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Section 1: Method C test
Before applying Method C to modern shells, a test with pure aragonite and pure calcite powders (99 %) was performed to evaluate the quantity of toluene needed in the intermediate density solution for the separation to be successful. In the first part of this experiment, three subsamples of pure aragonite and three subsamples of pure calcite were mixed with an intermediate density solution that contained different amounts of toluene added to 4ml of bromoform. This was done to ascertain that in the intermediate density solution calcite will float, and aragonite will deposit. Russo et al. (2010) used a range from 250 to 350 µl of toluene and 4 ml of 99% bromoform solution for this method. In the initial experiment, three quantities from this range were used: 250, 300 and 350 µl; all of which were successful in making the pure aragonite deposit and the pure calcite float (Figure S1). Subsequently, the pure polymorph powders were mixed in three subsamples with approximately 20% of aragonite and 80% of calcite to see if the method was still successful with a mixed sample. These mixed subsamples were treated with the same three toluene quantities as for the previous step. The separation seemed successful once again as there was a clear separation of the floating and the deposited fraction. However, the XRD analysis of the separate fractions showed that the separation was not complete. Both the aragonitic and calcite fractions presented a small amount of the other polymorph (Table S1).

Table S1. Percentages of calcite and aragonite after the application of Method C on three identical mixtures of pure powders
	Initial proportions:
	80%
	20%

	Separated fraction
	Toluene used (µl)
	Calcite (%)
	Aragonite (%)

	Aragonite 
	250
	28.3
	71.7

	Aragonite 
	300
	19.0
	81.0

	Aragonite 
	350
	44.9
	55.1

	Calcite
	250
	74.6
	25.4

	Calcite
	300
	84.3
	15.8

	Calcite
	350
	91.5
	8.5
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Descrizione generata automaticamente]Figure S1. Top row: Pure aragonite powders; Bottom row: Pure calcite powders; Both in three different intermediate density solutions using 250, 300, and 350 µl of toluene in 4ml of bromoform (left to right).


When using the lowest volume of 250µl of toluene in the intermediate density solution, the resulting “aragonite fraction” showed 71.7% of aragonite and 28.3% of calcite, while the “calcite fraction” showed 74.61% of calcite and 25.39% of aragonite. Even though the aragonite fraction did contain mostly aragonite, and the calcite fraction mostly calcite, the separation was not complete as evidenced by the presence of both aragonite and calcite peaks in the XRD graphs of both fractions (Figure S2.1).
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Descrizione generata automaticamente]Figure S2.1. The aragonite and calcite fractions after the application of Method C using 250µl of toluene.
Basic notions for the XRD graph creation and interpretations
After opening a raw XRD file, we can search for the different phases we expect to find in our material, by selecting them from the reference materials database and adding them to the control file. When we are satisfied with the added phases, we can proceed to run the refinement using these selected reference phases. Once the refinement is complete, we can observe parameters such as the reference material peak positions shown as different colored tacks at the top of the graph, with each color representing one of the reference materials we searched for (In our case aragonite, calcite, and quartz). The peak positions let us identify the phases present in our measured material. The typical Profex software (Döbelin and Kleeberg 2015) output graphs show us several different variables. Some of the important parameters shown are the observed, calculated, background, and difference patterns given by the software by default in black, red, blue, and gray color respectively. Usually, the observed, and calculated patterns should overlap, with the only difference being that the calculated result is smoother compared to the observed diffraction values, which represent the actual measured pattern of our material. On the other hand, the difference pattern in gray, shown at the bottom of each graph represents the difference between the observed, measured pattern and the calculated pattern which shows the peaks of our selected target phases. Ideally, the difference should only show background noise, with no significant peaks. We can have some difference showing based on the shape and intensity of the peaks, which can indicate a slightly different chemical composition than that of the reference material, or an alteration of the crystalline structure. If the difference is very high or showing peaks in positions other than our target phases, we can suppose that there is an additional phase present in our sample which we didn’t include in the search. If there are no crystalline phases present in the material we are analyzing, such as in the case of organic matter, there will be no peaks present in the pattern, and often we will see a bulge formed at the beginning of the graph, which can also happen in case our material is scarce or not well distributed on the glass slide inserted into the XRD machine. In these cases, we can see the diffraction of the glass slide itself, which is amorphous. If we search our phases in these patterns, the program will give us a result indicating the relative proportions of the target phases. These results will not be very accurate since they indicate the proportions of the crystalline phases only, which in these cases are only present in traces.

Using the intermediate toluene volume of 300µl, in the resulting “aragonite fraction” we measured 81% of aragonite and 19% of calcite, while the “calcite fraction” contained 84.25% of calcite and 15.75% of aragonite. As in the previous case, the separation was not complete, and we found both calcite and aragonite peaks in both XRD graphs (Figure S2.2). However, using this volume of toluene caused a better separation compared to the previous one. 

[image: ]Figure S2.2. The aragonite and calcite fractions after the application of Method C using 300µl of toluene.
[image: ]Finally, using the highest toluene volume from the test range (350µl) the “aragonite fraction” contained 55.11% of aragonite and 44.89% of calcite, and the “calcite fraction” contained 91.46% of calcite and 8.54% of aragonite. This volume of toluene was more useful to purify the calcite fraction compared to the aragonite fraction, which still contained a high proportion of calcite after separation (44.89% calcite; Figure S2.3). 
Figure S2.3. The aragonite and calcite fractions after the application of Method C using 350µl of toluene

This test demonstrated that a complete separation of pure aragonite and calcite powders after the application of Method C was not possible, even though the separation of the two fractions after centrifugation appeared complete using all three volumes (Figure S3). 

Figure S3: Three identical mixtures of 20% pure aragonite and 80% pure calcite powders in the three different intermediate density solutions using 250, 300, and 350 µl of toluene in 4ml of bromoform (from left to right). Blue arrows indicate the calcite fraction, and red arrows indicate the aragonite fraction.
There was a clear difference in the efficiency of the three toluene volumes tested, with the most efficient option being the intermediate volume of 300 µl when considering both fractions, as was stated by Russo et al. (2010).
Section 3: Modern shells
All four methods (Method A, B, C and D) were tested on modern shell specimens to help evaluate the materials and time needed for each method and the quantity of sample material resulting from the different methods (Table S2). Moreover, for the organic matrix samples resulting from methods A and B, a graphitization test at the BRAVHO lab, in Bologna, was performed to measure the average carbon content and estimate the amount of sample needed in case of archeological samples, as well as to adjust the amount of Fe for graphitization if needed. The initial experiments in this step served as a trial for the application of the four different methods on archeological samples.


Table S2. Weight yields for all four methods, and for modern and archeological samples.
	Modern specimens
	Archeological specimens

	BRAVHO lab code
	Method
	Yield (wt.% of initial weight)
	BRAVHO lab code
	Method
	Yield (wt.% of initial weight)

	
	
	
	
	
	
	

	BRA 5070.1
	A
	0.1
	BRA 4930
	A
	0.3
	

	BRA 5071.1
	A
	0.7
	BRA 4942
	A
	0.8
	

	BRA 5072.1
	A
	1.3
	BRA 4946
	A
	0.3
	

	BRA 5104
	A
	0.3
	BRA 4952
	A
	0.2
	

	BRA 5070.2
	A
	2.0
	BRA 4957
	A
	0.8
	

	BRA 5071.2
	A
	0.1
	BRA 4930
	B
	0.8
	

	BRA 5072.2
	A
	0.2
	BRA 4938
	B
	0.6
	

	BRA 5200.1
	A
	0.1
	BRA 4946
	B
	0.2
	

	BRA 5200.2
	A
	0.1
	BRA 4952
	B
	0.5
	

	BRA 5194.1
	A
	0.3
	BRA 4956
	B
	1.5
	

	BRA 5194.2
	A
	0.1
	BRA 4931
	C
	75.2
	

	BRA 5211
	A
	0.3
	BRA 4943
	C
	66.2
	

	BRA 5191
	A
	0.1
	BRA 4946
	C
	50.1
	

	BRA 5201
	B
	1.2
	BRA 4952
	C
	79.7
	

	BRA 5193
	B
	1.1
	BRA 4957
	C
	60.1
	

	BRA 5200
	B
	0.4
	BRA 4931
	D
	18.5
	

	BRA 5200
	C
	46.4
	BRA 4936
	D
	48.4
	

	BRA 5194
	C
	70.7
	BRA 4946
	D
	53.0
	

	BRA 5196
	C
	77.5
	BRA 4952
	D
	28.9
	

	BRA 5192
	C
	81.3
	BRA 4957
	D
	12.2
	

	BRA 5200
	D
	31.0
	
	
	
	

	BRA 5192
	D
	53.9
	
	
	
	

	BRA 5196
	D
	34.0
	
	
	
	



The weight yields obtained for Methods A and B were in line with the expectations based on literature and previous results (Table S2, (Berger et al. 1964; Hadden et al. 2018; Hadden et al. 2019; Marin et al. 2012). However, the weight yields obtained in this study for archeological shells did not significantly differ from those obtained for the modern shells, indicating that the organic matter fraction is indeed protected by the carbonate crystalline structure and remains relatively constant after the formation of the shell (Figure S4a, S4b).


[image: Immagine che contiene testo, diagramma, schermata, numero

Descrizione generata automaticamente]Figure S4. Weight yields of modern and archeological samples for a) Methods A and B and b) Methods C and D.


Section 4: XRD results
[bookmark: _Hlk126055285]For samples prepared using the Method C, it was necessary to perform X-ray powder Diffraction analyses of the powdered shell material. This allowed detection of the presence and the relative content of calcite and aragonite before the pretreatment was performed and after, to see if the mineral phase separation was successful. Furthermore, XRD patterns were collected on all samples after the pretreatment was finished. For Method A and B, this was done to check if there was any mineral left in the extracted organic matrix, for method C to verify that the calcite-aragonite separation was complete and for Method D to have information on the composition of the powder, which could help to interpret the 14C date or the potential differences in age among specimens.
Methods A and B
Method A results in two fractions of organic matter: soluble and insoluble. We performed XRD analyses of both the fractions extracted. We expected to find no peaks for the soluble fraction, as all the carbonates should be dissolved leaving a fully amorphous organic fraction. In the insoluble fraction it was still possible to see some leftover carbonates, and thus the corresponding peaks as well. In most cases this was found to be true, but for some samples the dissolution was complete and even in the insoluble fraction there were no peaks present. In cases of amorphous samples, the scale of intensity is much lower compared to that of partially crystalline samples as the diffraction is barely present at all, thus eventual deviations from the background values might appear larger. 
In the case of sample BRA 5070.1, we found no significant peaks in either the soluble or the insoluble fraction indicating a complete dissolution of the carbonates (Figure S5). The bulging of the graphs, or deviation from the zero of the background value shows an amorphous nature of the sample. The difference values for these graphs are not high, although there are some unidentified peaks in both fractions which would require further investigation in case of archeological samples.
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Descrizione generata automaticamente]Figure S5. XRD graphs of the insoluble and soluble fractions extracted from sample BRA 5070.1
Figure S6. XRD graphs of the insoluble and soluble fractions extracted from sample BRA 5070.2

Sample 5070.2 is a good example of what our expectations for most samples was, which is to find the soluble fraction free of carbonates and thus free of peaks, and the insoluble fraction still containing some (Figure S6). In this case we have some aragonite left in the insoluble fraction of the organic matrix as shown by the turquoise-colored peaks, in correspondence with the turquoise reference points shown at the top of the graph representing the typical peak positions of reference aragonite. In this sample the difference is very low so we can assume to have discovered all present phases in these samples.
[image: Immagine che contiene testo, linea, Diagramma, diagramma

Descrizione generata automaticamente]Sample BRA 5072.1 contains a crystalline phase in the insoluble fraction as evidenced by the presence of an intense and several lesser peaks corresponding to reference peaks of quartz (shown in violet, Figure S7). There is a slight difference corresponding to the quartz peaks indicating minor deviations from the reference peaks in terms of shape and intensity. The presence of quartz could be the remnants of the agate mortar and pestle that was used to crush the shells. In the soluble fraction we have an unidentified peak present at the diffraction angle of 32°2θ, which is also seen in the difference portion of the graph. This would require further investigation in case of archeological samples as it might indicate the presence of another phase in the sample. However, given the low intensity of this peak it should not affect the further analysis of the sample. 
Figure S7. XRD graphs of the insoluble and soluble fractions extracted from sample BRA 5072.1

[image: Immagine che contiene testo, linea, Diagramma, diagramma

Descrizione generata automaticamente]Figure S8. XRD graphs of the insoluble and soluble fractions extracted from all modern samples treated with Method B.
The two graphs in Figure S8 show the insoluble fraction on the left and the soluble fraction on the right, extracted from all modern samples treated with Method B. These graphs do not show all the parameters shown in the single sample graphs, since the refinement is not shown in graphs with multiple samples. However, in this case, we can clearly see that none of these samples present any significant peaks and are amorphous in both their insoluble and soluble fractions. In the insoluble fraction of sample BRA 5193 we can see a small quartz peak around the diffraction angle of 26°2θ, and for sample BRA 5200 we can see a small peak around the diffraction angle of 32°2θ which is an unidentified phase present in some samples treated with Method A as well. The soluble fraction extracted from sample BRA 5200 was insufficient to perform XRD analysis and is thus missing from the graph.In this graph we can see both the soluble and the insoluble fractions extracted from three samples: BRA 5193; BRA 5200 and BRA 5201. These fractions are all amorphous, except for two small peaks in the insoluble fractions of samples BRA 5193 and BRA 5200 which represent a quartz peak and an unidentified peak, respectively. The soluble fraction extracted from sample BRA 5200 was insufficient to perform XRD analysis and is thus missing from the graph.
[image: ]The archeological samples showed similar results with all pretreatments as the ones obtained from modern shells. Most samples pretreated with Methods A and B show traces of quartz in the insoluble fraction while the soluble fraction is amorphous with no significant peaks (Figure S9). Both fractions are shown at two different levels of intensity as the measurements were performed at two times, thus potentially resulting from a displacement of the glass plate in the XRD machine, or a different quantity of material being placed on the glass plate. Note that the intensity scale is different among the two graphs, so the difference between the two levels is roughly the same in both graphs.
Figure S9. XRD graphs of the insoluble and soluble fractions extracted from the archeological shells using Method A and B



Method C
[image: Immagine che contiene testo, diagramma, schermata, linea

Descrizione generata automaticamente]Thie graph in Figure S10 shows all modern samples before applying the pretreatment with Method C. These samples show the typical peaks of calcite and aragonite, and the relative proportions of the two phases in the whole shell, before separation are present in Table S3.
Figure S10. XRD graphs of the modern shells before applying Method C
Figure S11. XRD graphs of the two resulting fractions of the modern shells after applying Method C [image: Immagine che contiene testo, schermata, diagramma, linea

Descrizione generata automaticamente]


Since Method C results in two fractions, the results of the XRD analyses after pretreatment are shown in two graphs, one of the calcite and one of the aragonite fraction. The difference between calcite and aragonite fractions is visible from these graphs in Figure S11, as the peak intensities differ among them. However, it is also visible that neither fraction is pure, as both calcite and aragonite peaks are present in both fractions demonstrating that the separation of calcite and aragonite was not complete. The relative proportions of both phases in both fractions are shown in Table S3.
Table S3. Percentages of calcite and aragonite before and after the application of Method C to modern shells. Whole – percentages before separation; Aragonite/Calcite – the two resulting fractions; Aragonite 2 – resulting fraction after two centrifugations.
	Method C

	BRAVHO lab code
	Fraction
	Calcite (%)
	Aragonite (%)

	BRA 5200
	Whole
	63.69
	35.79

	BRA 5200
	Aragonite
	50.21
	49.79

	BRA 5200
	Calcite
	72.19
	27.58

	BRA 5192
	Whole
	79.10
	20.50

	BRA 5192
	Aragonite
	80.82
	19.18

	BRA 5192
	Calcite
	85.60
	14.09

	BRA 5192
	Aragonite 2
	88.44
	11.39

	BRA 5196
	Whole
	84.74
	15.20

	BRA 5196
	Aragonite
	87.81
	11.97

	BRA 5196
	Calcite
	92.68
	6.99

	BRA 5196
	Aragonite 2
	75.60
	24.10

	BRA 5194
	Whole
	88.03
	11.81

	BRA 5194
	Aragonite
	39.06
	60.94

	BRA 5194
	Calcite
	92.62
	7.27


[image: ]As for modern shells, we analyzed the archeological specimens with XRD before and after pretreatment with Method C (Figure S12 and S13). Before pretreatment all specimens showed mostly calcite, while sample BRA 4952 showed mostly aragonite (Table 3, main text).
Figure S12. XRD graphs of the archeological shells before applying Method C

As for the modern shells, the resulting fractions after applying Method C were two: the calcite fraction and the aragonite fraction (Figure S13). As for modern shells, the separation was not complete for archeological specimens either, as most shells contained traces of calcite in the aragonite fractions as the modern specimens did. 


Figure S13. XRD graphs of the two resulting fractions of archeological shells after applying Method C [image: ]



Method D
The modern samples pretreated using Method D show a mixture of calcite and aragonite in similar proportions among all analyzed samples (Table S4, Figure S14). When comparing the graphs of the shell powder before pretreatment to the ones after pretreatment with Method D we can see not much has changed, even though there is a slightly higher proportion of calcite after the application of Method D. This could be due to the preferential dissolution of aragonite that was found to occur during the acid etching of shells (Vita-Finzi and Roberts 1984).
Table S4. Percentages of calcite and aragonite after the application of Method D on modern shells 
	Method D 

	BRAVHO lab code
	Calcite (%)
	Aragonite (%)

	BRA 5200
	75.93
	23.71

	BRA 5192
	85.55
	14.16

	BRA 5196
	85.79
	13.74
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Figure S14. XRD graphs of the modern shells after applying Method D

Archeological shells pretreated with Method D show similar proportions of calcite and aragonite as the samples before pretreatment with Method C (Table 3 in main text and S5), with all but BRA 4952 showing mostly calcite (Figure S15).


Table S5. Percentages of calcite and aragonite after the application of Method D on archeological shells. 
	Method D 

	BRAVHO lab code
	Calcite (%)
	Aragonite (%)

	BRA 4931
	99.92
	0.08

	BRA 4936
	99.69
	0.18

	BRA 4952
	2.38
	97.62

	BRA 4946
	100.00
	0.00

	BRA 4957
	100.00
	0.00


[image: ]

Figure S15. XRD graphs of the archeological shells after applying Method D


Section 4: Pyrolysis
The products obtained from the pyrolysis of archeological specimens pretreated with Methods A and B are normally detected upon Py-GC-MS of diagenetically degraded natural organic matter (Brown et al. 2000). A similar suite of pyrolysis products was reported for the sedimentary matrix of samples of the Upper Palaeolithic sequence of Abri Pataud that were attributed to charred organic matter mixed to other organic materials (Braadbaart et al. 2020). 
The comparison of the pyrolytic patterns with those from modern samples evidenced changes indicative of degradative processes related to diagenesis. In fact, the set of compounds found in the pyrograms of the modern sample from R.philippinarum (BRA 5070) was dominated by pyrolysis products of proteins,  (e.g. 4-methylphenol, benzylnitrile, indole) including the specific cyclic dipeptides (diketopiperazines) (Fabbri et al. 2012). Their absence in archaeological samples supported the degradation of proteins in the deposition environment. Nonetheless, the presence of proteinaceous matter remains was confirmed by the occurrence of nitrogen-containing pyrolysis products, as for instance pyrrole, pyridine and benzonitrile. Benzonitrile along with hydrocarbons were associated to recalcitrant organic matter that survived degradation (Ferro-Vázquez et al. 2019). Long chain alkylnitriles were indicative for the presence of fatty acids that reacted pyrolytically with proteinaceous materials (Nierop and van Bergen 2002). The presence of furaldehyde and the absence of anhydrosugars (levoglucosan) in the pyrolysates of archaeological samples, but the presence of levoglucosan in modern samples, suggested the occurrence of diagenetically altered carbohydrate precursors (Ferro-Vázquez et al. 2019).
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