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The Patagonian Ice Sheet from the last glacial cycle to 
the Present Day: Supplementary Methods 

1 Logo 

Here, we present a logo, to be used with all uses of the PATICE data and PATICE reconstructions. 

 

Figure 1. PATICE logo, with the new empirical reconstruction of the Patagonian Ice Sheet (38°S – 56°S) at 35 
ka.  

 

2 Chronological methodologies 

2.1 Ar/Ar ages 

40Ar/39Ar dating of basaltic lava sequences interbedded with moraines around Lago GCBA provides a 

chronological framework for Pleistocene glaciations (Singer et al., 2004a). These ages data basalt lava flows 

from Cerro Volcán to 760 ± 14 ka and 109 ± 3 ka, with the older age underlying six moraines, and the older 

age overlying and burying the moraines. Other 40Ar/39Ar ages in our database are located 520 km south of 

Lago GCBA, where a 3 m thick basaltic lava flow crops out south of Río Gallegos, east of Estancia Bella Vista 

(Singer et al., 2004a). This lava flow underlies glacial drift derived from the easternmost and oldest glacial 

deposit in the area. Finally, K-Ar and 40Ar/39Ar dating from the basaltic lava sequence atop Cerro del Fraile, 

Argentina, date seven glacial tills interbedded with lavas associated with the Réunion event (Singer et al., 

2004b). Note that several ages from Singer et al. (2004b) date from Pliocene or early Quaternary, and are 

not shown or included in this compilation.  

The PATICE shapefile comprises: 

1. Unique ID (>1) 

2. Reference 

3. Site Name 
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4. Sample ID 

5. Location Comments 

6. Dating material 

7. Latitude (decimal degrees) 

8. Longitude (decimal degrees) 

9. Description 

10. Age as given in publication 

11. Further comments 

12. Age (ka) 

 

2.2 Radiocarbon ages 

2.2.1 Calibration of terrestrial radiocarbon ages 

Radiocarbon ages gleaned from the published literature and existing databases were recalibrated using 

OxCal (Bronk Ramsey, 2009) and the SHCal13 dataset (Hogg et al., 2013). Ages are presented in the 

Supplementary Information as a 2 σ range (95.4% confidence interval). Following convention (Reimer et al., 

2013), uncalibrated ages are referred to as 14C ka BP and calibrated ages as cal. ka BP. Given the broad scale 

of our reconstruction, we present calibrated median ages (± 2σ) on our maps. Some studies use an age-

depth model through multiple ages in a sediment core to establish an estimate for basal age (a minimum age 

for the onset of deglaciation at that location). Including these modelled ages in our compilation is 

problematic since different studies use various modelling approaches and include/exclude ages for different 

reasons. As a compromise, in cases where multiple ages from one core are presented in stratigraphic order, 

the oldest age is included in our compilation. Oldest ages give an indication of the timing of the onset of 

organic sedimentation, but we add the significant caveat that such ages may over- or under-estimate the 

true onset of deglaciation given factors such as detrital contamination or undated core sections. 

Radiocarbon ages without published δ13C, age uncertainty, or clear geographical or geomorphological 

context are assigned a low reliability in the compilation. Stratigraphically consistent or multiple ages from 

the same core are given the highest quality rating. In some older publications, limited metadata is provided 

for radiocarbon ages, making it challenging to assess the age’s reliability. Otherwise, quality control follows 

the guidelines given in the main manuscript. 

Radiocarbon ages from freshwater taxa from lakes or bogs should be avoided (Hatté and Jull, 2013), and so 

receive a low rating in our analysis of ages. This is because aquatic cells photosynthesise subaquatically, and 

build carbon from the dissolved inorganic carbon in the water. The dissolved inorganic carbon is influenced 

by exchange with the atmospheric CO2 reservoir, decomposition of organic matter, dissolved carbonate from 
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surrounding rocks, and the residence time of the lake or bog water. The dissolved inorganic carbon is 

therefore highly spatially variable. The 14C does not reflect atmospheric carbon, but is 14C depleted, resulting 

in an artificial aging, which can show wide variation (Hatté and Jull, 2013).  

 

2.2.2 Calibration of marine radiocarbon ages 

Radiocarbon dating of marine materials (32 samples in our database) requires correction for a global marine 

reservoir effect (R), which varies spatially and temporally in response to changes in oceanic and atmospheric 

circulation (Ortlieb et al., 2011). Because oceanic carbon is not in isotopic equilibrium with the atmospheric 

carbon reservoir, radiocarbon ages from marine materials provides older apparent ages than terrestrial 

counterparts. Deep ocean masses with low radiocarbon concentrations may yield ages older by several 

hundred years. Global marine reservoir values have been estimated for the last 22,000 years at a decadal 

resolution, with a current R value of 400 years (Hughen et al., 2004; Ortlieb et al., 2011). This value of R is 

included in the Marine13 radiocarbon calibration curve (Reimer et al., 2013).  

However, the marine correction varies regionally, especially in high-latitude coastal zones (Hall et al., 2010; 

Ó Cofaigh et al., 2014). In coastal tropical regions, such as the western coast of Chile and Peru, upwelling of 

deep 14C-depleted waters to the surface results in high regional reservoir effects. An additional regional 

reservoir correction (ΔR) is therefore required. The magnitude of this regional reservoir effect is related to 

ocean circulation changes, and has therefore changed through time (Ortlieb et al., 2011).  In Chile, the 

modern ΔR value has been calculated as 190 ± 40 years (Stuiver and Braziunas, 1993), but was updated by 

Ortlieb et al. (2011) to 253 ± 207 years during the Twentieth Century. However, this ΔR value fluctuated over 

the Holocene. We used the Holocene ΔR values presented by Ortlieb et al. (2011) in our marine radiocarbon 

age calibration (Table 1).  For older samples, in the absence of further data, we apply a ΔR value of 511 ± 278 

years, but emphasise that this correction remains poorly understood.  

Table 1. ΔR values along the Chile-Peru coastline, from Ortlieb et al., 2011. 

Time range ΔR value Number of ages 

in database 

Prior to 10,400 cal. BP 511 ± 278 years 16 ages 

10,400 to 6840 cal. BP 511 ± 278 years 8 ages 

5180 to 1160 cal. BP 226 ± 98 years 2 ages 

1000 cal. BP to present 355 ± 105 years 2 age 

Early Twentieth Century 253 ± 207 years  

 

The PATICE shapefile comprises: 
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1. Unique ID (>1000) 

2. Reference 

3. Icefield 

4. Outlet lobe 

5. Site number/name 

6. Sample ID 

7. Sample Site 

8. Latitude (decimal degrees) 

9. Longitude (decimal degrees) 

10. Altitude (m asl) 

11. Description 

12. 14C age 

13. Given 14C age (integer) 

14. 14C uncertainty 

15. Terrestrial or Marine age 

16. Del13C (δ13C) 

17. Calibration curve applied 

18. Material dated 

19. Two sigma min age 

20. Two sigma max age 

21. Significant error (ka) 

22. Calibrated age Mean 

23. Delta R (ΔR) 

24. Delta R Uncertainty 

25. Delta R Reference 

26. Recalibrated age (ka) 

27. Age reliability 

28. Reliability assessment 

 

2.3 10Be and 26Al cosmogenic nuclide exposure ages 

Surface exposure dating using cosmogenic nuclide ages has been widely applied in Patagonia, primarily using 

boulders on moraines. We recalibrated all 10Be and 26Al ages using the CRONUS-Earth online exposure age 

calculator, version 3.0 (Balco et al., 2008). Sample thickness, quartz density, 10Be and 26Al standards, 

concentrations and shielding corrections were taken from the original publications. We include ages relevant 

to the LGM and Holocene, but also include selected key pre-LGM ages in our compilation, as older ages on 

more extensive moraines conclusively constrain the LGM ice extent.  
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2.3.1 Scaling scheme 

We use the time-dependent scaling scheme (LSDn) (Lifton et al., 2014), following Borchers et al. (2016). The 

LSDn scaling scheme is a newer, more complex scaling scheme based on particle transport models (Borchers 

et al., 2016; Lifton et al., 2014).  A comparison of the ages calculated using the different scaling schemes 

available results in differences within the uncertainties of the age, given that we present external 

uncertainties (Figure 2). Ages calculated using all scaling schemes are provided in Supplementary Data for 

comparison. In general, differences are less than 5% in age, given the relatively high latitude and low altitude 

of almost all the ages presented in this paper. Furthermore, in some areas, such as the Chilean Lake district, 

the chronologies (Figure 9) are based on terrestrial 14C data. Therefore, the choice of scaling scheme is 

unlikely to affect the conclusions of the paper, especially given the focus on 5 ka time slices. That is, we 

assume differences in ice sheet area and ice sheet volume as shown in our 5 ka time slices are not likely to 

be affected. One exception to note is the precise timing during the ACR and Younger Dryas intervals; 

differences in scaling scheme must be noted when focused on respective studies. The precise timing of the 

Termination, as well, is susceptible to slight differences in production rate and scaling used; however, our 

time slices of 20 and 15 ka are on either side and well beyond such differences. 

 

Figure 2. Differences in age calculation with choice of scaling scheme. The Kaplan et al. (2011) production 
rate and 0 erosion rate are used throughout.  

 

2.3.2 Production rate 

We used a locally calibrated production rate for Patagonia based on both the Puerto Bandera and Herminita 

calibration data, which are in the ICE-D dataset (Kaplan et al., 2011). This rate is similar to that in Kaplan et 

al. (2011,2016 [as well as Strelin et al., 2014, Sagredo et al., 2018, and Reynhout et al. (2019)]), which used a 
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higher resolution geomagnetic field history, and a midpoint of the 14C limiting data (see Kaplan et al., 2011). 

The original rate calculated in Kaplan et al. (2011) is 3.70 ± 0.08 atoms/g/yr (for Lm scaling) at sea level and 

high latitude, with version 2.2 of the Cronus online calculator. A comparison with the ages derived using this 

local production rate and the Cronus default production rate in Borchers et al. (2016),  results in age 

differences within the uncertainties of the age, given we use ‘external uncertainties’ (Figure 3). For reasons 

elaborated on above, choice of Borchers et al. or rate derived regionally in Patagonia, which also is 

indistinguishable from that of the other Southern Hemisphere production rate site in New Zealand (Putnam 

et al., 2010) (as well as other sites), does not affect our main conclusions given a 5 ka time slice 

reconstruction. However, use of the rate in Borchers et al. (2016) results in the calibration data at Lago 

Argentino, fitting ‘less well’ with the limiting 14C data (Figure 4); hence, we suggest to use the regional or 

local production rate in southern South America, as we do here. 

 

Figure 3. Differences in age calculation using different production rates. Sample Unique ID can be cross-
referenced in the Supplementary Data. 

 

Figure 4 below shows the summed probability plots and average age (± 1 standard deviation) for the 10Be 

age distribution for the Herminita and Puerto Bandera moraines with the Borchers et al. (2016) production 

rate used in CRONUS calculators version 3, and three scaling factors. Also shown are the minimum-limiting 

14C age calibration for the Herminita moraines, and maximum and minimum-limiting 14C age calibrations for 

the Puerto Bandera moraine sequence, 12,990±80 cal. yrs BP (13,047 ± 80 cal. yrs before CE2007 or 11,100 ± 

60 14C yr) and 12,660 ± 70 cal. yrs BP (12,718 ± 70 14C before CE2007 or 10,750 ± 75 14C yrs BP), respectively 

(Strelin and Denton, 2005; Strelin et al., 2011). Also shown is the age of 12,220 ± 110 cal. yrs BP (12,777 ± 70 

before CE2007 or 10,350 ± 45 14C yrs BP) from the Herminita Peninsula. Specifically, the top panel of Figure 4 
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shows the summed probability plots and average ages (±1 standard deviation) for the Herminita Peninsula 

samples (n=11), and bottom panel for Puerto Bandera samples (n=8).  

Figure 4 shows that, for Herminita samples, most ages are too young compared with the minimum-limiting 

14C age, if the Borcher et al. (2016) rate is used, for all three scaling schemes. That is, they “fit relatively 

poor” with the 14C constraint. For Puerto Bandera samples, LSD scaling affords ages coherent with the 14C 

calibration ages. Taken together, however, when both the Herminita and Puerto Bandera 10Be 

concentrations are considered, the Borchers et al. (2016) rate affords ages that fit less well (and often do not 

fit) with the 14C boundaries. We thus argue the regional production rate (Kaplan et al., 2011), based on the 

Herminita and Puerto Bandera sites and 10Be concentrations, is the best to use for southern South America. 

 

 

Figure 4. Summed probability plots and average age (±1 standard deviation) for 10Be age distributions for the 
Herminita and Puerto Bandera moraines, with the Borchers et al. (2016) production rate, version 3, and three 
scaling factors. Also shown are the minimum and maximum-limiting 14C age calibration ages (see text) for the 
Herminita and Puerto Bandera moraine sequence (Strelin and Denton, 2005; Strelin et al., 2011; 2014).  

 

2.3.3 Erosion rates and other corrections 

Rock surface erosion rates reduce surface nuclide concentrations over time, but are relatively poorly 

constrained in Patagonia. Kaplan et al. (2005) reported a maximum erosion rate of 1.4 mm kyr-1 for boulders 

in semi-arid Patagonia around Lago Buenos Aires. This value was adjusted to about 0.2 mm kyr-1 (range 0.0-

4.6 mm kyr-1) by Douglass (2007) based on paired 36Cl/10Be concentrations (Hein et al., 2017). We apply no 
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erosion correction to the integrated dataset because even the higher erosion rate leads to little difference in 

the calculated age within the timescale of the LGM to present day (Figure 5; Figure 6). Consequently, a 

change in erosion rate is unlikely to affect the conclusions of this paper.  

 

Figure 5. Comparison of calculated ages using different erosion rates. When an erosion rate of 1.4mm/kyr is 
applied, some older ages are saturated (unable to calculate age; plotting as 0 on the y axis). For 35 ka to 
present, the choice of erosion rate results in little difference to the calculated age.  Sample Unique ID can be 
cross-referenced in the Supplementary Data. 

 

 

Figure 6. Comparison of ages with a 0 and 0.00014 erosion rate. With the higher erosion rate, some older 
ages are saturated and an age cannot be calculated. 

 

We include no correction for periodic snow cover, which is likely to be negligible on the eastern (dry) side of 

the Andes where most of the cosmogenic nuclide data originate, because snow is normally blown free from 
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the tops of moraine boulders and aridity and wind intensity are generally considered to have increased 

during glacial maxima.  

We also apply no correction for post-glacial uplift. As postglacial uplift or rebound exponentially decreases 

and hence rates quickly diminish after ice recession, the integrated exposure history of boulders in Patagonia 

is essentially at their present elevation on the timescales in this study. Furthermore, the highest isostatic 

uplift rates documented are on the order of 10s of meters (see text). By not including corrections for 

erosion, snow cover and uplift, the exposure ages reported here could be considered minimum ages. Where 

age distributions exist for a given moraine, statistics often show such effects, if they occurred, must be 

within uncertainties; we encourage analyses of such issues on a site-by-site basis depending on the nature of 

the age distribution (e.g., number of outliers, variance of dataset, and so on). We provide the entire dataset 

as excel spreadsheets in the Supplementary Data, formatted for straightforward recalculation.  

 

2.3.4 Uncertainties 

Reported uncertainties (1σ) are all external, which includes those uncertainties associated with production 

rate sites up to thousands of kilometres apart from each other and elevational scaling of thousands of 

meters of elevation. We note such errors are likely to be relatively conservative within Patagonia, which is 

close to the production rate site itself, both in terms of distance and elevation. Also, external uncertainties 

are not relevant when comparing the relative differences between time slices emphasized here, as they are 

systematic within a given area (we have no evidence to support statistically significant differences in the 

production rate over the last 30 ka at these latitudes; cf., Putnam et al., 2010). Last, we encourage 

researchers to propagate a production rate calibration uncertainty of 3% in mean moraine ages when they 

are calculated (e.g., Kaplan et al., 2016; Sagredo et al., 2018, Reynhout et al., 2019), to compare to other 

records dated with other approaches (Kaplan et al., 2011). 

 

2.3.5 Moraine mean ages 

Ages (where n ≥ 2) from a single landform are used to calculate mean ages for that landform. This mean age 

(μ) is provided with the standard deviation (SD) of the samples. The mean age is based on high quality 

(green) ages only, using external uncertainties. Outliers without overlapping uncertainties at 2σ are 

excluded.  Mean ages are used to simplify the data, and give an overall age for a landform such as a moraine, 

and they show the coherence of the distribution.  
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We do not use uncertainty weighted means for the following reasons. As most of the uncertainty on the 

individual ages comes from the uncertainties in the production rate and scaling scheme, the uncertainties of 

the ages within the same group of samples are usually quite homogeneous. Also, the scatter of the ages 

within the same group is typically higher than the individual age uncertainties, suggesting that the natural 

“noise” in the 10Be ages due to the geological characterisation of the samples (i.e. position on the moraine, 

weathering, flaking, exhumation and denudation) is higher than the uncertainties considered in the age 

calculations (laboratory systematic errors, AMS precision, production rate and scaling uncertainties). Older 

moraines may be especially susceptible to these issues, where erosion may be more statistically important 

and where uncertainties in age calculations are higher. Therefore, we considered that the calculated mean 

ages and standard deviations should represent landform ages better than uncertainty weighted means. In 

addition, different samples may be more or less difficult to process in the laboratory; for instance, having 

more or less non-quartz minerals. This leads to samples having different precision on their measurements, 

but this is not reflective of sample quality (i.e. position on moraine, weathering, flaking, exhumation or 

denudation). This would then disproportionately weight the mean in a non-accurate way.  

To avoid these issues, but to allow us to summarise and reduce the data, we simply provide the mean 

landform age and the standard deviation, which gives an indication of the spread of ages on the landform.  

 

2.3.6 PATICE Shapefile 

The PATICE shapefile comprises: 

1. Unique ID (>100) 

2. Reference 

3. Icefield 

4. Outlet lobe 

5. Site number 

6. Landform Name 

7. Sample Name 

8. Published age (integer) 

9. Published uncertainty (integer) 

10. Site description 

11. Notes 

12. Latitude (decimal degrees) 

13. Longitude (decimal degrees) 

14. Elevation (m asl) 

15. Thickness (cm) 

16. Density 

17. Shielding 
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18. Erosion rate 

19. 10Be concentration 

20. 10Be uncertainty 

21. 26Al concentration 

22. 26Al uncertainty 

23. AMS Reference (10Be) 

24. AMS reference (26Al) 

25. Elevation/pressure flag 

26. Age calculator used 

27. Production rate applied 

28. Recalculated age 

29. Recalculated uncertainty 

30. Recalculated age (ka) 

31. Age reliability 

32. Reliability assessment 

33. Landform mean age 

34. Landform standard deviation age 

35. Mean age label 

 

2.4 3He and 36Cl cosmogenic nuclide exposure ages  

3He and 36Cl data were extracted from publications (Ackert et al., 2008; Douglass et al., 2005; Kaplan et al., 

2004) and existing databases. However, extracting sufficient data from the published works to allow 

recalculation was not possible. We therefore present the original ages in the database. The 3He ages are 

considered approximate maximum ages, because they do not consider the non-cosmogenic 3He component. 

However, given the number of ages in question (24), recalculating the ages would not change the 

conclusions of the paper.  

The PATICE shapefile includes: 

1. Unique ID (>7000/8000) 

2. Reference 

3. Icefield 

4. Site Number 

5. Sample Name 

6. Notes 

7. Site description 

8. Published age (integer) 

9. Published uncertainty 

10. Age (ka) 
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11. Latitude (decimal degrees) 

12. Longitude (decimal degrees) 

13. Elevation (m asl) 

14. Thickness (cm) 

15. Density 

16. Shielding 

17. Erosion rate 

18. Elevation/pressure flag 

19. Mineral 

20. Nuclide 

21. Date sample collected (year) 

22. Noble gas standard 

23. Nuclide concentration 

24. Nuclide uncertainty 

25. Age reliability 

 

2.5 Cosmogenic nuclide depth profiles 

Depth profiles use a number of samples (e.g. >5) through a sedimentary unit to provide a single surface 

exposure age based on cosmogenic nuclide concentration at different depths (Darvill, 2013). Samples are 

taken through a deep (e.g. >1.5 m) exposure in the sedimentary unit, either as amalgams or selected 

lithologies (e.g. targeting quartz-rich clasts or sand). Sampled units normally consist of sands to gravels or 

cobbles, although selecting fractions greater than sand-size may affect profile modelling (Hidy et al., 2010). 

The method assumes that the unit was deposited in a single geologic event such that subsequent nuclide 

accumulation through the sediments attenuates with depth (Anderson et al., 1996; Repka et al., 1997). 

Hence, to use the technique to establish surface exposure age, the principle geomorphic assumptions are: 

relatively rapid post-deposition stabilisation of the sedimentary unit; low nuclide inheritance; minimal post-

deposition shielding; and little/no post-deposition sediment mixing (Hein et al., 2009). A modelled nuclide 

attenuation profile through several depth samples will yield a most probable age for surface exposure as 

well as average inheritance (nuclide concentrations deeper than the penetration of cosmic ray reactions) 

and surface erosion (projecting measured nuclide concentrations to the modelled surface according to the 

expected attenuation curve) in the unit (Hein et al., 2009; Hidy et al., 2010; Marrero et al., 2016). Exposure 

ages from depth profiles can be strengthened using single exposure ages from cobbles on the unit surface, 

to provide a check on the modelled exposure age and surface inflation/deflation (Cogez et al., 2018; Darvill 

et al., 2015; Hein et al., 2017; Hein et al., 2011; Hein et al., 2009). It is also possible to reconstruct more 
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complicated depositional histories using multiple cosmogenic nuclides (Balco and Rovey, 2008; Granger and 

Muzikar, 2001; Häuselmann et al., 2007; Hein et al., 2009). 

The depth profile method offers a powerful approach to dating sedimentary units that can be useful in 

glacial setting where sampling of boulders or cobbles may be complicated by post-depositional erosion 

and/or exhumation (Darvill et al., 2015; Hein et al., 2017). This is particularly so on glacier or other sediments 

deposited prior to the last glacial cycle (Hein et al., 2010; 2017). For example, in Patagonia, depth profiles 

through outwash plains robustly mapped to associated moraine limits have been shown to be effective in 

exposure dating the former ice sheet history over a large spatial and temporal range (Cogez et al., 2018; 

Darvill et al., 2015; Hein et al., 2017; Hein et al., 2011; Hein et al., 2009).  

The PATICE shapefile comprises: 

1. Unique ID (> 2000) 

2. Reference 

3. Latitude 

4. Longitude 

5. Modelled age (ka) 

6. Uncertainty 

7. Geomorphological context 

 

2.6 Optically stimulated luminescence ages  

Luminescence dating can directly determine when a mineral grain was last deposited and buried. The 

technique relies upon the ability of quartz or K-feldspar grains to store energy within the crystal structure 

and release it when stimulated using light (optically stimulated luminescence; OSL) or heat 

(thermoluminescence; TL). The OSL signal of grains is reset (or bleached) when exposed to sunlight prior to 

burial and then accumulated again when the grains are exposed to constant natural radiation in the 

surrounding environment from the radioactive decay of U, Th, K and Rb, in addition to cosmic rays, that is 

termed the “dose-rate”. In glacial settings, OSL applied to glacial outwash sediments that can be directly 

linked to a moraine can constrain the position of the ice margin when it was at that moraine (Smedley et al., 

2016).  

Grains deposited in glacial settings typically have less opportunity for sunlight bleaching prior to burial than 

to aeolian sediments which are typically well bleached. Glaciofluvial sediments are therefore targeted to 

maximise the opportunity for bleaching, but the OSL signals of individual grains are typically incompletely 
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bleached prior to burial. For such sediments, single-grain OSL analysis (Bøtter-Jensen et al., 2003) and 

statistical age models (see Galbraith and Roberts, 2012) are often required to determine accurate ages. 

 An additional challenge for OSL dating of K-feldspar in comparison to quartz is that feldspars are prone to 

the effects of anomalous fading (Wintle, 1973) which manifests as age underestimations if not addressed 

(Huntley and Lamothe, 2001). OSL ages determined from feldspar must either be accurately corrected for 

fading (e.g., Huntley and Lamothe, 2001) or determined using more stable signals such as the post-IR IRSL 

signal (pIRIR) typically measured at 225°C or 290°C, which circumvent the issues of anomalous fading 

(Thomsen et al., 2008; Thomsen et al., 2011). Previous studies have successfully used the OSL signal of single 

grains of quartz (e.g., Glasser et al., 2006) and the pIRIR signal of single grains of K-feldspar (e.g., Smedley et 

al., 2016) to determine accurate ages for glaciofluvial sediments from Patagonia.  

The PATICE shapefile comprises: 

1. Unique ID (>700) 

2. Reference 

3. Landform name 

4. Sample name 

5. Latitude 

6. Longitude 

7. Elevation 

8. Published age (years) 

9. Published uncertainty 

10. Age (ka) 

11. Technique 

12. Notes 

13. Further comments 

14. Age reliability 

15. Reliability assessment 

 

2.7 Tephrochronology 

Several studies use tephrochronology of layers in lake sediment cores to provide an improved chronology. 

Where these are done in conjunction with repeated radiocarbon ages and subsequent tephra horizons, they 

provide an excellent independent marker horizon of a known age across several cores. In the absence of 

dateable organics at the base of sediment cores, tephra horizons can provide a constraint on the timing of 
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deglaciation, correlated across multiple cores and localities (e.g., Kilian et al., 2013; Kilian et al., 2003; Kilian 

et al., 2007; Stern, 2008). Tephra ages are chronologically constrained using 14C dates from terrestrial sites, 

and are thus independent of marine reservoir corrections (Kilian et al., 2013). Six key volcanoes (Lautero, 

Viedma, Aguilera, Reclus, Mt. Burney and Cook Island) form the Andean Austal Volcanic Zone, which is the 

southernmost volcanically active segment in the Andes (Stern, 2008). Hudson volcano is important further 

north (Bendle et al., 2017). These volcanoes result from slow subduction of the Antarctic Plate (refer to 

Geological Setting).  These volcanoes deposited regionally widespread Holocene tephra layers in Tierra del 

Fuego, which can be geochemically distinguished. The key tephras from this region are summarised in Table 

2.  

Although different papers assign different ages to each tephra horizon, in this study we use a consistent age 

for each horizon throughout the paper. These ages are given in Table 2, and are selected on the robustness 

of their independent 14C age control. The ages used by the original authors are listed in the geodatabase’s 

Tephra shapefile (Table 2). 

 

Table 2. Details of key Holocene tephra layers distributed in southernmost South America. 

Source Tephra Latitude Average 14C 

yrs BP 

Average cal. 

yrs BP 

Reference 

Reclus R1 51°S 12,685 ± 260 14780 ± 560 Sagredo et al. (2011) 

Mt Burney MB1 52°S 8440 ± 750 9400 ± 1100 Stern (2008) 

Mt Burney MB2 52°S 4015 ± 720 4265 ± 895 Stern (2008) 

Hudson Ho 45°S 18820 17370 ± 70 Stern et al. (2015); Weller et al. 

(2015) 

Hudson H1 45°S 6850 ± 160 7710 ± 280 Stern (2008) 

Hudson H2 45°S  4000 ± 50 Stern et al. (2016); Naranjo and 

Stern (1998) 

Hudson H3 45°S - 1991 AD Stern et al. (2016) 

Aguilera A1 50°S 3000 ± 100 3200 ± 270 Stern (2008) 

Mentolat MEN1 44°S 6782 ± 23 7490 ± 130 Stern et al. (2016) 

 

The PATICE shapefile comprises: 

1. Unique ID (>3000) 

2. Reference 

3. Location 

4. Latitude (decimal degrees) 

5. Longitude (decimal degrees) 
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6. Published age 

7. Tephra source 

8. Tephra layer 

9. Description 

10. Tephra range 

11. Updated tephra age from Stern (2008) 

12. Age (ka) 

13. Age reliability 

 

2.8 Historical documents 

Chile has many historical documents and maps dating from Spanish colonial rule in the 16th Century that can 

assist in the identification of glacier extent over the last few centuries (Araneda et al., 2007). The first 

explorers to reach Glaciar San Rafael, for example, were Spanish explorers in 1675 AD. Later, scientific 

reports from expeditions (e.g., de Agostini, 1956; de Gasperi, 1922; Lawrence and Lawrence, 1959; Steffen, 

1947) and accounts from early explorers (e.g., Darwin, 1839) also provide data on glacier positions that can 

be incorporated into later reconstructions (Harrison et al., 2007; Izagirre et al., 2018; Garibotti and Villalba, 

2009). Maps compiled by República de Chile based on field surveys carried out in 1894-1899 provide 

information on glacier extent of the South Patagonian Icefield (Casassa et al., 1997). Trimetrogon aerial 

photographs taken by the United States Air Force in 1944/1945 provide further data on ice extent (Harrison 

et al., 2007). In this way, accurate reconstructions on a glacier-by-glacier basis can be compiled, dating from 

the Little Ice Age (LIA) through to the mid-20th Century.  

The PATICE shapefile comprises: 

1. Unique ID (>5000) 

2. Reference 

3. Document 

4. Description 

5. Age (years AD) 

6. Latitude 

7. Longitude 

8. Altitude (m asl) 

9. Age reliability 
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2.9 Dendrochronology  

Trees colonising recently deglaciated land surfaces, especially on markers of ice advance such as moraines, 

provides a means of dating surfaces too young to date reliably by other means (Coulthard and Smith, 2013; 

Koch, 2009; Smith and Laroque, 1996). This has been termed ‘dendroglaciology’ (Masiokas et al., 2009a). 

This technique has been widely applied to date “Little Ice Age” moraines around the North Patagonian 

Icefield and South Patagonian Icefield (e.g., Boninsegna et al., 2009; Koch and Kilian, 2005; Masiokas et al., 

2009b; Winchester and Harrison, 2000; Winchester et al., 2001; Winchester et al., 2014). In our study region, 

most tree-ring chronologies use the South American beech (Nothofagus sp.), the conifer Pilgerodendron 

uviferum or Fitzroya cupressoides.   

We limit our database to those tree-ring chronologies that can establish a deglacial age for glacial landforms, 

such as moraines or trimlines. This method has a dating precision of around 10 years, and the age of the 

oldest tree provides a minimum estimate for the surface age (Coulthard and Smith, 2013). Limitations of the 

technique include that the ecesis time (time between surface exposure and tree germination) is challenging 

to estimate, and it makes the assumption that the oldest tree has been sampled. Our database includes 

information such as ecesis time, growth rate, tree age, a calculated date for tree germination, comments on 

geomorphological and geographical situation, source reference, and a Unique ID for each data entry.  

The PATICE Dendrochronology shapefile includes: 

1. Unique ID (>4000) 

2. Reference 

3. Latitude 

4. Longitude 

5. Altitude 

6. Description 

7. Location 

8. Age (years AD) 

9. Growth rate 

10. Ecesis time (years) 

11. Age reliability 

 

2.10 Lichenometry 

Lichenometry using the species Rhizocarpon subgenus Rhizocarpon has also been used to date 

constructional glacial landforms from the last 100 years or so (Harrison et al., 2007; Garibotti and Villalba, 
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2009; 2017). Our database includes information on the growth curve, sampling method, calculated moraine 

date, and any other relevant information. The growth rate of Rhizocarpon decreases over time, and the 

strong east-west precipitation gradient in Patagonia introduces statistically significant differences in the 

growth curves (Garibotti and Villalba, 2009).  

The PATICE lichenometry shapefile comprises: 

1. Unique ID (>4500) 

2. Reference 

3. Latitude 

4. Longitude 

5. Description 

6. Species 

7. Comments 

8. Age (Year AD) 

9. Location 

10. Age (ka) 

 

2.11 Varve records 

Annually-laminated (varved) sediment sequences deposited in former proglacial lakes provide a means of 

dating ice-margin fluctuations and local geomorphological events (e.g. Bendle et al., 2017; Caldenius, 1932; 

Larsen et al., 2012; Ridge et al., 2012). In proglacial lakes, varves form in response to seasonal variations in 

sediment influx that lead to deposition of a coarse-grained (silt/sand) melt season layer, capped by a fine-

grained (clay) non-melt season layer. Where deposited in continuous sequences, counts of the number of 

annual layers enable an incremental chronology to be developed. Before glacier fluctuations can be dated, 

this ‘floating’ varve chronology must be anchored in absolute time using an independent dating technique 

(e.g. tephrochronology, radiocarbon). Once time-anchored, a varve record can be used to infer glacier changes 

(often using a combination of varve thickness data and the morphostratigraphic relationship between varved 

sediment sequences and ice-marginal landforms, such as moraines) and date their timing. As an example, a 

sequence of varves deposited between two recessional moraines enables age estimates to be derived for each 

of these former glacier extents. Using this approach, the duration of glacier retreat cycles and rates of 

recession can be quantified (Bendle et al., 2017a). 

In Patagonia, glaciolacustrine varve records were first studied by Caldenius (1932). However, in this early 

work, the absolute timing of glacial changes could not be ascertained as no means of independent dating 
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was readily available. Recently, however, a varve chronology of ca. 1000 years duration was developed at 

Lago GCBA. This record has been independently dated through tephrochronology, owing to the in situ 

presence of the Ho tephra (Table 2) in the varve sequence (Bendle et al., 2017). These ages complement 10Be 

dating of moraine boulders in the same valley (Douglass et al., 2006; Kaplan et al., 2004; Thorndycraft et al., 

2019). 

The PATICE shapefile comprises: 

1. Unique ID (>6000) 

2. Reference 

3. Description 

4. Location 

5. Landform 

6. Start age (years) 

7. End age (years) 

8. Latitude (decimal degrees) 

9. Longitude (decimal degrees) 
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