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Unraveling sea-level variations and tectonic uplift in wave-built marine terraces, Santa María Island, Chile

Julius Jara-Muñoz and Daniel Melnick


Section DR1.  Mineralogy of the Santa María Formation (SMF) and sediment source
The SMF is composed by black sandstone, transported from the Andean volcanic arc to the coastal region by the Bio-Bio River. Sediments consist of volcanic and feldespathic litharenites, based on the classification of Folk (1980) (Figure DR1G and DR1H). Fls, Fl and Msc facies contain 80 to 85% of andesitic fragments (Figure DR1A – DR1B) and only 2% of terrigenous material; quartz and feldspars are scarce not exceeding 15%. These facies have no effects of pedogenesis or iron oxides precipitation. 
Terrestrial sediments, characterized by Sxs and Sm facies, consist of moderately to highly weathered feldspathic litharenites (Figure DR1E and DR1F). Metallic minerals are altered to limonite and clay cement resulting from the effects of weathering and pedogenesis. The sand fraction is dominated by andesitic grains (50-65%) and feldspars (20-25%). Modern environments (section DR3) are characterized by less altered black sand, identical in composition to those of the SMF (Figure DR1C and DR1D). Andesitic clasts preserve their metallic minerals with less oxidation. The same andesitic composition was also observed in the uplifted Holocene beach ridges and dunes.
The effect of pedogenesis in the SMF is predominantly restricted to the terrestrial facies and the position along the section. The upper levels of the SMF are those affected by minor weathering. Iron oxide colloids often precipitates at a maximum depth of ~3 m below the surface. The upper contacts of Ps loamy facies are often cemented by iron oxide colloids (goethite), this occurs as a result of the porosity contrast between facies, controlling the position of the phreatic level. Shallow marine facies at lower positions within the sections are less altered and cemented preserving the original texture of grains. 
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Figure DR1: Mineralogy of the SMF. A and B: Cross- and plane-polarized light views of the mineralogy of Fl facies in SMF, notice the abundance of andesitic volcanic fragments (~80%). C and D: Cross- and plane-polarized light view of volcanic grains, with an andesitic composition and porphyric texture. E and F: Cross- and plane-polarized light views of the weathering effects in volcanic fragments, the fine-grained matrix has been replaced with iron hidroxides (goethite) and clays. G and H: The SMF black sand consists of volcarenites and feldespathic litharenites (Folk, 1980). The axes for Figure G are: VRF: Volcanic rock fragments; SRF: Sedimentary rocks fragments; MRF: Metamorphic rock fragments. Axes for Figure H are: Q: Quartz; F: Feldespar; R: Rock fragments. Classifications if Figure H are: LT: Litharenite; FT: Feldespathic litharenite; LA:  Lithic arcose; A: Arcose; SA: Subarcose; SL: Sublitharenite; QA: Quartzarenite.




Section DR2. Modern and Holocene depositional environments 
During the Quaternary the Bio-Bio River has supplied a large quantity of volcanic material to this area, derived from ancient lahar deposits of the Antuco Volcano in the high Andes (Pineda, 1986, 1999; Scholl et al., 1970; Galli, 1967; Brüggen, 1941). These predominantly black sands have been transported by the littoral drift along the coastal areas of the Arauco Bay and to SMI. The modern depositional environments are developed at the eastern part of the SMI and comprise active shorelines, dune fields, and swamps within the Holocene lowlands. Fossil strandlines in the form of raised beach ridges are widely distributed in this area and have been interpreted to be a result of coseismic uplift during great subduction earthquakes (Bookhagen et al., 2006). Dunes are widely distributed within the lowlands, forming series of barchans and blowouts, as well as large dune fields that partially cover the sequence of raised beach ridges. The morphology of the dunes suggests that prevailing southwesterly Pacific winds mainly controls them. All these modern depositional environments were sampled to perform grain-size comparison with the deposits of SMF, these includes (Modern berm, swash-zone, and active dunes).

Section DR3. Grain size distributions 
All samples were sorted according to their degree of consolidation and percentage of fine fraction. Non-consolidated sand was sieved directly following the methodology proposed by Pettijohn et al. (1987); consolidated and semi-consolidated sediments were soaked in hydrogen peroxide, isolating the sand fraction by humid sieving. 
The SMF sediments are characterized by distinctive statistical distributions reflected in their granulometric parameters and in the general fining-upwards trend in grain size (Figure 11). Grain size distributions are unimodal and bimodal comprising mud (silt and clay) and sand fraction. Bimodal populations are associated with Ps, Bs, Sm and Sxs facies, although they are characterized by more than 40% of fine fraction (Figure 9E). The presence of clay and silt in the Ss and Ms facies is interpreted as a result of weathering and pedogenesis. In turn, the different amounts of silt associated with Fl and Fls facies are probably resulting from different deposition depths along the shore. 
The granulometric parameters from both samples of the SMF and of the modern environments were graphically represented according to the method proposed by Friedman and Johnson (1982) (Figures DR2A and DR2B), in order to test a preliminary classification of depositional environments. In these graphs the area is divided in zones that separate different depositional environments. The results are not consistent at all with the discrimination methods proposed by Friedman and Johnson (1982), as modern beach and dune deposits are not distributed according their defined environment. 
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Figure DR2: Samples from the SMF and modern environments plotted according to the classification graphs proposed by Friedman and Johnson (1982), mean in phi units. Note that sub-aerial and submarine samples overlap in both graphs preventing the discrimination of groups. 

Section DR4. Granulometric model of depositional environments
DR4.1 Factor analysis 
Statistical tests are used to detect hidden relationships between samples by considering their granulometric characteristics; we study the grain populations by a R-mode factor analysis, following the methodology proposed by Pino and Navarro (2005) focused on unraveling the transport mechanism. To evaluate if the dataset is suitable for a factor analysis, a correlation matrix test was performed. The determinant coefficient for the correlation matrix (Table DR1) (Det=0.307) is different from zero and relatively low, indicating that the sample population is highly correlated and the matrix is not singular and appropriate for a factor analysis. 
Table DR1. Correlation matrix
	 
	Mean
	Sorting
	Skewness
	Kurtosis

	Mean
	1
	0.058
	-0.615
	-0.288

	Sorting
	
	1
	0.217
	-0.532

	Skewness
	
	
	1
	0.277

	Kurtosis
	
	
	
	1



The factor loads show that the granulometric parameters are independent in the plane generated by the selected factors indicating a priori associations:
Factor I explains 46.13% of the total variance, where the mean and skewness represent the main factor loads but with opposite sign. This relation can be interpreted in terms of their transport characteristics, considering for example the sand dunes that are mainly composed of fine to medium sand and characterized by positive skewness due the wind transport. The contrary case can be observed in the swash zone or the upper shore-face, characterized usually by medium to coarse fractions with negative skewness.
Factor II explains 35.81% of the total variance, where the sorting shows positive loads and kurtosis negative. This relation is not completely clear and could be related to beach-dune sediment interactions; usually beach sediments are characterized by mesocurtic distributions whereas dune sands are characterized by good sorting. The opposite relation between both parameters could be interpreted as a result of continuous recycling processes between platicurtic to mesocurtic beach sediments and well sorted wind transported sand as commonly occurs in the foreshore to backshore environment.
A second factor analysis of 28 samples collected from present-day depositional environments, and 14 samples from the SMF was carried out. The obtained factor loadings for the sample population evince a clear separation in two different groups. The first group is composed by beach sands that includes samples from the swash zone, shore face and berm sub-environments. The second group consists of samples of active and inactive dunes and some spurious samples of beach environments from SMF that were probably misinterpreted or may share granulometric similarities with sub-aerial sediments. A small overlapping zone is placed between both groups, which include two samples of shore-face and two samples of active dunes (Figure DR3). 
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Figure DR3: Factor scores for KES (known depositional environment samples), two groups are clearly separated, consisting of beach and eolian sand. A small overlapping zone is placed between both groups, which include three samples of shore-face and three samples of active dunes.

The factor analysis results showed that two factor groups were sufficient to explain 81.9% of the total variance of the samples. This suggests that two different environments were responsible for most of the grain-size variability. Similarly, the granulometric parameters (mean, skewness, sorting and kurtosis) show a high communality suggesting that only two factors are appropriate to describe the whole population of samples. The factor loadings for each granulometric parameter and for the entire sample population have been rotated according to the Varimax method (Kaiser, 1958) (Figure DR4A and DR4B). [image: Macintosh:Users:julius:DOC_POTSDAM:PUB:STAM PUB:Manuscripts:Jara QR Noviembre 2013:FIGURES NOV 2013:Figure_10.pdf]
Figure DR4: (A) Factor loadings for each granulometric parameter in the SMF samples, and (B) factor scores for the entire SMF sample population. The random distribution of the scores prevents the discrimination of separated groups.

[bookmark: _GoBack]The plot of the factor scores (77 SMF samples) in the bi-dimensional space generated by factors 1 and 2 exhibits a random arrangement (Figure DR4B), preventing the discrimination of separated groups. However, since two factors can explain the variability between samples a discriminant analysis can be carried out. On the basis of the resulting groupings we divided the samples collected from the various present-day environments into two classes, using “d” (dune) for samples of eolian or sub-aerial sediments and “p” (playa) for samples from beach or sub-aquatic environments. 

DR4.2 Discriminant analysis
A discriminant analysis was carried out using the modern environments samples and 14 of the SMF samples, whose depositional environment was appointed by facies. The mean, skewness, kurtosis, and sorting were used as environment predictors. Discriminant analyses are used to find linear combinations of features that characterize or separate two or more classes. This method is used to distinguish groups on the basis of their hidden relationships or differences; it is commonly used in sedimentology to distinguish between two or more predefined groups of sediments and their depositional environments on the basis of multiple variables such as mean, skewness, kurtosis, and sorting (e.g., Kasper-Zubillaga and Carranza-Edwards, 2005; Guerzoni et al., 2004; Kasper-Zubillaga and Dickinson, 2001; Stapor and Tanner, 1975). Once the rate of success for discriminating between variables has been calculated, the resulting function is capable of identifying the depositional environment of each sample. The computation method has been described in detail by Nie et al. (1975).
The discriminant analysis method starts by testing the Quadratic Mahalanobis distance, which in this case was 8.886, indicating that categories are well separated with a high discrimination capability. The next step in discriminant analysis is to define the inputs, in this case we define the KES (Known depositional Environment Samples), which consist of 28 samples collected from recent depositional environments and 14 samples from the SMF whose depositional environment has been inferred by their facies. Subsequently, we proceed to define the environmental categories, the environment from which modern samples have been collected. In this case we assign “d” for sub-aerial deposited sediments, and “b” for beach or sub-aquatic environment, both categories were used to classify the KES. The obtained classification matrix shows a 100% of accuracy in the KES environment classification respect to their original acquainted environment. The obtained coefficients for the lineal classification functions (Table DR2a) are divided in two equations (Table DR2b), by replacing the values of mean, skewness, sorting and kurtosis on each equation we determine the depositional environment of each sample. These equations were then used in the SMF samples in order to determine the depositional environments for each sample (Table DR3). 
	 Table DR2a. Coefficients for lineal classification functions (Discriminant analysis)

	
	
	

	Variables 
	p
	d

	Mean (M)
	1.791554
	-1.34367

	Sorting (S)
	-1.23634
	0.927255

	Skewness (Sk)
	1.863395
	-1.39755

	Kurtosis (K)
	0.365637
	-0.27423

	Constant
	-2.22914
	-1.3369

	
Table DR2b. Classification functions

	SP= -1.337-1.344*M+0.927*S-1.397*SK-0.2742*K (shallow marine environment)

	SD= -2.229+1.791*M-1.23634*S+1.863*SK+0.365*K (backshore environment)



Table DR3. Classification of unknown environment samples of SMF using the classification functions (Granulometric Model). The highest value of SD or SP defines the classification of each sample. 
	
	
	
	
	
	
	
	

	Sample
	SD
	SP
	Classification
	Sample
	SD
	SP
	Classification

	A1
	-0.419
	-2.694
	d
	4, 3
	1.350
	-4.022
	d

	A2
	-1.876
	-1.602
	b
	6, 3
	-3.128
	-0.662
	p

	A4
	-1.909
	-1.577
	b
	8, 3
	2.452
	-4.847
	d

	A5
	-1.558
	-1.839
	d
	10, 3
	-2.511
	-1.124
	p

	1, 4
	1.267
	-3.959
	d
	13, 3
	-1.960
	-1.539
	p

	2, 4
	0.635
	-3.485
	d
	14, 3
	-4.890
	0.660
	p

	3, 4
	-1.032
	-2.235
	d
	14, 3a
	-5.244
	0.925
	p

	4, 4
	-2.300
	-1.284
	p
	16, 3
	-1.751
	-1.699
	p

	6, 4
	-4.026
	0.010
	p
	17, 3
	-3.630
	-0.288
	p

	7, 4
	-5.579
	1.176
	p
	U2
	-3.287
	-0.544
	p

	8, 4
	-5.387
	1.033
	p
	U3
	-0.910
	-2.327
	d

	9, 4
	-5.118
	0.831
	p
	U4
	-2.476
	-1.152
	p

	10, 4
	-2.294
	-1.287
	p
	U5
	-2.437
	-1.181
	p

	11, 4b
	-2.748
	-0.946
	p
	1, 2
	0.665
	-3.508
	d

	11, 4t
	-2.116
	-1.420
	p
	2, 2
	0.581
	-3.445
	d

	14, 4
	-2.366
	-1.235
	p
	3, 2
	-0.332
	-2.761
	d

	15, 4
	-2.964
	-0.786
	p
	5, 2
	-2.198
	-1.361
	p

	16, 4
	-2.140
	-1.404
	p
	6, 2
	-2.958
	-0.791
	p

	17, 4
	-2.986
	-0.769
	p
	7, 2
	-1.005
	-2.255
	d

	18, 4
	-3.271
	-0.554
	p
	9, 2
	-2.067
	-1.459
	p

	19, 4
	-5.076
	0.799
	p
	9, 2a
	-2.541
	-1.103
	p

	20, 4
	-5.426
	1.062
	p
	11, 2
	-3.988
	-0.017
	p

	21, 4
	-5.162
	0.863
	p
	12, 2
	-4.472
	0.346
	p

	3, 3
	-2.268
	-1.308
	p
	13, 2
	-2.042
	-1.477
	p

	5, 1
	-2.029
	-1.487
	p
	14, 2
	0.571
	-3.437
	d

	6, 1
	-2.422
	-1.192
	p
	1, 1
	-4.351
	0.255
	p

	7, 1
	-0.885
	-2.345
	d
	2, 1
	-0.342
	-2.753
	d

	8, 1
	-1.014
	-2.248
	d
	3, 1 (H)
	-0.291
	-2.791
	d

	12, 1
	-3.762
	-0.188
	p
	4, 1 H
	-0.460
	-2.665
	d

	13, 1
	-2.630
	-1.036
	p
	15, 1
	-2.528
	-1.113
	p



The results of the discriminant analysis are in agreement with those from the factor analysis (Figure DR4A) in showing that the mean and skewness are the variables that best discriminate between dune (d) and beach (b) environments. Furthermore, the resultant classification matrix showed 100% accuracy in the classification of the modern samples into to their original environment. The coefficients obtained for the lineal classification functions, which are shown in Table DR2a and DR2b, were used to classify all the SMF samples as deriving from either “b” or “d” environments. 

Section DR5. Radiocarbon samples
Six new radiocarbon ages were obtained in this study, five from charcoal and wood fragments and one from bulk sediment dating. Wood and charcoal fragments were obtained from within paleosol levels (Bs and Ps facies). Wood remains, such as those shown on Figure DR5, were founded in the upper contact of gley type paleosols. The material consists of weak dark-brown partly carbonified fragments, which preserve their vegetal structure. The size of the wood pieces range between 0.5 cm and 50 cm (Figure DR7C and D). 
Charcoal fragments like indicated in figure DR6B, DR6C and DR7C are abundant in loamy paleosol levels (Ps facies), disseminated between the clay layers of the Ps facies. In most cases charcoal fragments were partially replaced by iron oxides and manganese in the rims. The charcoal fragments reproduce the original shape of the parental vegetal material, like in Figure DR6C, or forming small rounded concretions coated by iron oxides. The size of charcoal fragments ranges from 0.2 to 2 cm. 
Charcoal concretions and wood fragments were studied using Energy Dispersive spectrometry (SEM) in order to analyze the morphology and composition of the dated material. Wood remains preserve their original structure even in carbonified fragments with no evidences of mineral replacement or crystallization in the cavities. Charcoal fragments and charcoal concretions are rich in iron, essentially cubes of pyrite (Figure DR8B) that encapsulates the organic fragments destroying the original vegetal structure. Mud, pyrite and silica compose the coating of charcoal concretions, where most of the charcoal is preserved in the lower concretionary layers and in the core of the concretions. This condition is often problematic when picking the samples for 14C dating because a major amount of material is required. 
The presence of pyrite suggests a highly reductive environment; however, we cannot explain when and what processes controls the crystallization of pyrite, and why seems to affect only some charcoal fragments. The coexistence of pyrite and limonites suggest that leaching processes have affected this facies after their deposition.
[image: ]
Figure DR5. A: Sampling site at the southwestern part of SMI. A landslide triggered by the 2010 earthquake partly vegetated and stabilized facilitated access to the sampling site. B: The wood fragments are located at the contact between Sm and Bs facies. 
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Figure DR6. A: View of a sampling site in the northwestern part of SMI. A landslide triggered by the 2010 earthquake facilitated access to the sea cliff. B: Angular charcoal fragments disseminated within Ps facies suggest no transport and in-situ conditions. 
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Figure DR7. Examples of paleosol types and dated materials. A: Outcrop of Bs facies overlying the bedrock unconformity. The flooding surface between the Bs and Scm-Shs facies represents the onset of SMF deposition. The breccia layer indicates in-situ weathering of the Tertiary sedimentary bedrock. B: Outcrop of Loam type soil (Ps facies). The white dashed circle denotes location of charcoal fragment in C. C: Charcoal fragment in dashed white circle yielded a minimum age of 48 ka. D: Hand-size sample of dated wood fragment. E: SEM image of the microstructure of the dated wood fragment in D.
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Figure DR8. SEM images of dated material. A: Vegetal structure preserved in wood fragments obtained from Bs facies. B: Charcoal concretions are coated by pyrite, mud, iron oxides and amorphous silica, preserving charcoal only in the lower concretionary layers. C: Most of the pyrite is arranged in clusters in the external layers of concretions.
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