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Abstract 21 
 Sclerochronology makes use of valuable (fossil) shell-archives to establish 22 

records allowing for investigation of high-resolution environmental dynamics. 23 

Nevertheless, this potential can often not be fully exploited due to the interplay between 24 

paleoenvironmental variability, vital effects and the potential diagenetic modification of 25 

skeletal materials, which often results in highly complex records. A novel dynamic 26 

method, aiming to separate pristine from altered shell material for paleoclimate and 27 

paleoenvironmental reconstructions is proposed. 28 

 Seventeen fossil bivalve shells (requieniid rudists, pectinids and chondrodonts) 29 

from two neighbouring Lower Cretaceous (Albian) shallow-water sections (Lusitanian 30 

Basin, western Portugal) were analysed for their major and trace elemental 31 

compositions using high-resolution quantitative μXRF line scans. Their complex 32 

records were subject to a novel statistical analysis protocol, which tested mono- and 33 

multi-species datasets, as well as comparing shells from both locations.  34 

 Characteristic elemental associations revealed the differential impact of early to 35 

late diagenetic alteration processes. The incorporation of elements associated with 36 

detrital contribution (Fe, Si, Al) is attributed to syn-depositional bioerosion (shell-37 

boring). In clear contrast, shell-portions showing a strong correlation between Fe and 38 

Mn are indicative of later diagenetic alteration. The influence of each process was 39 

different at each site, revealing local differential alteration pathways. Mono-specific 40 

comparisons provided identical geochemical responses, suggesting that intra-specific 41 

differences are not dominant for the observed elemental patters. In contrast, inter-42 

species tests rendered a clear separation in the way elements are incorporated in the 43 

shells of pectinids and requieniids (e.g., as evidenced by differences in Sr content). Such 44 

differences can be linked to differential biomineralization mechanisms, easily detected 45 

by the applied method. 46 
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 We present a new, dynamic method for distinguishing pristine from altered shell 47 

material, not relying on arbitrary diagenetic thresholds for trace element content. By 48 

clearly identifying shell-alteration pathways, syn- to post-depositional processes were 49 

recognized. A progressive cleaning of the elemental dataset allows paleoenvironmental 50 

studies to be based on the most pristine data, contributing to unravel the complex 51 

interplay between climate, environmental dynamics and their impact on 52 

biomineralization processes and sclerochronological archives. 53 

  54 
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1- Introduction 55 

 The study of past climate and environmental change yields crucial information 56 

about Earth’s climate system and how global perturbations can affect the biosphere (e.g. 57 

Grice et al., 2005; Zachos et al., 2001; Gingerich, 2006). Most of these studies aim to 58 

characterize perturbations on a geological time scale (thousands to millions of years), 59 

identifying long term trends in climate, environment and ecology. Contrarily, the field 60 

of sclerochronology uses mineral, structural and chemical changes in accretionary 61 

biogenic archives to study changes in environment that take place on the scale of 62 

lifespans of the animals (e.g. several years) that form these archives (e.g. Jones, 1983). 63 

These studies complement longer timescale reconstructions and have the potential to 64 

yield snapshots of climate and environmental variability on a shorter timescale which 65 

can be placed in the context of larger timescale perturbations (e.g. Steuber et al., 2005). 66 

Bivalve shells have been an especially popular archive for sclerochronology work, 67 

because their growth rates are comparatively high (reported values ranging from 20 68 

mm/yr to 4 cm/yr in extreme conditions; e.g. Batenburg et al., 2012; Schöne et al., 69 

2005; Nedoncelle et al., 2013) and because the calcite shells of some species of bivalves 70 

(e.g. oysters and pectinids) are more resistant to diagenesis than their aragonitic 71 

counterparts (e.g. corals and gastropods; e.g. Brand and Veizer, 1980; 1981).  72 

 In addition, growth lines and increments in the shells of bivalves have been 73 

successfully applied to construct independent shell chronologies which allow 74 

researchers to accurately assess the timing of shell formation and link shell chemistry to 75 

environmental variability in modern species (e.g. Richardson et al., 2004; Schöne et al., 76 

2005; Gillikin et al., 2008). However, the complex interplay of multiple environmental, 77 

physiological and post depositional (diagenetic) parameters on the chemical 78 

composition of bivalve shells has hampered the interpretation of the above mentioned 79 
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chemical variations in terms of environmental change. As a result, sclerochronologists 80 

often combine several chemical tracers in a multi-proxy approach in an attempt to 81 

disentangle the effects of different parameters on shell composition (e.g. Surge et al., 82 

2001; de Winter et al., 2017; 2018). 83 

 Concerning the specific case of elemental records obtained from biogenic calcite 84 

and/or aragonite, these have been used to reconstruct (paleo) environmental parameters 85 

(temperature, salinity, primary productivity, current patterns; e.g. Nürnberg et al., 1996; 86 

Halfar et al., 2000; Surge et al., 2001; Gillikin et al., 2008; Chan et al., 2011; Schöne et 87 

al., 2011; de Winter et al., 2017; 2018; Ullmann et al., 2018; Huyghe et al., 2019; 88 

Markulin et al., 2019). Nevertheless, strong differences in calcification mechanim are 89 

often found to disrupt an already naturally complex signal, further hampered by the 90 

effects of diagenesis in fossil shell materials. The cautious use of statistic tools provides 91 

a valuable solution for this limitation. 92 

 Principal component analysis (PCA) is among the most popular multivariate 93 

statistical techniques for dealing with such large datasets, and is widely used across 94 

many scientific disciplines (Cordella, 2012; Yao et al., 2012; Coimbra et al., 2015, 95 

2018; Cai et al., 2019). PCA aims to extract, compress, simplify and analyse the 96 

structure of multivariate datasets. Based on observations of several dependent variables, 97 

their inter-correlation is tested and expressed as a set of new orthogonal variables 98 

(Principal Components- PC), evidencing the degree of similarity between observations 99 

and variables (Abdi and Williams, 2010 and references therein). In this study, as an 100 

innovative approach to sclerochronological data, a double PCA approach is applied 101 

(Coimbra et al., 2017), with a new automated adaptation (density analysis) for higher 102 

precision in isolating samples of interest.  103 
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 The proposed data reduction approaches simplify the evaluation of elemental 104 

variations in shell archives, highlighting taxon and habitat specific variations in trace 105 

element content. Environmental and diagenetic influence on original elemental 106 

composition can be addressed efficiently, allowing the identification of growth rhythms 107 

or responses of shell microstructure. This contribution provides significant advances in 108 

the detection of shell-alteration, with the potential of refining sclerochronological 109 

interpretations for a variety of skeletal remains from a wide range of geological time 110 

periods. 111 

 112 

 113 

 114 

2- Geological and paleoenvironmental setting  115 

The well-exposed sections at São Julião (38.9319776ºN, 9.4219073ºW) and 116 

Praia das Maçãs (38.8297059ºN, 9.468163ºW) are located along the western coast of 117 

Portugal, within the southern sector of the Lusitanian Basin (Figs. 1 and 2). During the 118 

Cretaceous, the western Iberian plate was located at about 30ºN (Stampfli and Borel, 119 

2002), under the influence of two major climatic zones: the mid-latitude warm humid 120 

belt and the northern hot arid belt (Chumakov et al., 1995). Throughout the Lusitanian 121 

Basin, a major unconformity marks the Aptian-Albian transition (Dinis and Trincão, 122 

1995; Heimhofer et al., 2007; Dinis et al., 2008). This regional unconformity is overlain 123 

by coarse-grained siliciclastics (Rodízio Formation) deposited diachronously throughout 124 

the basin in fluvial-deltaic settings. These deposits are covered by nearshore marine 125 

deposits and shallow-water carbonate platforms of the Galé Formation of Albian age. 126 

The deposits are overlain by lagoonal and terrestrial deposits– the Caneças Formation. 127 
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The studied sedimentary successions comprise shallow-water carbonate-128 

siliciclastic deposits (Figs. 2 and 3), assigned by previous workers to cover Albian to 129 

Early Cenomanian age (Rodízio and Galé Formations; Hasenboehler, 1981; Medus, 130 

1982; Berthou, 1984; Rey, 1992; Horikx et al., 2014). The Albian Galé Formation is 131 

subdivided into the Água Doce Member and the Ponta da Galé Member (Rey, 1992). 132 

The lowermost Água Doce Member is mainly composed of alternating marly, 133 

carbonate- and sandstone-rich coastal-marine deposits. More marine conditions are 134 

evidenced by increasingly thicker limestone beds towards the top of this member and 135 

mark the transition to the overlying carbonate-rich Ponta da Galé Member (Rey 1992). 136 

This work will focus on the stratigraphic interval covering the Ponta da Galé Member—137 

the carbonate-rich upper portion of the Galé Formation, which is defined by the regional 138 

occurrence of the first rudist beds, evidencing an overall deepening trend (Rey, 1992). 139 

An overview of the main sedimentological, stratigraphical, and paleontological features 140 

of the São Julião and Praia das Maçãs sections is given in Fig. 3A. Based on previous 141 

work performed on these sections, the stratigraphic intervals under scope are well-142 

known for not having experienced pervasive deep-diagenetic influence (Horikx et al. 143 

2014, 2016; Coimbra et al., 2017), justifying their use for exploring sclerochronological 144 

aspects. The regional correlation between both has been well-established using C-145 

isotope stratigraphy, here partially reproduced after Horikx et al. (2014) (Fig. 3A). 146 

Accordingly, the base of the Praia das Maçãs section can be correlated to the second 147 

rudist-bearing bed at Sao Julião (165 m; Fig. 3A). Both sections are characterised by 148 

decreasing trend in C isotopes bottom to top, despite minor differences in absolute 149 

value. Shells retrieved from these deposits (examples in Fig. 3B) are investigated to 150 

explore the potential and evaluate the limitations of these shells as archives of 151 

paleoenvironmental change. 152 
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 153 

3- Studied shell materials 154 

3.1- Pectinidae 155 

 Nowadays, bivalves belonging to the superfamily Pectinidae Rafinesque, 1815 156 

(scallops) occupy a huge variety of habitats in polar, temperate and tropical seas, 157 

ranging from the intertidal zone to water depths up to 7000 m (Brand, 2006; Serb, 158 

2006). They can be byssally attached, free-living or cemented; their life habit changes 159 

ontogenetically (Stanley, 1970). Largely, ancient pectinid shells such as those of 160 

Amussiopecten baranensis comprise an outer layer composed of (crossed, regular or 161 

irregular) foliated low-Mg calcite (LMC), a middle aragonitic layer and an inner 162 

foliated LMC layer (Zamarreño et al., 1996; Carter 1990). Commonly, shells of 163 

Cretaceous pectinids such as Prohinnites favrinus are predominantly composed of 164 

foliated calcite (Harper et al., 1996). The inner crossed-lamellar aragonite layers of 165 

these shells are often replaced by coarse, sparry low-Mg calcite (Harper et al., 1996). 166 

 167 

3.2- Rudists 168 

 Rudist bivalves (superfamily Hippuritoidea) are epibenthic sessile suspension-169 

feeders that inhabited a variety of carbonate-dominated shallow water settings in the 170 

(sub-) tropical Tethyan-Atlantic-Pacific ocean belt during late Mesozoic times (Gili et 171 

al., 1995; Skelton, 2003; Skelton, 2018; Gili and Götz, 2018). During the Cretaceous, 172 

they evolved to one of the most important neritic carbonate producers, with maximum 173 

carbonate production rates ranging between 2.2 and 35.7 kg per square meter per year 174 

(Steuber, 2000). In contrast to reef-building corals, rudists were typically loosely 175 

arranged in low-relief bioconstructions referred to as bouquets (n <12), clusters (n= 176 

>12) or thickets (n= >100; Philip, 1972; Gili et al., 1995). Significant differences in 177 
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growth geometries (morphotypes) indicate that rudists were able to adapt to various 178 

habitats. Recumbent forms lay prone but unattached on mobile substrates in current-179 

swept settings (Ross and Skelton, 1993). In contrast, the left valve of so-called 180 

‘clingers’ was attached (cemented) to solid substrates (Skelton, 1978). During ontogeny, 181 

the elongated and initially cemented valve of predominantly cylindrical ‘elevators’ 182 

stabilized by surrounding sediment or by neighbouring rudists (clustering; Gili and 183 

Götz, 2018).  184 

 In general, the shell of rudists comprises two layers: a rarely preserved inner 185 

layer originally composed of crossed lamellar aragonite and an outer low-Mg calcite 186 

layer composed of fibrous prisms (Skelton and Smith, 2000; Skelton, 2018). The 187 

mesostructural properties of the outer layer, however, show significant differences 188 

among the rudist families (Skelton, 2018). Whereas Hippuritidae and Requieniidae 189 

provide relatively compact and thick calcitic shells, the right valves of most Radiolitidae 190 

typically shows a complex celluloprismatic structure composed of numerous cells, often 191 

spar-filled after fossilization (Pons and Vicens, 2008).  192 

 193 

4. Methods 194 

4.1- Sample collection and preparation 195 

 Shells collected during field work were cut to obtain thin sections and polished 196 

surfaces (Fig A1 for high-resolution images of all studied specimens). Selected shells 197 

were embedded in resin (Araldite® 2020, Huntsman, Basel, Switzerland) and 198 

subsequently cut along their major growth axis using a slow rotating rotary saw. A 199 

parallel slab was cut out of one-half of the shell, while the other half was preserved 200 

(archive half). For micro-XRF scanning, slabs were polished using silicon carbide 201 

polishing discs (up to P2400). 202 



10 

 

 203 

4.2- Micro X-Ray Fluorescence 204 

 All polished shell surfaces were subject to non-destructive trace elemental 205 

analyses by means of micro-X-ray Fluorescence (micro-XRF). Analyses were carried 206 

out on a Bruker M4 Tornado micro-XRF scanner (Bruker nano GmbH, Berlin, 207 

Germany) at the AMGC research group of the Vrije Universiteit Brussel (VUB, 208 

Brussels, Belgium). The Bruker M4 Tornado is equipped with a Rh metal-ceramic X-209 

ray source operated at maximum energy settings (50 kV, 600 µA). The X-ray beam was 210 

focused on a 25 µm diameter circular spot (calibrated for Mo-Kα radiation) and the 211 

intensity of returning X-rays was measured using two silicon drift detectors (see de 212 

Winter and Claeys, 2016). The sample position was controlled by a high-precision 213 

(±1µm) XYZ sample stage that can be moved relative to the focused X-ray beam. 214 

Details on the setup and methodology of the M4 Tornado XRF scanner can be found in 215 

de Winter and Claeys (2016) and de Winter et al. (2017). Two types of analyses were 216 

carried out: semi-quantitative elemental mapping and quantitative point-by-point line 217 

scanning. 218 

 Elemental mapping was carried out by stitching together horizontal line scans 219 

that were produced by moving the sample through the focused X-ray beam in 220 

continuous motion, using short acquisition times per 25 µm wide spot (20 ms). This 221 

acquisition time is insufficient for full quantitative analyses of individual points. 222 

Therefore, 2D-grids of relative trace element abundance were constructed by integrating 223 

the intensity under element X-ray fluorescence peaks and plotting differences in XRF 224 

intensity over the entire sample surface. These maps serve as a qualitative assessment of 225 

the nature of the material, guiding the position of quantitative XRF line scans (Fig. 4B 226 
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to G). In this way, the exact path to follow during line scans was established ensuring 227 

minimal contribution of heavily altered shell portions (Fig. 4D and H). 228 

Quantitative point-by-point micro-XRF line scans were carried out using longer 229 

integration times (60 s per point). Contrary to map analyses, line scans were carried out 230 

point by point rather than by means of continuous scanning. This approach allows the 231 

X-ray beam to stay on the same spot for enough time to reduce the signal to noise ratio 232 

of the XRF spectrum sufficiently for point-by-point quantification. The minimum time 233 

required for quantitative point analyses was determined by repeated analyses of 234 

carbonate reference materials following the protocol detailed in de Winter et al. (2017). 235 

Spectra were quantified using the Bruker Esprit software calibrated using the matrix-236 

matched BAS-CRM393 limestone standard (Bureau of Analyzed samples, 237 

Middlesbrough, UK), after which individual measurements were calibrated offline using 238 

seven matrix-matched international certified reference materials (CCH1, COQ1, 239 

CRM393, CRM512, CRM513, ECRM782, and SRM1d; see de Winter et al., 2018 for 240 

details), which were treated as samples. Untreated trace element results are reported in 241 

Data_Appendix. The applied set of standards collectively contained enough certified 242 

values to allow concentrations to be quantified (calibration line R2>0.98) for the 243 

elements Mg, Al, Si, K, Ca, Ti, Cr, Mn, Fe, Cu, Sr, Y and Ba. Other elements with less 244 

well constrained calibration lines (R2 values between 0.9 and 0.98) include P, Zn, Zr, 245 

Nb and Pb. These elements are more difficult to quantify because their XRF peaks tend 246 

to overlap with elements which are more common in bivalve carbonate (see de Winter 247 

and Claeys, 2016). These latter elements did not meet strict standards for quantification, 248 

but their semi-quantitative results can still be used to assess relative differences in 249 

elemental composition using the proposed double PCA and density analysis method.  250 

 251 
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4.3- Statistical analysis: the double PCA+ approach 252 

 The double Principal Component Analysis has proven to be useful in shallow-253 

marine contexts (Coimbra et al., 2017; details in Appendix). In order to determine the 254 

selection of elements to include in the analysis, an exploratory PCA is performed in 255 

order to detect the most significant (loadings <-0.5 and >0.5) geochemical variables for 256 

each considered dataset (see Fig. A2 in Appendix). This ensures that the following 257 

double PCA method is carried out exclusively for the variables showing higher degree 258 

of affinity, using the statistical software package XLSAT, an add-in to Excel. Here it is 259 

adapted to process the dense sclerochronological elemental datasets produced by micro-260 

XRF in order to provide clues on the processes acting upon these mid-Cretaceous shells 261 

during their lifetime and after deposition. We expand the double PCA method by adding 262 

density analysis—an automated criterion for accurately delimiting different clusters of 263 

samples within a dataset (see Fig. A2 in Appendix for stepwise description and Figs. A3 264 

and A4 in for further recommendations). This improved version—double PCA+—can 265 

be applied to various combinations of datasets (one shell-transect, several transects, 266 

several sites, etc). The information generated by the double PCA+ is threefold: (i) it 267 

explores the array of possible mechanisms accounting for shell-alteration; (ii) provides 268 

arguments to isolate the best-preserved data, unlocking masked paleoenvironmental 269 

fluctuations; (iii) provides customized thresholds of shell-preservation, highlighting 270 

particularities of given sites or species. As the complete dataset comprises several 271 

geochemical variables extracted from seventeen shells belonging to two localities, the 272 

possibilities for comparison are endless. The reasoning followed during this work was 273 

to select sets of specimens suitable to perform mono-specific and multi-species analysis 274 

for each location; followed by mono-specific analysis comparing both locations. Any 275 

other selection would be equally valid, depending on the final goal (e.g., targeting 276 
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specific elements of interest; ancient specimens with better constrained ecological 277 

requirements; ancient versus modern examples; modern examples only). 278 

 279 

5- Results 280 

5.1- The more conventional approach  281 

 The large volume of information gathered during this research surpassed 282 

200.000 elemental values. The conventional approach of plotting the elemental data 283 

against shell length (example given in Fig. 5) can only be used when comparing a low 284 

number of transects among each other, otherwise plots become too large and chaotic. 285 

For the pectinid shells, the range of absolute values was different, as evidenced by need 286 

of different vertical scales in Fig. 5. For example, baseline Mn values for the pectinid 287 

specimen from Praia das Maçãs are much higher than those obtained for the São Julião 288 

specimen, as well as the maximum peak values. This also holds true for all other 289 

presented proxies. The temporal trends are hard to deduce due to frequent disruptions by 290 

sharp maximum peak values (noted in Fig. 5). Portions of shell with persistently high or 291 

low elemental values are also present (e.g., high Sr values in Fig. 5). Therefore, to 292 

achieve the goal of comparing the 17 specimens under scope, an alternative data-293 

reduction method was required—the double PCA+ (see Appendix).  The approach of 294 

separating the available data into sets of shells by site and/or species was chosen in 295 

order to avoid a dense cloud of overlapping data points of diverse nature, very dense 296 

and less informative. 297 

 298 

5.2- Praia das Maçãs: mono-specific versus multi-species 299 

 For the locality of Praia das Maçãs, two groups of specimens were tested. The 300 

first group is mono-specific (Fig. 6A), with six (taxonomically undifferentiated) 301 
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requiniid shells showing tightly clustered data, without evidence of major differences in 302 

elemental content. This clustering of samples forms a high-density area in the PCA-303 

space (Fig. 6A), including 65% of the samples included in this group of shells. These 304 

were then used to establish the customized elemental threshold values of the most 305 

significant elemental proxies (see Fig. 6A and Appendix for detailed workflow). A 306 

rather large number of samples (35% of the total) fall out of this main cluster, largely 307 

following a common trend towards higher Fe, Mn and Mg content (Fig. 6A, see also 308 

Fig. A5). In fact, these samples even seem to form a smaller cluster in the density plot. 309 

Only a very small group of samples does not follow this trend, plotting towards higher 310 

Si and S abundance (lowermost portion of the PCA space, Figs. 6A and A5).  311 

 The second set of samples from Praia das Maçãs is composed of 7 shells 312 

belonging to 4 different species (Chondrodont, Hippuritid elevator rudist, pectinid and 313 

radiolitid; Figs. 6B and A4). A main data density area is defined by 85% of the samples 314 

of this group, leading to a tight cluster despite the presence of different species. Only a 315 

minority of samples plot towards negative values of PC1, in response to higher 316 

concentration of Fe, Mn and Mg; and towards the more positive range of PC2 pointing 317 

at higher abundances of Si. When considering the sample distribution per specimen, the 318 

elevator rudist and pectinid shells are both slightly shifted towards an area denoting 319 

higher Sr content. Additionally, the pectinid shell presents more samples responsible for 320 

the trend towards higher Si values. 321 

 When considering both sets of samples (mono- and multi-species), no major 322 

differences in elemental trends were observed (Figs. 6 and A5 in Appendix). 323 

Nevertheless, it is noteworthy that the mono-specific set denoted more variability  in Fe, 324 

Mn and Mg (PC1 in Fig. 6A) as well as Si (PC2 in Fig. 6A); whilst the multi-species 325 
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group revealed slight differences in Sr content, but overall good agreement in elemental 326 

abundance of the measured proxies (Fig. 6B).   327 

 328 

5.3- São Julião: mono-specific versus multi-species 329 

 Specimens from the São Julião section were initially tested as a multi-species 330 

group including two Apricardia (carentonensis) shells and two pectinid shells (Figs. 7 331 

and A5 in Appendix). The double PCA+ provided two clearly differentiated clusters 332 

defined by both species, largely attributable to significant differences in Sr and Pb 333 

content (Fig. 7A). In fact, by applying the density analysis criteria, the selected set of 334 

samples was largely composed of datapoints belonging to pectinid shells (ca. 78%), 335 

imposing an unwanted bias to this analysis. A mono-specific analysis was therefore 336 

preferred for these shells. 337 

 The dataset was consequently divided into two mono-specific sets: two 338 

Apricardia shells (Fig. 7B) and two pectinid shells (Fig. 7C). The Apricardia shells 339 

clustered tightly within a high-density area comprising ca. 80% of the samples. This set 340 

of samples was used to establish the elemental thresholds for this setting and species. 341 

Samples showing a clear trend towards lowered Ca abundance, along with higher Mg, 342 

Fe and Al content (PC1; Fig. 7B) fall out of the main cluster. Only a minor number of 343 

samples revealed the influence of trace Br and P concentration, showing an opposite 344 

trend (PC2; Fig. 7B). The two pectinid shells revealed a similar elemental profile when 345 

compared to Apricardia specimens: a main cluster generated by 65% of the samples, 346 

disrupted by samples denoting higher Mg, Fe, Si and S across PC1; and less significant 347 

incorporation of trace elements as Pb, Br and Zn (Fig. 7C). 348 

 349 

5.4- São Julião versus Praia das Maçãs 350 



16 

 

 Two pectinid shells retrieved at each of the studied sites were compared using 351 

the double PCA+ protocol (Figs. 8 and A5 as Appendix). Samples from both shells 352 

form a high-density cluster containing 80% of the total dataset, but samples from São 353 

Julião clearly dominate this accumulation (Fig. 8). This pattern is due to the higher 354 

dispersion evidenced by samples from the Praia das Maçãs, denoting a clear trend 355 

towards higher Mg, Fe, Mn and Br (PC1), along with lower Sr abundance (PC2). An 356 

alternative minor trend is also observed in pectinid data from Praia das Maçãs, with a 357 

small set of samples responding to higher Si (and P) content (Fig. 8). 358 

 359 

6- Discussion 360 

 In general, the PCA results are characterized by a high number of samples 361 

clustering tightly in all cases. As such, on average 75% of the total tested samples 362 

revealed a higher data density (see Fig. A2c in Appendix), forming a main cluster (Figs. 363 

6 to 8 and Fig. A5 as Appendix). In contrast, a small number of samples depart from 364 

this main cluster, forming different dispersion patterns (Figs. 6 to 8 and Table 1). 365 

Accordingly, the main cluster corresponds to the best-preserved samples, as evidenced 366 

by their low content in elements known to respond to diagenesis (e.g., Mn, Fe; Brand 367 

and Veizer, 1980; Al-Aasm and Veizer, 1986b). This cluster contains highly relevant 368 

information and can thus be used in terms of paleoenvironmental record. Contrarily, 369 

samples scattering away from the main cluster correspond therefore to secondary 370 

processes (alteration) that occurred at any given state of the evolution of these biogenic 371 

materials. Persistent patterns of sample distribution were identified in the sets of tested 372 

shells (Figs. 6 to 8; summarized in Fig. 9). These patterns may respond to a wide array 373 

of variables, including vital effects, paleoenvironmental conditions and syn- to post-374 

depositional alteration. Obtained geochemical profiles can be interpreted in terms of 375 



17 

 

species-dependence, site-specific processes and general disruption of the original 376 

signals; and the potential for isolating noise from paleoenvironmental information (Fig. 377 

10). As an example of the benefits resulting from the Double PCA+ approach, Sr 378 

elemental values are addressed in Figure 11. The unprocessed raw dataset obtained for 379 

the set of mono-specific set of six Requiniiid shells (see also Figs. 3 and A1) shows 380 

sharp variations, largely towards very low abundance values (minimum value of 50 381 

ppm; Fig. 11A). The dynamic elemental threshold values of 1204 to 1852 ppm obtained 382 

by the Double PCA+ approach (Figs. 6 and 12; Table 1) provided a range of best-383 

preserved datapoints, representing 80% of the unprocessed data. By applying this result, 384 

the resulting Sr plots for each shell now show a clearer variation patterns, denoting 385 

certain cyclicity in the sclerochronological record (Fig. 11B). The focus of this study is 386 

to improve the detection of shell alteration, hence the significance of short-term 387 

(seasonal/ontogenetic) elemental fluctuations enclosed in the “clean” sclerocronological 388 

record are beyond the scope of this contribution.  389 

 390 

 391 

6.1- Main geochemical trends: processes and elemental responses 392 

 At Praia das Maçãs, both intra and inter-species datasets provided similar PCA 393 

patterns (Figs. 6 and 9A). Samples deviating towards the PCA region denoting higher 394 

Fe, Mn and Mg abundance (average values in Fig. 6) are interpreted as diagenetically 395 

compromised, recrystallized shell-portions (examples in Fig. 4A and E). Fe and Mn are 396 

typically enriched in calcite during diagenesis due to their solubility and high 397 

distribution coefficients (Veizer, 1983; Rimstidt et al., 1998; Swart, 2015). 398 

Accompanying the described Fe and Mn enrichment, Mg abundance also increases in 399 

these samples, with absolute values still within LMC range (<4000 ppm; Fig. 6A). This 400 
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reflects the loss of biogenic signature of the analysed calcite samples, originally leaner 401 

Mg calcite portions of the shell (ca. 2500 ppm Mg; Fig. 6A and also chapter 3), 402 

consequently also losing Sr (and Ca) during the recrystallization process (Brand and 403 

Veizer, 1980; Al-Aasm and Veizer, 1982, 1986).  These interpretations are based on the 404 

combined elemental features, more informative than reading isolated elemental values. 405 

The few samples deviating towards higher Si (and S) are interpreted as the result of the 406 

incorporation of siliciclastic material (pyrite not excluded) in borings by epifaunal 407 

organisms (Fig. 4A and B). The portions of the record remaining after the double PCA+ 408 

approach can then be interpreted in terms of environmental change. The double PCA+ 409 

provides therefore solid elemental threshold values (Fig. 6). When comparing intra and 410 

inter-species PCA results, most altered samples arise from the PCA protocol performed 411 

to the set of six requiniid shells (Fig. 6A). This effect is due to the higher degree of 412 

similarity between the elemental records of each shell within a mono-specific dataset, 413 

yielding higher-density data distribution along PCA plots (see Fig. A2c for details). 414 

This trend translates into narrower threshold values. In contrast, inter-species datasets 415 

generate lower density data distribution due to generation of more diffuse main clusters 416 

(example in Fig. 6B). For the latter, it also becomes evident that within the best-417 

preserved data, certain species have higher Sr content (ca. 1500 versus 1200 ppm; Fig. 418 

6B), as is the case of pectinid and radiolitid shells (Fig. 6B). This effect likely relates to 419 

a differential incorporation of Sr during shell growth and/or differences in shell 420 

microstructure (and microporosity), as all these specimens belong to the same site and 421 

geological time interval and were therefore subject to similar diagenetic history (Fig. 422 

3A). A species-dependent process may be envisaged, suggesting main differences in 423 

growth rate and/or calcification rate controlled Sr incorporation. The proposed 424 

calcification rate control on Sr operates in modern skeletal materials (Stoll and Schrag, 425 
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2000; Stoll et al., 2002; Rickaby et al., 2002; Carré et al., 2016), as well as in inorganic 426 

calcite (Lorens, 1981; Tesoriero and Pankow, 1996). Under higher calcification rates, Sr 427 

uptake occurs under kinetic control such that the animal cannot discriminate effectively 428 

against Sr, resulting in a higher distribution coefficient for this element—DSr (Elderfield 429 

et al., 2002). The reported ontogenetic decrease in growth rates for rudists (Steuber, 430 

1996) and oysters (Ullmann et al., 2010) supports the notion that shell-growth 431 

influences Sr incorporation. 432 

 At the São Julião section, inter-species differences were larger than in Praia das 433 

Maçãs, generating a clear separation between Apricardia and pectinid specimens (Fig. 434 

7A). It is noteworthy that pectinid shells, at this different location, also show a 435 

distinctive Sr signature (Fig. 7A). The most distinctive trait between Apricardia and 436 

pectinid shells is the concentration in Sr, on average 350 ppm higher in Apricardia 437 

shells (1578 versus 1226 ppm). This feature supports the previous notion that ontogenic 438 

and/or metabolic control has a strong influence on Sr incorporation. When species are 439 

analysed separately, similar PCA patterns are found (Fig. 7B and C, see also Fig. 9B), 440 

with shell-alteration characterized by elevated concentration of the elemental 441 

association of Si, Fe, Al and Mg attributed to the influence of detrital siliciclastics 442 

included in bore holes (quartz and aluminosilicate minerals). Despite well-known 443 

difficulties related to the measurement of heavy metals with XRF, the minor 444 

incorporation of heavy metals (Pb, Zn) and Br is nevertheless relevant in both species 445 

(Fig. 7B, C), in part also related to an inverse trend of decreasing phosphorous 446 

abundance (Fig. 9B). Cautious comparison with modern examples may shed light into 447 

this trend. Bioaccumulation of naturally present trace elements is a well-known process 448 

in modern settings, of extreme relevance in the context of anthropogenic contamination 449 

on coastal areas and related mitigation efforts (Ferreira et al., 2004; Du et al., 2011; 450 
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Markulin et al., 2019; VanPlantinga and Grossman, 2019). This process is of major 451 

concern regarding the soft tissue of bivalves (potentially for human consumption), but 452 

also affecting shell components. Primarily, the calcified layer of the shells is composed 453 

of a mineral phase, constituting over 95% of the shell mass. The remainder is the 454 

organic matrix (chitin, silk fibroin protein and acidic macromolecules) present as a thin 455 

envelope or sheet surrounding each mineral unit (Gregoire, 1972 in Heuer et al., 2002; 456 

Furuhashi et al., 2009). Intra‐crystalline proteins occluded in the mineral lattice can also 457 

occur, potentially distorting the mineral lattice (Pokroy et al., 2006). This structure 458 

provides structural support, exerting control over the mineralization process (Jacob et 459 

al., 2009; Immenhauser et al., 2018). Proteins and carbohydrates have high affinity for 460 

heavy metals (Jacob et al., 2009), which can be remobilized during organic matrix 461 

degradation of ancient shells. Heavy metal and Br enrichment via the diagenetic 462 

stabilization of organic components can potentially explain the presence of the 463 

persistent PCA trend observed on ancient shells of different species (Fig. 7B and C and 464 

Fig. 9B). 465 

 By combining data from the same species (pectinid shells) at different locations 466 

(Praia das Maças and São Julião), a combination of all the above processes becomes 467 

apparent (Fig. 8). The specimen from Praia das Maçãs shows clear evidence of more 468 

significant late diagenetic alteration, with more samples deviating towards the PCA 469 

space corresponding to higher Mn and Fe concentration. Significant shell-boring 470 

evidence (higher Al, Si values) is also detected at this location (Fig. 8). This result may 471 

hint at higher prevalence of syn-depositional bioerosion at Praia das Maçãs compared to 472 

São Julião and highlights the potential of the double PCA+ method for highlighting 473 

changes in paleoenvironment and –ecology. Conversely, the specimen collected at São 474 
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Julião shows a tighter cluster along the PCA space, with only a few samples deviating 475 

from the main group of samples.  476 

 From all the tested shell combinations, three main patterns of sample distribution 477 

were identified on the PCA plots (Fig. 9C to E). When dealing with mono-species 478 

analysis, altered samples deviate from a main cluster, responding differently to a variety 479 

of processes (Fig. 9C). For analysis including different species, two possibilities arise: 480 

there are no evident elemental differences between species, forming one single main 481 

cluster and altered samples respond similarly (Fig. 9D); or inter-species elemental 482 

incorporation is significantly different, generating more than one main cluster from 483 

which altered samples deviate (Fig. 9E). In a next step, separate analysis (per species) is 484 

recommended (as described in Fig. 7).  485 

 486 

6.2- Disruption of background signal 487 

 Raw elemental data corresponding to single shell transects (e.g., Fig. 5) typically 488 

present baseline values corresponding to environmentally relevant information, but 489 

often masked by noise. These interruptions of the background signal may relate to 490 

intervals of several consecutive samples showing moderately higher or lower values in 491 

respect to the baseline (Fig. 10A; trend1); or to sharp peaks generated by a small 492 

number of samples presenting higher/lower values regarding the baseline (Fig 10A; 493 

trend2). In the first case, recrystallized portions of the measured transects (e.g., 494 

cemented veinlets; Fig. 4A and E) are often the cause for this effect and the double 495 

PCA+ approach is effective in separating syn to post-depositional processes from the 496 

primary elemental signals (Fig. 10B). In the case of conspicuous peaks, corresponding 497 

to the elemental signal of small fractures and/or borings (Fig. 4A) or even instrumental 498 

noise, the impact of such a small number of samples on the overall trend is minimal, 499 



22 

 

easily corrected when smoothing the paleoenvironmental data obtained after the double 500 

PCA+ (Fig. 10C).  501 

 502 

6.3- Dynamic thresholds: filtering-out altered elemental signals 503 

 Commonly, elemental cut-off values—range of values considered for well-504 

preserved ancient materials— are obtained from previous cases discussed in the 505 

literature (e.g. Brand and Veizer, 1980, 1981; Al-Aasm and Veizer, 1986a; b), based on 506 

well-preserved specimens tested by a wide array of techniques (petrographic inspection, 507 

geochemistry and others) and contrasted with closely related modern specimens (when 508 

available). Valuable paleoclimatic interpretations have also been produced by more 509 

sophisticated approaches (Jones et al., 2009; de Winter et al., 2017; 2018). For the 510 

present case of Cretaceous rudists, early contributions by Al-Aasm and Veizer (1986a; 511 

b) and Steuber (1996) form the backbone of sclerochronological research on these 512 

materials. For a better detection of shell-alteration, the threshold values in this study 513 

(Fig. 12 and Table 1) were obtained by performing the double PCA+ approach and 514 

confidently excluding altered samples from paleoenvironmental considerations. 515 

Applying these dynamic thresholds resulted in an average of 75% of the initial datasets 516 

for each specimen being preserved (Figs. 6 to 8 and A5), a good indication of the 517 

careful selection of specimens and overall good preservation state. When compared to 518 

available literature of coeval examples (Steuber et al., 1999; Steuber, 2000; Tibljaš et 519 

al., 2004; Damas-Mollá et al., 2006; Higuera et al., 2007), no major differences were 520 

detected in terms of the elemental range of well-preserved shell-portions (Fig. 12 and 521 

Table 1). More interestingly, traditionally used cut-off values were improved by using 522 

the case-sensitive approach—the double PCA+. This was the case for most of the most 523 
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used elemental thresholds, in general narrower than literature values (Fig. 12 and Table 524 

1).  525 

 Additionally, because these are dynamic thresholds, based on each specific case 526 

under scope, they can be applied to different sets of shells, adapting to other goals not 527 

addressed in this contribution (e.g., targeting a specific element on different shells, 528 

among a wide array of possibilities). This means that each time the Double PCA+ is 529 

applied, different thresholds can be derived, hence the designation of “dynamic” 530 

elemental thresholds. Also, they are applicable to other biogenic archives (belemnites, 531 

oysters, corals, and many others). The application of the double PCA+ allows 532 

researchers to work with more unconventional elemental data (Si, Pb, Br, among 533 

others), shedding light into their paleoenvironmental significance. To our knowledge, 534 

this is the first attempt to use such a wide array of geochemical proxies, providing solid 535 

arguments to explore their potential in future works.  536 

 537 

 538 

7- Conclusions 539 

 Dense and complex elemental archives of seventeen bivalve shells belonging to 540 

two neighbouring Upper Albian shallow-water sections (western Portugal) were 541 

explored using a thorough statistical analysis protocol, comparing mono- and multi-542 

species datasets, as well as shells from different locations.  543 

 Several conclusions were extracted from applying the double PCA+ approach:  544 

(i) Syn- to post-depositional processes can easily be identified based on the 545 

characteristic elemental associations revealed by PCA results. These include the 546 

influence of diagenesis (Fe, Mn and Mg); shell-borings filled by terrigenous materials 547 
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(persistent coupling of Si, Al, Fe and Mg); bioaccumulation of heavy metals (Pb, Zn) 548 

and Br due to stabilization of organic shell components; 549 

(ii) Different elemental patterns may arise, depending on the variability of the sampled 550 

materials. For mono-species groups, the tight clustering of less-altered samples provides 551 

a very clear decoupling of samples responding to syn and post-depositional processes. 552 

This may also be the case for multi-species datasets, but if the original differences in 553 

elemental incorporation are significant, several main clusters arise, which should be 554 

analyzed separately to disentangle species-specific from depositional effects on trace 555 

element content; 556 

(iii) Background elemental signals (calcification mechanism and/or environmental) are 557 

typically interrupted by two main types of disruption: one locally affecting only a minor 558 

portion of the shell, thus characterized by sharp and very significant changes in 559 

elemental composition (e.g., boring); the second affecting a larger portion of the shell, 560 

but in a less prominent elemental shift (e.g., recrystallizations); 561 

(iv) Regardless the degree of shell-alteration, our PCA+ approach successfully isolated 562 

paleoenvironmental signals. The less-altered portions of the shells provided the 563 

establishment of dynamic cut-off values, customized for each set of shells and in overall 564 

agreement with elemental data retrieved from the literature. More unconventional 565 

elemental data also responded well to the double PCA+ approach, contributing with 566 

new clues for unravelling their incorporation mechanisms in ancient shells (Cu, P, S, Cl, 567 

K, Br, Zn, Pb). 568 

 This research provides new and relevant methodological advances, underlining 569 

the need to explore this and other tools that counterbalance the increasing technical 570 

ability to obtain dense, but highly intricate sclerochronological datasets and the most 571 

efficient way to unveil hidden, but relevant paleoenvironmental information. Expanding 572 
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the use of the presented double PCA+ approach to other skeletal materials and time 573 

slices is thus a promising path towards a deeper understanding of past climatic 574 

dynamics, biomineralization processes and shell-archives and diagenetic pathways over 575 

time, providing solid arguments to explore their potential in future works.  576 

 577 
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Figure captions 871 

 872 

Fig. 1. Geographical setting of the studied locations. A) Map of Iberia showing the 873 

location of the western Portuguese coast. B) Regional distribution of Cretaceous 874 

outcrops (adapted from LNEG-LGM, 2010), along with delimitation of the Lusitanian 875 

Basin (after Kullberg et al., 2013). C) Location of study sites at São Julião and Praia das 876 

Maçãs (indicated by stars), south of Ericeira (Portugal). 877 

 878 

 879 

 880 

Fig. 2. Field photographs and particular aspects of sampled beds and shells. A and B) 881 

Aerial photographs of Praia das Maçãs and near São Julião (extracted from 882 

http://portugalfotografiaaerea.blogspot.com/); C) Field aspect of one specific sampled 883 

bed; D) Field aspect of the pectinid bearing bed at Praia das Maçãs (PM4); E) Field 884 



39 

 

aspect of a requiniid-rich horizon at Praia das Maçãs (PM12); F) Detail of an 885 

Apricardia carentonensis shell from the São Julião section. 886 

 887 

 888 

 889 

Fig. 3. Stratigraphic context, selected specimens and comparison scheme. A) Synthetic 890 

lithological log of São Julião and Praia das Maçãs showing height (in meters), 891 

stratigraphy, C-isotope values as complementary lateral correlation tool and the main 892 

sedimentological features (see Horikx et al., 2014 and Coimbra et al., 2017 for more 893 

detailed explanations). B) List of selected specimens and scheme illustrating the logic of 894 

comparison followed during this work (see text for further details and Fig. A1 in 895 

Appendix for photographs of all used specimens). Numeral tags (in blue) link each shell 896 

(or group of shells) specimen to their stratigraphic position, used throughout this 897 

contribution. 898 
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 899 

 900 

Fig. 4. Shell structure and preliminary assessment of shell-preservation state. A to D) 901 

Example from Praia das Maçãs, including microscope detail of small borings and small 902 

cemented (sub-vertical) veinlet and elemental mapping of Mn and Sr, as well as the 903 

chosen transect for further geochemical line scanning. E to H) example from São Julião, 904 

with microscope detail of small borings and fractures affecting the shell and elemental 905 

mapping of Fe and and Mn, as well as the selected transect for further line scanning (red 906 

line). Shell length ca. 8 cm in both cases, numeral tags (in blue) are according to Figure 907 

3 and Fig. A1 as Appendix). 908 

 909 
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 910 

 911 

Fig. 5. Selected raw elemental data (Mn, Fe, Sr, Mg) for two pectinid specimens 912 

collected at different locations (Praia das Maçãs and São Julião) illustrating the need of 913 

an efficient data treatment approach. Note the high complexity of each elemental record, 914 

differences in absolute value and fluctuations along shell-length, as well as the 915 

difficulties on comparing the records of both shells. Numeral tags (in blue) are 916 

according to Figure 3 and Fig. A1 as Appendix. 917 

 918 
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 919 

 920 

Fig. 6. Principal component analysis results (scores and loadings), combined with 921 

density analysis (see Appendix for further details) for the specimens collected at Praia 922 

das Maçãs. Sample distribution by shell is also represented by using coloured dots, 923 

corresponding to the contribution of each shell to the cloud of data generated by the 924 

PCA procedure (in white dots). This representation is proportional to the main PCA 925 

plot, respecting the position of each sample along the PCA space. A) mono-specific 926 

analysis including six requiniid shells; B) multi-species analysis including seven 927 

different shells belonging to four species. Note tight clustering of a significant 928 

percentage of the samples delimiting a range of elemental thresholds, as well as similar 929 

elemental trend of deviation from the main cluster (see text for detailed explanation). 930 

Numeral tags (in blue) are according to Figure 3 and Fig. A1 as Appendix. 931 

 932 
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 933 

 934 

Fig. 7. Principal component analysis results (PCA scores and loadings), combined with 935 

density analysis (double PCA+; see Appendix for further details) for the specimens 936 

collected at São Julião. Sample distribution by shell is also represented by using 937 

coloured dots, corresponding to the contribution of each shell to the cloud of data 938 

generated by the PCA procedure (in white dots). This representation is proportional to 939 

the main PCA plot, respecting the position of each sample along the PCA space. A) 940 

multi-species analysis including four different shells belonging to two species; B and C) 941 

mono-specific analysis of samples included in A), separated by species (Apricardia and 942 

pectinid, respectively). Note persistent elemental trends when considering different 943 

species (see text for detailed explanation). Numeral tags (in blue) are according to 944 

Figure 3 and Fig. A1 as Appendix. 945 

 946 
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 947 

 948 

Fig. 8. Principal component analysis results (PCA scores and loadings), combined with 949 

density analysis (double PCA+; see Appendix for further details) for pectinid shells 950 

collected at São Julião and Praia das Maçãs (mono-specific analysis). Sample 951 

distribution by shell is also represented. Note a tighter clustering of samples belonging 952 

to the pectinid shell collected at São Julião (see text for further explanations). Numeral 953 

tags (in blue) are according to Figure 3 and Fig. A1 as Appendix. 954 

 955 
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 956 

 957 

Fig. 9. Representative scheme of main elemental trends as depicted by double PCA+ 958 

approach (see also Fig. A4). A and B) Summary of the persistent elemental trends and 959 

associations identified along the tested shells, with their respective process (diagenesis, 960 

boring, a combined effect of both and bioaccumulation); C to E) Example of sample 961 

distribution across the PCA space in response to the identified processes. Sample 962 

distribution will depend on which processes are involved (single or multiple) and on the 963 

variability of the biogenic record (mono vs. multi-species analysis). 964 

 965 
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 966 

 967 

Fig. 10. Schematic workflow for improving the detection of shell-alteration. A) Possible 968 

disruptions of background signal by significantly altered portions and/or cracks; B) fast 969 

detection of altered samples allows their elimination from further analysis, in order to 970 

obtain a cleaner and relevant paleoenvironmental signal; C) Isolating the clean 971 

background record allows the identification of intra-shell fluctuations, attributable to 972 

seasonal climate in ancient times. Numeral tags (in blue) are according to Figure 3 and 973 

Fig. A1 as Appendix. 974 

 975 
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 976 

 977 

Fig. 11. Comparison between unprocessed elemental data and the resulting information 978 

after the Double PCA+ approach. A) Sr values for the set of 6 requiniid shells (tag 979 

numeral as in Figs. 3 and A1). White shaded area delimits the range of best-preserved 980 

Sr values, when Double PCA+ is computed for this specific group of shells (see statistic 981 

results in Fig. 6). B) Best-preserved Sr values for all requiniid shells, after excluding 982 

20% of the altered data by the Double PCA+ method (see text for details). The clean 983 

dataset of each shell now delineates discernible cyclic variations in Sr abundance. Note 984 

that the obtained elemental threshold values are customized for this set of mono-speficic 985 

shells (see Fig. 12 and Table 1 for obtained values of other sets of shells). 986 

 987 
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 988 

 989 

Fig. 12. Dynamic elemental threshold values obtained by the application of the double 990 

PCA+ screening method (see Appendix for details) and data retrieved from available 991 

literature. Note overall agreement with published cut-off elemental values, as well and 992 

the establishment of new threshold for more unconventional elements (Cu, Zn, Pb, Cu). 993 

Numeral tags (in blue) are according to Figure 3 and Fig. A1 as Appendix. 994 

 995 
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 996 

 997 

 998 

Table 1. Dynamic elemental threshold values obtained by the application of the double 999 

PCA+ screening method (see Appendix for details) and threshold values extracted from 1000 

literature. Groups 1 to 6 refer to used literature and tested shell combinations (same as 1001 

in Figure 11). Min=minimum; max=maximum. Numeral tags (in blue) are according to 1002 

Figure 3 and Fig. A1 as Appendix. 1003 

 1004 

Appendix 1005 

1- Materials and methods 1006 

Among the richness of shells remains, several specimens were chosen based on their 1007 

overall preservation state (Fig. A1).  1008 



50 

 

 

Fig. A1. Sampled shells from both locations. Note the exceptional record of whole shells, whenever 

possible. Numeral tags (in blue) as in Figure 3.  

 1009 

The vast amount of geochemical variables and resulting datapoints per analysed shell 1010 

motivated the search for a statistical approach allowing a fast and easy way to perceive 1011 

otherwise overwhelming information. The detailed step-by-step procedure is given 1012 

below; the time involved in performing these steps is relatively short, well under 30 1013 

minutes.  1014 

 Because not all the measured proxies resulted in a continuous record though the 1015 

selected transects, the original dataset presents blanks (i.e., empty cells; See Data 1016 

Appendix). For each measured transect, only the records with more than 75% of the 1017 

complete dataset were considered for this contribution (“Count” function on Excel®). 1018 

This implies that geochemical variables with a high number of blanks are discarded 1019 
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from further computations, maximizing the significance of applied statistical methods. 1020 

For the surviving variables, missing data was not accepted because this means that not 1021 

all measured variables have correspondence; hence data rows with blank cells (no data) 1022 

were discarded (command “Select Blanks” followed by “Delete entire row”). In this 1023 

way, every measured point has a corresponding value for the most significant variables, 1024 

and this pre-treatment is performed for each set of samples chosen for comparison. The 1025 

statistical workflow included a double PCA—double Principal Component Analysis 1026 

(see also Coimbra et al., 2017 for further details), with intermediate steps assisted by 1027 

density analysis (Fig. A2).  1028 

 

Fig. A2. Statistical workflow leading to a clean elemental dataset. A) Exploratory PCA; B) First PCA; C) 

Density analysis as an automated delimitation of the main cluster; D) Second PCA.  Note the lack of 

samples deviating from the main cluster, later used to establish the customized cut-off values; E and F) 

Original dataset with altered samples identified and resulting “clean” dataset, revealing previously 

masked fluctuations. See text for detailed description and main text for further examples. 
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  1029 

 Prior to performing the first PCA analysis, an exploratory PCA was performed 1030 

in order to detect the most significant (loadings <-0.5 and >0.5) geochemical variables 1031 

for each considered dataset (Fig. A2A). The double PCA was then carried out 1032 

exclusively for the variables showing higher degree of affinity. It consisted of repeating 1033 

the PCA procedure in two steps: first with the full dataset, evidencing clear trends on 1034 

data distribution (Fig. A2B); and secondly by using only the samples that could plot 1035 

tightly in the first attempt (Fig. A2D). An intermediate step was added in order to assist 1036 

the selection of the clusters of interest by analysing their distribution through the PCA 1037 

space: density analysis (Fig. A2C). At this stage, the aim is to automate the process of 1038 

isolating the samples showing tighter cluster. For this purpose, it is considered that 1039 

samples plotting within 2/3 of the maximum sample-density and also inside undistorted 1040 

contour lines to be an optimal choice. The PC scores delimiting this area can then be 1041 

used to sort and filter the data on the spreadsheet.  1042 

 The second PCA can now exclusively be performed to samples showing no 1043 

specific geochemical trend, i.e., the effects of early to late processes strongly affecting 1044 

the original (paleoenvironmental?) geochemical record are in this way isolated.  This 1045 

situation is evidenced by an evenly spreading cloud of datapoints along the PCA space 1046 

(Fig. A2D). This set of samples will allow establishing the customized cut-off values for 1047 

the shell-transect or transects under scope, meaning that these elemental thresholds are 1048 

not a generalization; they are rather originated from and for this specific dataset. After 1049 

completing the mentioned steps (Fig. A2A to D), it is possible to go back to the 1050 

complete original dataset and delimit the range of best-preserved samples (Fig. A2E, F). 1051 

Because both altered and unaltered samples are relevant for paleoenvironmental and 1052 
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diagenetic interpretations, care was taken to ensure that both cases can easily be 1053 

accessed at this last step of the procedure.  1054 

 Elemental abundances may be influenced in a variable degree by the 1055 

concentration of calcium, the most abundant element in carbonate calcium materials. 1056 

Such effect may depend on a relative purity of these carbonates or even on the 1057 

methodological limitations (see Christ et al., 2012 and Coimbra et al., 2015). In order to 1058 

test this influence on the application of the described procedure, both raw elemental data 1059 

and calcium-corrected elemental data (element/Ca) were compared for the case of 1060 

different species collected from one location (Fig. A3).  1061 
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Fig. A3- Example of tested calcium normalization compared to using raw elemental data (Praia das 

Maçãs, multi-species analysis). Principal component analysis results (PCA scores and loadings), 

combined with density analysis. Sample distribution by shell is also represented by using 

coloured dots (red to blue), corresponding to the contribution of each shell to the cloud 

of data generated by the PCA procedure (in white dots). This representation is 

proportional to the main PCA plot, respecting the position of each sample along the 

PCA space.   

 1062 
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The most significant variables of PC1 remained exactly the same; PC2 also responded 1063 

similarly, only adding two minor elements. When considered as a whole, the seven 1064 

shells do not show major differences, as well as when compared individually: each 1065 

transect showed a similar sample distribution regardless the applied correction to the 1066 

elemental data. Obtained differences are therefore only minor, therefore not posing a 1067 

limitation to the use of raw elemental abundance. This choice is here preferred due to 1068 

the possibility of comparison with published literature. 1069 

 Along the same line of reasoning, and because calcium fluctuations could be of 1070 

relevance regarding the interpretation of carbonate-bound elements, PCA analysis on 1071 

raw elemental data of all shells retrieved at both locations was compared including Ca, 1072 

excluding Ca and also by normalizing by Ca abundance (Fig. A4). The lack of major 1073 

differences in obtained PCA loadings provided further evidence supporting the use of 1074 

raw elemental data. This stability of the dataset regarding calcium corrections lies on the 1075 

fact that despite minor fluctuations of this proxy, it remains rather constant in all tested 1076 

shells, with a standard deviation <1% (mean=393296; sd=2778). This fact is a result of 1077 

preliminary tests on these materials before performing µXRF scans, ensuring the 1078 

suitability of the selected shells. 1079 
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 Fig. A4- Principal Component Analysis loadings and respective descriptive statistics (minimum, 

maximum, mean and standard deviation) computed as preliminary data-treatment tests, performed to 

elemental data of all shells addressed in this contribution. A) All variables resulting from the pre-

treatment described in Materials and Methods (above); B) Excluding Calcium from PCA; C) 

Normalizing by Calcium; D) Rescaling elemental data from 0 to 1; E) Standardization. Note the 

persistent trend in elemental associations and lack of relevant differences in all tested possibilities.  

 1080 

 Further validation for the applied approach comes from the use of double PCA 1081 

to a control dataset (Fig. A5) consisting of a large dataset (N=3372 datapoints; in 1082 

Rauch, 2005) of conventional ICP-AES (inductively coupled plasma - atomic emission 1083 

spectrometry) elemental data. Elemental data (Mg, Sr, Fe, Mn) and stable isotopes 1084 

(δ13C, δ18O) from Barremian to Maastrichtian rudist bivalves were here used, belonging 1085 

to 14 different specimens from 7 locations across Croatia, Spain and France. Although 1086 
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the discussion of this case study falls out of the scope of this contribution, it is 1087 

noteworthy that most analysed shells cluster tightly along the PCA space (Fig. A5).  1088 

 

 

Fig. A5- Principal component analysis results (PCA scores and loadings), combined with density analysis 

for the control dataset (extracted from Rauch, 2005), consisting on elemental data obtained by ICP-AES 

(see text). Sample distribution by shell is also represented by using coloured dots, 

corresponding to the contribution of each shell to the cloud of data generated by the 

PCA procedure (in white dots). This representation is proportional to the main PCA 

plot, respecting the position of each sample along the PCA space. 

 1089 

 Only three specimens show a clear trend towards differentiated areas of this 1090 

representation (shells 3, 6 and 14). Accordingly, shells 3 and 6 denote higher Fe, Mn 1091 

and Mg, accompanied by lowered O-isotope values, a trend attributable to the 1092 

diagenetic response of these proxies under burial conditions (see main text for further 1093 

discussion on diagenetic elemental pathways). A different case applies to shell 14, 1094 

showing depleted Sr and C-isotope values when compared to the main cluster (Fig. A5). 1095 

Such evidence suggests the influence of meteoric waters during the diagenetic evolution 1096 
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of this shell. These three specimens are therefore altered by an array of diagenetic 1097 

processes, bearing limited interest when dealing with the paleoenvironmental 1098 

significance of shell archives. The double PCA approach was swift and very efficient on 1099 

identifying these issues, providing a new tool to screen the influence of syn- to post-1100 

depositional processes affecting sclerochronological records. 1101 

 1102 

2- PCA results for all tested shell combinations  1103 

The loadings obtained for the first PCA results for all tested combinations of shell 1104 

groups are summarized in Figure A6, as a complement to Figures 6 to 9 (see main text 1105 

for explanations). Note similarities in elemental trend: (i) a trend towards higher Mg, Fe 1106 

and Mn, opposed to lower Ca and Sr concentration presented by the control dataset as 1107 

well as in all the samples representing Praia das Maçãs; a small influence of higher Si 1108 

content is also detected (PC2); (ii) a main trend marked by higher Mg, Fe, Si and Al 1109 

accompanied only by lowered Ca values; a minor influence of the incorporation of trace 1110 

elements as Br, Pb or Zn can also be identified in shells belonging to the São Julião 1111 

section; (iii) a combination of both trends described above, as obtained for the set of 1112 

Pectinid shells representative of both settings (Fig. A6). The response of each site and 1113 

shell-type can also be typified, depending on the species involved on each analysis and 1114 

the processes dominating the elemental record (syn- to post-depositional; see Fig. 9 and 1115 

main text for detailed explanations). 1116 
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Fig. A6- Principal component loadings obtained for the tested combinations of shell data. Note that the 

combination of all shells is not addressed in the text. This because it resulted in largely overlapping data 

points along the PCA space, likely due to the high amount of information gathered in one single 

representation. This motivated an approach based on the combination of a lower number of shells, by 

location and/or by species, as described in this figure. Numeral tags (in blue) as in Figures 3 and A1. 

 1117 

 1118 


