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17-My-long trend toward cooler conditions
as expressed by a 3.0‰ rise in !18O with
much of the change occurring over the early-
middle (50 to 48 Ma) and late Eocene (40 to
36 Ma), and the early Oligocene (35 to 34
Ma). Of this total, the entire increase in !18O
prior to the late Eocene ("1.8‰) can be
attributed to a 7.0°C decline in deep-sea tem-
perature (from "12° to "4.5°C). All subse-
quent !18O change reflects a combined effect
of ice-volume and temperature (40), particu-
larly for the rapid #1.0‰ step in !18O at 34
Ma. On the basis of limits imposed by bot-
tom-water and tropical temperatures, it has
been estimated that roughly half this signal

("0.6‰) must reflect increased ice volume
(24, 41), though independent constraints on
temperature derived from benthic foraminif-
eral Mg/Ca ratios argue for a slightly greater
ice-volume component ("0.8 to 1.0‰) (42).
This long-term pattern of deep-sea warming
and cooling is consistent with reconstructions
of early Cenozoic subpolar climates based on
both marine and terrestrial geochemical and
fossil evidence (43–47).

Following the cooling and rapid expan-
sion of Antarctic continental ice-sheets in the
earliest Oligocene, deep-sea !18O values re-
mained relatively high (#2.5‰), indicating a
permanent ice sheet(s), likely temperate in

character (48), with a mass as great as 50% of
that of the present-day ice sheet and bottom
temperatures of "4°C (18). These ice sheets
persisted until the latter part of the Oligocene
(26 to 27 Ma), when a warming trend reduced
the extent of Antarctic ice. From this point
until the middle Miocene ("15 Ma), global
ice volume remained low and bottom water
temperatures trended slightly higher (49, 50),
with the exception of several brief periods of
glaciation (e.g., Mi-events) (39). This warm
phase peaked in the late middle Miocene
climatic optimum (17 to 15 Ma), and was
followed by a gradual cooling and reestab-
lishment of a major ice-sheet on Antarctica
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Fig. 2. Global deep-sea oxygen and carbon isotope records based on data
compiled from more than 40 DSDP and ODP sites (36). The sedimentary
sections from which these data were generated are classified as pelagic
(e.g., from depths #1000 m) with lithologies that are predominantly
fine-grained, carbonate-rich (#50%) oozes or chalks. Most of the data
are derived from analyses of two common and long-lived benthic taxa,
Cibicidoides and Nuttallides. To correct for genus-specific isotope vital
effects, the !18O values were adjusted by $0.64 and $0.4‰ (124),
respectively. The absolute ages are relative to the standard GPTS (36,
37). The raw data were smoothed using a five-point running mean, and
curve-fitted with a locally weighted mean. With the carbon isotope
record, separate curve fits were derived for the Atlantic (blue) and Pacific
above the middle Miocene to illustrate the increase in basin-to-basin

fractionation that exceeds "1.0‰ in some intervals. Prior to 15 Ma,
interbasin gradients are insignificant or nonexistent (39). The !18O
temperature scale was computed for an ice-free ocean ["1.2‰ Standard
Mean Ocean Water (SMOW )], and thus only applies to the time pre-
ceding the onset of large-scale glaciation on Antarctica ("35 Ma)
(43). From the early Oligocene to present, much of the variability
("70%) in the !18O record reflects changes in Antarctica and North-
ern Hemisphere ice volume (40). The vertical bars provide a rough
qualitative representation of ice volume in each hemisphere relative
to the LGM, with the dashed bar representing periods of minimal ice
coverage (!50%), and the full bar representing close to maximum ice
coverage (#50% of present). Some key tectonic and biotic events are
listed as well (4, 5, 35).
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A permanent El Niño
Peter Molnar 
Crafoord Prize, 2014

Teleconnections                            

Molnar & Cane, 2002, 2007

El Niño 1997-1998 
• Warm winters in Canada 
• SW USA and Gulf of Mexico colder and wetter 

in summer 
• W South America wetter 
• Rio de la Plata warmer and wetter 
• Western Africa warmer, and eastern Africa 

wetter 
• China drier 
• NE Brasil, Colombia y Venezuela drier

https://www.iea.org/
countries/colombia

Hydro

Electricity generation by source 1990-2021



Oei & Medelevitch, 2016
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Colombia Aberrant 

• Peak ~ 90 millon t thermal coal a 
year 

• 2.5 x1018 Jules (2.5 exa-Jules) 

• Enough to feed 60 600MW power 
plants a year 

• Colombia is always on the verge 
of rolling blackouts (1992, 2016), 
result of El Niño

https://www.worldcoal.com/power/10072018/
sloane-energy-to-build-la-luna-power-plant-
in-colombia/
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https://www.worldcoal.com/power/10072018/sloane-energy-to-build-la-luna-power-plant-in-colombia/
https://www.worldcoal.com/power/10072018/sloane-energy-to-build-la-luna-power-plant-in-colombia/
https://www.worldcoal.com/power/10072018/sloane-energy-to-build-la-luna-power-plant-in-colombia/


ERW

Dietzen, et al., 2019 
Moosdorf, et al., 2014
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Lamus

• Enhanced Rock Weathering 

• Natural process, accelerated by 
grinding 

• Low-tech, faster in the tropics 

• Modulates soil acidity, preventing 
emissions 

• Coupled to tropical agriculture and 
mining 

• Sold as carbon credit



Gil, (in prep.)
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ERW Colombia

• For ~9 million hectares of cropland: 

• 0.3 tons of CO2 captured per ton of basalt, 3 times a year 

• ~81 million tons of CO2 (Colombia’s emissions) 

• ~67 M m3 of mafic rocks needed (cube 400 m/yr) 

• Emissions related to mining, transport, grinding and 
application ~0.5 y 3% (Brazil) 

• Costs ~ US$50/t of mafic rock (Brazil) 

• US$ 140 / ha if carbon credit US$ 180 Beerling, et al., 2020 
Moosdorf, 2014 

Strefler, 2018

~ 48 M ha of cropland 
(81% pastures) 

4.8. M ha (~10%) 
croplands 

Routinely use lime to 
modulate acidity



• Gracias

camilomontes@uninorte.edu.co

mailto:camilomontes@uninorte.edu.co

