to correcting the alteration trend, the &ACNzK diagram can also be used to kinetically
predict the primary weathering products of plutonic and volcanic rockgNesbitt and Young, 1984,
Panahi et al., 2000) In this case, this concept is applied to differentiate surface weathering from
burial diageness by comparing the remaining secondary minerals in the profile with the

theoretical weathering products.

Due to the chemical composition restriction, rock types that contain only minor amounts of K tend
to be weathered directly by forming smectite and kaahite instead of illite regardless of the
climate (Nesbitt and Young, 1989a) In our case, both gabbroic diorite and basaltic andesite
contain minor K. However, secondary minerals mainly consist of illite which makes metasomatic
addition of this element during burial diageness highly probable(Fedo et al., 1995) As discussed
in Sect. 2.5.2, K metasomatism is possibly promoted by hydrothermal fluids. According to the A
CN¢K diagram (Fig. 211), the initial weathering products of the gabbroic diorite should have
mainly consisted of smectiteand a small quantity of kaolinite is expected in the top part (206
21.5m). For the basaltic andesite (13.9n), kaolinite with a small portion of smectite is expected,
whereas smectite should be dominant in the lower part. ESEM (environment scanning elemn
microscopy) indicated kaolinite in two morphologies: vermiform (Fig. 22h) and booklet form (Fig.
2-2i). According to Chen et al. (2001) and Erkoyun and Kad(2011), vermiform kaolinite is
favored during the in situ formation of kaolinite, whereas the euhedral booklet form is favored
during autogenic diagenesis (e.Bauluz et al. 2008) Kaolinite formed by chemical weatherings
always more anhedral(Bauluz et al., 2008; Varajao et al., 2001}herefore, the influence of
subrecent surfacerelated weathering can be excluded in our case. Based on the XRD results of the
gabbroic diorite (Fig. 23), the remaining mineral in the topmost part (13.9m) of the basaltic

andesite is S, which can be explained by theonversion of kaolinite and smectite into ¢S.

100 AKaolinilc’G]hbsilc

7 54 Smectite e\ S \llite/Mica
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Fig. 211. Theoretical weathering tendency and tendency during burial diag@restoset al.,
1995) a-observed weathering trend for both basaltic andesite and gabbroic didhniéeyrbtical
weathering trend for basal andesite; 4€<-metasomatism trend of topmost basaltic andesite;
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d-K-metasomatism trend of the rest part of basaltic andediteoeetical weathering trend for
gabbroic diorite; f K-metasomatism trend for gabbroic diorite

Na and Ca, as needed for thgS formation, may originate from the original smectite or from
diagenesis fluids. The, values of Na and Ca in the topmost part aie0.99 andt 0.93, respectively;
therefore, the influence on the CIA and PIA values for evaluating the weathering intensity i
negligible. The remaining secondary mineral in the lower part (14&.9.3m) is illite, which can

be explained by the conversion of smectite into illite. During the conversion from smectite into
illite, Ca and Na will be further depleted. Théepletion of these elements will surely increase the
CIA and PIA values. Due to the higher content of weathering products (smectite), more Ca and Na
will be lost. The influence on the CIA and PIA values will also be more evident. Therefore, in this
case, die to the low content of original weathering products, the depletion of Ca and Na content
should be limited, thereby resulting negligible effects on the CIA and PIA values. Similar to the
basaltic andesite, in the gabbroic diorite, the first secondary mimels formed by weathering were
predominantly smectite according to the ACN¢K diagram. During the overprint of diagenesis, the
smectite was transformed into kS in the topmost part (20.€21.5m); in the lower part (22.50
28.5m), the smectite was all transbrmed into illite. Hence, the Ca and Na should be depleted and
the CIA and PIA should increase. In the topmost part, this influence should be highest and should
decrease with the decreasing content of the secondary minerals towards the lower part. In both
basaltic andesite and gabbroic diorite, the illitization makes K addition from outside the system
necessary, most probably by fluid migration through fractures. The smectite resulting from
weathering in the gabbroic diorite would have been altered to purellite in the presence of
sufficient K. As we observe a high amount of$, the K supply was not sufficient to alter the
smectite completely to illite in the topmost part of the gabbroic diorite (20.§21.5m). A similar
mineral content pattern also existsin the basaltic andesite. The illite in the lower part (14.8
16.3m) was most probably transformed from smectite. However, the K supply was not high

enough in the topmost part where ¢S and residual kaolinite are dominant (13.9n) (Fig.2-3).

2.6.4.Implications f or paleoclimate

The occurrence of weathering products, such as illite, smectite and kaolinite, can be applied as a
useful tool to assess the paleoclimatéClift et al., 2014; Raucsik and Varga, 2008; Singer, 1988)
However, caution should be used when working with these parameters as clay minerals may be
overprinted by transformation or neoformation during burial diagenesis, and there is a&o the
restriction due to the geochemical composition of rock type, as discussed in Sect. 2.5.3. It follows
that, when the clay minerals in the sedimentary rocks are investigated to assess paleoclimatic
conditions, the lithology of the source rocks shouldbe considered. In particular, for the

weathering profile of the igneous rock, all of the involved processes mentioned above will lead to
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misjudgments regarding the paleoclimate conditions if working with raw data. Taking this study
as an example and interpeting the original data from XRD and SEM analyseg3 clay minerals
would indicate a subhumid climate with prominent dry seasongRaucsik and Varga, 2008; Singer,
1988). For the deeper parts of both basaltic andesite arghbbroic diorite, the clay minerals are
dominated by illite, pointing to a cold or dry climate. According to this information, the profile
would suggest that the climate alternated twice from a cold and dry climate to a seasonal and
alternating wet and dry climate. However, due to the limited K availability, the dominant illite in
gabbroic diorite and basaltic andesite must be a product of a diagenetic overprint. When
correcting the AZCN¢K diagram, the primary weathering product in the topmost part of the
gabbroic diorite must have been smectite with negligible illite and possibly a small quantity of
kaolinite (20.6z21.5m). Furthermore, smectite can also not be applied to evaluate the

paleoclimatic conditions in this case due to the K limitation of the litology.

Although the CIA and PIA values may be misleading sometimes, they display the alteration
intensity of the gabbroic diorite well, with much higher values in the topmost part (20.821.5m).
However, a related tendency of HFSESs is nonexistent (Fig6B). Due to leaching, these immobile
elements are expected to become indirectly enriched, which is not observed. HFSE values and
values of representative LILES, such as Na and Sr, show aifpes correlation with porosity data,
which suggests that the intensity of the leaching process was more dominated by the porosity
formed by intense physical weathering than by other factors, such as the climate shifting to more

humid conditions.

Correction of the &CNzK diagram for the basaltic andesite section suggests that primary products
of the altered basaltic andesite were dominated by kaolinite in the topmost part (13/) and
mainly by smectite in the lower part. Again, smectite cannot be appliecsa climate parameter
due to the restriction of the K content in basaltic andesite. Similar to the gabbroic diorite section,
the CIA and PIA values, the mineral abundances and the petrographic features significantly change
between the topmost part (13.9m) and the lower part (14.3919.3m). In contrast to the gabbroic
diorite, however, the relative content of highfield-strength elements (HFSESs), such as Nb, Ta, Zr,
Hf and Ti, are all drastically shifted between the topmost part (13.81) and the lower part (Fig. 2
6a). The abnormal relative concentrations of these elements in the topmost part indicate more
depletion of other relatively more mobile elements, which is confirmed by the value of Na and
Ca. All parameters together, i.e., the CIA, PIA, relativentent of clay mineral types (additional
kaolinite in the topmost part), and petrologic features indicate that the climate changed to humid
conditions during basalt weathering. Moreover, the thin saprolite layer demonstrates that
surficial weathering only lasted for a short period and that the basalt was rapidly covered by

alluvial sediments.
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As mentioned in Sect. 2.5.2, the weathering environment for the basaltic andesite was more acidic
than for the gabbroic diorite. The acid present in theveathered profile can be attributed to CQ
input from the atmosphere or organic acids produced by vegetation. Based on the drill core profile,
vegetation was undeveloped at the palegurfaces on both the gabbroic diorite and basaltic
andesite parts. Hencethe increased acid was probably due to an increase in €i@the atmosphere
(Berner, 1992, Neaman et al., 2005)which may also be the reason for the deglaciation event

during the Permo-Carboniferous.

2.7. Scenario for alteration at the post -Variscan nonconformity

As the weathering process and the paleoclimate is elucidated, the overall altexatiprocess at the
post-Variscan nonconformity can be separated into three subsequent steps (Fig@s12, 2-13, 2-
14). Approximately at the CarboniferougPermian boundary, the gabbroic diorite was firstly
weathered under relatively arid conditions. This inclided fracturing by physical weathering and
moderate chemical weathering. Plagioclase was transformed to smectite with negligible illite (Fig.
2-12, Egs. %2). Other minerals such as amphibole and biotite were weathered to smectite and
chlorite accompaniedby the generation of hematite and vermiculite (Fig. 22, Eqgs. 35). With the
beginning of volcanism in the early Permian, the nonconformity was concealed by the basaltic
andesite lava flow, which underwent a short but intense period of chemical weatheringrirstly,
pyroxene and plagioclase were weathered to vermiculite and smectite (Fig-13, Eqgs. &7).
Thereafter, more humid conditions initiated increased leaching and smectite was transformed to
kaolinite (Fig. 213, Eq. 8). During these two stages, elemts such as Na, Ca and K were depleted
from the system, either by export or descendent enrichment in the profile. After a relatively short
time interval, the basalt was concealed by sediments and the weathering process terminated.
During burial diagenesis fluids transformed smectite and kaolinite into illite in both gabbroic
diorite and basaltic andesite (Fig. 213, Egs. 10). The transformation of smectite to illite led to
depletion of Ca and Na as well. This leaching process is accompanied by the firom of accessory
minerals such as quartz, dolomite, calcite and adularia (Fig-14, Eqgs. 1%12), which indicate a
temperature of around 200N (Stimac et al., 2015)Emplacement of calcitic veins is partly coupled
with low -temperature migration recrystallization quartz (Fig. 22c), which indicates a
temperature of around 300N (Stipp et al., 2002) This roughly coincides with temperatures from
thermochronological apatite fission track studies in the srrounding basement of the Odenwald
that indicate heating of up to more than 130N before 80z105Ma and homogenization
temperatures from fluid inclusions in hydrothermal veins of up to ca. 290 (Burisch et al., 2017;
Wagner et al., 1990) Subsidence ceased in éhuppermost Jurassic, as evident from surrounding
sedimentary sequences in southern Germany. Relative stability can be expected until the early

Cenozoic, when the European Cenozoic Rift System was initiated and also formed the
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Sprendlinger Horst(Ziegler et al., 2004) Since the Eocene, the Mesoz@edimentary cover of the
Sprendlinger Horst has been subsequently removed. Most probably, exhumation of the basement
did not take place before the upper Miocené€Sissingh, 2003) A further pulse of exhumation is
proven for the Middle to Late PleistocenélLang, 2007)
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2.8. Conclusions

A combined study of mineralogy, petrography and geochemistry was performed andrill core
that penetrates the postVariscan nonconformity on the Sprendlinger Horst (southwestern
Germany). The aim of this study was to elucidate rock alteration at and across the nonconformity
and to disentangle surficial weathering and its overprintoy burial diagenesis. The unconformity

is covered by a Permian lava flow followed by alluvial sediments of the Rotliegend. This allows for
the study of two different lithologies and two subsequent periods of surficial weathering as well
as the burial diagaesis affecting both in a later stage. The crystalline basement is composed of a

gabbroic diorite, whereas the lava flow is a basaltic andesite.

In the gabbroic diorite, mineralogical and geochemical parameters show a gradual alteration
trend with a maximum depth of around 10m, whereas the andesitic basalt shows a shallower and
more intense alteration with complete chemical alteration in the topmost part. Chemical
alteration goes along with physical alteration which is evident from the fracture density. Téh
different alteration steps were separated using thin section analysis, clay mineralogy and
geochemistry. In addition, the trends of the ACN¢K diagram and element transfer ratios were

used to determine pristine rock compositions.

Surficial weathering of both gabbroic diorite and basaltic andesite are all indicated by
petrographic characteristics, increasing abundance of secondary minerals, increasing CIA and PIA
values, and enrichment of immobile HFSEs due to the leaching process. In the gabbroic diorite,
ubiquitous now filled fractures with a width of around 1cm in the upmost part (20.621.4m)
suggest intense physical weathering combined with chemical weathering, preferentially along
these fractures. The corrected clay mineral composition yields smeatitwith negligible illite and
possibly a small quantity of kaolinite, pointing to an arid climate. Physical weathering in the
basaltic andesite is much weaker compared with the gabbroic diorite. An overprint by burial
diagenesis is indicated by K metasomatim, clay mineral transformation and neoformation of
minerals, as well as an enrichment of K, Rb and Cs in the alteration zone. In both the gabbroic
diorite and andesitic basalt, the primary weathering products such as smectite and kaolinite were
transformed into illite, and this will also have some influences on the evolution of weathering

intensity.

At both nonconformities, distinct gradients from the top downward demonstrate that surficial
weathering is the major alteration process. During burial diagenes, fluids preferentially
percolated along the postVariscan nonconformity and at the basaltsediment boundary, due to a
higher permeability. This led to clay mineral transformation and some neoformation of minerals,
but it did not change the alteration pétern. Deeper parts of both parent rocks are pristine and are

not affected by surficial weathering nor by fluids during burial diagenesis.
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Our case study shows that surface weathering in the past is a primary control on the petrography
and geochemistry andalso guides fluids through the system during burial diagenesis. Moreover,
we could demonstrate that the formation of the saprolite zone depends on rock composition,
climatic conditions and the duration of the process. Our results have implications for gadclimatic
and burial diagenetic studies. In order to separate hypergene and supergene alteration, we
provide a workflow for nonconformities and shed light on the use of palesveathering surfaces

for paleoclimate research.
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Abstract Weatheringis a basic geological process that refers to the breaking down or dissolving
of rocks and minerals on the surface of the earth. However, weathering characteristics mary
among different lithologies even under similar conditions. To evaluate and quantitatively
compare the physical and chental index of alteration among different types of rock, new
concepts of paleeweathering such as the absolute weathering degree anbld relative weathering
degree are proposed for microscale studies. For the quantification of physical weathering, the
index of physical weathering (IPW) is introduced. The index is defined as the ratio between the
area of the fractures formed during diffeent weathering stages and the total area of the thin
section under the polarizing microscope and it is corrected by the corresponding rock strength.
To quantitatively compare the chemical weathering intensity among different types of rock and
minerals two new concepts are introduced: total weathering mass (TWM) and chemical
weathering ability (CWA). While the TWM is an integral function of weathering rate and
weathering time for minerals, the CWA is the sum of the TWM of each mineral in rock within a
certain time period. As a case study, this concept is applied to the weathered crystalline basement
below the postVariscan nonconformity in southwestern Germany. The petrography and
geochemistry of three drillings penetrating the nonconformity were investigatedby polarizing
microscopy, Xray diffractometry (XRD), scanning electron microscope (SEM);rdy fluorescence
(XRF) and inductively coupled plasmanass spectrometry (ICPMS). The investigations illustrate

how to better extract quantitative information for both, physical and chemical weathering.

Keywords: paleoweathering; physical weathering quantification; chemical weathering index

normalization; weathering intensity; post-Variscan nonconformity; SW Germany
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3.3. Introduction

Weathering as a consequence of physical and chemical factors is one of the most fundamental
DOl AAOGOGAO 1T £ OEA (BAecUk &tQl., ZDDOREhA ek al. P0a3yorAdecades,
traditional indices for the evaluation of weathering degrees, such as the CIA (chemical index of
alteration) (Nesbitt and Young, 1982) PIA (plagioclase index of alterationFedo et al., 1995)
CIW (chemical index of weathering(Harnois, 1988)AT A + A A OR@aNdck, 1990 Ge |
been used to interpret the influence of chemical regimé@Nesbitt and Young, 1989a)time of expo-
sure (Gallagher and Sheldon, 2013; Jian et al., 2018)imatic conditions(Sinisi et al., 2014) envi-
ronment and influence of vegetation(Drever, 1994; Pokrovsky et al., 2005pn the formation of
hiatal surfaces. However, among different types of rock mineral compositions, textures and sus-
ceptibility to physical and chemical weghering differ significantly (Nesbitt and Young, 1984;
White et al., 2001b) This leads to the fact that even under the same weathering intensity, the
weathering degree for different types of rock is different. When investigating hiatal surfaces at the
regional scale, the results from different types of rock may be contradictory and not comparable,
which makes comprehensive conclusions impossible. Ifwould be possible to normalize weath-
ering patterns quantitatively for different rock types, regionatscale reconstructions of the condi-
tions forming a hiatal surface would be possible. Such consistent results would allow for quanti-
fying the duration and knd of sediment production processes, which can improve the mass bal-
ancing of sediment routing systems and sediment distribution models in basin analyses. Addition-
ally, a quantitative and comparable measure of alteration in terms of mineralogical compositi,
permeability and porosity will enhance the accuracy of related reservoir models.

To find a method for the normalization of the chemical weathering index to mirror the chemical
weathering intensity among different lithologies, the relationship of the wathering rate among

different minerals must be considered. Experimental setups in the laboratory or field delivered a
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wealth of mineral-specific dissolution rates(e.g. Chou. and Wollast 1985; White and Brantley
2003). These results can be used to determine the susceptibility to chemical weathering among
different rock types. With the susceptibility, the chemical weathering indices can be normalized.
An integrated concept of paleewveathering also needs to consider physical weathering. In the nat-
ural environment, physical and chemical weathering are mutually rie@forcing (Matsuoka, 1995;
Moon and Jayawardane, 2004b)n contrast to the widely used indices for chemical weathering,
guantitative evaluation of physical weathering is fairly scate. One method for the quantification
of physical weathering in a modern environment is to compare the relative content of primary
Fe(ll) silicates in the dust sourcgShoenfelt et al., 2019) other methods quantified the physical
weathering with the characteristics of suspended particulate material in the rive(Qin et al.,
2006). However, these methods are only suitable for investigations on agienal scale, and inves-
tigations of the physical weathering degree and the physical weathering intensity for specific
paleo/weathering profiles at the local scale are still hesitant. Most previous studies on the physical
weathering degree of paleosols arbased on the Rock Weathering Classification diagram summa-
rized by Aggisttalis et al. (1996) The diagram qualitatively describes seven different wehering
degrees: fresh, faintly weathered, slightly weathered, moderately weathered, highly weathered,
completely weathered and residual soil according to the exposed modern weathered profile,
which is somehow a result of both features of physical and cheoal weathering. Subsequent re-
searchers optimized the table to five degrees by removing faintly weathered and residual s(lg.
Ceryan et al. 2008) With the development of engineering, the form was enriched by parameters
such as uniaxial compressive strength (UCSfe.g. Chiu and Ng 2014)Some of the researchers
introduced the major elements and/or chemical weathering indices into their studies(Ceryan,
2008; Tugrul and Gurpinar, 1997) The geochemical data are applied to estimate the mechanical
properties of the rock under the fivesummarized weathering degrees. However, a physical index
specifically for modern and paleoweathering profiles has yet to be created. Nevertheless, the re-
lationship between the geochemical data and mechanical properties provides an ideal dataset to

evaluate the susceptibility to physical weathering degree among different rock types.
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This study uses an integrated quantification of chemical and physical weathering from the cov-
ered paleosurface of the Variscan basement in southwestern Germany. The quantificat of the
physical weathering degree is mainly based on the detailed fracture characteristics at the mi-
croscale, and the results are expressed as the index of physical weathering (IPW). The normaliza-
tion of IPW and chemical weathering indices is based dhe susceptibility of different lithologies

to weathering, and the results are supposed to reflect weathering intensity.

3.4. Integrated concept for the quantification of paleo -weathering
3.5. Physical weathering degree quantification

Physical weathering is a ubiquitous process in the upper crust and is crucial for providing mate-
rials for sedimentary rock and landscape modification(Camuffo, 1995; Matsuoka et al., 1996)
However, an index for physical weathering is still not availabléThe physical weathering degree

is reflected by the fracture density and width, as well as fragmentation of the rock matriCamuffo,
1995). The higher the physical weathering degree is, the denser the spacing and wider the frac-
tures. Therefore, the physical weathering degree can be expressed, in princighy, the ratio be-
tween the fracture and the total area within a specific zone. This study concentrates on the mi-
croscale and uses petrographic analysis of thin sections. The quantification of the physical weath-
ering degree and intensity is performed in fivesteps, as shown in Fig3-1, and detailed in the

following sections.

Fracture recognition and
classification

Quantification of the
fracturing

Quantification of the influence of
chemical alteration on the rock strength

Calculation of
the index

Handling of
heterogeneities

Fig.3-1 Workflow for physical weathering degree quantification.
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3.5.1. Fracture recognition and classification

Fractures may be formed due to weathering and/or other factors, such as tectonic stress in the
natural environment. Regardless of whether the fractures are formed due to physical weathering
or tectonic stress, they may be filled by secondary minerals, whianay be products of chemical
weathering and/or the minerals are formed due to burial diagenesis. The minerals formed during
chemical weathering have different mineralogical and geochemical characteristics compared to
those formed by burial diagenesi¢Bauluz et al., 2008; Dill, 2010)which can be used to distinguish
them. However, the fillings of fractures cannot be used to conclude wther the fractures are
formed due to physical weathering or tectonic stress. To fix this problem, the method for tectonic
fracture recognition with fracture angle or orientation proposed by' 1 1 8 AOAUEE idAO
applied. In this case, the fractures are divided into four groups based on the mineralogical and
geochemical characteristics ofhe fillings in the fractures and the angles of the fractures: i) frac-
tures formed due to tectonic stress; ii) fractures formed before and/or during chemical weather-
ing; iii) fractures formed at the end of chemical weathering; iv) Fractures overprinted b¥yurial
diagenesis (Fig3-2).

i) Fractures formed due to tectonic stress

The tectonic fractures may be formed before, during and/or after the chemical weathering pro-
cess together with the fractures formed due to physical weathering. The fractures tend have a
preferential orientation and angle due to the influence of tectonic stress, while the fractures
formed due to weathering, and orientation and/or the angle tend to show a random pattern
(Caspari et al., 2020Scarpato, 2013) Therefore, to recognize the preferential directions of the
fractures, the rose diagram can be applied to illustrate the angle of the fracture along the drill
cores. When the rose diagram shows a preferential angle, it indicates that tweathering profile
contains both tectonic and weathering fractures. In this case, the fracture area of the tectonic frac-
tures along the weathering profile within the thin sections corresponds to those fractures located
in the parent rock (R).

i) Fractures formed before and/or during chemical weathering
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The weathering products may be composed of stable minerals including clay and oxide (e.g.(ke
TiO,), and unstable minerals such as calcit@goldich, 1938) The fractures formed before and/or
during chemical weathering include both tectonic and physical weaering fractures and there-
fore are filled by products of weathering, such as clay minerals, oxides and calcite. These fractures
are classified as k (fracture, clay), k (fracture oxide) and R (fracture calcite). Whereas stable
minerals persist, unstableminerals will gradually be depleted(Harriss and Adams, 1966) Mean-
while, the unstable minerals formed during hydrolysis may transfer and precipitate, accompanied
by stable mierals filling fractures in the lower part of the weathering profile(Nesbitt et al., 1980)
These fractures formed before and/or during the weathering process are defined as.F

iii) Fractures formed at the end of chemical weathering

While the chemical weathering process comes to the latest stage with a significantly lower rate,
the physical weahering process and/or tectonic process may continue, and new void fractures
may form (F)).

iv) Fractures overprinted by burial diagenesis (k)

For a weathering profile that is overprinted by burial diagenesis, the void fractures may be filled
by secondary minerals. If secondary mineral types are the same as unstable weathering products,
such as calcite, which may be formed during both weatheringnd burial stages, the method pro-
posed byMichel and Tabor (2016)can be applied. This method uses stable C and O isotopes of

carbonates to distinguish the process of formation.
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Fig.3-2. Different types of fractures were recognized undeniitroscope. (A) Fractures filled
by carbonate; (B) Void fracture and fractures filled by clay minerals; (C) Fracture patterns
within the thin section.

3.5.2. Quantification of the fracturing

The fracture area is analyzed under a microscale by a polarizing microscope. In our case, the best
results were obtained under 10 eye pieces with 10 objective lenses. The pictures were taken by a
single lens reflex camera connected to the microscope andrtmlled by Olympus Stream Basic
software with a plotting scale. The resolution of the photograph was 2560*1920. To measure the
fracture and the inspected area, the thirsection photo taken under the polarizing microscope
with a plotting scale was opened B the software ImageJ. To acquire the ratio between the frac-
tures and the whole picture, three steps are shown in Fi§-3 and illustrated in the following par-
agraphs.

Step one: after opening the picture with ImageJ, the pixel unit can be seen in the uplegtrcorner.

7EOE OEA OOOOAEGCEOO6 A OOk doincideBce@indhe plditihgscalk MO h !
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should be first drawn. To ensure that the line that draws has the same length as the plotting scale

line, the magnifying glass in the menu beacan be selected, and then, the plotting scale part can be

clicked to amplify to an appropriate scale; then, the line can be drawn more accurately.

Step two: after drawing the line, the length of the line according to the plotting scale should be

defined.41 AAZET A OEA 1 AT COEh OEA O!'1T Al UUA6 AOOOI T OE
OEA OOAI AT 6h Z£EI11 OEA O+11x1 AEOOAT AA6 xEOE OEA 1
1T O0i AAO EO pnmh AT A OS5TEOQO 1T ATAQAI G/O€ED EN OEA ObIAAIOAR
the line can be defined. Now, the pixel unitinthetep A £0 AT O1 AO AEAT CAO O1 1 AT «
with the length and width of the photograph, the area of the total inspected area @) can be

calculated.

Step thiA A ¢, 3AT AAO OEA OGoiilucilT OAI AACET T 06 AT A 1 OO0IE
tograph. Similar to drawing the straight line, the fracture can also be magnified to ensure the ac-

AOOAAU 1T &£ OEA 1 0601 ETAh E£ T AGGAG@AA OUIBA | AEORAE EIAG AG-O
the submenu, the area of the outlined area will appear to the right of the photograph. For the void

fracture, the area is defined as A, the fractures filled by calcite are defined as@#), the fractures

filled by clay minerals are defined as #cq), the sum of the area of filled fracture in the weathering

zone is defined as &w), and the area of the fractures within the parent rock is defined assfy. The

statistical error is less than 250 um with a mean value & approximately 55 une. With the area of

both fractures and the photograph, the IPW (area ratio) can be acquired.
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Fig. 3-3. Quantification of the fracturing with ImageJ software. For details of the procedure see
the text.

3.5.3. Quantification of the influence of chemical alteration on the rock strength

The susceptibilities to physical weathering among different lithologies are intrinsically different.
Previous studies indicate that the higher the strength of a rock is, the more resistant it is to phys-
ical weathering (Jayawardena and lzawa, 1994; Thomson et al., 2014herefore, the susceptibil-
ity of different lithologies to physical weathering can be represented and normalized by rock
strength to enable the comparison of physical weatheringtensity among different lithologies.
Rock strength is an engineering geological term that is concerned with mineral composition,
structure, texture and jointing (Golodkovskaia et al., 1975)It can be specified in terms of uniaxial

tensile strength (UTS), uniaxial compressive strength (UCS), shear strength, and impact strength.
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The formation of fractures during weathering is more related to the UTS than UQ@adngy and
Looyeh, 2019) While the UTS of rock refers to the required pulling force to rupture a rock sample
divided by the area of the coss section of the sample, the UCS is the capacity of a rock to withstand
loads tending to reduce siz§ Aadngy and Looyeh, 2019; Aggisttalist al., 1996) These two pa-
rameters are always in a linear relationship with the UTS at approximately 0.1 times the UCS
(Aadngy and Looyeh, 2019; Cuccuru et al., 2012; Gupta and Rao, 2Q0m)is enables both UCS and
UTS to be applied for the normalization of IPW. Within the previous studies, the UCS data are much
better available than UTS. Hence, to acquire more data for a morecarate result, the UCS is ap-
plied for normalization in this study.

In a natural environment, physical and chemical weathering processes always interfere. The
cracks formed due to physical weathering may provide pathways for fluids and accelerate the
chemical weathering procesgBland and Rolls, 1998) Meanwhile, meteoric water and pore fluids
can also penetrate the basenrg rock through the rock fabric and further increase the chemical
index of alteration (Di Figlia et al., 2007) With the ongoing chenical weathering process the rock
strength will gradually decrease(Chiu and Charles W.W., 2014; Khanlari et al., 2012Jhe de-
creased rock strength will clearly enhance the formation of the physical cracks which is retjpe
specific. Therefore, the chemical index of alteration needs to be considered when the physical

weathering degree is normalized. Since the 20th century, quandtive correlations between rock

strength and chemical index of alteration have been developgd+ T OEAT ¢ AO Al 8h c¢mpun

-T AT Al A 4. DiffeteftireBeargharp apreelated pysical parameters, such as UCS and

P-wave velocity with chemical parameters, such as loss on ignition (LOI), weathering potential

index (WPI) and other indices(Gupta and Rao, 2001; Mert, 2014; Undiil and ®wl, 2016). More-

over, previous studies developed empirical formulae of the relationship between the physical
strength and the chenical weathering degree for basaltic and granitic rocks, among these chemi-

cal weathering indices, the Chemical Index of Alteration (CIA) has a strong relationship with the

rock strengthj A8C8 | OA1l AT A 4 OC Dhérefore, based on thesd fonblde amdnt tt

data for basaltic and granitic rockCeryanA®O Al 8h c¢nmnyAh ¢nnyAn %OEREHN
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of two rock-specific empirical relationships between UCS and the chemical index of alteration A}

(Fig. 3-4):
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Fig. 3-4 Empirical relationship between UCS and Gtata from Ceryan et al, 2008a, 2008Db;

Erikik et al., 201®Bhomshamlatrialet, a2Q014:;20TRY
5#3 cwph (r=0.83) Eq.BG1)
5#3 C % @zA 8 (r=0.82) Eq.(32)

With these two empirical formulae, he UCS of basaltic and granitic rock under different chemical
indices of alteration can be assessed.

3.5.4.Calculation of the index

The index for the quantification of physical weathering is defined as the index of physical weath-
ering (IPW). As the fractures ang the weathering profile may contain both tectonic fractures and
weathering-fractures, the tectonic fractures increase the area of the fractures within the weather-
ing zone, which need to be eliminated. The area of the tectonic fractures can be represength
those in the parent rock. The fractures created by physical weathering in the weathering zone can

be corrected as fw) + Arv) Z Arp), and the IPW can be expressed as:

) 0O7 —— (Eq. 33)

Where Arw) and Ary) represent the area of the fractures formed before and during weathering
process and void fractures in the weathering zone, respectively ) is the area of the fractures
within the parent rock, and A is the area of the total inspected area.

The IPW in Equation (33) reflects the physical weathering degree and can be used to compare
the physical weathering intensity for a specific rock type. However, the variation in the rock

strength among different lithologies makes a quantitative comparison of the IPW impossibl&o

Seite53



solve this problem, one method is to normalize the IPW with the corresponding susceptibility to
physical weathering for each type of rock. The susceptibility is represented by UCS.

As different types of physical weathering fractures exist, they shoulde normalized by their cor-
responding individual UCS. For basaltic and granitic rock, the UCS can be acquired with Equations
(3-1) and (3-2), respectively. For the void fractures, the rock strength at the weathered sampling
position is applied, which is expessed as UGS However, as it is difficult to determine the specific
CIA value while the fractures were formed, the rock strength that the fractures represent is rep-
resented by the average rock strength between the parent rock (Ug&nd the weathered sam-

pling position (UCS)), which is defined as UGSand expressed as:

5#3 — (Eq.3-4)

When the weathering profile is influenced by tectonic fractures, the normalizeon process can be
divided into the following two situations:

i) Tectonic fractures preexisting or formed during chemical weathering

For preexisting tectonic fractures, their mineral filling is often related to successive processes, i.e.,
fluid flowandwA OAO" OT AE ET OAOAAOEI T AOOET ¢ AOOEAI AT A Ob
tions of secondary minerals that are unstable and usually dissolve during uplift. As a consequence,
the tectonic fractures experience the same process as the preexisting ptoai weathering frac-
tures. When tectonic fractures form during the chemical weathering process, they would also ex-
perience the same process as fractures formed by physical weathering during the same period.
The same process leads to the same fractures chateristics. Therefore, to normalize the IPW,
first, for the stage before and during chemical weathering, the area of the fractures in the weath-
ering zone (Arw)) should subtract the area of the fractures within the parent rock (&p), then
divide the areaof the total inspected area (A) and normalized by UC& The stage at the end of
chemical weathering should be the sum of the area between the fractures overprinted by burial
diagenesis and void fracture divided by the total inspected area {Aand normalized by the rock

strength of the sampled weathering part (UGS. Therefore, the final IPWN can be expressed as:
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Y07 ———25#3 ———25#3 (Eq.3-5)

i) Tectonic fracture formed at the end otthemical weathering and/or during burial diagenesis
When tectonic fractures form at the end of the chemical weathering process or during burial dia-
genesis, they should be the fracture area formed at the end of the weathering process, which con-
tains the void fractures, and the fractures overprinted by burial diagenesis subtract the fracture
area in the parent rock (Asp) and then normalize by UC& Together with the fractures formed

before and/or during chemical weathering, the IPWN can be expressed as:

07) t5#3 — 2543 (Eq. 36)

3.5.5. Accounting for spatial heterogeneity

Due to the heterogeneity of fracture distribution in the thin section, one view may not be able to
represent the physical weatherirg value over the whole thin section. To determine the most ap-
propriate strategy for acquiring the representative IPWN value, tiles of 3*3, 3*5, 4*5 over all areas
of the thin section were applied. The results indicate that, the variation in the average ual of the
IPW approaches stable values after 15 visions independent of rock type. Therefore, a grid of 3*5

is applied (Fig.3-5).

0.12f 3*3 grid
L #3*5 grid
0.1 4*5 grid
0.08}
0.0.06f «
0.04f 8 "8,
: 0.02f LI LY
e i 1cm )
A B Yo 5 10 15 20 25
Vision numbers
2071 3*3 grid 7r 3*3 grid
16: N +3*59ﬁd 6t lS*Sgﬁd
[ e 4*5 grid 5| 4*5 grid
| &
=12] + s 4 =
= ol +++ - a3t % x
| +++++++++++ oL xx'x
a4l | x!u,‘n“xn"“
0 L : ‘ - ) 0 . ‘ . - .
C o 5 10 15 20 25 D o 5 10 15 20 25
Vision numbers Vision number
e basaltic andesite 4 granodiorite ® granite

Seite55



Fig. 3-5 The variation in the IPW with increasing view number and view distribution on thin
sections from three differenvek types in this case. A: view distribution strategy B: basaltic
andesite; C: granodiorite; D: granite.

3.6. Chemical weathering index normalization
3.6.1. Chemical weathering ability (CWA)

The quantification of chemical weathering has been well developed and widely applige.g.
Nesbitt and Young 1982; Mclennan 1993; Fedo et al. 1995; Schoenborn and Fedo 2011; Babechuk
et al.2014). The common indices can be regarded as the absolute chemical weathering degree of
a certain lithology. Furthermore, weathering rates for individual minerals, such as plagioclase; K
feldspar, biotite and hornblende have been quantifiede.g. Schott et al. 1981; Rbe et al. 2003)
Previous studies have put much effort into determining weathering rates of fresh minerals in the
laboratory (e.g. White et al. 2001b; Martinez et al. 2014Mineral weathering in the natural envi-
ronment, however, 5 a continuous process from fresh to weatheredVhite and Brantley (2003)
concluded that the weathering rate of a mineral decreases with time. Based on an experiment with
both fresh rock and weathered rock that lasted 6.2 years, tggoroposed an equation to depict the

alteration rate (R/mol m-2 s1) in the natural environment for different minerals:

2 pmnz0 (Eq. 37)

Table3-1 Parameter values of different minerals for &@ (White and Brantley, 2003)

Minerals A b r (coefficient)
K-feldspar -12.49+0.32 -0.647 + 0.076 0.83
Hornblende -12.67+0.22 -0.623 + 0.067 0.92
Biotite -12.32+0.25 -0.603 + 0.073 0.83
Plagioclase -12.46+0.16 -0.564 + 0.046 0.89

With the alteration rate among different minerals, thisstudy develops an equation to depict the
total weathering mass (TWM) between the times t1 and t2, which corresponds to the integral

function of the weathering rate:

47- | 2 (Eq. 38)
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Based on the TWM of mineral types and the mineralogical composition of a rock, its ability to
weather chemically can be deschied as its chemical weathering ability (CWA). It is calculated as

the sum of the TWM for each type of mineral with the coefficient of its proportions in a roetype:

#7)! bz47- Dz47- DBz247-88 Eq. 39)

Where p is the proportion of each type of mineral within the rock, which can be acquired by XRD.
The formula provides a measure that rocks with higher CWA are more easily to be weathered
under the same natural environment. Therefore, the CWA can be applied to evaluttie suscep-
tibility of different rock -types to chemical weathering. Due to this calculation, the sensitivity of
#7! O OOT xAAOEAOAAIT A T ETAOAT 06 EO 11 x8 4EEO O(
showing a chemical weathering rate in natural envonments lower than 10145to 10-151 mol m-2
s1(e.g. quartz), which is several orders of magnitude slower than for other primary silicate min-
erals(Schulz and White, 1999 4 EA #7! 1T £/ A AAOOAET Ol AE OUDPA E
i ET AOA1 66h OOAE A OTheréfdieGusinghie SWAIn tAid shudyAtie lquauEz Gra-8
portion for different types of rock is excluded. Hence, the formula provides a measure that rocks
with higher CWA are more easily weathered under the same natural environment. In conclusion,
CWA can beapplied to assess the susceptibility of different types of rock to chemical weathering.
3.6.2.Normalization of chemical weathering indices using CWA

The CWA for different igneous parent rocks provides a chance to determine the relationship for
the chemical weatlering degree under the same weathering intensity. As the chemical weathering
degree can be well quantified by chemical weathering indices, such as CIA, PIA and CIW, to com-
pare the chemical weathering intensity among different rock types, the final purpose to normal-

ize a chemical weathering index and make the values among different lithologies comparable. To
do that, an appropriate solution is to first set a reference rock, and evaluate the chemical index of
alteration of the reference rock under the sameveathering conditions of the rock to be normal-

ized based on the CWA relationship (Fi@-6).
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Fig. 3-6. Relationship and definition of total weathering mass (TWM) chemical weathering
ability (CWA) and chemical index of alteration (CIA). The contributiothe weathering index

CIA of each type of mineral is represented by the area of the gray part of the triangle (example
based on granite and basaltic andesite in this case).

The methods for the quantification of the chemical index of alteration in previgs studies are

i AETT U AAOGAA 11 OEA OAOET AAOxAAT OEA OOi 1T &£ OAOE
AT A OEI T 1T AET A Al (Rdddet ab,199p; B&HrdiE, 1988 NesHitt@nd Young, 1982)

As Na, Ca, K and Al exist in most common weatherable refckming minerals (Deer et al., 2013)

the classic chemical weathering index CIANesbitt and Yaung, 1982), which contains all these

elements, is taken as an example for the explanation of the chemical index of alteration normali-

zation. The normalized values mirror the chemical weathering intensity among different litholo-

gies. Therefore, the results can contoute to quantifying the climate variation even with litholo-

gies that show intrinsically different susceptibilities to chemical weathering.

For the normalization of CIA values of the sampled rock, a reference rock is needed. The normali-

zation process is dvided into three steps:

i) First, the difference in the CIA values compared to fresh parent rock values is calculated (CIAf),

OEEO AEAEZAOAT AA EO AAI T AA OEA AAOGEAOEIT AACOAA {1
1 — »p (Eq. 310)

The same formula is applied for the sampled rock. For the reference rock, the deviation of the CIA

EO AAZET AA AO 10h AT A & O OEA OAiIi Pi AA O1T AE Oi AA
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i) Normalize the deviation range of CIA for the sampled rock type

By definition, the maximum CIA value is 100 if the mobile elements Na, Ca, and K are completely
leached and only silicates are left over. However, for different minerals, the proportions of Na, Ca,
K andAl within the silicate are different. As a result, the CIA values vary with rock types and min-
eral types, e.g. the CIA value for feldspars is 50; for biotite between 50 and 55, for hornblende 10
to 30 and for pyroxene between 0 and 2QMclennan, 1993; Nesbitiand Young, 1984) This means
that chemically fresh mafic rocks dominantly composed of pyroxene or hornblende, show CIA val-
ues lower than those of felsic rocks, mainly consisting of feldspars and biotite.

Thus, a correction coefficient n is introduceda correct the variation range of CIA between the

reference rock and the sampled rock, which is normalized to the same range:

~ z

| (Eq. 311)

z

Where ClAs refers to unweathered fresh part of the sampled rock and Ci#Arefers to the un-

weatered fresh part of the reference rock.

iii) Normalization of CIA for sampled rock type with CWA

With the correlation coefficient n, the variation range of CIA between the sampled rock and refer-

ence rock is corrected to the same range. However, due to the difference in the susceptibility to
chemical weathering, the deviation degree should further consider the discrepandy the CWA
AAOxAAT OEA OAIiI Bl AA O1 AE AT ZshoGiEbe noodaliEdd Ddsédod OT A
the CWA between the sampled rock (CWpand reference rock (CWA and the correction coeffi-

AEAT O 18 4EA OROOI O EO AAEET AA AO 1

z

. (Eq. 312)
It is noticeable that the maximum CIA value for different types of rock is 100. To maintain the
accuracy, it is better to also keep the CIA value ofdrsample with a CWA lower than 100 after
normalization. Therefore, it is better to set the rock with a lower CWA as the reference rock.

Putting all calculation steps into a final formula, the CIA values of the sampled rock can be nor-

malized (CIA) using the CIA value of the fresh part of the reference rock (GId Af. A 1

Seite59



#)1 #) 1z p 1 (Eq. 313)

The CIAN represents the chemical index of alteration for the reference rock tunder the same
weathering conditions as the sampled rock. As the different types of rock are all normalized by
the reference rock, the chemical weathering intensity can be compared. However, fresh rock
needs different chemical weathering intensities to each the same chemical index of alteration
(CIA) value within the same time. This means that with a given CIA value, the shorter the weath-
ering period is, the more intense the chemical weathering must be.

3.7. Integrative evaluation of weathering conditions

Previous studies on weathering degree in paleoenvironments emphasize the absolute chemical
weathering degree mostly via CIA,CkA AT A + " A QFedvEtiall, 1966ANIagnard) 1992;
Retallack, 1999; Zhou et al., 2017)The characteristics formed by physical weathering are less
considered.

This study pursues a twofold strategy to improve this deficit in paleoweathering studies: (i) pet-
rographic analysis of physical weathering via fractug analysis and (ii) normalization of the CIA to
rock types. The detailed workflow is depicted in Fig3-7.

For chemical weathering, the weathering index (CIA) for chemical weathering is first calculated.
Second, the time scale of the supergene alteratiamd reference rock is evaluated. Then, the TWM

and CWA can be calculated based on the time scale and the composition of the parent rock. After

OEAOh OEA AAOEAOEIT AACOAA T &£ OEA #7! j1Q EO AANOI

parameters,the weathering indices can be normalized following E@®-10 to Eq. 313 to quantita-
tively assess the chemical weathering intensity among different lithologies.

For physical weathering, the fractures under the microscope are analyzed. The ratio betweer th
fracture area and total area and the index of physical weathering (IPW) are acquired. To normalize
the IPW, the formation processes of the fractures are evaluated and normalized with the corre-
sponding rock strength. The corresponding rock strength (UCS$3 calculated based on the rela-
tionship between CIA values and UCS. Finally, the IPWN can be acquired as the sum of the product

between the ratio of different stage fractures with the total area and the corresponding UCS (Bq
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5& 3-6). With both, the physcal and chemical weathering characteristics, the integrative weath-

ering regime of the rock sample is quantitatively determined.

Samples for

weathering intensity
evaluation
L Y
Chemical weathering Physical weathering
1
weathering index Fracture type identification
calculation under microscope
set weathering period eliminate interference > PW
and reference rock of other factors o
TWM Y
| | |
fracture stage corresponding
CWA evaluation rock strength
' | I
A
* Y
normalization IPWy
chemical weathering physical weathering
intensity comparison intensity comparison

Y
Integrative weathering
evaluation

Fig. 3-7 Workflow for integrative weathering evaluation.

3.8. Case study
3.8.1.Geological Setting

To apply and test thequantification of paleoweathering a widely developed paleoweathering sur-
face was selected. For this attempt, a set of drill cores penetrating through the pésariscan non-
conformity in Central Europe were chosen. For the selection of drill cores, the impis by modern

weathering were avoided.
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Fig. 3-8 Location and geology of the research arealieSsia (SWGermany, central Europe).

Solid black lines within the map of Germany (upper left corner) are federal political boundaries.
(A) Tectonic units in ta research area and research locations. The upper rectangle corresponds
to Fig.3-8B, and the lower rectangle corresponds to 8i8C; (B) Lithologic composition of

the research area on the Sprendlinger Horst. (C) Lithologic composition of the researich ar
Langenthal.

The weathered crystalline basement of the Variscan nonconformity belongs to the so called Mid
German Crystalline Zone (MGCZ) formed during the Variscan orogeny from ca. 360 to 320 Ma
(Kroner et al., 2007a) After the Variscan orogeny, the MGCZ wasighland, which was continu-
ously weathered and eroded until the PermeCarboniferous(Willner et al., 1991; Zeh and Bratz,
2004). Inthe study area, sedimentation started in the early Permian, which can be concluded from
contemporary volcanic rocks in the Saar Nahe Basin that are dated to approximately 290 + 6 Ma
(Lippolt and Hess, 1983) At this time, the basement became covered by biomodal volcanic rocks
that interfinger with Rotliegend sediments and are overlain by coarsgrained, arkosic alluvial fan

to fluvial deposits (Becker et al., 2012a) These rocks belong to the Rotliegend Group. Between
the youngest basement rocks and the basal Rotliegend a time gap of ca. 30 Myr exists during which
weathering must have taken placg - A# AT 1T AO Al 8h c¢nmnolFohél@HOEI Al A
Carboniferous to early Permian, the climate gradually changed from humielver wet to a progres-

sively enhanced seasonal and arid climate in central Eurofizart et al., 2006; Michel et al., 2015)
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The trend was interrupted by severadeglaciation events that converted the climate to relatively

more humid conditions (Roscher and Schneider, 2006)After a roughly concordant hiatus in the
mid-Permian, the region was flooded by a saline, epicontinental sea, the-called Zechstein, at
approximately 257 Ma(Hagdorn and Mutter, 2011; Stolz et a1.2013). The study area was at the

Ol OOEAOT 1 AOCET 1T 4&# AT Ai AAui AT 6 1T &£ OEA AAOGET 80
only thin dolomitic and marly sediments were depositedBecker et al., 2012a) Around the Per-

i EAT "40EAOQOOEA "1 01 AAOUh OEA AnkBfluaE I&ckskrine tdage- OA O A
lian red-beds of the Buntsandstein started. From the Middle Triassic to Jurassic, the sediments

mainly consisted of clastic rock, carbonate and evaporite@iegler, 1982; Ziegler and Dézes, 2005)

Since the Eocene, the Upper Rhine Graben has been formed and filled with variousidl) lacus-

trine and marine sediments(Schwarz and Hak 2005).
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Fig. 3-9 Lithological section of the GA1, GA2 and BK2/05 drill cores with emphasis on the
weathered interval. Blue stars indicate the sampling locations. Note, the weathering degree :
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et al. (1995)

Three drill cores for this study that fulfil the following criteria were selected: a) penetration
through the Variscan nonconformity at a depth of at least 13 m to rule out modern weathering
(Liang et al., 2021) and b) the basement rock should be different for each dling. The selected

drill cores were from north and south of the MGCZ. Two drill cores were from the north and were
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located on the Sprendlinger Horst. Its basement rocks belonged to the northern extension of the
Bergstrasser Odenwald and were mainly compeasl of felsic plutonic rocks. On the uplifted fault
block of the Spendlinger Horst, a succession of Rotliegend of up to 250 m was conseridrell,
1989). All younger sediments were eroded during exhumatiofMatte, 1991; McCann, 199) (Fig.
3-8). According to thermochronologic studies, the maximum subsidence depth was achieved in
the Lower Cretaceous, which makes it probable that some Cretaceous deposits were also present
(Cloetingh et al., 2006; Ziegler et al., 2004)

The Rotliegend sediments in this areare divided into the Moret and Langen Formations. The
latter contains volcanic rocks(Menning et al., 2005) Previous studies assigned the Rotliegend
sediment of the two drill cores GA2 and GA1 to the Moret Formation and the Langen Formation
with basaltic andesite, respectively(Liang et al., 2021) The weathering depth in the basalti@an-
desite is approximately 6 m, in the gabbroic diorite basement is approximately 6.5 m, and in the
GAL1 drill core, the weathering depth in the GA2 basement is approximately 8.2 m.

Drill core BK2/05 is located on a valley floor in the southernmost part of @enwald, where the
Variscan basement is composed of Heidelberg Granite and the weathering depth is approximately
2 m. The Rotliegend sediments overlying the granite in BK2/05 belong to the Michelbach For-
mation, for which an age between 290 and 280 Ma is signed (Edgar and Hubert, 2009) (Fig. 3-

9). The Rotliegend is followed by 30 m thick Zechstein deposits and them®of basal Buntsand-
stein. Xenoliths in a Late Cretaceous volcanic pipe approximately 15 km east of the drill site prove
a sediment succession up to the Middle Jurassic, which is eroded down to the upper Buntsandstein
(Geyer and Nitsch, 2011) It is estimated that approximately 650 m of sediments are missing,
which sums up to a total maximum sediment cover of approximately 1000 m in the sou{Geyer
and Nitsch, 2011; Menning et al., 2005)

3.8.2. Analytical Methods

In total, 52 samples were collected around theonconformity. In detail:
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Seventeen samples were from the GAL drill core, which were split into 6 from the weathering
profile of basaltic andesites (5 paleosol, 1 bedrock) and 11 gabbroic diorites (5 paleosol, 6 bed-
rock).

Thirteen samples were from the weéhering profile of granodiorite in GA2 (6 paleosol, 7 bedrock).
Twenty-two samples were from the weathering profile of granite in BK2/05 (7 paleosol, 15 bed-

rock).

All these samples were collected from paleosols in the top to fresh parent rock in the battofor

each weathering profile. The sampling interval was approximately 1 m for the samples from ba-
saltic andesite and theGA1 and GA2 basement. To acquire the detailed variation in weathering
characteristics, the interval was reduced to 40 cm at the topmogiart. Due to the low weathering

degree of BK2/05 and to express trends of weathering at a more precise scale, the interval was
reduced to approximately 20 cm.

Thin sections were made to analyze the petrological features of the samples under a polarizing
microscope (PM) and scanning electron microscope (SEM). Another part was milled into powder

with an achate mill and analyzed for major and trace elements as well for mineral composition.
Geochemical analysis including major and trace elements and C and Qtapes of the carbonate

within the samples, was performed at the State Key Laboratory of Isotope Geochemistry, Guang-
zhou Institute of Geochemistry, Chinese Academy of Science. The detailed processes for the meas-
urement of major and trace elements are docuanted inLiang et al. (2021) For the measurement

£ # ATA | EOI Ol PAOh OEA PIi xAAO xAO AEAEOOO 01 AO
ganic contaminants. The roasted powder was then reacted with 100% phosphoric acid:fPD.) at

¢u 38 &1 O OEA OAI BPI A0 AT 1 OAET ;kclegsedAliriGyithe Ardt BOA E O A
min after a reaction was assumed to have come from the calcite part, and the;@&s evolved from

30 min to 72 h and was collected as the dolomite parthe gas was measured by a MultiPre3V

)y OT DPOET A )) TAOGO OBAADNIGA I ROR OBID OOEOCHEAETY DPAO |
the PDB standard. The international reference material NBS was applied for the calibration,

and the analytical precisi T &I O # xAO AAOOAO OEAT mn8c¢cph AT A A
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Bulk powder was analyzed by XRD at Goethe University Frankfurt. The powder was carefully
backl T AAAA OI OAAOAA OEA POAEAOOAA T OEAT OAOEITT ATA
eter equipped with aBraggzBrentano goniometer (copper beam). The mineraphase proportions

were estimated by weighted XRD peak intensities after conversion with their typical reference

intensity ratios (RIRs), as found in the powder diffraction file (PDR2 and PDF4 of the Interna-

tional Centre of Diffraction Data) with MacDiff softwargPetschick et al., 1996)

As the fracture data were collected from drill cores, it was difficult to measure the fracture orien-

tations. Alternatively, the angle within the fractures can act as a useful tool to assess the tectonic

fractures, as they indicate a preferential angle wita smooth fracture surface, while the fractures

formed due to weathering show random angleg¢Caspari et al., 2020; Feng et.a2021; Scarpato,

2013). In this study, fracture angles were measured clockwise and started from the horizontal

direction. The results were analyzed by rose diagram to document whether the fractures have
preferential directions.

3.8.3.Results

Petrological and mineral characteristics

The lithologies among the three drill cores include four rock types: gabbroic diorite, basaltic an-

desite in GAL, granodiorite in GA2 and granite in BK2/05. To better illustrate the variations in the
weathering profile, the petrological characteristics acquired from microscopy and mineral com-

positions from XRD are depicted together.

Gabbroic diorite (GAL1): The fresh part of the granodioritic basement in GA1 at 6 m depth below

the nonconformity is coarsegrained (~ 6 mm) and conssts of plagioclase (43%), amphibole

(19%), biotite (23%) and quartz (15%). Fractures are fairly scarce and are all closed (F@r10A1).

Toward the nonconformity, the density and width of the fractures and the ratio of the secondary

minerals all increase athe expense of the primary minerals. For example, at a depth of 2.9 m, the

density of the fractures increases significantly and the average width of the fractures increases to

APDPOI GEI AGAT U ¢u ti18 4EA £EOAAOOOAdmpahiedhy aEmdlll AA AU

proportion of void fractures. In addition, weatherable primary minerals such as plagioclase and
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biotite are altered and partly replaced by secondary minerals, such as clay minerals and carbonate
minerals (Fig.3-10A2). In the topmost pat, at a depth of 60.9 m below the nonconformity, the
AOAAOOOAO AOA OAENOEOI OO0 x E OE3-18A3) Thd Sdportians Ofx A A1
plagioclase and biotite decrease to approximately 7% and 10%, respectively, with secondary min-

erals increashg to approximately in total 75% (Fig.3-8). Most fractures are filled by carbonate,

some by clay minerals, and a minority are void (Fig¢-10A3).
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Fig. 3-10 Petrographic characteristics of the basement and the overlying volcanic rock in the
GALl and GA2drill cores: (A): 1) fresh gabbroic diorite (30 m); 2) gabbroic diorite (3 m),
fractured feldspar grain filled by clay and carbonate minerals and void fracture; 3) gabbroic
diorite (O m), fractured quartz grains filled by calcite and void fractures; [|Bjedh basaltic
andesite (5.4 m); 2) basaltic andesite (0.4 m), fractures are rare; 3) basaltic andesite (0 m),
completely weathered feldspar grains with intact shape; (C): 1) fresh granodiorite (17.6 m); 2)
monzogabbro (2.6 m), slightly weathered platase; 3) granodiorite (O m), fractures filled by
clay minerals and void fractures in the middle of earlier fractures; (D): 1) fresh granite (10.9
m); 2) granite (0.8 m), highly weathered, fracture filled by carbonate and clay minerals; 3)
granite (O m), factures filled by calcite and clay minerals. Abbreviations used in the figure and
caption are as follows: Kln kaolinite, Bti biotite, PIi plagioclase, Zed zeolite, Chd chal-
cedony, kfg K-feldspar and Q& quartz.

Basaltic andesite (GA1): For basat andesite, the fresh part at a depth of 5.4 m shows an amyg-
daloid texture. The matrix contains plagioclase crystals, whereas the amygdaloid is filled with cal-

cite, zeolite and chalcedony. Fractures in this part are rare (Fig=10B1). Toward the surface such
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as at approximately 0.4 m, the primary minerals which are mainly plagioclase, are gradually al-
tered and transferred to clay minerals, the content of the primary minerals gradually decreases
from 81.5% at 5.4 m to 72.5% at 0.4 m below the weatherirgurface (Fig.3-11), and fractures are

very limited (Fig. 3-10B2). In the topmost part of the basaltic andesite (13.9 m) which is in the

weathering surface, nearly all primary minerals are transferred into secondary minerals, the

shape of the primary mineml grains is well preserved, the density of the fractures is still limited,
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Fig. 311 Mineral characteristics along the drill core profiles; theldgy legend refers to Fig.

3-9

Granodiorite (GA2): The fresh granodiorite in GA2 at a depth of 17.6 m is coaigeined (approx-

imately 5 mm) and consists of plagioclase (35%), biotite (10%), #eldspar (15%), quartz (30%)

and 10% other minerals (Fig.3-11). From bottom to top, the primary minerals have an overall

decreasing trend while the secondary minerals such as the mixed layeSland carbonate increase
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(Fig.3-11). Toward the surface of the basement, the density and width of fractures also increase.

In the fresh part of the granodiorite, the fractures are very limited (Fig3-10C1). At 5.8 m, fractures

AOA EOANOGAT O xEOE xEAOEO 1 £ APDPOI Q@EI AGAT U pm ¢t
erals, with a minority of fractures filled by carbonae (Fig.3-10C2). In the topmost part of GA2,
AOAAOOOAO AOA 11T OA AEOANOGAT O xEOE A xEAOE | £ ADbi
by clay minerals, accompanied by a small proportion of void fractures and only a minority of frac-

tures are filled by carbonate minerals (Fig3-10C3).

Granite (BK2/05): The fresh granite in the BK2/05 drill core is coarsegrained (approximately 1

cm) and mainly consists of Keldspar (20%), plagioclase (30%), biotite (8%), amphibole (2%)

and quartz (40%). The primaryminerals fluctuate between 1.5 m and 0 m below the weathering

surface, and the secondary minerals are mainly illite (Fi®-11). In the bottom part, no fracture is

found (Fig.3-10D1). At the position 0.5 meters above the fresh part, there is one fracture through-

I 60 OEA OEET OAAOEIT xEOE A xEAOQOE 1T &£ APDPOI GEI A
carbonate and voids along the edge. The widths of the other fracture®& ADDOT GEI AOAT U
filled by clay minerals (Fig.3-10D2). In the topmost part of the granite, fractures are frequent and

EAOA Al AOAOACA xEAOE 1T &£ puv tih OITA A0 11T x AO
and carbonate minerals. Primaryminerals, such as plagioclase and biotite, are highly altered and

accompanied by secondary clay minerals. (Fi§-10D3).

Fracture characteristics and IPW

The detailed fracture angle and fracture area under microscale data are givenAppendix I11-I
(TablesA2 and A3, respectively). In total, 162 fractures along three drill cores are recognized and
analyzed, among which 59 are for the basaltic andesite part of GA1, 64 are for the gabbroic diorite
part of GA1, 37 are for GA2 and 2 are for BK2/05. The stdtts of the fracture angle orientation
are illustrated in Fig.3-12. Fractures along the entire drill cores indicate a random distribution of
angles. A preferential angle distribution does not exist. This indicates that the fractures along the
three drill cores all formed due to physical weathering. The contribution of other factors is insig-

nificant (Scarpato, 2013)
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Figure3-12. Rose diagram of fracture angle, (A) basaltic andpsiteof GAL; (B) gabbroic
diorite basement of GA1; (C) granodiorite basement of GA2; (D) granite basement of BK2/05

The ratio between the average values of the fracture areas and the total area of the pictures are
visualized in Fig.3-13. The fracture areaatio (IPW) values are represented by the average of 15
values from each thin section. In the gabbroic diorite, the physical weathering depth is 6.5 m, the
area of void fractures is limited to the upper part (22.9 m), and the proportion of void fractures

at 2.9 mis 0.83 %, increases to 2.0% at 0.9 m and decreases to 0.18% at the surface. The propor-
tion of fractures filled by carbonate increases rapidly from 0% at a depth of 4.9 m to 13.0% in the
topmost part. The proportion of fractures filled by clay minerals gradually increases from 0.16%

at 6.5 m to 5.4% in the topmost part, and in the fresh part, no open fractures exist. In basaltic
andesite the physical weathering depth is limited in the top part which is from 0 to 0.4 m and only
void fractures are doserved. Their measured area shows an overall increasing trend toward the
top with a sharp increase at the topmost part.

Along the GA2 drill core, the physical weathering depth is approximately 10.8 m below the pale-
osurface, anahe void fractures are linted to the topmost part with a proportion of 0.78% of all
observed fractures in this part. The fractures filled by carbonate are only observed at a depth of

2.6 m, which yields a value of 3.5%, while the fractures filled by clay minerals exhibit a trermdin
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0.27% at the bottom (9.2 m) to 4.6% at the top. All types of fractures are not found in the fresh
part (17.6 m). In the BK2/05 drill core, the physical weathering depth from O to 0.8 m is docu-
mented, and the void fractures are also observed only in thepmost part, with a value of 0.31%.
The area of the fractures filled by carbonate yields a value of 0.79% at 0.8 m and 4.72% at the
topmost surface. The fractures filled by clay minerals decrease from 0.97% at 0.8 m to 0.28% at

0.2 m and increase to 1.0% at the topmost part. In the fresh part (10.8 m), fractures also do not

exist.
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Fig. 313 Fracture distribution and IPW values along the profiles; the lithology legend refers to

Fig. 39.

In the basaltic lava part of GAL, the IP¥Walues increase from the bottom to the top, with a dra-
matic increase to 1.56 in the topmost part. Both the gabbroic diorite and granodiorite basement
in GA1 and GA2 show a gradual increasing trend of IPW from bottom to top, while in BK2/05
between 0 and 18 m the IPW values fluctuate from bottom to top.

However, thin sections from the fresh rocks at all drillings do not show fractures. Therefore, the
ratios between the total area of the fractures and the view area in this case can be considered as

the true value of IPW, i.e. all observed microfractures are caused by physical weathering.
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Determining the IPW

The fractures among the investigated drill cores consist of three types: fractures filled by clay
minerals, fractures filled by carbonate android fractures. To evaluate the IPWN values, the key
point is to determine the fractures formed during chemical weathering to calculate the corre-
sponding UCS for each fracture type. The UCS for fractures filled by clay minerals is represented
by the averag UCS value between the unweathered and the sampling position. For the void frac-
tures, the UCS at the sampling position is applied. The UCS for basaltic (basaltic andesite) and
granitic (granodiorite and granite) rock under different weathering degrees (CA value) can be

calculated based on Eg3-1 and Eq3-2.

20 ¢ basaltic andesite
gabbroic diorite
15 L granodiorite
10 +
c5
2 o}
el
5L
10 +
_15 I 1 1 1 1 |
0 100 200 300 400 500 600

Temperature (K)

Fig.314 Cal cul ated 10180 values versus estimated

and GA2 based on Equation (4Fr i edman and OO6Nei | , 1977)

Since the nonconformity experienced burial diagenesis, for the fractures filled by carbonate, it is
important to decide whether the carbonate was formed during the weathering stage or the burial
stage. The fratures filled by carbonate formed during the weathering process should be treated
similarly to fractures filled by clay minerals. Fractures filled by carbonate formed during burial
diagenesis should be treated as void fractures.

To distinguish the sourceof the carbonate, the C and O isotope compositions of the carbonate
within the fractures are analyzed (Fig3-p T 8 18@ éofposition of carbonateforming fluid was

determined based on the method proposed biwlichel and Tabor (2016)to assess the influence of
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the overprint of burial digenesis. Based on the fluid composition, the isotope fractionation be-

tween calcite and water is calculated aftet OEAAT AT AT A: /8. AEl jpwxxd

prij & Up ™ & w (Eq.3-14)

In Ego 3pth 4 OAZEAOO Oi OEA OAI PAOAQO@uals T 1 6
I TefAACpshqELp nnCEOA EA OO O OF A OAADBO O ALsdWAT AEOD
EO GEAOAI OA T £ Al A gEaH 8- are relé@xdd @&SMOWCraly] 2013)the

1180 (PDB) acquired from the measurement is transformed to the SMOW standard after. B{5

basedon& OEAAT AT AT A: /8. AElT | pwxxq

1/ p&to mgne / ol 1N0) (Eqg. 315)

The results are listed inAppendix Il -I (Table A5) and visualized in Fig3-14.

If all the calcite within the weathering profile of GA1 and GA2 was formed during sfaice weath-

AOET ¢ O1T AAO OEA OAI A OA@EeNAfthe caicitlewatesyreld akies beA OOE | /
tween-p T8 Wp -pieimiyp8 (1 x AOAOR OEA DPOAOAT AA 1 & Al AGEO
lomite and quartz, indicate the weathering profile should be overprinted by a higher temperature.

Previous studies indicates tlat the weathering profile experienced a maximum temperature up to
ADPDPOT GEI A QHurisoh etaly, 2013; Wagner et al., 1990Under this temperature, the es-

OEi AOAA ypuw/ 3-/77 OAI OAO OAT CA AAOxAAT pg8xaop ¢
higher than that of the meteoric water but is highly likely for geothermal and/or hydrothermal

fluids (Ruddiman, 2008; Stataude et al., 2012; White, 2009)herefore, the calcite within GA1 and

GA2 should all have formed during brial diagenesis rather than chemical weathering. In addition,

dolomite is a typical mineral that precipitated during burial diagenesiqStimac et al., 2015) The

fractures filled by carbonate (calcite and dolomite) should be originally void and should be treated

as void fracture and normalized by the UCS under the present chemical index of alteration.
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Fig. 3-15 IPW along the granodiorite in GA2, basaltic lava in GA1 and granite in BK2/05 drill
core profiles.

The normalized index of physical weathering (IPW) is visualized in Fig.3-15. The IPW; values of
the granodiorite in the GA2 drill core increase from 0.22 athie bottom to 3.85 at the top. The
physical weathering trend is mainly controlled by fractures filled by clay minerals. An exception
is the sample from 2.6 m, where fractures are mainly filled with carbonate. Based on the charac-
teristics of the thin section the lithology in this position is close to gabbro. The CIA value for the
fresh gabbroic rock is approximately 35Fritz, 1988), and the CIA of this sample yields a value of
45.1. Using the results of the fracture aalysis and mineral characteristics (Fig3-10C2 & Fig.3-
11), the sample was slightly weathered. For the slightly weathered gabbroic rock or the slightly
weathered gabbroic rock previous studies using 26 samples indicate a UCS between 36.6 and 69.6
(Aggisttalis et al., 1996) Here, the arithmetic average value of 43.1 was applied. The results show
a gradually decreasing trend of physical weathering from top to bottom.

In the basaltic andesite pat of the GA1 drill core, only tiny void fractures were observed. Here,
the IPWN values range from 0 to 0.022 from bottom to top, which indicates low physical weath-
ering intensity.

The IPW, values of the granite in BK2/05 range from 0.16 to 1.04. From 118 below the weath-
ering surface the IPW values first decrease from 1.04 to 0.16 at 0.2 m and then increase to 0.63

at the topmost surface.
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Characteristics of major elements

The results of bulk major element concentrations are listed il\ppendix Il1-1 (Table Al), and the

representative elements and CIA values along the profile are visualized in F3gl6.
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Fig. 316 Major elements and CIA values along the GA1, GA2 and BK@/ofies; the lithol-
ogy legend refers to Fig-3

For the basaltic andesite in the GAL drill core, element concentrations of Al, K and P have a de-
creasing trend from top to bottom, while Ca and Na increase. In the gabbroic diorite part, the ele-
ment concertrations of Al and P fluctuate in the top part (0.9 m) but display an overall increas-

ing trend from top to bottom. Both K and Na indicate a significant shift between the top part£0
0.9 m) and the lower part (1.%7.9 m), while the concentration of K deaases from top to bottom

and Na increases from top to bottom.
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For the GA2 drill core, except for the samples from 2.6 m and 5.8 m, the concentration of Al is
almost constant. In contrast, Na and Ca show an overall increasing trend from top to bottom,
whereas K decreases.

The results from BK2/05 indicate that the comrentrations of Al and Ca increase from top to bottom,
while Ca is almost constant and K has a decreasing trend. All the elements have an abnormal value
in the sample at 1 m below the weathering surface, with the relative content values of Al and Na
being lower and Ca and K being higher than any other position along the drill core.

Determining and normalizalizing of the chemical index of alteration

The results acquired byLiang et al (2021)indicate that the weathering profile in the area was
overprinted by K-metasomatism. This affects chemical weathering indices such as C{Redo et
al., 1995; Zhou et al., 2017; Fabrega et al., 201®revious studies proposed several nikods to
eliminate the effect of kmetamorphism (e.g. Harnois 1988; Maynard 1992; Panahi et al. 2000)
Both Harnois (1988) and Maynard (1992) eliminated the inconsistent behavior and/or the meta-
somatism of K by remoung KO from the CIA equation directly. The elimination of the K compo-
nent does not account for the associated aluminum; hence, the method works well for evaluating
the chemical index of alteration of plagioclase. However, it is not appropriate to evaluatee
weathering degree of the parent lithologies that contain Keldspar and/or biotite, especially
when the parent rock is not completely weathered. Since the samples in this study include granite
j"+c¢¥mmuq AT A COATT AET OEOA j 'lieddoGesesOtheichemibatindéx+
of alteration under K-metamorphism (Nesbitt and Young, 1984)Fig. 3-17). Previous studies in-
dicate that the weathering trend for the upper continental crust should be in accordance with the
A-CN axis given the depletion rate among Ca, Na an{Nesbitt and Young, 1984) However, while
the weathering profile was overprinted by kenrichment diagenetic fluids(so-called kmetamor-
phism), the weathering trend was shifted to the Kapex(Fedo et al., 1995) As shown in Fig3-17A,
the weathering trend for all three drill cores extends to the K apex. Similar results were found by

Schmidt et al. (2021)
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Fig. 3-17 Ai CNi K diagram of the samples from GA1, GA2 and BK2/05 before (A) and after
(B) K correction baed onNesbitt and Markovics (1997)

To correct the K content within the weathering profiles, the method proposed bfPanahi et al.

(2000) was applied. The detailed method is expressed as follows:

+/ - (Eq.3-16)

Ax and CN, refer to the ALO; and (CaO*+NgD) contents in the weathering zone, respectively,
while

P — (Eq. 317)

In Eq. 317, the K, A and CN values for m are from the unweathered parent rock sample.

With the correction, the weathering trendfor all the drill cores was parallel to the ACN joint, and
the effects for CIA values from the burial diagenesis were removed.

The age of the weathering surface may be younger than the exposure age of the basement, as the
weathering surface will be renevwed by continuous erosion(Riebe et al., 2003) The postVariscan
nonconformity represents a diachronous time gap between tens and hundreds of millisrof years

in central Europe(Kroner et al., 2007b; Zeh and Bratz, 2004However, a precise chemical weath-
ering scale is uncertain due to the effect of erosion. Therefore, a wide range for the duration of
weathering from ten thousand to one million years was apped. This assumption also enabled the
determination of the CIAsvariations for a certain rock type under different weathering intensities.
The TWMs produced in these time periods for plagioclase;fi€ldspar, hornblende and biotite are
calculated with Eqg 3-7. For the weathering rate of pyroxeneFranke (2009) indicated that the

weathering ratio between pyroxene and hornbénde is 1:1.5, andHausrath et al. (2008)suggests
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that the weathering rates between pyroxene and plagioclase is 1:5. Applying E336, these two
results match perfectly with each other. The corresponding CWA for different types of rock is cal-
culated by Eq 3-9, based on the mineral proportions in theresh part. Due to the lack of mineral
proportions of the fresh rock for the sample at 2.6 m below the weathering surface (58.3 m) in the
GA2 drill core, the result for this sample is ruled out. To normalize the CIA value and make weath-
ering intensity over all rock types comparable, fresh granite samples from drill core BK2/05 are
set as the reference lithology. This is because the CWA of the granite is moderate compared to the
other three lithologies. After normalization, the CIA range for other lithologies will not exceed
pnn8 7EOQOE OEA b AQHeofyiteh ©Owas mormhlized fo £ahd CIA. All the
relevant parameters and results are listed imA\ppendix Il -1 (Table A4) and the original CIA, CIA
corrected by n (CIAs), and Clf\values are visualized in Fig3-18. For all three lithologies, after
normalization to the granite from BK2/05, all the normalized CIA values show an overall similar
trend to the original values. As the CIA, Ciand CIA from all the drill cores show an werall de-
creasing trend, the chemical weathering depth changed from 6.45 m, 3.9 m, 5.4 m and 2.1 min the

GAZ2, gabbroic diorite and basaltic andesite parts of the GA1 and BK2/05 drill cores.
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Fig. 3-18 Characteristics of the original CIA values and ndized CIA values of granodiorite,
basaltic andesite and gabbroic diorite based on granite along drill core profiles GA2, GA1 and
BK2/05.

3.9. Discussion

3.9.1.Integrative weathering evaluation in the research area

The postVariscan nonconformity in central Europe represents a time gap of millions years
i/ b1 OAOEIT A lltAvastfdrmiedalten thecvariscarCprogenesis and was successively bur-

ied by continental and marine sediments due to the onset of basin formation at approximately 320
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Ma and ongoing subsidence up to the Triassic period. The alteration at this first order noncon-
formity was studied only locally with a focus on petrophysical properties. Littke et al. (2000)
pointed out that porosities and permeabilities increased due to supergene alteration. This is con-
firmed by hydrothermal and geothermal studies, but the authors found sigficant heterogeneity
(Bons et al., 2014; Schéffer et al., 2021) 0 date, this has been not linked to specific rock types as
addressed in this paper. In our resealtarea, the nonconformity crops out and different Variscan
crystalline rocks underlie lower Permian basaltic rocks, as well as proximal immature clastic
rocks. A series of cored drillings hit the nonconformity at depths of 13 to 62 meters which guar-
anteedthat recent alteration was negligible.

Fig.3-19 summarizes trends of corrected CIA and IPW for the basement beneath the fistler
post-Variscan nonconformity, as well as for an intrePermian lower-order unconformity of the
basaltic to andesitic lava thw. The firstorder nonconformity was represented by the weathering
surface of the gabbroic diorite basement in GA1, granodiorite basement in GA2 and granite base-
ment in BK2/05. As expected IPW and Clfall show a decreasing trend with depth, i.e., physita
and chemical weathering intensity decreases with depth. The normalized IRWhowever, shows
opposite trends for the granite. This was probably due to the heterogeneity in the weathering
profile.

The granodiorite at GA2 (Fig3-19A) shows decreasing valug with depth for IPW and IPWN val-
ues. The fractures were mainly filled by clay minerals except at 2.6 m depth where diagenetic
carbonate fills the void (see also Fig-10). After the normalization of IPW, the gradually decreas-
ing IPWy values from top to ottom suggest that the physical weathering intensity decreased with
increasing depth. CIAN also decreased with depth from approximately 70 to 50 depending on the
age model.

For the gabbroic diorite in the GAL1 drill core (Fig3-19B), only the IPW was calglated because
this rock type does not belong to either granitic rock and or basaltic rock. Thus, the relationships
between CIA and UCS in this case are not suitable for the rock type in GALl. The IPW again de-

creases with depth. It has the highest values afl basement rocks which means strong fracturing.
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The CIA decreases from approximately 80 to 55. Compared to the granodiorite the decrease is
not gradual, but shows an abrupt decrease to less weathered rock at a depth of approximately 2
m. The intraformational basaltic andesite in the GA1 section (Fi@-19C) over the postVariscan
nonconformity shows much lower physical weathering indicated by IPW and IPWFractures are
voids, which indicates that the fractures were formed during the very latest stagef @hemical
weathering and that the physical weathering intensity is very limited. The Cl however, is very
high at the top which reflects the higher weatherability of the aphanitic volcanic rock. It drops
abruptly at a depth of 0.4 m. This shows the shter time interval for weathering of the lavaflow

compared to basement rocks at the pos¥ariscan nonconformity.
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Fig. 3-19 Comprehensive weathering characteristics for GA2, GA1 and BK2/05; note that A to
D are based on chronological order. Numbers are ratios of indices. The legend refer3-to Fig.
9 and3-17.

The granite in drill core BK2/05 shows relatively little weathering which penetrates only some
decimetres. Fractures are mainly filled during burial diagenesis with calcite and dolomite. Clay
minerals are almost absent. Weak chemical weathering is confirrdeby the CIA which declines

from approximately 78 to 55 at a depth of 0.4 m.
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Fig. 3-20 Relationship between the IPW and CIA and CIAsN. Legend refers 81Hig.

Fig.3-20 shows the relationship between the physical and chemical weathering indices. Adtigh

in all cases a positive correlation can be observed, the inclination of the regression line is different
for each rock type. This means that the balance of physical vs. chemical weathering is clearly rock
dependent. Fig.3-20B shows that the positiverelationship enhanced after normalization, partic-
ularly for basaltic andesite and granite. As expected, this indicates that the physical weathering
process will enhance the chemical weathering intensity due to the fractures formed under physi-
cal weathering The process increases the specific surface area of the rock and provides pathways

for meteoric water (Migo, and Lidmar-Bergstrém, 2002).

3.9.2.Implications for paleoclimate research and for heterogeneity assessment of
nonconformity reservoirs

The results gained with the methods introduced in this study can be related to paleoclimate data,
such as the mean annual temperature (MAT) and mean annual precipitation (MAP), which offers
additional fields of applications and quantitative comparisons impaleoclimate research. Previous
studies indicate that the physical weathering process refers to an arid climate, while under a hu-
mid climate, the chemical weathering process dominateland and Rolls, 1998) The results of
this study show that the overall physical weathering intensity shows a decreasing trend and then
increases from granodiorite (GA2) and basaltic andesitéGA1l) to granite (BK2/05), while the
chemical weathering intensity shows the opposite trend. Hence, it can be stated that the climate
exhibits a gradual trend toward more humid conditions reflected by the increase in chemical

weathering intensity accompaned by the decrease in physical weathering intensity.
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However, to extend the field of applications and to show the robustness of the methods and results
proposed in this study, the major elements employed in this case study are used to apply the meth-
ods proposed byRetallack (2006)and Sheldon (2006) The methods make use of the CIK ard
OEA OAMAUOHhAOEBEAE EO AOPOAOOAA AO OEA OAOET AAOxAA
is directly correlated with paleoclimate conditions indicated by the Bhorizon of the soil profile.

(Retallack, 2006; Sheldon, 2006; Sheldon and Tabor, 2009)hile the CIAK can be applied to

AOOGAOGO OEA 1T AAT AT T OAl DPOAAEDEOAOHdrihe estimationdh OEA O
of mean annual temperature (MAT):

-1 0 U0 ccghAd (Eq. 318)

-1 B T @UHE oBW (Eq. 319)

In addition to Eq. 3-18 and3-19, a datadriven paleosolpaleoclimate model (PPM) was proposed

by Stinchcomb et al. (2016) Their model was developed based on 685 samples from the B horizon

from different soil profiles. The investigated elements comprised K, Al, Si, Ca, Na, Al, Ca, Na, Fe, Mg,

Mn, Ti and Zr, which were analyzed by combining partial least squares regressionL&R) and

nonlinear spline. The output results of this model include both MAP and MAT. However, the model

does not consider the overprint of burial diagenesis. Thus, to apply this model to weathering pro-

files influenced by burial diagenesis, elements thatra preferentially affected such as Ca and K

should be corrected.

To apply the PPM model of Stinchcomb et al. (2016), paleosol samples from the topmost part of

the weathering profile, with the parent rock of basaltic andesite and gabbroic diorite in GAl,an-

odiorite in GA2 and granite in BK2/05 were selected. For both methods, the CaO was corrected

based onMclennan (1993). The KO content for PPM is corrected based dPanahi et al. (2000)

The conparison of the results from these two studies and the method proposed in this study is

listed in Table3-2.

Using the PPM of Lukens et al. (2016) rock types comprising granodiorite (GA2), gabbroic

diorite (GAl), basaltic andesite (GA1), and granite (BK2/05the MAP shows an increasing trend
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from 542 to 1522 mml/yr followed by a decreasing trend to 1109 mm/yr. The MAT gradually in-
AOAAOGAO mEOI i pmn8oc O ¢p8oc 3 AT A OEAT AAAOAAOAO
coincide well with the trends of IPVN and CIAN in this study. Hence one can make use of this
guantitative relationship to additionally assess MAP and MAT with the same database as used for

the methods suggested in this study.

Table 32. Results from the methods proposedhgldon (2006)Lukens et al. (201&nd this

study, note the wunit for MAP i s mm and MAT

Sheldon (2006) Lukens et al. (2016) This study
Samples Low Best Hi i

gh Low Best High

MAP — MAT VAP MAP MAP MAT MAT MAT CAN IPWN
GA2 gran- g1, 67 1014 208 542 877 76 103 13 70  3.85
odiorite
GAl gab-
broic dio- 1163.33 12.53 1158 1442 1727 116 13.6 157 78 =
rite
GAl basal- 1o/ /55 1732 1127 1522 1917 17.8 21.3 248 82  0.02
tic andesite
BK2/05

granite 1427.73 9.82 723 1109 1495 7.4 103 132 77 0.16

For the results calculated based on the PPM proposed 8ieldon (2006) the MAT shows a similar
trend as the weathering intensity from this study. The MAP of the paleosols weathered from ba-
saltic andesite and gabbroic diorite fits well with the model of Lukenst al. (2016) and with the
chemical weathering intensity. However, the samples from the other two drill cores, especially the
paleosols weathered from granite in BK2/05, show a clearly higher MAP close to basaltic andesite.
The value of CIAK is 94.7, whie the petrographic and mineralogical characteristics indicate that
the sample is only moderately weathered (Fig3-7D &3-8). An explanation is that the parent rock
(granodiorite and granite) of the samples contains Keldspar, which leads to a higher vale of
CIAK compared to its actual chemical index of alteratiofFedo et al., 1995) Nevertheless, our
results still show a positive correlation with the variation in both MAP and MAT.

In conclusion, both models coincide with ClAand IPW trends, meaning that the increaes in

precipitation and temperature indicate a warm and humid climate. Subsequently, a more intense
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chemical weathering environment with a relatively lower rate of physical weathering processes
appears

In addition to paleoclimate evaluation, the Cldand IPW may also be applied for the evaluation
of the heterogeneity of nonconformity reservoirs. With the alteration of the meteoric environment,
the petrophysical properties of the weatheing zone along the basement rock chang@ardner,
1940; Walter et al., 2018) Note that both physical and chemical weathering are sensitive to dif-
ferent lithologies, which causes a specific response of petrophysical properties. Therefore, when
working on a weathered basement comprising different lithologies, the weathering intensity
(IPWy and CIA) should be calculated as suggested in this study. Then, on a regional scale, the
weathering intensity and the weathering degree of different lithologies distributel along the non-
conformity can be assessed to find suitable assets in terms of reservoir quality. In addition, based
on the relationship between the weathering degree and petrophysical characteristic/NValter et

al., 2018; Wu et al., 2013}he heterogeneity of the nononformity reservoir can be evaluated.

3.10. Perspectives

The suggested theoretical and practical concept for the roespecific quantification of physical and
chemical weathering in this paper opens new avenues to study the complex processes at noncon-
formities but also for paleosols in the sedimentary stratigraphic record. A high applicability is
given because it is designed for studies on drill cores and at the microscale. However, there is still
a potential for improvements. First, the relationship between UC&nd CIA values for more rock
types could be developed in the future. With these relationships, the physical weathering intensity
for more rock types could be compared. Second, the strategy for sampling could be restricted, e.g.,
all the samples should aval macro/mesoscale fractures along drill cores. While the samples are
more unified, the weathering degree results should be more representative. Last, the effect of the
weathering intensity on the petrophysical characteristics of different types of rock ienly weakly
discussed here. The influences of both physical and chemical weathering intensity on the porosity

and permeability of different rocks are still uncertain. Relevant work, such as the petrophysical
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characteristics of different igneous rocks undea variety of weathering intensities, could be meas-
ured in the future. With the results, the heterogeneities of the nonconformity reservoir may be
quantified and the results may contribute to reservoir quality assessment.

3.11. Summary and conclusions

Both phydcal and chemical weathering are significant processes on the surface of the earth. This
study suggested a new index of physical weathering (IPW) to quantify physical weathering in
paleoweathering profiles at the microscale. Using the IPW, an integratedraxept to quantify the
weathering intensity for both physical and chemical weathering is proposed. The suggested quan-
tification method is designed for drill core investigations using petrographic and computeaided

textural thin section analysis, combined wth standard mineralogical XRD, as well as geochemical

82& AT A )Y#0"-3 AT Al UOAO8 4EEO OOOAU Al O1 EI

weathering, the IPWN, as well as a procedure to normalize the CIA to rock types expressed by the
ClA.

The introduction of the new indices IPW and CIAs and its corresponding workflow allows for the
first time the simultaneous gquantification of the physical and chemical weathering intensity at
subaerial paleasurfaces in the geological record. This makes the effs of weathering compara-
ble at the regional scale regardless of rock type in terms of paleoclimate and heterogeneity assess-
ment, as well as alteration of petrophysical properties.

As a case study, three drill cores from the firsbrder post-Variscan honcanformity in southwest-

ern Germany were taken hitting the nonconformity in several tens of meters, which excludes the
overprint of recent weathering. At the nonconformity, Precambrian to Paleozoic magmatic rocks
(granodiorite, gabbroic diorite and granite) were weathered and diagenetically altered and over-
lain by Permo-Carboniferous volcanic and sedimentary rocks. A basaltic andesite lava flow within
the Rotliegend also shows weathering at the top which has been investigated in addition. The cal-
culated IPW and CIA trends of these sections coincide well with trends of paleosgdaleoclimate
models revealing mean annual temperature (MAT) and mean annual precipitation (MAP), which

illustrate the potential to synchronize the suggested indices with other paleocliate proxies. This
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offers a completely new spectrum of possibilities to quantitatively compare weathering and cli-
matic conditions at the regional scale, regardless of lithologic constraints.
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Abstract: Intracratonic sedimentary basins develop on-fingter nonconformities. Although

the evolution of such basimas beerthe focus of many studies, the formation of the basement
surfaces has rarely been considered. In this paper, we investigated the physical and chemical
paleoweathering of different basement rocks at thegasscan nonconformity in Central Eu-
rope.We used a comprehensive approach by accounting for different scales and integrating
physical and chemical weathering. Physical weathering was qualitatively classified at the
macro/mesoscale and quantitatively classified at the microscale using thinsaaticthrough
measuring fracture areas by image analysis. Chemical weathering was quantified by distin-
guishing theminerabgicaland geochemical characteristics measured fogyXdiffractometry
(XRD), X-r ay fluorescence (XRF) and inductively
MS). Compared to previous studies, common physical and chemical weathering indices were

normalized to th rock types to improve the weathering intensity comparison. Clay transfor-
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mation and carbonate/dolomite precipitation in the paleoweathering sections indicate a temper-
ature interval of 100 to 300 °C for the circulating fluids during burial. The maximumicale
weathering intensity was found at the top surface of the basaltic andesite with @Qifal-

ized chemical index of alteration) value of 83, whereas thaylPdmalized index of physical
weathering) was less than 0.1. The gabbroic diorite andgtzen a ClA value of 78, whereas

the physical weathering intensity was approximately 0.6. The lowest chemical weathering in-
tensity was observed at the top of the granodiorite and tonalite at 71, and both rock types showed
the highest physical weatherimgensity of approximately 4. Because of the normalization pro-
cedure, the differences in the ratio of chemical versus physical weathering can be directly linked
to aridity-humidity changes in the lower Permian paleoclimate. The concept and results of this
work can be used for future studies on continental paleoclimate as well as for reservoir model-
ing.

Key words: weathering; macro/mesoscale characteristics; major and trace elements, pest

Variscan; SW Germany

4.2. Introduction

A nonconformity refers to a geologial surface between weathered and eroded crystalline rock
and overlying sediments, representing a significant gap in the geological recof€atuneanu,
1996). Such surfaces also play an impamt role in the subdivision and correlation of stratigraphic
successions as well as in establishing boundaries in reservoir mode(€atuneanu, 2006)
Nonconformities are diachronous and form over long time intervals driven by tectonic cyclicity.
This process involves uplift, weathering, erosion, and bial by sediments when uplift ceases and

subsidence take palce.

Nonconformities are prime features of continental sedimentary basins and are formed at the
OOAT OEOETT mOI T 11 01 OAET "AOEI AEI1(Geisgrari shAddHa@A O O1 DI
2002). PromilAT O A@Ai pi A0 AOA OEA O' OAAO OTAITT &£ Of EOUS

America, the widespread CambréOrdovician cover over the ParAfrican basement in Africa, and
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the Permo-Carboniferous cover of the Variscan orogen running over large parts of western
southern and central Europe(Avigad et al., 2017; MalekMahmoudi et al., 2017) We selected the
post-Variscan nonconformity in the central part of the Variscan Orogen, where the basement is
formed from high grade metamorphic and plutonic rocks. In particularthis study focused on the
cover-basement interface of he Odenwald crystalline basement complex (OCC), the largest
AAOCAT AT O xET AT x 1T &£ OEA -EA"' AOiI AT # Ouleudngiari ET A
realm (D6rr and Stein, 2019a; Willner et al., 1991)This interface is characterized by multiple
types of magmatic and metamorphic rocks of late Neoproterozoic to Carboniferous ad@@rr and
Stein, 2019b) This basement is a fyical Variscan basement and can be correlated with the
northern Armorican Massif in France and the Ossilorena Zone in southwest Spain (Martinez
Catalan 2020). Moreover, similar Variscan basement rocks stretch from the lberian Massif in
central Spain overthe Massif Central in France, to the Bohemian Massif. Variscan basement units
are also widespread in the Mediterranean and the Alpd.e.,the sections studied herein are

representative of large parts of this nonconformity in Europe(Maino et al., 2019; von Raumer et

al., 2013)

Previous studies on the posiariscan nonconformity have focsed mainly on its tectonic
evolution (Funedda, 2009; Kroner et al., 2007; Willner et al., 1991The basement alteration along
the nonconformity has been studied, e.g., Barcerisa et al., (2010)n the Morvan Massif (France)
and byFabrega et al. (2019)n NE Spain. They observed thermal diagenetic overprinting, such as
the albitization of plagioclase, but did not attempt to disetangle paleoweathering from burial
diagenesis. The modern weathering characteristics of Variscan crystalline rocks have been
systematically studied in the Sila Massif (Italy) based oboth field studies and geochemical
characteristics (Scarciglia et al., 2016) The influence of hydrothermal alteration before the
weathering process has been carefully described, but the weathering intensity differences among

different rock types have rarely been mentioned.

Along nonconformities repeated alteration processes tak@lace. During uplift, the crystalline

basement is exposed to the surface and undergoes physical and chemical weathering. The extent
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of both these weathering processes depends on the climatic conditiof3oo et al., 2016)During
this so-called supergene process, the basement rock is gradually broken and dissolved, and
pedogenetic processes lead to the transformation and translocation of mattévicLennan, 1993)
Soil types depend on the continental climatic conditions, relief, time, biological activities and
parent materials and can serve as preferred paleoclimatic archivés continental realms(Cissé et

al., 2023; Sreedevi et al., 2022)

The chemical weathering of silicates is incongruent, and primary minerals such as feldspar and
biotite are only partly dissolved and gradually decompose to secondary minerals such as smectite

and illite and eventually into kaolinite and gibbsite. Geochemically this means that mobile

elements such as Na, K and Ca are deplet@deshitt and Young, 1989a) As the chemical
weathering process continues, the porosity increases, micrchannels (spaces formed due to the
shape of the secondary minerals) may form within the minerals due to thloss of materials, and
the rock strength decrease{Moon and Jayawardane, 2004; Santos et al., 2018pose material
can be liberated by flowing water or wind. Water transports the material downhill, where it
accumulates as a proximal alluvial fia that develops into a river system further downstream. In
the case of ongoing subsidence, sedimentation retrogrades and the weathered basement surface
becomes successively covered by sediments, causing acatled nonconformity to form. With
ongoing subsdence, the weathering profile isrealtered by increasing hypergene processes, e.g.,
increased pressure, temperature, and throughflow of diagenetic fluidéSandler et al., 2012) All
this information stored in  paleoweathering profiles provides an ideal opportunity for
paleoclimate reconstruction, when disentangled from hypergene processéblesbitt and Young,

1982),

In addition, alterations at the siteof a honconformity change the petrophysical characteristics of
the rocks and usually increase their porosity and permeability, leading to the transformation of
solid basement rocks into potential reservoirs for petroleum and watei(Halbouty, 1972). This

can also have implications for ordorming processes. At the Variscan nonconformity,
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hydrothermal mineralizations are known from the Spessart region ca. 50 km east of the Odenwald

region (Fusswinkel et al. 2014).

Liang et al. (2021) studied drill cores penetrating the postVariscan nonconformity in the
northernmost Odenwald region. In their case study, supergene and hypogene alterations were
distinguished by correcting for element shifts and taking into account feldspaz clay mineral
reactions. The Kmetasomatism and the overprint of hydrothermal fluids were also documented.
In Liang et al. (2022) physical weathering was additionally considered, and an integrated
workflow for the quantification of both physical and chemical paleoweathering was presented.
Physical weathering was quantified using the ratio betwen the area of microfractures in the thin
sections and those of the unaltered rock and by considering the rock strength. The chemical
weathering degree was normalized for different rock types by the chemical weathering ability
(CWA)Liang et al., 2022) In both cases, observed and/or measured data were corrected for

either chemical or tectonic overprintingduring burial.

In this paper, the workflow of Liang et al.(2022) is applied to additional drill cores obtained at
the postVariscan nonconformity in the Odenwald region, focusing on the paleoweathering
characteristics of different rock types and a combination of macro/mesoscalenicroscale,
mineralogical and ggochemical characteristics. The aim of this study is to extend our quantitative
approach of paleoweathering to more rock types and more settings at the prominent pest
Variscan nonconformity. This requires (i) considering chemical and physical weatheringii)(
setting up the relationships among weathering characteristics at different scales and combining
different analytical tools, and (iii) comparing weathering characteristics among different
lithologies but under similar climatic conditions. Moreover, in his study, we expect to detect a
predominantly arid to semiarid climate after the Variscan OrogenfRoscher and Schneider, 2006)
along with relatively short humid intervals, as was revealed biang et al., (2021) The basement
of the Odenwald region experienced aniform burial history; e.g., the hypogene processes are
expected to have been similar at all locations, and the same correction is applied herein as was

applied in Liang et al., (2021)
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4.3. Geological setting

The prominent postVariscan nonconformity offers an ideal case for studying paleoweathering. It
was formed after the Variscan Orogeny during the late Carboniferous to the early Permian. We
selected four drillings penetrating through the postVariscan nonconformity where thebasement
was always covered with sediments or volcanic rocks of the Rotliegend age; i.e., the age of
paleoweathering can be assumed to be highly comparable among the drilling sites (Fgl). The
basement rocks underneath the nonconformity provide a widespectrum of common magmatic
rocks ranging from gabbroic diorite, tonalite, and granodiorite to granite. At one site, the
basement is overlain by an early Permian lava flow, which is classified as basaltic andesite
according to geochemical analysis (Liangt@l. 2021). This lava flow was considered in this study

to analyze the effects of different textures (aphanitic vs. phaneritic), although its chemical

composition is similar to that of gabbroic diorite.

All basement rocks belong to the MGCZ in the centirthe Variscan Orogen, which was formed as
a magmatic arc during theLower CarboniferousVariscan Orogeny and most likely contains the
Rheic Suture (Stein 2001Zeh and Gerdes, 201(Btein et al. 2019)5 " 0 A UEOAT 1 AAOQOET ¢ |
magmatic rocks yielded ges between 354 and 332 Ma (Stein et al. 2022). On the Sprendlinger
Horst, however, Neoproterozoic/early Cambrian magmatic rocks were also discovered recently,
with an age of 540 £8 Ma (Dérr & Stein 2019). In the upper Carboniferous, the MGCZ fragmented
during orogenic collapse and postorogenic transtentional tectonics into intramontanous basins
and highs that were filled by alluvial, fluvial and lacustrine sediments. One of these highs was the
OCC, which today is framed by the Kraichgau Basin in the soatid the eastern termination of the
SaarNahe Basin. In the Cenozoic, the Sadahe Basin was tectonically fragmented due to the
formation of the Upper Rhine Graben, the eastern shoulder of which in the northern region is the
Sprendlinger Horst. The basemets of the selected drillings all belong to the OCC and are all in a
marginal position with respect to the Kraichgau Basin and the Sad@dahe Basin. Sedimentation
began in the earliest Permian at approximately 295 Ma. A time gap of at least 350 million years

exists at the nonconformity, during which plutonic rocks were exhumed and exposed by erosion.
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The overlying Rotliegend deposits reach a thickness up to 250 m and are composed of weakly
sorted alluvial sediments graded into braided, meandering fluvial sedients as well as playa
sediments to the top(Marell, 1989). At the base, bimodal felsic and mafic volcanic rocks are

intercalated regionally.

During the mid-Permian, the SaafNahe Basin was inverted and uplifted. Farther west of the study
area, Henk (1992) estimated a maximum overburden of upper Carboniferous and Permian
sediments of 2400 m based on mudstone comption; these sediments had already been eroded
in the mid-Permian. In the late Permian, the relief became smoother, and the area was flooded by
the epicontinental Zechstein Sea. Continuing subsidence led to the deposition of Triassic and
Jurassic sedimentswith a total maximum thickness of 1500 m. Maximum burial and heating
prevailed during the upper Jurassic to lower Cretaceous, as evidenced by fission track dating
(Wagner et al., 1990) Since the Cenozoic, repeated faulting acopanied by graben formation
(including in the Upper Rhine Graben) and horst uplift have led to the removal of the complete

Mesozoic sediment cover at the investigated sitg€loetingh et al., 2006)

The Sprendlinger Horst, where tie northernmost three wells are located, contains a relatively thin
cover of Rotliegend sediments intercalated by basaltic lava flows. The stratigraphy in this area
includes the Moret Formation and the Lower and Upper Langen Formatioiisloret, 1989; Becker

et al., 2012) among which the Lower Langen Formation contains volcanic lava. This volcanic lava
can be correlated to astratigraphically similar volcanic episode in the SaaNahe Basin, which
yielded an age of 290 + 6 MéLippolt and Hess, 1983) The southernmost drilling belongs to the
337-Ma VariscanHeidelberg Granite, which is overlain by the Michelbach Formation of the
Rotliegend and the Zechstein Dolomite Formation and Langenthal Formatidiug and Gaupp,
2006). The thickness of the Michelbach Formation is approximately 8 m aiitd age is estimated

to be between 290 and 280 M#&Edgar and Hubert, 2009)
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Fig. 4-1. Location maps and schematic cross section from the Kraichgau Basin through the
Odenwald Crystalline Complex to the Sprendlinger Horst. Locations and geologic context of
the drill cores used in this study are shown.

4 .4. Materials and Methods

Four drill cores with different lithologies were selected for this study, three of which were from
the Sprendlinger Horst, i.e., from the former eastern margin of the Sallahe Basin (GA1, GA2,
and TB8) and one of which was from the northern margin of the Kraichgau BasiBK2/05). All
core sections consist of basement rock and overlying sediments. The nonconformity penetrates
to depths of 20 to 60 m and avoids overprinting by modern weathering (see Fig. 1). In the GAl
drill core, the basement is overlain by a basaltic andés, and in all other drill cores, the basement

is overlain by alluvial Rotliegend sediments. The lithologies of the basement rocks in the GA1, GA2,

TB8 and BK2/05 cores are gabbroic diorite, granodiorite, tonalite and granite, respectively. The

Seite94

















































































































































































































































































































































































