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Abstract   

The Herrería Formation with a Lower Cambrian depositional age exposed in the Cantabrian 

Mountains of northern Spain is the focus of this study. The motivation of this study is related 

to recognized significant provenance changes between the base of the formation and the top, 

which would have allowed fundamentally different provenance interpretations (Zimmermann, 

et al., 2015). Therefore, this study concentrates on a similar lithotype (quartz-arenites), which 

show a variety of differing sedimentary structures pointing to different sedimentary processes 

including sorting. The quartz-arenites are intercalated with shales devoid of carbonate material. 

The recognition of acritarchs pinpoints a marine depositional environment. The youngest 

detrital zircon age of the Herreria Formation is 524 ± 3Ma (Zimmermann, et al., 2015). Total 

of four samples were collected and to identify the differences and similarities of the provenance 

signals of these clastic sedimentary rocks, we apply optical petrography and whole-rock 

geochemistry, detrital zircon age. The results indicate that: All four lithotypes point to different 

possible maximum depositional age ranging from 549 Ma to 581 Ma with 32 Ma in difference 

and even more when comparing to the previous study (Zimmermann, et al., 2015). Although 

the rocks are supposed to be deposited in the same tectonic event, all samples fail to provide 

any younger depositional age than around 560 Ma. The detrital zircon population seem to differ 

between arenites and quartz-arenites where the latter see to reflect a more complete population. 

Therefore, studies with detrital zircon populations should be treated with great caution before 

being interpreted in stratigraphic context. Even with the large variety of different lithofacies 

sampled in this study it could not reflect the real Paleozoic depositional age, with an error of 

about 10 %. For the maximum depositional age determination, the base of the Herrería 

Formation would be the most ideal one studied, but not when trying to gain the entire 

provenance. I would argue for only using detrital zircon data with a detailed sedimentological 

background in addition to a known geological substructure. 
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1. Introduction 
This study focuses on the top of the Herreria Formation which is located in the Cantabrian Zone 

in northern Spain (Figure 1) within the province of Castilla y León in the northern part of Spain, 

close to the town Los Barrios de Luna (Figure 5). The top of the Herrería Formation is an ideal 

study object as the outcrop is well exposed, where the Formation has an accurate constrained 

age dated by paleontological material (Moczydowska, 1991 Vidal, et al., 1999), and which 

makes it an ideal candidate for the determination of the maximum depositional age. Another 

reason for selecting the Herrería Formation is due to lack of metamorphism and the domination 

of sandstones which are well dated and well understood in terms of the major source areas 

(Vidal, et al., 1999; Zimmermann, et al., 2015). The Herrería Formation represents individual 

lithofacies, which are well defined by different types of clastic sediments and sedimentary 

structures produced by hydrodynamic parameters within varying depositional environments. 

Previous attempts to U-Pb zircon date these rocks have yielded interesting results, which does 

not coincide with the provenance in this region (Zimmermann, et al., 2015). In many cases 

when determining the maximum depositional age, samples for detrital zircon dating are taken 

as a single rock sample. By mixing different lithofacies sorting effects could be decreased, as 

within specific facies, (e.g. fluvial or alluvial) those are affecting heavy mineral composition 

and therefore the possibility of interpretation of detrital zircon dating using U-Pb isotopes 

(DeGraaff-Surpless, et al., 2002; Garzanti, et al., 2010; Zimmermann, et al., 2015). Significant 

differences of the maximum depositional age in the different lithofacies would question the 

validity of interpretation in articles where the sorting effects based on different facies has not 

been recognized (Zimmermann, et al., 2019). This would lead to a massive re-evaluation 

process in many already published articles. The main objective of this thesis is to unravel 

significant differences in the maximum depositional ages by sampling four identified, 

individual lithofacies of the Herrería Formation and comparing the data to one mixed sample 

from the same outcrop. By performing U-Pb zircon dating, combined with petrography and 

whole-rock geochemical analysis, we will unravel subtle to large variations between the 

individual lithofacies. 
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Figure 1 Map over the studied area in the northern part of Spain(A, Feher, ), in the Cantabrian mountains within the Cantabrian 
zone  (B, López-Guijarro, et al., 2008). 

 

2. Geology 
The area of interest is located in northern Spain within the Variscan nappe system of the 

Cantabrian Mountains within the Cantabrian zone (Figure 2 ;Linan, et al., 2002). 

 

Figure 2 Tectonostratigraphic map of the Western European Variscan belt. Study area is marked by a red star. (Martínez 
Catalán, et al., 2007; Shaw, et al., 2012) 
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The oldest rock formation of the area is called the Mora Formation (Zimmermann, et al., 2015). 

These meta-turbidites are of Ediacaran age (Naidoo, et al., 2017) and lie underneath the Herrería 

Formation, separated by a regional unconformity defined by a conglomerate layer (Ábalos, et 

al., 2012;Ugidos, et al., 2010) which last for not more than 30 My (Zimmermann, et al., 2015; 

Naidoo, et al., 2017).  

The Mora Formation is a part of the Narcea Group with an age from the Ediacaran to the 

Lowermost Cambrian (Valladares, et al., 2002). The Mora Formation was a part of the Iberian 

plate during deposition and was located in an active continental margin (Naidoo, et al., 2017). 

During the Cadomian Orogeny there was a series of tectonic events in the late Neoproterozoic 

(650 – 550 Ma) along the active margin of Gondwana involving numerous terranes (Figure 3). 

Based on the sedimentary structures and large-scale turbiditic shale sequences (Marcos, 1973) 

the Mora Formation has been interpreted as a deep-sea fan deposit. The Upper part of the Mora 

Formation consists of meta-greywackes with a maximum depositional age of 565 ± 11 Ma and 

reflects magmatism at this active margin (Naidoo, et al., 2017). The boundary separating the 

Mora Formation and the Herrería Formation contain the fossils Rusophycus avalonensis and 

Treptichnus (Phycodes) pedum indicating a depositional age of 530 Ma (Vidal, et al., 1999) 

which is confirmed by detrital zircon ages from the same exposure (524 Ma; Zimmermann, et 

al., 2015). The Herrería Formation can be divided into three members (Aramburu, et al., 1992), 

where the here studied part represents the top of Member 2 and shows the transition to Member 

3, the youngest (Figure 4). With its conformable and transitional contact to the overlying 

Láncara Formation, the top of the Herrería Formation is younger than Atdabanian in age (517 

– 521 Ma) according to microfossil stratigraphy (Moczydowska, 1991).  

 

Figure 3 The location of the peri-Gondwanan terranes during the Early Mesozoic (Nance, et al., 2008) 
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Figure 4 Stratigraphy of the 3 divided Members from the Herrería Formation(after Flórez, et al., 2017). 
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Figure 5 Overview of the sampled area for this study, showing previous sampling in addition (Rodríguez Fernández, 1984; 
Martín Parra, 1989) 

During the deposition of the Herrería Formation extension was dominating the tectonic setting 

and subduction processes ceased (Zimmermann, et al., 2015). The Cantabrian zone was a part 

of the Peri-Gondwanan terranes which were located along the northern margin of Gondwana. 

Located on the Ganderian-type terrane, the Herrería Formation had been deposited during the 

slow rift northwards away from the northern Gondwanan margin resulting in the opening of the 

Rheic ocean during Late Cambrian-Early Ordovician time (Figure 6) (Brendan Murphy, et al., 

2010; Nance, et al., 2008) including the overlying Láncara, Oville and Barrios Formations as 

representing a passive or rifted margin affected by sea level changes. The overall thickness of 

the Herrería Formation is around 800 m deposited during 13 My with a sedimentary rate of 61,5 

m/1 My if unconformities are absent, which is improbable considering the interpretation of a 

rift-related succession (Zimmermann, et al., 2015; Vidal, et al., 1999; Fischer, 1969). In the 

study area, the formation is mostly covered by overgrowth and regolith but well exposed along 

road cuts for example between Mallo de Luna and Los Barrios de Luna close to Río Luna.   
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Figure 6  The reconstruction of the position of the peri-Gondwanan terranes along the northern margin of Gondwana, the 
opening of the Rheic ocean and closing of the Iapetus.(after  Stampfli and Borel, 2002) 

 

Sedimentology of the sampled section 

The subject of sampling is the well exposed Herrería Formation as well as the transition to the 

Láncara Formation. Sampling and methodology as well as new data for these layers are 

described below. A total of four samples were taken as shown in Figure 7. The profile starts 

with sample CB (Figure 8A), a thick layer of cross-bedded quartz-arenite interpreted to be 

deposited in shallow-marine environment reflecting large sandbars on a platform. These are 

followed by the cast-rich layer FM (‘flute-marks’, although the marks are groove marks) which 

point to a beach environment where tidal effects and strong water flow affected the sand 
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deposition (Figure 8B). Those are followed stratigraphically up by several thick sandstone 

packages with no clear thinning and thickening upwards. These facies represent steady 

deposition of sand fed by larger supply systems possibly at the mouth of a delta. These beds 

lead to the very hard cross-bedded coarser-grained bed: CG2 (Figure 9A). The facies for this 

bed is interpreted as a minute sea-level rise with a higher degree of sorting, resulting in more 

effective compaction during lithification. This very hard arenite is covered by the bed CG1 

(Figure 9B), which is exceptional as it is highly friable compared to all occurring arenites in the 

section. The rock seemed to be affected by being exposed to oxygen and allowed the 

oxygenation of iron-rich minerals (see chapter 4.1 Petrography) together with a remarkable 

large-scale cross bedding (see Figure 7 above the yellow cross within the same bed). Then the 

transition to the Láncara Formation is marked by thin shales and a sudden income of carbonates 

followed by a thick block of dolomitic ooids.  

 

Figure 7 The sampled section in the Herrería Formation. 
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Figure 8 A – Sample CB, B – Sample FM 

     

 

Figure 9 A – Sample CG2, B – Sample CG1  
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3. Methodology 

3.1 Fieldwork 

The sampling was done at the top of Herrería Formation along a 10 m stratigraphy, where four 

different facies of quartz dominated arenites were collected. The selection criteria for sampling 

for study of the abundance of specific aged detrital zircons was the obvious variation in 

sedimentary structures in the field. The quartz dominated arenites are intercalated with very 

thin layers of shales which lack any carbonate material. The recognition of acritarchs argues for 

a marine environment, the abundance of flute marks in the lowermost layer of the section 

indicates sub-aqueous deposition, most probably sub-marine. Samples will be analyzed using 

optical petrography, whole-rock chemistry, U-Pb detrital zircon analysis. 

 

3.2 Petrography  

Preparation 

First step to prepare for petrography is to craft thin sections of the four lithotypes, using a frosted 

glass which is polished for a flat and even surface. The samples must be cut into sizes around 

2 cm by 4 cm and then sliced further parallel. The sample is then polished using 340 to 1000 

grid silicon carbide powder on glass plates for a smoother surface. With both the glass and rock 

samples prepared the sample is glued on the glass plate. The samples are then further sliced and 

polished until the minerals show the correct birefringence under a common optical microscope.  

3.3 Optical Petrography 

A Zeiss polarized light microscope is then used to analyze the thin section, with both plane and 

double-polarized light. The identification of minerals is mainly based on extinction, 

birefringence, cleavages and shape.  

 

3.3 Geochemical analysis 

Preparation and analysis 

All 23 samples were milled with a weight between 70 and 80 grams each in the Retch Vibratory 

Disc Mill machine with an agate of 100 ml. Approximately 12 grams of each prepared sample 

were sent to ACME Laboratory in Canada where geochemical analysis were completed. 

The milled samples were analyzed by ICP-MS at Acme laboratory in Vancouver, Canada. 

Details for the analytical method and processing can be found at http://acmelab.com and in 

http://acmelab.com/
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Minde, et al., 2018. Although 23 samples were analyzed through whole-rock geochemistry 

analysis, only four samples are mentioned under the results chapter. All samples are included 

in the discussion chapter. 

 

3.4 U-Pb isotopes of detrital zircon grains 

Preparation 

Heavy minerals of all four samples were separated as routinely crushed carefully with a 

jawbreaker, sieved and separated with heavy liquids (bromoform and diiodomethane) according 

to common procedures. The zircons were then separated using the Frantz magnetic separation 

techniques with 10° full scale, non-magnetic and density > 2.95 g/cm³.  

Approximately 200 zircon grains were randomly and nonrandomly mounted, ensuring that all 

grain sizes and geometric shapes were covered for each sample. The zircons were then mounted 

on 1- inch epoxy mounts with a fine polish to reveal the center of the zircon grains. The zircon 

mounts were then analyzed with cathodoluminescence in a Zeiss Supra 35VP field emission 

gun scanning electron microscope (SEM)  

U-Pb Analysis 

A selection of approximately 150 detrital zircons were U-Pb analyzed at the Department of 

Geosciences in the University of Oslo using a Nu Plasma HR multi-collector ICP-MS equipped 

with a Cetac LSX-G2 and laser microprobe (with HelEx cell). The masses 204, 206 and 207 

were all measured in ion counters and the mass 238 was measured in a Faraday cup by using 

the U-Pb collector block of the Nu Plasma instrument. By using 238/235U=137,88 the 235U 

was estimated from measured 238U. Reference zircons used for calibrating isotope 

fractionations were GJ-1 (609 ±1 Ma, Jackson, et al., 2004, 91500 (1065 ±1 Ma, Wiedenbeck, 

et al., 1995) and A382 (1876 ± 2 Ma, Huhma, et al., 2012). The Plešovice (337 Ma, Sláma, et 

al., 2008) ran as an unknown at regular intervals. The data reduction was done following Rosa, 

et al., 2008 reduction protocols by using an interactive spreadsheet based on Excel 2003/Visual 

Basic. The U-Pb was plotted and the ages were calculated using Isoplot 4.15 (Ludwig, 2003). 

The reproducibility of this method is within c. 1 – 2 %. During the U-Pb isotope analysis a 40 

µm beam diameter with a 10 Hz pulse was used with a focused laser beam in aperture mode to 

produce circular ablation pits. Reference zircons used for calibrating isotope fractionations were 

GJ-03, GJ-04, A382-04 and A382-05. As concordant are U-Pb isotope values classified if they 
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fall in the window of 90 to 105 % discordance from the Concordia (Stacey and Kramers, 1975) 

and the data have been corrected for common lead with 206Pb/204Pb N 1000. 

 

4. Results 
4.1 Petrography 

Optical petrography 

The oldest sample CB is very poorly sorted with the largest grains ranging from 0,25 mm – 2 

mm, the grains are rounded to well-rounded within the secondary cementation (Figure 10) and 

has high sphericity. As it is quartz-arenite it contains mostly of quartz with only accessory 

muscovite, biotite and few feldspar (e.g., plagioclase and microcline). The rock has only around 

5 % of matrix and is dominated by a well-developed quartz cementation rimming the quartz 

grains. 

 

Figure 10 Secondary cementation in sample CB. 

 

Figure 11 Lithoclast from Mora Formtaion found in sample CB. 
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Sample FM is poorly to moderately sorted with smaller grains than CB ranging from 0,125 mm 

– 0,5 mm, mostly around 0,25 mm. The grains are subangular to subrounded and the sphericity 

is low. The texture of the sample is remarkable as most of the grains are parallel aligned and 

may be a reflection of the high energy regime of these facies (Figure 12). The bed consists 

mainly of quartz, with only few grains of plagioclase and muscovite. The rock has a higher 

amount of matrix around 20% compared to the other samples (Figure 13). 

 

Figure 12 Alignment in sample FM. 

 

Figure 13 Around 20% matrix in sample FM. 

Sample CG2 is poorly sorted with grains ranging from 0,05 mm to 1 mm. The sorting of grains 

is totally different from the other samples with either big (0.25 mm – 1 mm) or small grains 

(0.05 mm – 0,150 mm). The biggest grains are well rounded with low sphericity and the smallest 

ones are angular with low sphericity (Figure 16). This sample has around 5 – 10 % mica-rich 

matrix and a few small zircons (Figure 15 and 17). This is a very hard rock which might be due 

to compaction, figure 14 shows mica which is deformed which might be due to high compaction 

and therefore heavier sediments? 
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Figure 14 Mica deformed by compaction in sample CG2. 

 

Figure 15 Zircon found in sample CG2. 

 

Figure 16 Overview of sample CG2 
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Figure 17 Zircon found in sample CG2. 

The highly friable sample CG1 is very moderately to well sorted with big size variation 0,25 

mm – 0,5 mm, mostly 0,5 mm (Figure X). The grains are subangular to subrounded with a lot 

of iron overgrowth seen with a strong reddish color in the thin section (Figure 18, 19, 20 and 

21). Matrix is almost non existing in this sample with maybe 1 – 2 %.  

 

Figure 18 Overgrowth of iron in sample CG1. 
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Figure 19 Overgrowth of iron in sample CG1. 

 

Figure 20 Overgrowth of iron in sample CG1. 

 

Figure 21 Overgrowth of iron in sample CG1. 
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Figure 22 Lithoclast in sample CG1 

 

4.2 Whole rock geochemical composition 

Major-element composition 

The oldest sample CB has the highest content of SiO₂ with a value of 95,42 wt% (weight 

percent), whereas the lowest value of 79,94 wt% is seen in the overlaying sample FM. The other 

samples are ranging from 91,88 wt% to 95,25 wt%. Sample FM has the highest content of Al₂O₃ 

with a value of 11,45 wt% while the other samples have values 2,26 wt% or lower. FM has also 

the highest value of K₂O at 4,56 wt% where the other samples range between 0,29 wt% to 0,93 

wt%. The youngest samples CG1.1 and CG1.2 have the highest value of Fe₂O₃ compared to the 

other samples with values below 1,08 wt%. All the samples have extremely low values of CaO, 

Na₂O and TiO₂ (Appendix 8.1, Table 2) 

 

The rare earth elements 

The ΣREE (sum of rare earth elements) of the four samples are from bottom to top: 

CB: 46,9 ppm 

FM: 155,52 ppm 

CG2: 30,8 ppm 

CG1: 61,9 ppm and 63,8 ppm 

This confirms the petrography reflecting the amount of non-quartz minerals in the samples. The 

relatively high amount of ΣREE within the sample FM reflects the amount of clay minerals as 



24 
 

the main carrier of REE. This is close to typical upper continental crust composition (after 

Taylor and McLennan, 1985) with 183 ppm and allows to speculate about a different source 

component. The most friable sample CG1 is rather affected by oxidized iron-minerals and is a 

typical quartz-arenite. This amount of iron is, besides one sample which is, an arenite (see 

Appendix 8.1, Table 2) unique. 

  

Trace-element composition 

All of the samples within table X reveal that not only the major and minor elements are strongly 

depleted with a few exceptions but also most of the trace elements La, Sc, Zr, Th and Ti, which 

are the provenance indicators (according Floyd and Leveridge, 1987; Bhatia and Crook, 1986; 

Taylor and McLennan, 1985). Therefore, the ratios and absolute amounts are difficult to 

interpret as mostly the element concentrations are very close to the detection limits (e.g. 

Zimmermann and Spalletti, 2009). As seen in appendix 8.1 in table 1 by using Zr/Sc ratio as a 

tool for recycling effects most of the samples are obviously recycled but as often seen in quartz-

arenites the values may have been expected to be higher (Zimmermann and Spalletti, 2009). 

Nevertheless, the high friable sample CG1 (CG1.1 and CG1.2) show less higher values 

compared to the other samples. 

 

4.3 U-Pb isotope determination in detrital zircons 

Overview cathodoluminescence (CL) images of the detrital zircons are given in appendix 8.3 

were also a complete data tables of the isotopic determinations can be found with an organized 

table with the grains from young to old and discordant grains at the bottom.  

Grains from sample CB vary between 100 and 200 µm containing mostly sizes around 100 µm 

and are subrounded to rounded. Most of the grains are transparent and mostly without a zoned 

core. A total of 175 grains were analyzed (Appendix 8.2, Table 7-10 for compilation), of which 

119 are concordant according to the given criteria (chapter 3.4, methodology). The youngest 

concordant age 581 Ma ± 7 Ma (sub-rounded shape, 100 µm; Figure 10A) while the first cluster 

of 3 or more detrital zircons reflects a rough average age of 587 Ma. The major clusters of ages 

are listed from young to old: Cadomian – Early Neoproterozoic – Rodinia Formation – Late 

Paleoproterozoic – Early Archean and few older grains than 2,8 Ga with the oldest 3312 Ma ± 

21 Ma.  
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Grains from sample FM vary between 50 and 200 µm with mostly sizes 100 µm and are 

subrounded to rounded. Most of the grains are transparent and mostly well zoned. A total of 

150 grains were analyzed (Appendix 8.2, Table 17-18 for compilation) of which 125 are 

concordant according to the given criteria. The youngest concordant age is 549 Ma ± 6 Ma 

(rounded shape, 100 µm; Figure 10C) while the first cluster of 3 or more detrital zircons reflects 

an rough average age of 585 Ma. Major cluster of ages are from younger to old: Cadomian – 

Early Neoproterozoic – Rodinia Formation – Late Paleoproterozoic – Early Archean but none 

older than 2,8 Ga with the oldest one 2685 Ma ± 39 Ma. 

Grains from sample CG2 vary between 100 and 200 µm but the most abundant size is at 100 

µm and are subangular to subrounded. Most of the grains are transparent and broken without a 

zoned core. A total of 150 grains were analyzed (Appendix 8.2, Table 14-16 for compilation), 

of which 92 are concordant according to the given criteria. The youngest concordant age is 550 

Ma ± 12 Ma (elongated and angular in shape, broken, 100 µm; Figure 10E) while the first 

cluster of 3 or more detrital zircons reflects on a rough average of 568 Ma. The major clusters 

of ages are from young to old: Cadomian – few Early Neoproterozoic – Rodinia Formation – 

Late Paleoproterozoic – Early Archean and none older than 2,8 Ga with the oldest one 2766 Ma 

± 10 Ma. 

Zircon grain sizes from sample CG1 vary between 100 and 200 µm but the most abundant size 

is at 200 µm and are subrounded to rounded. Most of the grains are transparent and broken 

without a zoned core. A total of 150 grains were analyzed (Appendix 8.2, Table 11-13 

compilation), of which 129 are concordant according to the given criteria. The youngest 

concordant age is 566 Ma ± 6 Ma (rounded shape, 200 µm; Figure 10G) while the first cluster 

of 3 or more detrital zircons reflects on a rough average of 569 Ma. The major clusters of ages 

are from young to old: Cadomian – few Early Neoproterozoic – Late Paleoproterozoic – Early 

Archean and none older than 2,8 Ga with the oldest one 2662 Ma ± 14 Ma. 

Conclusively, all the samples in this study cover the major provenance or source regions as 

expected as determined by various authors (e.g. Zimmermann, et al., 2015; Naidoo, et al., 

2017). But only one of the samples, the one in Zimmermann, et al., 2015 (HE3) could catch the 

syn-sedimentary rift magmatism during the lower Cambrian and in all other sources the 

Cadomian orogeny represents the youngest source cluster. 
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Figure 23 A – Youngest zircon in sample CB, B – Oldest zircon in sample CB, C – Youngest zircon in sample FM, D – Oldest zircon 
in sample FM, E – Youngest zircon in sample CG2, F – Oldest zircon in sample CG2, G – Youngest zircon in sample CG1, H – 
Oldest zircon in sample CG1. 
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Figure 24 Concordia plot for all the samples. A – CB, B – CG1, C – CG2, D – FM  
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Figure 25 The youngest cluster of detrital zircons from the ages 520 - 600 Ma 



29 
 

5. Discussion 
The Herrería Formation consists of four different types of clastic rocks: shales, carbonate-rich 

arenites, arenites and quartz-arenites. All the lithotypes are well distributed at the top of the 

formation except for the carbonate-rich arenites which are only abundant at the base of the 

formation. This exposure at Barrios de Luna has been sampled from the top part. Here, four 

different lithofacies have been targeted for detrital zircon dating in combination with 

geochemical and petrography analysis to study differences: CB, FM, CG2, CG1. 

The petrography shows differences in grain sizes, especially the sample FM with much smaller 

grains compared to the other samples (0,125 mm – 0,5 mm, mostly around 0,25 mm). The 

grains in FM are parallel aligned which indicates a higher energy rate, not observed within the 

other samples. This can explain the sediment transport marks in this section. Matrix content is 

only evident within FM, and the only common connection the samples have is that they are 

quartz-rich, which may point to a quartz-rich precursor. The grains in the samples are all poor 

to moderately sorted.  

The geochemical data shows that the samples are relatively similar except for FM, which has 

much less SiO₂ than the others classifying it an arenite (70% versus > 90% respectively). The 

other samples are definitely quartz-arenites due to the high content of SiO₂ with values over 

90%. Another difference is found in the friable sample CG1 which contains higher amount of 

Fe₂O₃, besides that it is geochemically very similar to the other quartz-arenites. CG1 and CG2 

have lower Zr/Sc ratios and may point to a less effective sorting. As observed in the petrography 

analysis, FM contains a higher amount of clays and may possibly reflect a second source of 

sediment which has not been sorted.  

The major elements of the typical quartz-rich rocks within Herreria Formation are mostly 

depleted. Previous studies show that the base is starting with a conglomerate with a larger 

variation existing in iron and titanium abundances (Appendix 8.1, Table 2; Zimmermann, et al., 

2015). Carbonate is also found in some of the layers which some are affected by higher CaO 

abundance. The trace elements in this part are relatively similar in its abundance except for Zr 

and Hf.  

The middle part of the formation (HE2; Zimmermann, et al., 2015) with its thick quartz-arenite 

dominated layers does not differ from the main trend at the base or the top (HE1, HE3) 

(Appendix 8.2, Table 1-6). 
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The top of the Herreria Formation is by far more heterogeneous, which represents the transition 

to the dolomites of the Láncara Formation. At the exposure at Barrios de Luna the base of the 

top starts with the extreme hard quartz-arenites which are depleted for almost every element 

(Appendix 8.2, Table 1-6). The sample CB is one of these lithofacies, devoid of Na2O but 

containing some few mica and alkali feldspar. 

The next overlying layers are less quartz-rich and containing some K₂O and few iron-rich 

grains. TiO₂ is slightly enriched compared to other major and minor elements. It is a thick 

sequence of layers abundant with sediment transport marks (HE12, 16, 18 and FM, Appendix 

8.2, Table 1-6). The totals of REE (rare earth elements) are relatively high compared to the 

quartz-arenites and reflects specific heavy minerals enriched in REE like apatite or even 

monazite. 

The thick cross-bedded typical quartz-arenite (CG2) is comparable with the middle part (HE2) 

of the Herreria Formation but in comparison slightly enriched in REE, Th, Al₂O₃ and K₂. This 

might be due to some alkali feldspar or few clay mineral. The sample CG1 with the high amount 

of iron-oxides has a high value of REE compared to CG2, this may point to a depletion of 

feldspar and using Al2O3 for clay-minerals or sericite as K2O are as low as in CG2. None of the 

key elements for specific heavy minerals are enriched, like P2O5 for phosphates (monazite and 

apatite), Zr and Hf (for zircon), Cr (for chromite) or TiO2 (for rutile) or higher amounts of 

heavy minerals. 

All four samples show differences from the U-Pb data collected, Cadomian ages are dominating 

in sample FM, CG2 and CG1 with much lower value in the oldest layer CB. There is high 

number of zircons from the Lower Neoproterozoic from all samples except for the youngest 

highly friable iron rich CG1. All samples have a few zircons with Late Mesoproterozoic ages 

(1000 – 1200 Ma; from here on called Rodinia-related) except the youngest sample CG1 which 

is completely lacking zircons from this age frame. The Late Paleoproterozoic is dominated in 

the oldest and the youngest samples CB and CG1 with very few in the other ones. The sample 

CG2 has higher amount of the Early Paleoproterozoic and the Late Archean compared to the 

other samples. From this layer to the next overlying layer CG1 there is a shift from older to 

younger source. There is a trend observable reflecting a correlation between more quartz-rich 

the samples and more abundant older zircons: the least quartz-rich sample FM have very few 

older grains than of Neoproterozoic. 
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Figure 26 Relative probability plot of CB (left) and FM (right). 

 

Figure 27 Relative probability plot of CG (left) and CG2 (right). 
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When comparing previous U-Pb zircon dating from the Herrería Formation (Zimmermann, et 

al., 2015) and Mora Formation (Naidoo, et al., 2017) to samples here discussed it reveals a 

difference. The published samples have been taken from the base (HE1) and the top (HE3) of 

the formation, mixing all the different lithofacies. These two samples are very different when 

comparing U-Pb data. The sample HE3 has a peak in the Middle to Early Paleoproterozoic 

(nearly 45%; Figure 28) where the sample HE1 only have few. The sample HE1 is dominated 

by detrital zircons from the Ediacaran age (nearly 80% of all dated grains; Figure 28). All of 

the samples collected in this study are collected in the same section as HE3. Sample CB is the 

most similar to HE3 for the Paleoproterozoic, although it is still missing that high peak from 

the Paleoproterozoic. None of the new samples have the high peak in the Paleoproterozoic like 

the HE3. Another distinct difference is seen in the Neoproterozoic ages which is dominating in 

all the samples CB, FM, CG1 and CG2 but very few in both HE1 and HE3. This detrital zircon 

age peak is actually more similar to the Mora Formation. Even with a more detailed sampling 

from the top of the Herrería Formation the peak of the Paleoproterozoic was not detected, as 

well as the youngest 524 ± 6 Ma detrital zircon and the youngest population around 525 Ma 

(Zimmermann et al, 2015) reflecting nearly the depositional age, found in the base HE1 is 

absent in the top layers. If only one sample would have been taken from the whole formation 

this would not represent the formation at all, like with the sample FM which is very different 

from the others. The high cluster of Early Paleoproterozoic age found in HE3 is still enigmatic 

and more research is needed to define which lithofacies layer it belongs to, and why it is only 

found in one specific layer.   

On the other hand, since the maximum sedimentation age is often derived from the detrital 

zircon dating, caution should be taken when interpreting the results. In this situation the 

combined sample HE3 from Zimmermann, et al., 2015 points to a maximum depositional age 

of c. 550 Ma but the definite clustering of ages takes place in at c. 575 Ma (Figure 25). The 

youngest grains dated within the formation belongs to the base and reflects the biostratigraphic 

ages at 525 Ma. Samples CG1 and CG2 may point to an age at 570 Ma with only single zircons 

slightly younger but not pre-Ediacaran. There is not observed any clear clustering in sample 

FM but more detrital zircons occur with ages older than 580 Ma. The quartz-arenite CB shows 

a wide range of ages, but the oldest younger cluster is at 590 Ma. The last mentioned contains 

therefore an error of over 10 % for the maximum depositional age, while the base HE1 reflects 

the real age. These differences can be damaging within Paleozoic geology and shows that 

detrital zircons should only be used carefully when determining maximum depositional ages. 
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Figure 28 Overview of detrital zircon ages in Herrería and Mora Formations. 
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6. Conclusion 
Four samples were collected from the Lower Cambrian Herrería Formation in the Cantabrian 

mountains in northern Spain. The samples were compared to each other as well to other studies 

from this formation. The previous studies show extremely different provenance interpretations 

when comparing the base (HE1) and top (HE3) of the actual formation. By sampling only from 

the top of the formation choosing very different lithofacies and then analyzing them with 

geochemistry, U-Pb zircons and petrography the purpose is to see if there are big differences. 

The main differences in the petrography part was the grainsizes, sorting and the amount of 

matrix seen in sample FM which might have been interpreted very differently compared to the 

other samples. Within the geochemical data it is also observed differences in the chemical 

composition, also in FM with only 79,94 % SiO₂ compared to the other samples with >90% 

classifying FM as an arenite and the other samples CB, CG2 and CG1 as quartz-arenites. The 

high value of Fe₂O₃ observed in sample CG1 is unusual for quartz-arenites but besides this it is 

similar to the other quartz-arenites.  

When comparing these studied samples to the previous study from the of the Herrería Formation 

(Zimmermann, et al., 2015), there are differences in the U-Pb data collected. The youngest 

detrital zircon dated previously is from the base of the Herrería Formation at 524 Ma (HE1) 

while the youngest detrital zircons from this study range from 549 Ma to 581 Ma with the 

youngest found in sample FM. So none of the samples can provide a depositional age as young 

as HE1. Even from a larger variety of lithotypes within the formation could not reflect the real 

depositional age. The sample HE3 has a peak in the Middle to Early Paleoproterozoic (nearly 

45%; Figure 28) where the sample HE1 only have few. The sample HE1 is dominated by detrital 

zircons from the Ediacaran age (nearly 80% of all dated grains; Figure 28). This is not observed 

in this study and there are also differences seen in the clusters of younger grains, where the 

biggest cluster of younger grains are actually found in the base of the formation (HE1, Figure 

25).   

These results show the importance of how you sample and analyze sedimentary rocks. These 

big differences could mean very different interpretations, as well the big differences found in 

the detrital zircon ages which is used to determine the maximum depositional age. The ideal 

sample area for the maximum depositional in this case would be the base of the Herrería 

Formation, however, would not represent the entire provenance. If only choosing one of these 

samples, it would mean very different interpretations in every level of the provenance study. 
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The importance of combining the detrital zircon data with a detailed sedimentological 

background and a known geological substructure should not be underestimated.   
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8. Appendix 

8.1 Whole-rock geochemical analysis 
 

Table 1 Overview of concentrations of major elements and trace elements from the whole-rock geochemical analysis. 
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Table 2 Overview of concentrations of major elements and trace elements from the whole-rock geochemical analysis. 
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Table 3 Overview of concentrations of major elements and trace elements from the whole-rock geochemical analysis. 
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Table 4 Overview of concentrations of major elements and trace elements from the whole-rock geochemical analysis. 
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Table 5 Overview of concentrations of major elements and trace elements from the whole-rock geochemical analysis. 
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Table 6 Overview of concentrations of major elements and trace elements from the whole-rock geochemical analysis. 
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8.2 Raw data of concordant and disconcordant U-Pb analysis of all samples 
 

 

 

Table 7 Raw data of concordant and disconcordant U-Pb analysis of all samples. 
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Table 8 Raw data of concordant and disconcordant U-Pb analysis of all samples. 
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Table 9 Raw data of concordant and disconcordant U-Pb analysis of all samples. 
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Table 10 Raw data of concordant and disconcordant U-Pb analysis of all samples. 
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Table 11 Raw data of concordant and disconcordant U-Pb analysis of all samples. 
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Table 12 Raw data of concordant and disconcordant U-Pb analysis of all samples. 
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Table 13 Raw data of concordant and disconcordant U-Pb analysis of all samples. 
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Table 14 Raw data of concordant and disconcordant U-Pb analysis of all samples. 
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Table 15 Raw data of concordant and disconcordant U-Pb analysis of all samples. 
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Table 16 Raw data of concordant and disconcordant U-Pb analysis of all samples. 
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Table 17 Raw data of concordant and disconcordant U-Pb analysis of all samples. 
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Table 18 Raw data of concordant and disconcordant U-Pb analysis of all samples. 
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Table 19 Overview of youngest grains and youngest clusters with content of concordant grains within each age. 
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8.3 CL images of all analyzed zircon grains 

 

Figure 29 CL image overview of dated zircon grains. 
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Figure 30 CL image overview of dated zircon grains. 
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Figure 31 CL image overview of dated zircon grains. 
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Figure 32 CL image overview of dated zircon grains. 
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Figure 33 CL image overview of dated zircon grains. 
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Figure 34 CL image overview of dated zircon grains. 
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Figure 35 CL image overview of dated zircon grains. 
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Figure 36 CL image overview of dated zircon grains. 
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Figure 37 CL image overview of dated zircon grains. 
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Figure 38 CL image overview of dated zircon grains. 
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Figure 39 CL image overview of dated zircon grains. 
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Figure 40 CL image overview of dated zircon grains. 
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Figure 41 CL image overview of dated zircon grains. 
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Figure 42 CL image overview of dated zircon grains. 
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Figure 43 CL image overview of dated zircon grains. 
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Figure 44 CL image overview of dated zircon grains. 
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Figure 45 CL image overview of dated zircon grains. 
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Figure 46 CL image overview of dated zircon grains. 



76 
 

 

Figure 47 CL image overview of dated zircon grains. 
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Figure 48 CL image overview of dated zircon grains. 
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Figure 49 CL image overview of dated zircon grains. 
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Figure 50 CL image overview of dated zircon grains. 
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Figure 51 CL image overview of dated zircon grains. 
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Figure 52 CL image overview of dated zircon grains. 
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Figure 53 CL image overview of dated zircon grains. 
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Figure 54 CL image overview of dated zircon grains. 



84 
 

 

Figure 55 CL image overview of dated zircon grains. 
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Figure 56 CL image overview of dated zircon grains. 
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Figure 57 CL image overview of dated zircon grains. 
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Figure 58 CL image overview of dated zircon grains. 
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Figure 59 CL image overview of dated zircon grains. 
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Figure 60 CL image overview of dated zircon grains. 
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Figure 61 CL image overview of dated zircon grains. 
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Figure 62 CL image overview of dated zircon grains. 
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Figure 63 CL image overview of dated zircon grains. 
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Figure 64 CL image overview of dated zircon grains. 
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Figure 65 CL image overview of dated zircon grains. 
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Figure 66 CL image overview of dated zircon grains. 
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Figure 67 CL image overview of dated zircon grains. 



97 
 

 

Figure 68 CL image overview of dated zircon grains. 
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Figure 69 CL image overview of dated zircon grains. 
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Figure 70 CL image overview of dated zircon grains. 



100 
 

 

Figure 71 CL image overview of dated zircon grains. 
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Figure 72 CL image overview of dated zircon grains. 
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Figure 73 CL image overview of dated zircon grains. 
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Figure 74 CL image overview of dated zircon grains. 
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Figure 75 CL image overview of dated zircon grains. 
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Figure 76 CL image overview of dated zircon grains. 
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Figure 77 CL image overview of dated zircon grains. 
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Figure 78 CL image overview of dated zircon grains. 
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Figure 79 CL image overview of dated zircon grains. 
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Figure 80 CL image overview of dated zircon grains. 
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Figure 81 CL image overview of dated zircon grains. 


