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Abstract:  

We present new cosmogenic (10Be) exposure ages obtained on Pleistocene marine abrasion shore 

terraces of Northern Chile between 24°S and 32°S in order to evaluate the temporal and spatial 

variability of uplift rates along the coastal forearc. Both the dispersion of cosmogenic concentrations 

in samples from the same terrace and data obtained in vertical profiles show that onshore erosion 

rates, following emergence of paleoshorelines, approached 1m/Myr. Therefore, minimum ages 

calculated without considering onshore erosion may be largely underestimated for Middle 

Pleistocene terraces. The elevation of the last interglacial (MIS-5) paleoshoreline is generally between 

25 and 45 m amsl, suggesting that the entire coast of the study area has been uplifting during the 

Upper Pleistocene at rates approaching 0.3 mm/yr. Available ages for Middle Pleistocene terraces 

suggest similar uplift rates, except in the Altos de Talinay area where uplift may have been 

accelerated by the activity of the Puerto Aldea Fault. The maximum elevation of Pleistocene 

paleoshorelines is generally close to 250 m and there is no higher older Neogene marine sediment, 

which implies that uplift accelerated during the Pleistocene following a period of coastal stability or 

subsidence. We observe that the coastal morphology largely depends on the latitudinal climatic 
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variability. North of 26.75°S, the coast is characterized by the presence of a high scarp associated 

with small and poorly preserved paleoshorelines at its foot. The existence of the coastal scarp in the 

northern part of the study area is permitted by the hyper-arid climate of the Atacama Desert. This 

particular morphology may explain why paleoshorelines evidencing coastal uplift are poorly 

preserved between 26.75°S and 24°S despite Upper Pleistocene uplift rates being comparable with 

those prevailing in the southern part of the study area. 

Keywords: Andes, Uplift, cosmogenic nuclide, Paleoshores, Tectonics, Climate 
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1. Introduction 

Many authors, following Darwin (1846), noted that most of the Pacific coasts of South America 

are uplifting. Brüggen (1950) and Fuenzalida et al. (1965) reported the presence of several marine 

terraces, partly cut in bedrock and partly filled or veneered with clastic materials along most of the 

Chilean coasts, particularly between 26°S and 40°S. They observed that the elevation of the highest 

terraces generally exceeds 150 m above mean sea level (m amsl).  

The analysis of the Norte Chico coastal morphology and associated continental and marine 

deposits evidences periods of coastal uplift alternating with periods of subsidence during Tertiary 

times (Le Roux et al., 2005). In the Tongoy area (~30°S), for instance, Paskoff (1970) describes a 

period of subsidence marked by the deposit of the Neogene Coquimbo marine formation. He shows 

that this episode of subsidence followed a period of coastal uplift during which the paleo Limari River 

had excavated a deep valley, today preserved 500 m below sea level. Although the particular 

geological evolution of this area has been affected by fault activity, the same succession of periods of 

uplift interrupted by episodes of subsidence is registered by geological markers in many places of the 

Norte Chico coastal area. For instance, in the Caldera region (27°S), continental deposits overlain by 

Miocene marine sediment fill valleys carved in the Paleozoic and Mesozoic basement (Marquardt, 

1999; Marquardt et al., 2004).  

An active margin coastal area being subject to tectonic uplift or subsidence is not surprising. The 

question of how subduction drives forearc vertical motions, however, is not clear, and several 

processes may act together to change the dynamics of the coastal area (e.g., Regalla et al., 2013; 

Henry et al., 2014; Martinod et al., 2016). In order to constrain the causes of observed motions, it is 

important to quantify and date the coastal morphological evolution. Scientific questions relative to 

this issue are listed as follows. When did the present-day coastal uplift begin? Did it occur at constant 

speed or during short pulses? How does its speed vary laterally? Do periods of uplift and subsidence 
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correlate everywhere along the Chilean coasts, or are they instead controlled by local tectonic 

settings?  

Answers to the aforementioned questions require dating the beginning of the present-day 

episode of coastal uplift in Northern Chile. Considering published data, Regard et al. (2010) estimate 

the onset of coastal uplift in Northern Chile and Southern Peru, looking at the elevation of the 

highest preserved shoreline and supposing that the vertical velocity remained constant since the 

beginning of uplift. They propose that coastal uplift started in most sectors of Pacific coasts of the 

Central Andes during the Middle Pleistocene. In many sites however, the uplift velocity is only 

constrained by a single age, and there is no information on its temporal variability. Moreover, the 

constant uplift velocity hypothesis adopted by Regard et al. (2010) conflicts with results obtained by 

Saillard et al. (2009) in the Altos de Talinay area (~30.5°S). Indeed, data presented by Saillard et al. 

(2009) suggest that Altos de Talinay have been affected by a pulse of very rapid uplift culminating at 

1.2 mm/yr between MIS-9 and MIS-7, preceding a severe decrease of the vertical velocity close to 0.2 

mm/yr since MIS-5. It implies that the Pleistocene history of coastal uplift may have been much more 

complex than supposed by Regard et al. (2010) and, in turn, raises the question of how the 

geodynamic processes operating in the area may explain highly variable uplift rates.  

The spatial variability of coastal uplift in the study area is also disputed. Between 32°S and 26°S 

(‘Norte Chico’ region) raised shoreline markers are almost continuously preserved above the present-

day coastline (e.g., Brüggen, 1950; Paskoff, 1970), whereas between 24°S and 26 °S (‘Norte Grande’) 

the coast is marked by the presence of a high scarp whose elevation approaches 1000 m, and below 

which terraces or other structures marking the position of ancient seashores are generally absent 

(see below). In some places north of Tal-Tal (25.4°S), the ocean is actively eroding the scarp. Does the 

scarp mark a different tectonic evolution and a different uplift velocity north of 26°S?  

In the following, we present new cosmogenic data (10Be) to date Pleistocene shorelines in Chile 

between 24°S and 32°S. We dated terraces in places where no ages where available, in order to look 
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at the spatial variability of uplift rates. On the other hand, we also dated new paleoshorelines in sites 

where some terraces had already been dated, in order to evaluate the Pleistocene temporal 

variability of uplift rates. We confirm that uplift has been active everywhere in the study area during 

the Middle and Upper Pleistocene.  Finally, we show that the morphological signature of coastal 

uplift in the study area, and particularly the preservation of paleoshorelines, largely depends on 

climate. Paradoxically, we observe that paleoshorelines are better preserved in the semi-arid Norte 

Chico than in the hyper-arid Atacama Desert because the coastal cliff, whose preservation is 

permitted by the hyper-arid climate of Atacama, restrains the formation of wide shore platforms. 

 

2. Coastal morphology of the Norte Chico region, between 24° and 32°S 

Both erosional and depositional paleoshores are present in the study area. Erosional paleoshores 

often consist in staircase marine terraces directly cut in bedrock (abrasion shore platforms). Their 

formation is related to sea-level highstands associated to the Quaternary glacial/interglacial cycles 

(e.g., Chapell, 1974; Lajoie, 1986; Pedoja et al., 2014). During sea-level highstands that correlate to 

odd-numbered Marine Isotopic Stages (MIS), wave action erodes rocky coasts. It results in the 

appearance of a cliff located above a planar shore platform gently inclined towards the sea. The 

shoreline angle at the base of the cliff marks the maximum elevation of the ocean during the 

highstand (e.g., Lajoie, 1986; Jara-Munoz et al., 2016). This erosional surface is abandoned when the 

sea level falls. If the coast is uplifting, the shore platform is not reoccupied by the ocean, and the 

bedrock surface morphology is only weakly modified by continental erosion in the semi-arid to 

hyper-arid environment of Northern Chile. In many places of Northern Chile, the coastal fringe 

eroded by the ocean corresponds to a ‘Rasa’, i.e. a polygenic surface in which intermediate shoreline 

angles marking different highstand levels are difficult to observe (Guilcher, 1974; Regard et al., 2010). 
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Depositional paleoshores result in terraces where marine deposits accumulated. They are 

generally covered by beach-ridges, and their presence in Northern Chile is generally restricted to 

bays where the energy of waves is lower (Saillard et al., 2012).  

The morphology of the coast varies significantly depending on the bedrock lithology, the 

continental slope close to the present-day shoreline, and the considered latitude. We describe 

below, from north to south, the morphology of this segment of the Chilean Coast. See Fig. 1 for the 

geographical location of sites cited in the text. 

 

Figure 1: (a) Location of dated marine paleoshorelines and other sites cited in the text. Empty 

triangles: 10Be data on surface samples; filled triangles: 10Be data in vertical profiles; diamonds: 

other dating methods; (b) Basement lithology along the coast; (c) Average annual precipitations 

between 1960 and 1990 (after Willmott & Matsuura, 2001); (d) Topographic profiles 

perpendicular to the coast. 
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The coast of the northern part of the study area between Caleta El Cobre (24°S) and Caleta 

Obispito (26.75°S) is particularly steep (Fig. 1). In many segments, it is marked by the presence of a 

scarp built in Mesozoic volcanic and plutonic rocks whose elevation approaches 1000 m. The distance 

between the scarp and the present-day coastline is generally ~1 km. Most of the fringe between the 

coast and the scarp is composed by a single rasa, whose inner edge elevation is often lower than 100 

m amsl, and no remnants of Pleistocene marine erosion are preserved at higher elevations. In some 

places, especially north of Tal-Tal (25.4°S), the coastal rasa totally disappears and the ocean is 

actively eroding the scarp. In this northern segment (24°S-25.4°S), the rasa at the base of the coastal 

scarp corresponds to a rough surface in which many ancient seastacks have been preserved, often 

covered by thick caps of debris fallen from the scarp. In many places, the bedrock is not visible 

beneath the scarp and the ocean is actively eroding the cap of fallen debris. Very few flat terraces 

containing marine deposits between sea stacks are preserved north of Tal-Tal. The larger ones are 

located close to Planta Paposo (25.1°S) and above Punta Piedras (24.75°S) (Fig. 2). The marine terrace 

located above Punta Piedras is only ~150 m wide per ~300 m long.  

 

Figure 2: View from the South of the Punta Piedras terrace beneath the coastal scarp (24.75°S). 
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The coastal segment located south of Caleta Obispito (26.75°S), in contrast, presents a gentle 

topography. Between Caleta Obispito and Caleta Sal (27.9°S), Pleistocene paleoshorelines often lie 

above Neogene marine sediment pertaining to the Bahia Inglesa Formation. Numerous 

paleoshorelines marked by the occurrence of beach ridges are visible between the present-day 

coastline and ~220 m amsl (Marquardt, 1999; Marquardt et al., 2004).  

Between 27.9°S and 28.8°S (Caleta Sarco), Neogene deposits disappear and Pleistocene terraces 

are generally built above Paleozoic metamorphic series and Mesozoic intrusives. Large parts of the 

coastal fringe affected by marine erosion are covered by aeolian deposits, masking the morphology 

inherited from marine erosion. The width of the coastal fringe affected by Pleistocene marine 

erosion is roughly 2 km. In Huasco (28.5°S), Cooke (1964) and Fuenzalida et al. (1965) note the 

presence of several narrow lower terraces. Above lower terraces, the coastal fringe consists of a 

large upper rasa, whose inner limit is between 130 and 220 m amsl.  

The coastal area located between 28.8°S (Caleta Sarco) and 29.35°S (Choros Bajo) corresponds to 

a wide low elevation area. The basement consists in Paleozoic metamorphic series, Jurassic plutons, 

covered in some places by Neogene deposits of the Coquimbo Formation. Pleistocene marine 

paleoshorelines are preserved as far as 15 km onshore. Paleoshores consist either of abrasion 

terraces, or of beach ridges deposited above surfaces gently inclined toward the ocean. Lower 

terraces are narrow, they contain many preserved seastacks, and in many places their shoreline 

angle and the transition with the upper terrace is difficult to observe. In Caleta Agua de la Zorra, 15 

km north of Caleta Chañaral, narrow marine terraces whose inner edge elevations are located 34, 54 

and 74 m amsl are preserved. Shoreline angles of two higher terraces 92 and 110 m amsl are clearly 

visible 10 km to the south, close to Punta Tetillas. All these narrow terraces contain many preserved 

seastacks, and their morphology contrasts markedly with that of the upper marine terrace. The 

upper terrace, indeed, is several km-wide, flat and polished, and few seastacks have been preserved 

by marine erosion on this level (Fig. 3).  
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Between 29.35°S and 29.8°S, Neogene deposits disappear and marine terraces are again built in 

Mesozoic volcanic and plutonic rocks, except in Quebrada Honda (29.6°S) where the Neogene 

Coquimbo Formation locally outcrops. Within Mesozoic rocks, marine erosion resulted in the 

appearance of a ~2 km-wide rasa. The inner edge of the rasa is generally 200 m amsl. Its surface is 

generally rough, including many ancient seastacks between 1 and 100 m long, and it is difficult to 

distinguish terraces in this geomorphological unit.  

 

Figure 3: Contrasted morphology of the upper and lower terraces in Punta Tetillas (29°S). (a) The 

upper terrace is several km wide, and it has been almost completely polished by marine erosion. 

Only rare seastacks have been preserved. (b) View taken from the upper surface towards the 
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ocean and (c) photo taken from one of the lower terraces. Lower terraces are rough, narrow, and 

shoreline angles marking different highstand levels may be difficult to observe. 

 

Between 29.8°S and 30.3°S, the coastline is composed of several bays that are, from north to 

south, the Coquimbo, Herradura, Guanaqueros and Tongoy bays (Fig. 1). These bays are marked by 

depositional paleoshores whose morphology is dominated by numerous beach ridges deposited 

above Neogene marine sediments pertaining to the Coquimbo Formation (Brüggen, 1929). In Tongoy 

Bay, three levels of marine terraces are preserved (Paskoff, 1970), while four major terrace levels had 

already been recognized in the Coquimbo Bay by 19th century geologists (Darwin, 1846; Domeyko, 

1848). The maximum elevation of Quaternary marine deposits is approximately 160 m amsl.  

The SE boundary of Tongoy Bay corresponds to the Puerto Aldea Fault (Fig. 1), whose Pleistocene 

activity has been noted by Paskoff (1970), Ota et al. (1995) and Saillard et al. (2012). The fault 

azimuth is approximately N-S, and it accommodates the uplift of the western block (Punta Lengua de 

Vaca). The morphology of the coastal segment located between Punta Lengua de Vaca and Los Vilos 

(32°S) is fully described in Paskoff (1970), Ota et al. (1995) and Saillard et al. (2009). Abrasion 

surfaces built by oceanic erosion are particularly well preserved along this 150 km-long coastal 

segment, and authors distinguish four main marine terraces. The two highest platforms 

(denominated TI and TII in Ota et al. (1995)) are much larger than underlying terraces. TI and TII 

consist in large surfaces gently inclined towards the ocean. Their width is generally greater than 5 

km, and their maximum elevation is approximately 500 m and 200 m, respectively. Lower terraces, in 

contrast, (TIII and TIV following Ota et al. (1995)) correspond to rough terraces in which many sea 

stacks are preserved, and their width is always less than 1 km. The maximum elevation of TIII is 

approximately 50 to 60 m, and that of TIV is ~25 m amsl. In the coastal segment between Punta 

Lengua de Vaca and Los Vilos, highest surfaces (TI and TII) are cut by faults whose azimuth is 

generally close to N165°, and that accommodate the uplift of the western block without any 

significant strike-slip motion (Ota et al., 1995; Saillard et al., 2010). The largest of these faults crosses 
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the Quebrada del Teniente valley, 17 km north of Caleta Maiten. Ota et al. (1995) report that the El 

Teniente Fault vertical offset through the high surface is approximately 50 m. They also note that the 

El Teniente Fault and other similar structures are apparently inactive, since lower marine terraces 

below 50 m amsl are not deformed.  

To sum up, there is a sharp contrast in the coastal morphology north and south 26.75°S.  In the 

northern part of the study area, the coastal fringe is narrower than ~1 km, its inner edge often 

corresponds to a very high scarp whose elevation approaches 1000 m, and paleoshorelines marking 

coastal uplift are poorly preserved. In contrast, paleoshorelines have a continuous longitudinal 

expression south of 26.75°S. This different morphology is not explained by lithology, since similar 

magmatic series constitute the larger proportion of coastal segments both north and south of 

26.75°S (Fig. 1b).  Finally, we also observe that higher preserved Pleistocene terraces are generally 

smoother and wider than lower terraces.  

 

3. Previously published ages and sampling strategy 

Fuenzalida et al. (1965) noted that paleontological data do not help in accurately dating shoreline 

changes. They show, however, that the highest raised shorelines are not older than the Pleistocene 

or Pliocene. Between Caleta Sal and Caldera, Marquardt (1999), Ortlieb et al. (2003) and Marquardt 

et al. (2004) describe a terrace whose elevation varies between 135 and 160 m amsl, containing 

warm water mollusks that live today north of 6°S along South American coasts. Ortlieb et al. (2003) 

proposed that this warm water fauna, also called TAMA (Thermally Anomalous Molluscan 

Assemblage), expanded southward when the intensity of the cold Humboldt current diminished, 

during MIS-11 (400 kyrs ago). However, U-Th data obtained by Leonard et al. (1994) in Morro 

Copiapo (27.2°S) in a terrace containing TAMA fauna suggest that warm water mollusks deposited 

during an older interglacial period (MIS-13 or MIS-15, Marquardt et al., 2004). Moreover, north of 

the study area, in the Mejillones Peninsula (23°S), Cortes (2012) shows that at least two levels 
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contain warm water assemblages. Thus we consider that although TAMA deposits may help in 

correlating terraces, their age is not constrained enough to give precise information on the coastal 

uplift. 

Paleoshorelines in the study area have been dated using different techniques. The U/Th method 

has been employed on marine shells by Radtke (1987a; 1987b; 1989), Leonard et al. (1994) and 

Saillard et al. (2012). Other methods applied on shells consist in mollusk aminostratigraphy and 

Electron Spin Resonance (ESR) ages (Leonard & Wehmiller, 1992). All these methods are appropriate 

to date shores from the more recent interglacial periods. In contrast, they do not permit accurate 

dating of shores older than ~400 kyr (MIS-11). In fact, most of the ages obtained using these 

techniques correspond to the lower paleoshorelines that mark the last or penultimate interglacial 

period (MIS-5 or MIS-7), and little information is available concerning older seashores. 

 

Figure 4: Latitude vs. elevation of dated paleoshorelines. Circles correspond to paleoshorelines dated 

in previous studies, filled circles corresponding to paleoshorelines dated using cosmogenic isotopes 

whose ages are discussed again in this paper. Triangles correspond to paleoshorelines sampled and 

dated in this work. 
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 More recently, cosmogenic isotopes have also been used to date Quaternary paleoshorelines in 

Northern Chile (Quezada et al., 2007; Saillard et al., 2009; Rodriguez et al., 2013). Quezada et al. 

(2007) measured 21Ne concentrations in pebbles collected in a terrace above Caldera (27°S). 

However, they note that concentrations differ significantly between pebbles collected in the same 

paleoshoreline, suggesting that some of them contain large amounts of inherited cosmogenic 

isotopes. The problem of inherited concentration is avoided if directly sampling bedrock outcrops. In 

many terraces in Northern Chile, the ocean removed most of the eroded material, and the bedrock 

either directly outcrops or is covered by a very thin (<1 m) layer containing rounded pebbles, sand 

and shells. Measuring cosmogenic isotopes concentrations in bedrock samples from these terraces 

should indicate the timing of emersion of the terrace, or a minimum age in case the erosion that 

followed emersion cannot be neglected. Saillard et al. (2009) measured 10Be concentrations as large 

as 2.9x106 atoms/g in quartz samples collected 240 m amsl in Altos de Talinay (30.9°S), evidencing 

that the erosion posterior to the formation of this paleoshoreline has been slower than 1 m/Myr 

there. These authors remark that samples collected on the same terrace have comparable 10Be 

concentrations. They also observe that ages estimated from cosmogenic isotope concentrations and 

supposing that the erosion has been negligible following the emersion of the terrace (minimum ages) 

correspond to sea-level highstand periods. Thus, they conclude that post-emergence erosion did not 

affect the cosmogenic isotope concentrations in the samples they collected, and that minimum ages 

calculated neglecting erosion processes give a good estimation of the real seashore age even for 

terraces that date from the beginning of the Middle Pleistocene (MIS-19, ~690 kyr).  Indeed, they 

note that in the Central Depression and Precordillera of Northern Chile, Nishiizumi et al. (2005) and 

Kober et al. (2007) report erosion velocities generally smaller than 1 m/Myr, and often as small as 0.1 

m/Myr. Nevertheless, Saillard et al. (2009) acknowledge that samples they analyzed were collected in 

small areas (within a radius of ~6 m) within each terrace, which may also explain the small variability 
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of measured concentrations. Moreover, we note that erosion rates as small as 1 m/Myr significantly 

decrease cosmogenic isotope concentrations in Middle Pleistocene surfaces. 

Except in Bahia Inglesa (~27°S) and Tongoy-Altos de Talinay (30.5°S - 31°S), only one terrace has 

been dated per site, which does not permit evaluating the temporal variability of uplift. In Bahia 

Inglesa, Marquardt et al. (2004) propose that the uplift velocity remained close to 0.32 mm/yr since 

MIS-11. Quezada et al. (2007) dated older (860 kyr-old) paleoshorelines in the same sector. The 

average uplift velocity they calculate is slightly smaller than that proposed by Marquardt et al. 

(2004), and they note that this difference may evidence a moderate acceleration of the vertical 

coastal velocity during the second half of the Middle Pleistocene. In contrast, in the Altos de Talinay 

area (~30.5°S), data presented by Saillard et al. (2009) suggest highly variable uplift rates during the 

Middle and Upper Pleistocene (see Introduction).  

Our sampling strategy considered evaluating both the spatial and temporal variability of uplift 

rates during the Middle and Upper Pleistocene in the study region. We sampled preferentially 

basement in abrasion shore terraces, considering that post-emergence erosion rates are small 

enough to permit a precise dating of surfaces whose age may be as old as the beginning of Middle 

Pleistocene, which was suggested by Saillard et al. (2009). We did not sample terraces covered by 

post-emergence deposits such as colluviums coming from the overlying cliff, or aeolian deposit that 

are frequent in some sectors of the coast. We also avoided sampling terraces whose inner edge 

elevation is not easy to determine. We estimated samples and the corresponding shoreline angle 

elevations using an altimeter calibrated at sea level whose precision is + 5 m.  When possible, we 

dated high elevation paleoshorelines in areas where low terraces had already been dated by previous 

authors, to obtain information on the temporal variability of uplift. We also sampled areas of the 

study region where no data were available such as Caleta Chañaral (29°S) and the coast north of Pan 

de Azucar (26.1°S).  
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In the following, we present and discuss measured cosmogenic isotope concentrations. We 

observe that erosion rates are not as small as assumed by Saillard et al. (2009). Indeed, the variability 

of values measured in bedrock samples for a same paleoshoreline shows that the erosion rate may 

largely influence 10Be concentrations, particularly when looking at several hundred kyr-old markers. 

We also present 10Be concentrations in two vertical profiles confirming that post-emergence erosion 

of marine terraces cannot be neglected.  

 

4. Results: Cosmogenic 10Be concentrations, erosion rates and age of paleoshorelines  

4.1. Vertical profiles 

Bedrock samples have been collected in two vertical profiles. Cosmogenic isotope production 

attenuates rapidly with depth in the basement and becomes negligible 10 m beneath the surface 

(Braucher et al., 2003; 2011; Nishiizumi et al., 2007). With preserved paleocliffs being generally 

higher than 10 m, we assume that bedrock samples did not accumulate cosmogenic isotopes prior to 

terraces formation. In Chigualoco (31.7°S), the highest paleocliff is located onshore, ~3 km from the 

present-day coastline, and the elevation of the shoreline angle at the base of the cliff is 

approximately 180 m amsl. The profile is drilled 146 m amsl in an altered granitoid, in the widest and 

highest terrace. The basement is covered by a ~30 cm-thick soil. 10Be concentrations are given in 

Table 1 and presented in Fig. 5. The shape of concentration profiles in cosmogenic isotopes depends 

on the ratio between the isotopic production by spallation and that resulting from muons (e.g., 

Braucher et al., 2003). Production by muons is minor close to the surface, but becomes predominant 

at depth since muons penetrate deeper. This production, however, is poorly known (see discussion in 

Braucher et al., 2011). Considering production values proposed by the Cronus-Earth web calculator 

(Balco et al., 2008), 10Be concentrations vs. depth in Chigualoco suggest that the surface is older than 

2 Myrs and at steady-state, with an erosion rate between 1.5 and 2.0 m/Myr. It is not possible to 

explain the observed profile considering the production rates proposed by Braucher et al. (2011), 
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except if we assume that rocks at depth contained some inherited cosmogenic isotopes, which is 

unlikely in basement rocks. The best fit of the profile using Braucher et al. (2011) production rates is 

shown in Fig. 5. This fit also suggests the surface to be at steady-state, but proposes a smaller erosion 

rate (close to 1.1 m/Myr). 

 

Figure 5: 10Be concentrations along vertical profiles sampled in marine terraces in Chigualoco and 

Huasco. The solid and dashed lines in the Chigualoco profile represent the best fit obtained using 

the cosmogenic production rates proposed by Balco et al. (2008) and by Braucher et al. (2011), 

respectively.  

 

Another vertical profile has been sampled close to Huasco, 110 m amsl, in the higher and wider 

terrace whose shoreline elevation is 155 m amsl. Depending on the adopted 10Be muonic production 

rate, the profile fits with a terrace that was carved between 0.5 and 2.5 Myr ago, and has been 

eroding between 0 and 1 m/Myr (Fig. 5).  

 

4.2. Surface samples, erosion rates and ages 
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10Be concentrations have been measured in 26 new surface samples, collected in 8 terraces from 

5 sites between 24°S and 32°S (Table 1). Cosmogenic concentrations in bedrock samples depend on 

both the age of the surface and erosion rate. We generally sampled bedrock directly outcropping on 

marine terraces, and sometimes quartz clasts and rounded pebbles or gravels collected within a thin 

regolith covering the surfaces. Rounded gravels and pebbles cannot have been produced onshore in 

these environments. They were shaped by marine erosion and are often found in a thin and 

discontinuous sedimentary layer covering terraces, mixed with sand and marine shells. Thus, they 

may contain inherited cosmogenic isotopes acquired before the formation of the terrace on which 

they lie. Quartz clasts are collected close to eroding seastacks or on very flat surfaces, and we 

assume they either come from bedrock erosion close to the sampling location, or from rounded 

pebbles that have been fragmented by physical weathering (insolation weathering). Different 

samples from the same terrace were generally collected at several tens of meters of distance 

between each other, in order to analyze the variation in superficial cosmogenic isotope 

concentrations within terraces. 

10Be concentrations in samples from the same terrace often present significant variations, as for 

instance in the highest terrace in Caleta Chañaral (Table 1). This result differs from that obtained by 

Saillard et al. (2009). 10Be concentrations in bedrock samples are often larger than those measured in 

clasts and rounded gravels, despite clasts and rounded gravels may contain inherited cosmogenic 

isotopes. We conclude that in these surfaces, the erosion rate significantly affects the concentration 

in cosmogenic isotopes. Erosion is more intense where soft sediment covers the surface than in 

bedrock, which may explain larger cosmogenic concentrations in bedrock samples. In Caleta 

Chañaral, the minimum 10Be concentration measured on the highest surface (1.44x106 at/g) shows 

that the erosion rate remained smaller than 1.4 m/Myr. However, this value is far from negligible 

when considering terraces whose formation is several hundreds of kyrs old, and minimum ages 

calculated assuming no erosion may be much smaller than the real age of formation of the terrace. In 

Table 2, we present ages calculated for different erosion rates between 0 and 1.5 m/Myr for the 
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surface samples we collected, using the Cronus-Earth web calculator (Balco et al., 2008). Table 2 also 

indicates ages calculated from 10Be concentrations published in Saillard et al. (2009) and in Rodriguez 

et al. (2013), for different possible erosion rates. It shows that taking into account erosion rates 

largely modifies calculated ages for ancient terraces. For instance, surface sample 10Be 

concentrations in 400 kyr-old (MIS-11) terraces without onshore erosion are similar to 

concentrations in 670 kyr-old (MIS-17) terraces whose erosion rate is 1 m/Myr. For younger terraces 

that formed during the last or penultimate interglacial period (MIS-5 or MIS-7), the dependence of 

calculated ages on erosion rates is much smaller. For instance, 10Be concentrations in MIS-5e (124 

kyr-old) terraces only differ by less than 10% when the erosion velocity changes from 0 to 1 m/Myr, 

whereas the corresponding difference is 34% and 60% in MIS-11 and MIS-17 terraces, respectively.  

 

5. Discussion:  

5.1. Assignment of paleoshorelines to sea-level highstands using 10Be data 

We observe that terraces whose elevation is between 100 and 200 m amsl are older than 400 kyr 

(MIS-11), meaning that the uplift rate has everywhere been smaller than 0.5 mm/yr. Most authors 

that calculated uplift velocities in the study area based on other dating techniques also concluded 

that uplift velocities since MIS-5 and during the Middle Pleistocene remained lower than 0.5 mm/yr 

(e.g., Leonard & Wehmiller, 1992; Marquardt et al., 2004; Quezada et al., 2007). Worldwide 

preserved paleoshoreline sequences generally contain shores built during MIS-5, 7, 9 and 11 that are 

124 kyr, 210 kyr, 320 kyr and 400 kyr-old, respectively (Siddall et al., 2006; Pedoja et al., 2014).  

Indeed, sea level during these interglacial periods was close to the present-day one, and related 

paleoshorelines are now emerged even if the coastal uplift rate has been small. Shore terraces may 

also form during sea-level lowstands (e.g., MIS-2). They correspond to drowned terraces, and their 

morphology is modified during later interstadial oscillations or highstands if the coast is slowly 

uplifting. Thus, shores forming during sea-level lowstands are generally destroyed by marine erosion 
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except if the coastal uplift has been larger than the subsequent sea-level rise, which requires uplift 

rates greater than several mm/yr (Caputo, 2007). Shores formed during interstadial oscillations (e.g., 

MIS-3) when sea level was several tens of meters lower than today are only preserved onshore if the 

uplift rate has been rapid. For instance, uplift rates larger than 1.2 mm/yr or 1.5 mm/yr are necessary 

to preserve shores related to MIS-3 (Pedoja et al., 2014; Jara-Munoz and Melnick, 2015). Then, the 

moderate uplift rates observed in the study area suggest that preserved paleoshorelines in Northern 

Chile were formed during sea-level highstands, as discussed in Saillard et al. (2010). 

Table 2 shows that cosmogenic isotope concentrations do not permit precise assigning of 

paleoshorelines to sea-level highstands for terraces higher than 100 m amsl. Indeed, we do not 

constrain onshore erosion whose effect becomes predominant for old surfaces. Sea-level highstand 

assignments are easier for lower and younger terraces, as explained above. We discuss below the 

cosmogenic concentrations measured in paleoshore samples, from north to south. We propose, 

when possible, the assigning of terraces to sea-level highstand periods (see Table 3).  

Punta Piedras (24.76°S): We analysed four samples, three of them collected in bedrock and one 

corresponding to quartz clasts collected between ancient sea-stacks on the terrace. Cosmogenic 

concentrations in the four samples give coherent 10Be concentrations between 4.8x105 and 6.1x105 

at/g. These concentrations suggest that the Punta Piedras terrace formed during MIS-5e, ~124 kyrs 

ago (Table 2).  

Esmeralda (25.9°S): 10Be concentrations measured in the bedrock 45 m amsl show that marine 

erosion has been active at this elevation during the last interglacial period. The inner edge of the 

coastal rasa is generally below 100 m amsl. Above the main rasa, a small terrace located ~115 m 

amsl, covered by a thin cap of pebbles has been locally preserved. Concentrations in cosmogenic 

isotopes indicate a minimum age for this latter terrace of 424+/-44 kyrs (Table 2), i.e. that it formed 

during or before MIS-11.  
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Pan de Azucar (26.15°S): We sampled ancient sea-stacks between 53 and 64 m amsl. 

Concentrations in cosmogenic isotopes correspond to minimum ages close to 200 kyrs (except one 

sample at 282 (+/-32) kyrs), suggesting that sampled seastacks formed during the penultimate glacial 

period (MIS-7).  

Coastal segment between Caleta Obispito (26.75°S) and Huasco (28.4°S): In Caleta Sal, we 

measured  10Be cosmogenic concentrations both in bedrock and rounded pebbles from the highest 

terrace, 170 m amsl. Concentrations reach 1.9x106 at/g, indicating a minimum age of 460 kyr for the 

formation of this terrace (Table 2). This value is coherent both with the age obtained by Quezada in 

Bahia Inglesa, 80 km north of Caleta Sal, on the highest 224 m amsl terrace (~860 kyrs), and with the 

profile presented above sampled close to Huasco, 50 km to the south. These three data suggest that 

the highest preserved Pleistocene paleoshoreline in this segment of the coast formed between 500 

kyrs and 1 Myr. 

Caleta Chañaral (29°S): Close to Punta Tetillas, in two sites 500 m apart, we sampled quartz veins, 

quartz clasts and rounded quartz pebbles on the surface of the upper terrace, at an elevation of 160 

m amsl. Minimum ages deduced from cosmogenic concentrations in bedrock samples are 591 (+/-63) 

and 404 (+/- 41) kyrs (Table 2). Concentration in cosmogenic isotopes in quartz clasts and rounded 

pebbles are close or slightly smaller than in quartz veins, suggesting that a very thin cap of sediment 

has been removed from the surface by continental erosion following the formation of the terrace.  
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Figure 6: Map and inner edge elevation of coastal terraces located close to Caleta Chañaral. The 

location of detailed maps (c) and (d) is given in (a). (b) Assigning terraces to successive odd-

numbered isotopic stages (triangles) implies a remarkably constant uplift rate close to 0.25 

mm/yr. Minimum ages deduced from 10Be concentrations in samples from Punta Tetillas (empty 

diamonds) confirm that T1 corresponds to MIS-5, and that the higher 160 m amsl terrace is older 

than 600 kyrs. See the text for the discussion of 10Be concentrations.  

 

We also measured 10Be concentrations in four bedrock samples collected at lower elevation, in 

poorly preserved terraces containing many seastacks. The two samples collected on the terrace 

whose shoreline angle is ~34 m amsl indicate that this level is 138 +15 kyrs-old and corresponds to 
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the last interglacial period (MIS-5) (Table 2). We do not explain the relatively low 10Be concentrations 

measured in the two samples collected 90 m amsl. They suggest that the terrace whose shoreline 

angle is 92 m amsl may have formed during MIS-5 or MIS-7. These ages would require a very rapid 

uplift rate following MIS-7, contrasting with a much smaller uplift rate that may have prevailed 

between the formation of the large upper terrace and MIS-7. Alternatively, these small 

concentrations in cosmogenic isotopes may result from sediment that temporarily covered the 

sampled area. Indeed, aeolian deposits are present only 500 m east of the two samples collected 90 

m amsl (Fig. 6d). Then, dunes may have covered them in the past, explaining their low concentration 

in cosmogenic isotopes, and minimum ages deduced from these concentrations may differ 

significantly from the age of the terrace. 

Another method to estimate the coastal uplift rate is to suppose that the lower terraces observed 

in Caleta Agua de la Zorra and Punta Tetillas formed during successive Pleistocene highstand periods. 

If we assume that the 34 m amsl terrace formed during MIS-5e, the following one during MIS-7 and 

so on, the calculated uplift rate is remarkably constant (~0.25 m/kyr, see Fig. 6 and Table 3). Now, 

assuming that this uplift rate maintained constant since the final emersion of the uppermost rasa, 

the upper terrace would be ~700 kyrs-old, which is compatible with cosmogenic data.  

Chigualoco - Altos de Talinay coastal segment (31.5°S – 30.2°S) 

Saillard et al. (2009) measured 10Be concentrations on the four main platforms. Samples were 

collected 241 m amsl, 102 m amsl, 30 m amsl and 18 m amsl for TI, TII, TIII and TIV terraces, 

respectively, and gave minimum exposure ages of 679, 318, 225 and 149 kyrs. Considering that post-

emersion erosion has been negligible and does not affect cosmogenic isotope concentrations, 

Saillard et al. (2009) assigned terraces TI, TII, TIII and TIV to MIS 17, 9, 7, and 5, respectively. These 

authors also considered that the maximum position reached by the ocean during each of these 

highstand levels corresponded to the shoreline angle preserved above each sampling point, i.e. that 

MIS-17, 9, 7 and 5 marine transgressions reached elevations of 425, 170, 55 and 25 m amsl, 
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respectively. As discussed above, onshore erosion may limit cosmogenic concentrations and result in 

underestimated ages, particularly for ancient terraces. Cosmogenic concentrations published in 

Saillard et al. (2009) for terrace TII may result from a terrace formed during MIS-9 in the absence of 

erosion. Alternatively, it may also correspond to a terrace that formed during MIS-11 and that 

suffered moderate (1 m/Myr, see Table 2) onshore erosion comparable to that observed in our 

profiles (e.g., in Chigualoco, see above). Moreover, assigning this terrace to MIS-9 implies that the 

uplift rate decreased from an exceptionally high value (1.2 mm/yr) between MIS-9 and MIS-7 to 

much lower values (~0.2 mm/yr) following MIS-7. Saillard et al. (2011) propose that this velocity 

decrease marked the end of the Quaternary activity of the Puerto Aldea Fault. Assigning terrace TII to 

MIS-11 would also require a diminution of the Altos de Talinay uplift velocity following MIS-7, but the 

corresponding uplift rate between MIS-11 and MIS-7 (0.6 mm/yr) would have been in the range of 

vertical velocities observed elsewhere in Northern Chile.  

For the same reasons, we argue it is difficult to assign the Caleta Maiten terrace sampled by 

Rodriguez et al. (2013) to a precise highstand period, and the cosmogenic data only give a minimum 

age for this terrace.  

 

5.2. Pleistocene uplift rates in Northern Chile between 24°S and 32°S 

Assigning paleoshorelines to sea-level highstands gives information on the uplift that occurred 

following the emersion of the marker. Apparent uplift rates presented in Table 3 correspond to 

paleoshoreline elevations divided by their age. Paleoshorelines formed during sea-level highstands 

when the level of the ocean was close to the present-day sea level (Siddall et al., 2006). Hence, the 

apparent uplift rate is a good first order estimation of the tectonic uplift velocity. Calculating 

absolute uplift rates requires knowing the precise sea-level elevation during highstands, which is a 

controversial issue (e.g., Simms et al., 2016). Table 4 summarizes the age of Middle and Upper 

Pleistocene highstands and the corresponding sea-level elevations according to Siddall et al. (2006). 
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Table 3 and Fig. 7 shows minimum and maximum possible absolute uplift rates, calculated 

considering eustatic variations presented in Table 4.  

 

Figure 7: Absolute uplift rates calculated considering Pleistocene eustatic variations proposed by 

Siddall et al. (2006) (see Table 3) 

The maximum elevation of terraces formed during the last interglacial period (MIS-5) generally 

varies between 25 m amsl (Tongoy and Coquimbo) and 45 m amsl (Esmeralda and Caldera) (Table 3). 

Only one higher terrace located 60 m amsl, in Punta Piedras, has been assigned to MIS-5. These data 

show that the entire coast of Norte Chico has been uplifting during the upper Pleistocene, with 

apparent uplift rates generally between 0.18+0.08 and 0.35+0.08 mm/yr (Table 3), with a maximum 

of 0.48+0.09 mm/yr in Punta Piedras. Data do not show major changes in uplift rate between 

neighbor points, confirming that no superficial crustal fault deformed the coastal zone during the 

Upper Pleistocene. In particular, the Puerto Aldea Fault that accommodates the uplift of the Altos de 

Talinay with respect to Tongoy Bay does not displace MIS-5 paleoshorelines. It shows that this fault 

remained apparently inactive during the Upper Pleistocene, as already noted by Saillard et al. (2011). 

We also highlight that this range of uplift rates is a compilation of various methods applied in 

different geomorphologic features (erosional vs. depositional coasts), and that data obtained using 

different methods in neighbor points generally indicate comparable uplift rates. 
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When available, uplift rates calculated considering older paleoshorelines (MIS-7 and MIS-9) are 

close to those calculated for the Upper Pleistocene (since MIS-5) (Fig. 7). In fact, absolute uplift rates 

calculated since the penultimate highstand (MIS-7) are generally slightly larger than those calculated 

considering MIS-5 and MIS-9 paleoshorelines. In Pan de Azucar, Bahia Inglesa, Caleta Chañaral and 

Altos de Talinay the average absolute uplift rate since MIS-7 is between 0.05 and 0.13 mm/yr higher 

than that calculated considering MIS-5. In Caleta Chañaral, the average absolute uplift rate since MIS-

7 is also 0.08 mm/yr higher than that calculated since MIS-9 and MIS-11. Following Siddall et al. 

(2006), we assumed that the maximum sea level was -10+5 m amsl during MIS-7. These authors note, 

however, that this value is debated, some data suggesting that the sea may have risen above the 

present-day sea level. Then, the systematic bias towards larger MIS-7 absolute uplift rates may 

simply result from an underestimated elevation of sea level during this highstand.  

In many places, the new cosmogenic data obtained in high terraces do not constrain precisely the 

age of terraces because post-emergence erosion rates cannot be quantified. Only minimum ages, 

and hence maximum uplift rates, can be calculated. These uplift rates are generally close to those 

obtained considering lower paleoshorelines, suggesting that uplift rates remained approximately 

constant during the Middle and Upper Pleistocene, as already proposed for the Bahia Inglesa area by 

Quezada et al. (2007). The only area in which uplift rates significantly varied since MIS-11 is the Altos 

de Talinay area, SW of the Puerto Aldea Fault. This has been evidenced by Saillard et al. (2009), even 

if changes in uplift rates may have been much smoother than proposed by these authors (see 

discussion above, section 5.1). This change in uplift rates may mark the activity of the Puerto Aldea 

Fault that may have accommodated the accelerated uplift of the Altos de Talinay area before MIS-7 

(Saillard et al., 2011). 
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Figure 8: Elevation of dated terraces along the coasts of Norte Chico. We also report the elevation of 

the highest preserved Pleistocene terrace vs. latitude. 

 

Fig. 8 presents the elevation of dated paleoshorelines between 24°S and 32°S. Despite most 

segments of the Norte Chico coasts have been uplifting at rates approaching 0.3 mm/yr since MIS-11, 

the higher elevation of Pleistocene paleoshorelines generally does not exceed 250 m amsl (Fig. 8), 

except in the Altos de Talinay area where terraces higher than 400 m amsl are observed. Older 

Neogene marine deposits, although locally present along the coast (Fig. 1), generally outcrop at 

smaller elevations than the higher Pleistocene paleoshorelines.  It means that coastal uplift in the 

study area is recent, possibly younger than 1 Myr, or at least that it accelerated significantly during 

the Pleistocene (Regard et al., 2010). The morphology of marine terraces also suggests that the 

Middle and Upper Pleistocene uplift followed a period of stability of the continent, the higher terrace 
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being generally much wider and smoother than lower ones (Fig. 3).  The same conclusion has been 

proposed by Rodriguez et al. (2013). These authors studied the morphology of the Choapa River 

valley that flows to the Pacific Ocean close to Chigualoco (31.6°S), and its connection with the coastal 

morphology. They observe that this valley is marked by a large upper fluvial terrace that penetrates 

more than 25 km inland, incised by a narrow valley in which the river flows to the ocean. The large 

fluvial terrace connects with the upper marine surface, suggesting that both formed during a period 

of relative stability of the coastal area with respect to sea level. 

Along the coasts of Northern Chile, stability and/or subsidence prevailed during the Miocene, 

which contrasts with the present-day uplift (Fuenzalida et al., 1965; Paskoff, 1978; Le Roux et al., 

2005; Clift & Hartley, 2007). Thus, external forearc vertical motions in Northern Chile obey a 

temporal scenario completely distinct from that prevailing in the high Cordillera, where a major uplift 

episode is believed to have occurred in the Miocene (e.g., Gregory-Wodzicki, 2000; Farias et al., 

2005; Garzione et al., 2006; Aguilar et al., 2011). The possible causes of the Pleistocene accelerated 

coastal uplift are beyond the scope of this paper, but since it affects a coastal segment whose length 

is almost 1000 km, local causes such as seamount subduction or local tectonics cannot explain its 

onset. In fact, models show that several parameters related to plate dynamics, such as the 

convergence velocity or the interplate stresses, may result in forearc uplift or subsidence (Pedoja et 

al., 2011; Martinod et al., 2016). Higher Pleistocene paleoshorelines observed between 30.3°S and 

31.3°S (Altos de Talinay area), in contrast, correspond to a local anomaly resulting from the activity of 

the Puerto Aldea Fault and other N-S oriented faults that accommodated the relative uplift of their 

western (coastal) block.   

 

5.3. Different coastal morphology north and south 26.75°S: role of climate and marine erosion 

Elsewhere than in the Altos de Talinay area, the elevation of the higher paleoshoreline is generally 

approximately 200 m amsl between 32°S and 27°S. North of 26.75°S, the width of the coastal fringe 
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narrows, the higher preserved paleoshorelines are generally below 100 m amsl (Fig. 8), and in few 

places, they are totally absent. This contrast is not explained by the present-day uplift rates, since 

most of the coasts have been uplifting at similar velocities during the Upper Pleistocene (and 

northern segments apparently somewhat quicker than southern segments of the coast). A younger 

initiation of coastal uplift north of 26.75°S may explain the absence of high Pleistocene 

paleoshorelines in the northern part of the study area. Nevertheless, this does not explain why MIS-5 

terraces in the north are much more discreet and narrow than in the south. Everywhere in the study 

area, the coastal lithology is dominated by Mesozoic igneous rocks (Fig. 1). Hence, lithology does not 

explain the different morphology north of 26.75°S. 

In fact, 26.75°S marks a major change in the morphology of both the coastal area and Coastal 

Cordillera. South of 26.75°S, the climate of northern Chile is semi-arid (Fig. 1), and rivers flow from 

the Western Cordillera through the Coastal Cordillera to the ocean. 26.75°S corresponds to the 

southern boundary of the hyper-arid Atacama Desert. In Chile, it is known as the boundary between 

the semi-arid Norte Chico, and the hyper-arid Norte Grande area, in which Quaternary erosion of the 

Coastal Cordillera by rivers has been particularly small. North of 26.75°S, the elevation of the coastal 

scarp suddenly increases. The coastal scarp is a major morphological feature of Northern Chile whose 

average elevation approaches 1000 m. Its occurrence is related to the hyper-arid climate of that part 

of the coast (Paskoff, 1978; Quezada et al., 2010). Continental erosion prevailing south of 26.75°S 

does not allow the preservation of such a high scarp and results in a lower continent close to the 

coast.  

The widening of marine terraces by marine erosion during sea-level highstands requires the attack 

of the base of the scarp by the mechanical action of waves, and the collapse of the cliff.  Debris fallen 

at the base of the cliff protect it from further erosion until they are evacuated by the ocean. 

Therefore, higher scarps should retreat more slowly, as observed in analogue experiments by 

Damgaard & Dong (2004) or Caplain et al. (2011). In the coastal segment located north of Tal-Tal 
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(25.4°S), the fringe located between the base of the coastal scarp and the ocean, is often covered by 

thick caps of fallen debris. In many places, the bedrock is not visible at the scarp toe and the ocean is 

actively eroding the cap of fallen debris. It suggests that the process limiting the widening of the 

terrace may not be erosion of the bedrock by waves but the time necessary to evacuate fallen debris, 

because the volume of debris is much larger for a similar coastal retreat when the scarp is higher (Fig. 

9). This may explain why, despite comparable uplift rates, marine terraces are particularly narrow 

and poorly preserved in the northern part of the study area. Narrow terraces are easily erased by 

marine erosion during the following highstand period. The same result is obtained by Melnick (2016) 

in numerical models reproducing the appearance of coastal staircase sequences in uplifting 

continents. Models show that for comparable uplift rates, high terraces are preserved if the initial 

continental slope is small, whereas they are eroded and disappear beneath the coastal scarp when 

the continental slope is large.   

Then, the presence of the high coastal scarp and the absence of widely preserved paleoshorelines 

may not necessarily imply that the coast has not been uplifting during the Pleistocene. We propose 

instead that the present-day morphological segmentation of the coast at 26.75°S marks the 

transition from the semi-arid Norte Chico to the hyper-arid Norte Grande climate, rather than 

latitudinal changes in the Pleistocene uplift velocities.  
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Figure 9: Simple sketch of marine erosion, supposing that the evacuation of debris fallen at the base 

of the cliff is the process that limits the retreat of the cliff.  (a) If the coast is steep, cliff retreat is 

small. The dashed and thick solid line represents the topographic profile before and after the 

highstand period, respectively. (b) The shore platform is larger in flat coasts, for a similar volume 

of evacuated debris (light gray area). During the next highstand sea level, the coast has been 

uplifted. (c) The narrow platform formed during the first highstand period in the steep coast is 

rapidly eroded, and marine erosion further attacks the old cliff. (d) In flat coast, for a similar 

volume of evacuated debris (dark gray area), marine erosion does not erase the ancient platform. 

 

6. Conclusions 

Cosmogenic (10Be) concentrations were measured in Pleistocene marine terraces of northern Chile 

between 24°S and 32°S show that onshore erosion rates following the emergence of paleoshorelines 

approached 1 m/Myr. Then, minimum ages calculated without erosion may be largely 

underestimated for Middle Pleistocene terraces, and it is not possible to assign paleoshorelines to 

particular sea-level highstands for these terraces.  The analysis of both new cosmogenic data and 
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previously published ages shows that the Upper Pleistocene uplift rate has been 0.28 +/- 0.15 mm/yr 

in the study area. Data do not show major changes in uplift rate between neighboring points, 

suggesting that this uplift is a regional phenomenon related to the dynamics of the entire forearc 

area. Active faulting does not seem to affect coastal uplift, except in the Altos de Talinay area during 

the Middle Pleistocene. Since the maximum elevation of Pleistocene paleoshorelines in Northern 

Chile is generally close to 250 m amsl, measured rates imply that coastal uplift accelerated during the 

Pleistocene following a period of stability of the forearc, as already proposed by Regard et al. (2010) 

and Rodriguez et al. (2013). Data confirm, however, that the coastal uplift rate has been rather 

constant during the Middle and Upper Pleistocene in most of the study area (Fig. 7), as already 

observed in Bahia Inglesa by Quezada et al. (2010).  Within this period, brief pulses of very rapid 

uplift are not apparent, except possibly in Altos de Talinay where an episode of rapid uplift may have 

occurred during the Middle Pleistocene when crustal faulting was active.  However, considering 

dating uncertainties resulting from post-emergence erosion implies that maximum uplift rates may 

have been lower than proposed by Saillard et al. (2009).  Although Pleistocene uplift rates are 

comparable everywhere in the study area, we observe that the morphology of the coast largely 

depends on the onshore continental slope. North of 26.75°S, the presence of a coastal scarp (whose 

preservation is encouraged by the hyper-arid climate of the Atacama Desert) inhibits the growth of 

marine terraces. This particular morphology of the coast may explain why paleoshorelines are poorly 

preserved between 26.75°S and 24°S despite Upper Pleistocene uplift rates being comparable with 

those prevailing in the southern part of the study area.  
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Figure Captions 

Figure 1: (a) Location of dated marine paleoshorelines and other sites cited in the text. Empty 

triangles: 10Be data on surface samples; filled triangles: 10Be data in vertical profiles; diamonds: 

other dating methods; (b) Basement lithology along the coast; (c) Average annual precipitations 

between 1960 and 1990 (after Willmott & Matsuura, 2001); (d) Topographic profiles 

perpendicular to the coast. 

Figure 2: View from the South of the Punta Piedras terrace beneath the coastal scarp (24.75°S). 

Figure 3: Contrasted morphology of the upper and lower terraces in Punta Tetillas (29°S). (a) The 

upper terrace is several km wide, and it has been almost completely polished by marine erosion. 

Only rare seastacks have been preserved. (b) View taken from the upper surface towards the 
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ocean and (c) photo taken from one of the lower terraces. Lower terraces are rough, narrow, and 

shoreline angles marking different highstand levels may be difficult to observe. 

Figure 4: Latitude vs. elevation of dated paleoshorelines. Circles correspond to paleoshorelines dated 

in previous studies, filled circles corresponding to paleoshorelines dated using cosmogenic 

isotopes whose ages are discussed again in this paper. Triangles correspond to paleoshorelines 

sampled and dated in this work. 

Figure 5: 10Be concentrations along vertical profiles sampled in marine terraces in Chigualoco and 

Huasco. The solid and dashed lines in the Chigualoco profile represent the best fit obtained using 

the cosmogenic production rates proposed by Balco et al. (2008) and by Braucher et al. (2011), 

respectively. 

Figure 6: Map and inner edge elevation of coastal terraces located close to Caleta Chañaral. The 

location of detailed maps (c) and (d) is given in (a). (b) Assigning terraces to successive odd-

numbered isotopic stages (colored triangles) implies a remarkably constant uplift rate close to 

0.25 mm/yr. Minimum ages deduced from 10Be concentrations in samples from Punta Tetillas 

(empty diamonds) confirm that T1 corresponds to MIS-5, and that the higher 160 m amsl terrace 

is older than 600 kyrs. See the text for the discussion of 10Be concentrations. 

Figure 7: Absolute uplift rates calculated considering Pleistocene eustatic variations proposed by 

Siddall et al. (2006) (see Table 3) 

Figure 8: Elevation of dated terraces along the coasts of Norte Chico. We also report the elevation of 

the highest preserved Pleistocene terrace vs. latitude. 

Figure 9: Simple sketch of marine erosion, supposing that the evacuation of debris fallen at the base 

of the cliff is the process that limits the retreat of the cliff.  (a) If the coast is steep, cliff retreat is 

small. The dashed and thick solid line represents the topographic profile before and after the 

highstand period, respectively. (b) The shore platform is larger in flat coasts, for a similar volume 

of evacuated debris (light gray area). During the next highstand sea level, the coast has been 

uplifted. (c) The narrow platform formed during the first highstand period in the steep coast is 
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rapidly eroded, and marine erosion further attacks the old cliff. (d) In flat coast, for a similar 

volume of evacuated debris (dark gray area), marine erosion does not erase the ancient platform. 

Table 1: 10Be concentrations in samples collected along the coasts of Chile between 24°S and 32°S. 

[1] new data; [2] data published in Saillard et al. (2009); [3] data published in Rodriguez et al. 

(2013). 

Table 2: 10Be concentrations measured in surface samples, and corresponding ages calculated 

considering different erosion rates between 0 and 1.5 m/Myr using the Cronus-Earth web 

calculator (Balco et al., 2008) 

Table 3: Correlation of dated terraces to MIS, corresponding apparent and absolute uplift rates. 

Minimum and maximum absolute uplift rates have been calculated considering uncertainties on 

sea-level highstand elevations and ages proposed by Siddall et al. (2006) (Table 4), and an 

uncertainty of + 5 m in the elevation of shoreline angles. [1] new data published in this paper; 

Data after [2] Rodriguez et al. (2013); [3] Saillard et al. (2009); [4] Radtke (1987b); [5] Radtke 

(1987a); [6] Radtke (1989); [7] Saillard et al. (2012); [8] Leonard & Wehmiller (1992) ; [9] 

Marquardt et al. (2004) ; [10] Quezada et al. (2007). MIS correlations proposed by Rodriguez et al. 

(2013) and Saillard et al. (2009) are discussed in section 5.1. 

Table 4: Age of Middle and Upper Pleistocene highstands and corresponding sea-level elevations 

(after Siddall et al., 2006), adopted to estimate the absolute uplift rates presented in Table 3.   
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Table 1: 10Be concentrations in samples collected along the coasts of Chile between 24°S and 32°S. [1] 

new data; [2] data published in Saillard et al. (2009); [3] data published in Rodriguez et al. (2013). 
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Sample 
Lat. 
(°S) 

Long. 
(°W) Elev. 

10Be 
(at/g) +/- 

age 
e=0 +/- age e=0,5 

age 
e=1 

age 
e=1,5 MIS 

Caleta Maiten -31.15 -71.66 120 1905000 34300 446512 44375 560198 827611 - 
> 13 

Caleta Maiten -31.15 -71.66 121 1992000 43200 469064 47324 597697 932005 - 

Caleta Maiten -31.15 -71.66 120 2745000 49000 680228 71839 1040360 - - 

Altos de Talinay T1 -30.90 -71.66 241 2940000 47400 661875 69303 994299 - - 

> 15 Altos de Talinay T1 -30.90 -71.66 241 2870000 51150 643284 67275 948265 - - 

Altos de Talinay T1 -30.90 -71.66 241 2910000 67800 653886 69550 974247 - - 

Altos de Talinay T2 -30.84 -71.69 102 1320000 38800 304643 30174 350583 422065 559359 
9-11 

Altos de Talinay T2 -30.84 -71.69 102 1313000 26600 302899 29168 348242 418536 552410 

Altos de Talinay T3 -30.87 -71.68 30 913000 29600 218730 21429 240677 269741 310950 

7 Altos de Talinay T3 -30.87 -71.68 30 833000 33300 198579 19962 216374 239192 270006 

Altos de Talinay T3 -30.87 -71.68 30 937000 20500 224815 21312 248118 279288 324191 

Altos de Talinay T4 -30.48 -71.69 18 679000 16600 162890 15313 174522 188665 206389 

5 Altos de Talinay T4 -30.48 -71.69 18 620000 12000 148198 13689 157718 169057 182887 

Altos de Talinay T4 -30.48 -71.69 18 490000 9800 116202 10664 121914 128436 135979 

Caleta Chañaral 1 -29.02 -71.49 156 1438800 40800 330138 32796 385352 476266 677391 

> 13 

Caleta Chañaral 2 -29.02 -71.49 156 1695900 47800 395326 39914 479682 644968 1415992 

Caleta Chañaral 3 -29.02 -71.49 156 2419300 65100 591033 62524 828303 4222362 - 

Caleta Chañaral 4 -29.02 -71.48 164 1940800 66800 456292 47884 576176 869481 - 

Caleta Chañaral 5 -29.02 -71.48 164 2053900 51200 486384 49755 627300 1026436 - 

Caleta Chañaral 6 -29.02 -71.48 164 1742900 50300 404704 41054 493977 674180 1757996 

Caleta Chañaral 7 -29.03 -71.49 88 734200 25200 170837 16656 183718 199560 219726 
- 

Caleta Chañaral 8 -29.03 -71.49 91 625600 19700 144276 13822 153275 163938 176858 

Caleta Chañaral 9 -29.03 -71.49 30 573100 27100 138550 14188 146802 156501 168131 
5 

Caleta Chañaral 10 -29.03 -71.49 28 573300 31300 138831 14749 147118 156861 168550 

Caleta Sal 1 -27.93 -71.11 170 1865200 60600 444606 46171 556848 817768 - 

> 9 Caleta Sal 2 -27.93 -71.11 170 1296300 43700 298238 29965 341962 409027 533720 

Caleta Sal 3 -27.93 -71.11 158 1810300 56900 434426 44818 540386 777004 - 

Pan de Azucar 1 -26.14 -70.65 64 780000 26300 195741 19160 212933 234854 264205 

7 
Pan de Azucar 2 -26.14 -70.65 53 1034200 60200 266281 29780 300012 348451 427244 

Pan de Azucar 3 -26.14 -70.65 60 770300 54700 193804 22831 210630 232020 260536 

Pan de Azucar 4 -26.14 -70.65 60 706700 64100 177072 23251 190933 208118 230232 

Esmeralda 4 -25.91 -70.67 45 318600 22900 79110 9098 81679 84479 87549 

5 Esmeralda 5 -25.91 -70.67 45 379700 14400 94646 9186 98364 102494 107117 

Esmeralda 6 -25.91 -70.67 45 301800 14400 74860 7559 77153 79640 82351 

Esmeralda 1 -25.91 -70.67 115 1655800 51500 424300 43606 523938 737124 3400817 > 9 

Punta Piedras  1 -24.76 -70.55 61 606600 20100 154473 14930 164824 177247 192547 

5 
Punta Piedras  2 -24.76 -70.55 61 491200 16800 124153 11957 130687 138217 147027 

Punta Piedras  3 -24.76 -70.55 60 478900 47500 121041 16451 127237 134349 142629 

Punta Piedras  4 -24.76 -70.55 60 596000 18800 151786 14572 161760 173684 188300 

Table 2: 10Be concentrations measured in surface samples, and corresponding ages calculated 

considering different erosion rates between 0 and 1.5 m/Myr using the Cronus-Earth web calculator 

(Balco et al., 2008) 
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Site 
Latitude 

(°S) 

Terrace 
shoreline angle 
Elevation (m) MIS 

Apparent 
uplift rate 
(mm/yr) 

Minimum 
absolute 

uplift rate 

Maximum 
absolute 

uplift rate ref. 

Punta Piedras  24.76 61 5 0.48 0.38 0.57 [1] 

Esmeralda 25.91 115 > 11 < 0.27 - 0.27 [1] 

Esmeralda 25.91 45 5 0.35 0.26 0.43 [1] 

Pan de Azucar 26.14 33 5 0.25 0.17 0.33 [4] 

Pan de Azucar 26.14 64 7 0.35 0.27 0.44 [1] 

Caleta Obispito 26.75 43 5 0.33 0.24 0.41 [4] 

Caldera 27.05 23 5 0.17 0.09 0.24 [4] 

Caldera 27.05 44 5 0.34 0.25 0.42 [9] 

Bahia Inglesa 27.15 40 5 0.31 0.22 0.39 [5] [9] 

Bahia Inglesa 27.15 78 7 0.42 0.33 0.52 [4] 

Bahia Inglesa 27.15 224 > 13 < 0.43 - 0.43 [10] 

Caleta Sal 27.93 185 > 9 < 0.36 - 0.36 [1] 

Huasco 28.39 155 > 13 < 0.30 - 0.30 [1] 

Huasco 28.40 30 5 0.23 0.15 0.30 [4] 

Caleta Chañaral  29.02 34 5 0.26 0.18 0.34 [1] 

Caleta Chañaral  29.02 54 7 0.30 0.23 0.39 [1] 

Caleta Chañaral  29.03 92 11 0.22 0.19 0.26 [1] 

Caleta Chañaral  29.03 74 9 0.23 0.19 0.27 [1] 

Caleta Chañaral  29.03 110 13 0.23 0.19 0.26 [1] 

Caleta Chañaral  29.03 164 > 13 < 0.32 - 0.32 [1] 

Quebrada Honda 29.60 33 5 0.25 0.17 0.33 [5] 

Teatinos 29.82 58 > 7 < 0.17 - 0.17 [8] 

Coquimbo 29.98 25 5 0.18 0.11 0.26 [6] 

Coquimbo 29.98 41 > 7 < 0.20 - 0.12 [8] 

Tongoy 30.20 25 5 0.18 0.11 0.26 [4] [7] 

Tongoy 30.20 114 11 0.29 0.24 0.33 [7] 

Altos de Talinay 30.48 25 5 0.18 0.11 0.26 [3] 

Altos de Talinay 30.84 170 9-11 0.52-0.42 0.37 0.57 [3] 

Altos de Talinay 30.87 55 7 0.31 0.23 0.39 [3] 

Altos de Talinay 30.90 425 > 15 < 0.67 - 0.67 [3] 

Caleta Maiten 31.15 185 > 13 < 0.36 - 0.36 [2] 

Chigualoco 31.70 180 > 11 < 0.41 - 0.41 [1] 

 

Table 3: Correlation of dated terraces to MIS, corresponding apparent and absolute uplift rates. 

Minimum and maximum absolute uplift rates have been calculated considering uncertainties on sea-

level highstand elevations and ages proposed by Siddall et al. (2006) (Table 4) , and an uncertainty of 

+ 5 m in the elevation of shoreline angles. [1] new data published in this paper; Data after [2] 

Rodriguez et al. (2013); [3] Saillard et al. (2009); [4] Radtke (1987b); [5] Radtke (1987a); [6] Radtke 

(1989); [7] Saillard et al. (2012); [8] Leonard & Wehmiller (1992) ; [9] Marquardt et al. (2004) ; [10] 
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Quezada et al. (2007). MIS correlations proposed by Rodriguez et al. (2013) and Saillard et al. (2009) 

are discussed in section 5.1. 

 

highstand Sea level (m amsl) Age (kyr) 

MIS 5e 3 ± 3 116 - 131 

MIS 7 -10 ± 5 190 - 235 

MIS 9 2 ± 5 315 - 334 

MIS 11 0 ± 10 395 - 415 

MIS 13 0 ± 10 472 - 502 

MIS 15 0 ± 10 558 - 620 

MIS 17 -15 ± 15 685 - 695 

Table 4: Age of Middle and Upper Pleistocene highstands and corresponding sea-level elevations 

(after Siddall et al., 2006), adopted to estimate the absolute uplift rates presented in Table 3.   

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Highlights: 

 We date paleoshorelines in Chile between 24°S and 32°S using 10Be concentrations data 

 Post-emergence erosion of abrasion shore terraces approaches 1 m/Myr  

 The coast has been uplifting at ~0.3 mm/yr during the Upper Pleistocene 

 Uplift velocity increased during the Pleistocene following a period of stability 

 Paleoshorelines are poorly preserved beneath the northern coastal scarp  


