


Supplementary Information for
The Early Paleogene: A Glimpse of an Extremely Warm World
Authors: Jacob S Slawson1*, Piret Plink-Bjorklund1, Thomas Reichler2, Daniel Baldassare2
Corresponding author: Jacob Slawson, jslawson@mines.edu

The PDF file includes:
Supplementary Text
References 
Other Supplementary Information for this manuscript include the following: 
Data S1 – Excel spreadsheet with proxy location data and citations
Data S2 – Interactive web map format of Paleogene climate figures 


Data S3 – ArcGIS Pro package containing Early Paleogene climate project
3

Climate Proxies
Climate proxies that are focused on mean annual precipitation and precipitation intermittency fall into four main categories. Paleosols, or ancient soils, are a product of climate, organisms, topographic relief, parent material or substrate, and time42. When the other soil forming factors are held constant, paleosols may be used to reconstruct climate at the time of formation43. A number of models have been proposed to estimate mean annual precipitation (MAP) and mean annual temperature (MAT) as a function of paleosol geochemistry. Some of the early models utilized molecular weathering ratios that treat loss of labile elements as a function of chemical weathering via mean annual precipitation, such as CIA-K44. More recently, multivariate, machine learning based approaches have been developed to estimate MAP and MAT in statistical frameworks with a better measure of uncertainty and account for the non-linearity of soil development45, 46. Paleosol color may also be related to the intermittency of precipitation, where red colors indicate wetting and drying and blue-green colors indicate water-logged conditions43.   
Fossil leaf size and shape can be used to estimate MAT and MAP, respectively47, 48. MAT, MAP, and the intermittency of precipitation can also be estimated based on comparison between species identified in leaf and pollen fossils and their nearest living relatives (NLR) today49.   
Fluvial sedimentology is proving increasingly capable of identifying the degree of precipitation intermittency and intensity in the geologic record50, 51. Froude supercritical flow structures, formed during high velocity flows where sediment is transported in suspension, are commonly formed in arid to semi-arid or sub-humid environments today that are prone to flash floods52, and in monsoonal zones where seasonal high-magnitude floods occur51. These structures, and other changes in fluvial sedimentology, such as in-channel bioturbation, have been identified in the geologic record and are indicative of extreme fluctuations in river discharge as a function of precipitation intermittency53. 
Clay mineral composition of paleosols and marine deposits can be used to estimate climate conditions54, 55. Feldspars, one of the most common minerals in the Earth’s crust, weather via hydrolysis to produce a predictable series of clay mineral assemblages as a function of chemical weathering55. Kaolinite and gibbsite are indicative of high degrees of weathering and are commonly found in the tropics and subtropics today55. Smectite is indicative of minor precipitation intermittency and moderate precipitation and temperature, such as mid-latitude (30-60°) locations today55. Palygorskite-sepiolite minerals are commonly formed in association with base precipitation, and thus mark locations with moderate to high precipitation intermittency and warm temperatures55. These mineral assemblages may also be produced by physical weathering of sedimentary material, which is typically indicative of locations with low rates of chemical weathering such as cold or dry locations20, 55. Clay mineral assemblages may be altered via diagenesis and other geological processes, so extreme care is taken to cross-validate when using this proxy to reconstruct climate54. 

Climate type definitions 
Warm, ever-wet (WEW)  
This climate type includes the tropical rainforest (Af) climate in the Köppen-Geiger classification and is defined based on the ever-wet conditions with perennial precipitation style with little seasonal intermittency25, and mean annual temperature (MAT) is >20°C21, 22. Mean annual precipitation (MAP) is >2000 mm21, 56. Vegetation is dominated by evergreen broadleaves such as mangrove, palm, and shorea35, 57. Soil types tend to range from oxisols to ultisols, and the soil B-horizons are marked by kaolinite group clay minerals55, 58. A modern example of such a climate is the Amazon rainforest.  
In the Paleogene sedimentary record, the warm and ever-wet climate is recognized by proxies that indicate MAP > 2000 mm with low seasonal intermittency, and MAT > 20°C. Where quantitative estimates are not available, we use the occurrence of evergreen broadleaf vegetation types such as palm, mangrove, and shorea, oxisol to ultisol soil types, and kaolinite group clay minerals. Vegetation type is largely a function of temperature seasonality, effective precipitation and climate extremes, as plants tend to be sensitive and exhibit characteristics to capitalize on available resources35, 59. Oxisols and ultisols are highly weathered soils formed by the temperature and precipitation conditions favorable of chemical weathering via hydrolysis55, 58. Increasing hydrolysis of silicate minerals produces a predictable series of secondary clay minerals ranging from smectite under seasonal conditions to kaolinite under ever-wet conditions20, 55. 
Warm monsoonal (WM) or cool monsoonal (CM)  
This climate type includes the the tropical monsoonal (Am) climate in the Köppen-Geiger classification. It is defined based on highly seasonal precipitation linked to global monsoon circulation and related cyclones, as a function of the seasonal migration of the Inter-Tropical Convergence Zone (ITCZ; e.g. Wang and Ding 2008). More than 80–90% of annual precipitation in monsoon regions falls during the summer monsoon25. MAP is 500-2000 mm and MAT is >20°C in warm monsoon climates21, 22. Vegetation is dominated by evergreen and deciduous broadleaves such as palms, uvaria, and eucalyptus35, 60. Soil types tend to range from alfisols to ultisols, and the soil B-horizon is marked by smectite group clay minerals55, 58. A modern example of a warm monsoon climate is India. With the cool monsoon climate, we diverge from the Köppen-Geiger classification because it relies primarily on temperature, whereas we define climates. We use the monsoon precipitation index25 to identify the cool monsoonal climate type, such as in Japan where MAT is ca. 12°C.   
In the Paleogene sedimentary record, the monsoonal climate is recognized by proxies that indicate MAP 500-2000 mm with a high seasonal intermittency. Warm monsoonal climates are identified when MAT >20°C and cool monsoonal when MAT <20°C. Where quantitative estimates are not available, we use the occurrence of deciduous and evergreen broadleaf vegetation types such as palms, uvaria, eucalyptus, and potentially conifer in cool monsoonal climates, alfisol to ultisol soil types, and smectite group clay minerals. Precipitation intermittency leads to the dominance of trees adapted to a wide range of conditions, where depending on the length of the monsoon season, there may or may not be a definite growing season35, 59. Alfisols are moderately leached soils formed under forest cover, while ultisols are strongly leached, and their occurrence depends on the favorability of temperature and precipitation conditions55, 58. Strong seasonality tends to promote hydrolysis of parent material to form smectite group clay minerals20, 55. There are also sedimentological proxies, such as the presence of fluvial fans, in combination with an abundance or dominance of Froude supercritical flow sedimentary structures, in-channel bioturbation and pedogenic modification52. These sedimentological proxies collectively indicate fluctuations in discharge as a result of highly seasonal precipitation in climatic settings that promote marked seasonal and interannual hydrological changes, leading to intermittent discharge regimes and exceptional flood events51, 52. These sedimentological proxies thus provide valuable information on precipitation intensity and intermittency or seasonality but need to be used in a multi-proxy analyses in order to indicate a climate type.    
Sub-humid (WS) or semi-arid (CS)  
Sub-humid and semi-arid climates are defined by seasonally and interannually intermittent precipitation and correspond to the savannah (Aw) or steppe (BSh and BSk) climates in the Köppen-Geiger classification. MAP may be similar to the monsoon zone, but the dry season precipitation tends to be lower and inter-annual intermittency considerably higher22, 25. Sub-humid climates receive monsoon rain only during extreme monsoon trough migration or abnormal or strengthened monsoon seasons and associated cyclonic flow and thus experience extreme inter-annual precipitation intermittency25. Sub-humid climates experience lower MAP in the range of 500-2500 mm and MAT at >20°C, such as in northern Australia56. Vegetation is dominated by grasses and woody shrubs such as baobab trees and eucalyptus35, 56. Soil types tend to range from alfisols to aridisols, and the soil B-horizons may be characterized by base precipitation and palygorskite-sepiolite group clay minerals in drier regions55, 58.   
Semi-arid climates are typically located in continental interiors and on the leeside of mountain ranges and receive little precipitation as a result. Some of these climates receive summer precipitation associated with monsoon migration, such as the southwestern United States or subtropical locations in central Australia25. Other semi-arid locations receive predominantly winter precipitation from extratropical frontal systems, such as California. MAP ranges from <500 to 1200 mm, while MAT may be quite cool or warm with temperatures ranging from –5 to 20°C21, 56. Vegetation is dominated by grasses and shrubs such as sage, juniperus, dry-adapted conifer, and legumes21, 62. Soil types tend to range from mollisols to vertisols, and the soil B-horizons may be marked by pedogenic carbonate or other base precipitation and palygorskite-sepiolite group clay minerals55, 58. 
In the Paleogene sedimentary record, the sub-humid and semi-arid climates are not distinguishable and grouped together as a result. They are recognized by proxies that indicate MAP is between 500 and 2500 mm with a high seasonal and interannual intermittency. MAT ranges from >10°C to <20°C. Where quantitative estimates are not available, we use the occurrence of woody shrubland and grassland vegetation types such as eucalpytus or juniperus, alfisol, mollisol, or vertisol soil types, pedogenic carbonate nodules, palygorskite-sepiolite group clay minerals, and the sedimentological proxies that identify fluctuations in discharge. The limitation of precipitation and high temperatures lead to the dominance of small, woody plants and grasses35, as both precipitation and temperature intermittency encourages the growth of plants adapted to a wide range of conditions59. Mollisols form under cool, seasonal precipitation conditions under grassland cover, and vertisols are clay-rich soils that form under seasonal conditions58. Alfisols are moderately leached soils formed under forest cover, and their occurrence depends in part on the extent of precipitation seasonality58. Calcretes and magnesium clays of the palygorskite-sepiolite group are favorable under highly seasonal precipitation conditions due to the regular rise and fall in water table55.  
Warm arid (WA) or cool arid (CA)   
The arid climate type corresponds to BWh and BWk climates in the Köppen-Geiger classification and is defined as having highly intermittent precipitation and sustained aridity22, 25. Similar to the sub-humid and semi-arid climates, arid regions receive monsoon rain only during extreme monsoon trough migration or abnormal or strengthened monsoon seasons and associated cyclonic flow and thus experience extreme inter-annual precipitation intermittency, such as in central Australia today25. MAP is <500 mm and MAT is >20°C in warm arid climates and <20°C in cool arid climates21, 56. Vegetation is generally lacking35. Soil types tend to range from aridisols to entisols, and the soil B-horizons contain pedogenic carbonate nodules and clay minerals that are largely a function of parent material formed via physical weathering55, 58.  
In the Paleogene sedimentary record, the arid climate is recognized by proxies that indicate MAP < 500 mm with a high seasonal and interannual intermittency, and MAT ~ 20°C, as we lacked the temperature data to distinguish between these climate types. We suspect many of the arid locations were warm arid due to the high global temperatures during the Early Paleogene. Where quantitative estimates are not available, we use the lack of vegetation, presence of poorly developed soil types that range from aridisols to entisols, pedogenic carbonate nodules, physically weathered clay minerals, and the sedimentological proxies that identify fluctuations in discharge. The high temperature and low precipitation prevent consistent growth of vegetation35. Low rates of chemical weathering may prevent the formation of mature soils in arid locations58. However, aridisols may form given enough time and chemical weathering58. High seasonality favors the precipitation of bases under low water table conditions55. Low precipitation prevents chemical weathering from occurring and favors the dominance of physical weathering of parent material55.   
Humid subtropical (HS) or cool temperate (CT)  
Cool, wet, low precipitation intermittency climates, such as the northeastern United States today, correspond to Cs, Cw, Cfb, Cfc, Ds, Dw, and Df in the Köppen-Geiger classification and have relatively low seasonal precipitation intermittency22, 25. Although all temperate climate types do experience some types of seasons, the annual precipitation range as compared with the annual mean is characteristically low25. Precipitation in temperate climates is primarily linked to tropical cyclones and thus monsoon circulation25. MAP is 500-2000 mm and MAT is <15°C21, 56. Vegetation is dominated by deciduous broadleaves and conifers such as metasequoia, magnolia, and ferns35, 49. Soil types tend to range from andisols to ultisols, and the soil B-horizon is marked by smectite to kaolinite group clay minerals55, 58. 
Humid subtropical climates, such as the southeastern United States today, correspond to Cfa in the Köppen-Geiger classification22. Similar to the temperate climate, the annual precipitation range compared to the annual mean is low, and precipitation is linked to tropical cyclones and monsoon circulation in the warm season and extra-tropical atmospheric circulation in the winter25. MAP is 500-2000 mm and MAT is >15°C21, 56. Vegetation is a mixture of deciduous broadleaves and evergreen broadleaves such as palms, magnolia, and live oak. Soil types tend to be weathered and range from andisols to oxisols, and the B-horizon is marked by kaolinite group clay minerals55, 58. 
In the Paleogene sedimentary record, temperate climates are recognized by proxies that indicate MAP between 500 and 2000 mm with a low or moderate seasonal intermittency, and MAT <15°C and >15°C in humid subtropical climates. Where quantitative estimates are not available, we use the occurrence of deciduous broadleaf and conifer vegetation types such as metasequoia, oak, ferns, and possibly palm due to low temperature seasonality, alfisol to ultisol soil types, smectite and/or kaolinite group clay minerals, and the lack of the sedimentological proxies that identify fluctuations in discharge to identity these climates. Seasonal temperature conditions favor a mixture of conifers that are cold adapted and deciduous broadleaf trees, or plant families that are adapted to a wide range of conditions and climate extremes35, 59. A difference between temperate climates of the Paleogene and those today is lower temperature seasonality during the Paleogene enabled growth of thermophilic taxa such as palms that could be found alongside other broadleaf and conifer49, 63. Alfisol to ultisol soil types occur depending on the degree of chemical weathering, where alfisols may be more common in mild conditions58. The formation of smectite group clay minerals via hydrolysis is favorable under moderate seasonality conditions, while kaolinite group clay minerals are favorable under ever-wet, low seasonality conditions55. Kaolinite clay minerals are likely to form in humid subtropical regions, particularly those that are warm and wet like the modern southeastern US55.    
Cold, dry with seasonal freeze-thaw (CD)  
Cold dry with seasonal freeze-thaw climates are defined by high seasonal intermittency in temperature and surface water availability and combine the cold and polar climate types of the Köppen-Geiger climate classification (Ds, Dw, ET, EF)22. MAP is >500-1500 mm and MAT is –5 to 5°C21, 56. Vegetation is dominated by tundra vegetation such as grasses and shrubbery, as well as boreal forests35. Soil types tend to range from spodosols to gelisols, and clay minerals are largely a function of parent material formed via physical weathering55, 58. This climate type was not identified in the Early Paleogene.    
Cool, ever-wet (CEW)  
Cool and ever-wet climates, such as the temperate rainforests of the Pacific Northwest, are characterized by ever-wet conditions, MAP > 2000 mm, and MAT <20°C21, 56. Where quantitative estimates are not available, we classify a region’s climate as cold and ever-wet based on the presence of mixed deciduous-evergreen broadleaf and conifer vegetation types such as the brush pepperbush, palm, and metasequoia35, 64, spodosol soil types58, and altered illite group clay minerals56. These successions also characteristically lack sedimentological proxies that identify fluctuations in discharge52, 53. Mixed deciduous, evergreen broadleaf vegetation types occur due to the relatively mild temperatures and high precipitation where some trees may grow year-round35. Spodosol soils are common in wet, cool environments where the buildup of organic material is favorable, and they form today in environments like the eastern Canadian coast and Northern Europe that are dominated by coniferous forests58. The mixture of cold and wet conditions favors a mixture of physical and chemical weathering to commonly produce altered illite group clay minerals55. 

Data S1. (separate file)
Excel file containing all of the climate data and associated citations depicted in the maps.

Data S2. 
https://jslawson298.github.io/EarlyPaleogeneClimate/

Link to webmap version of climate maps hosted on github. Note that the default is for all of the layers to be turned on at once. To view a single time period, disable all layers except for the time period’s location, climate type, and base map. 
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ArcGIS Pro project file that will open the climate maps and associated data.
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