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Supplementary Note 1. Ash plume simulations with Hysplit 5.3.0 9 
 10 
Model description and configuration 11 

HYSPLIT 5.3.0 (Hybrid Single-Particle Lagrangian Integrated Trajectory (1) is an 12 
atmospheric transport and dispersion model used to simulate the trajectories, dispersion, and 13 
deposition of airborne particles, gases, and pollutants. We ran particle dispersion simulations with 14 
Hysplit 5.3.0 to derive the present-day spatial distribution of ash deposition from volcanic 15 
eruptions in the Puna-Altiplano region. Atmospheric advection and diffusion were calculated 16 
based on the NCEP/NCAR Reanalysis I, with temporal and spatial resolutions of 6 h and 2.5º, 17 
respectively. Dry deposition occurs by gravitational settling, and the (2) formulation was used to 18 
calculate non-spherical particle fall speeds. Wet deposition was modeled as both below-cloud and 19 
in-cloud scavenging, for which default efficiency parameter values were used (both 8 x 10-5 s-1). 20 
To derive a representative ash mass emission rate for Late Miocene eruptions, we used the average 21 
ignimbrite volume eruption rate between 7.5-5.5 Ma for the Cerro Galan and southern half of the 22 
Altiplano-Puna volcanic zone (APVC; 18.4 km3 10-4 yr-1; (3)), the median density of ignimbrite-23 
forming pyroclastic density currents (PDC) of 1980-2019 eruptions (1770 kg m-3; (4)), and the 24 
median ash-to-PDC mass ratio of 1980-2019 eruptions (2.1; (5)). Finally, a correction (x1.32) was 25 
applied to consider the full extent of the Cerro Galan plus APVC ignimbrite volume, which, based 26 
on previous estimates, ranges between 16,500-17,300 km3 ((6); (7, 8)). This gives a mean ash 27 
emission rate of 90.3 Pg 10-4 yr-1. We assumed this total mass was emitted by multiple VEI6-type 28 
explosive volcanic eruptions with a 75-year recurrence. The recalculated ash mass for each 29 
eruption was emitted from multiple points along a vertical line from 100 m to 15.7 km above the 30 
crater (23.5ºS, 67.5ºW), during one week at a constant rate. Simulated ash transport and deposition 31 
persisted for four days after the end of emissions. 32 

We parameterized the grain size distribution of volcanic ash aerosols at emission based on 33 
the detailed measurements available for the 2008 Chaitén eruption in Chile (9). This distribution 34 
consists of six grain size populations, each with a central-value grain size of 2.4 𝜇𝜇m, 12.5 𝜇𝜇m, 31.3 35 
𝜇𝜇m, 89.5 𝜇𝜇m, 415.1 𝜇𝜇m and 4254 𝜇𝜇m. The mass apportionment was modified compared to that of 36 
(9) to reflect the fact that extremely explosive volcanic eruptions generate ash aerosols where 50% 37 
of the mass is in particles below 63 𝜇𝜇m (eruption categories S3 and S8 of (10)). The resulting mass 38 
apportionment is: 6.7%, 21.1%, 22.3%, 22.9%, 22.8% and 4.3%, for grain size populations #1-6, 39 
respectively. Finally, to create a realistic, continuous grain size distribution, each population was 40 
additionally subdivided into 10 sub-populations, with mass apportioned so that the cumulative 41 
mass distribution with respect to the base-10 logarithm of the particle diameter is linear between 42 
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the central-value grain sizes of two contiguous populations. Particle density was set at 2242 kg m-43 
3, based on measurements on ash from the 2008 Chaitén eruption (11). Particle shape was set 44 
assuming a sphericity (i.e., between 0 and 1, with a value of one representing a sphere) of 0.8 (e.g., 45 
(12)). To derive a representative ash plume that averages out seasonal and interannual variabilities, 46 
we simulated one event during each month for 10 years (January 2014-December 2023), with 47 
emissions starting at 0.00 hs UTC of the first day of each month. In Supplementary Figure 1 the 48 
monthly climatology of ash deposition is shown. We used the mean ash deposition field as input 49 
for the biogeochemical simulations. 50 

 51 
Nutrient flux estimation 52 

We estimated the flux of ash-derived nutrients, phosphorus (P), iron (Fe), and silica (Si), 53 
based on the mean field of ash deposition, the content of nutrients of ash, and the fraction of 54 
nutrients in ash that is soluble (i.e., bioavailable). We set the total Fe content in ash as 3.5% (e.g., 55 
(13)) while the solubility of Fe depended on the ratio of coarse-to-fine ash deposition, with higher 56 
values of Fe solubility for finer ash. This is equivalent to how non-volcanic mineral dust Fe 57 
solubility is implemented in MARBL, the ocean biogeochemistry component of CESM, and is 58 
based on (14). The mean Fe solubility (i.e., fraction of total Fe that is soluble) in deposited ash 59 
turned out to be 27.3% . In turn, the mass fraction of soluble Si and of soluble P with respect to 60 
total ash was set to 2.3% and 0.016%, respectively. In all cases (Fe, Si, and P), the soluble contents 61 
of these elements with respect to the total mass of deposited ash were within the lower half of 62 
available estimates for Andean ash (Fe: 0.001-0.02%, P: 0.00001-0.01%, Si: 0.01-0.1%; (15-19). 63 

 64 
 65 

Supplementary Note 2. Short-term productivity simulations with CESM 66 
 67 
Model description and configuration 68 

We simulated the response of ocean ecosystems and the carbon (C) cycle to pulses of 69 
nutrients associated with volcanic ash using the low-resolution configuration of the Community 70 
Earth System Model (CESM) version 2.1.5 (20). This configuration of CESM provides a realistic 71 
representation of the climate system (21), and the marine carbon cycle (22). CESM includes an 72 
ocean biogeochemical component, MARBL (23), capable of simulating ocean biogeochemistry, 73 
including C, nitrogen, P, Fe, Si, and oxygen, as well as ecosystem dynamics. MARBL includes 74 
one zooplankton group, three explicit phytoplankton functional groups (diatoms, diazotrophs, 75 
“small” pico/nano phytoplankton), and one implicit group (calcifiers). In addition, it simulates 32 76 
tracers, comprising 17 non-living constituents (dissolved inorganic C, alkalinity, nutrients, 77 
oxygen, and dissolved organic matter) and 15 tracers associated with living biomass (i.e., 78 
phytoplankton C, P, Si, Fe, CaCO3 and zooplankton C). Carbonate chemistry is explicit, including 79 
DIC and alkalinity tracers. In terms of nutrients, phytoplankton productivity was modeled to 80 
depend on Si, Fe and P. The ocean component, POP2, was configured with a resolution of 2° 81 
latitude × 4° longitude (lowering to less than 2° latitude resolution in the Southern Ocean), and 60 82 
vertical levels (24). POP2 represents subgrid-scale processes, such as mesoscale and submesoscale 83 
processes, including a variable eddy-induced advection coefficient (25), which improves realism 84 
of eddy-driven mixing of carbon in the Southern Ocean at coarse resolution (26). The atmospheric 85 
component, CAM4, was configured with a horizontal resolution of ∼3.75° × 3.75° and 26 vertical 86 
levels (27), providing a realistic simulation of large-scale atmospheric circulation patterns (22). 87 
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CESM was configured with non-interactive atmospheric CO2. In this configuration the 88 
model simulates a fully prognostic ocean carbon cycle, but changes in air-sea CO2 fluxes do not 89 
affect atmospheric CO2 concentrations, which remain constant at 284.7 ppm. We performed a 90 
control simulation for a 1300-year period with constant boundary conditions to obtain quasi-91 
equilibrated ocean circulation and carbon cycle states as baseline for our “ash fertilization” 92 
simulation. Modern boundary conditions are used to compute the climate. CESM derives ocean 93 
nutrients from multiple sources (including non-volcanic mineral dust aerosols emitted from 94 
deserts). In our control simulation, these dust and dust-borne nutrient fluxes exhibit large-scale 95 
patterns dominated by atmospheric transport from deserts. Ash-derived nutrient fluxes were not 96 
included in this control simulation. Over the last 400 years of the control simulation, the globally 97 
integrated air-sea CO2 flux approaches zero (-0.07 PgC yr−1), consistent with an equilibrated 98 
carbon cycle. 99 

 100 
Experimental design 101 

We simulate the response of ocean ecosystems and carbon cycling to Andean volcanism 102 
by applying a series of pulses of nutrients to our CESM control simulation. Four pulses were 103 
applied in a span of 300 years, each during a different month (December, March, June, and 104 
September) to explore whether the ecosystem responses are sensitive to the seasonal timing of 105 
volcanic eruptions. We do not explore the sensitivity of other major uncertainties, such as the 106 
content of nutrients in ash and their solubility (i.e., bioavailability). Last, our modelling approach 107 
does not consider the radiative effect of volcanic aerosols, which could impact marine productivity 108 
via changes in available sunlight or temperature. Each pulse of nutrients is applied every 75 years 109 
based on the ash plume calculations performed with Hysplit. Each pulse lasts a month, during 110 
which fluxes of Fe, P, and Si are added to the climatology of the model at different calendar 111 
months. The first pulse was applied in December of the year 1001 to maximize the impact on the 112 
response of marine ecosystems in the Southern Hemisphere. Subsequent pulses were applied in 113 
March of the year 1076, June of the year 1151, and September of the year 1226 to consider 114 
alternative fertilization seasons. The resulting simulation provides an idealized representation of a 115 
300-year interval with four pulses of nutrients every 75 years. 116 
 117 
Supplementary Note 3. Long-term carbon cycle simulations with cGENIE  118 
 119 
Model description and configuration 120 

The cGENIE Earth system model of intermediate complexity consists of a 3D frictional 121 
geostrophic ocean circulation model coupled to a 2D energy moisture balance model and a 122 
thermodynamic sea ice model (28). A biogeochemical module resolves the biogeochemical 123 
reactions in the ocean and atmosphere while tracking a multitude of tracers (29). Particulate 124 
organic (POC), particulate inorganic carbon (CaCO3), organic-bound phosphorus (POC-P), and 125 
organic-bound iron (POC-Fe) are produced in the surface ocean with the ratio of CaCO3 to POC 126 
export productivity linked to the calcite saturation state of surface waters. In the set-up used here, 127 
marine biological productivity is limited by light availability and co-limited P and Fe, but not by 128 
Si. Si is crucial for diatoms–the most prevalent group of primary producers in the Southern Ocean–129 
but the Southern Ocean generally contains plenty of dissolved Si in the modern system, leaving 130 
Fe as the nutrient controlling primary productivity in this region (30). Dissolved Fe in cGENIE is 131 
present in free (Fe3+) or ligand-bound form, both can be consumed by primary producers but only 132 
Fe3+ can be scavenged by POC (31-33). The rate of scavenging increases with the POC export flux 133 
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and thus constitutes a negative feedback: an increase in Fe availability raises POC export and 134 
accelerates the scavenging and removal of Fe from the ocean. Most POC that sinks through the 135 
water column is remineralized, releasing Fe3+ and PO4 back to the ocean, except for a small fraction 136 
that reaches the seafloor. All POC-Fe particles that escape water column remineralization are 137 
buried (31) so are decoupled from simulated POC burial rates that vary as a function of the POC 138 
flux to the seafloor (34). The burial of POC-P is coupled to POC burial and occurs in a 106:1 139 
Redfield ratio under oxic conditions. Preferentially more POC-P is remineralized over POC in 140 
regions where benthic oxygen concentrations fall below 120 μmol kg-1 (35, 36). The CaCO3 burial 141 
rate depends on the saturation state of overlying waters (37). Buried C and P are replenished via 142 
inputs from fixed rates of terrestrial weathering of silicate, carbonate, kerogen, and phosphate-143 
bearing rocks and volcanic CO2 outgassing (35, 38). A spatially-explicit dust field is prescribed to 144 
replenish Fe, assuming 3.5% of the total dust flux constitutes Fe with a variable percentage thereof 145 
being soluble Fe available for consumption. The soluble Fe percentage varies as a function of the 146 
local dust flux.  147 

Simulations are performed under modern boundary conditions (39) to match the CESM 148 
simulations for direct comparison. The model is spun up to pCO2 at 278 μatm, ocean alkalinity of 149 
2363 μmol kg-1 and dissolved inorganic carbon pool of 2241 μmol kg-1 with dust fields obtained 150 
from (40). This results in a global mean surface temperature of 12.4°C with global CaCO3 and 151 
POC export fluxes of 0.84 PgC yr-1 and 6.26 PgC yr-1, respectively. The distribution of nutrients 152 
available at the surface is driven by ocean circulation generating regions of PO4-limitation in the 153 
ocean gyres and regions of Fe-limitation in major upwelling zones (Supplementary Figure 2). 154 
Consistent with observations, most POC export occurs in the high latitude northern and southern 155 
oceans and in equatorial upwelling zones (Supplementary Figure 3). The ocean saturation state 156 
drives a global CaCO3 burial flux of 0.14 PgC yr-1. A 5x scaling is applied to the POC burial 157 
relationship to produce a global deep ocean POC burial flux of 0.06 PgC yr-1 to approximate 158 
modern estimates (41).  159 

 160 
Experimental design 161 

To evaluate how Andean volcanism and aridification influenced marine primary 162 
productivity and carbon cycling on millennial timescales and longer, we follow the same procedure 163 
as the CESM simulations (Supplementary Note 2). We apply a series of spatially-explicit nutrient 164 
fluxes to the surface ocean. These fields are regridded from the Hysplit ash plume flux model 165 
(Supplementary Note 1), using only the soluble fraction of Fe and PO4. Whereas in CESM the 166 
nutrient fluxes are applied over the span of a month, the fluxes in cGENIE are applied over the 167 
span of a year while maintaining the same total nutrient flux as in CESM, resulting in a more 168 
diluted but year-long flux of 0.719 Tmol Fe yr-1 and 0.021 Tmol PO4 yr-1 for a single pulse. Except 169 
for Experiment 4, these values are scaled depending on the frequency of pulses so the long-term 170 
average flux is always the same. We run a total of four 20-kyr long simulations.  171 

1. One (33.3%) Fe-PO4 ash flux every 25 yr  172 
2. One (100%) Fe-PO4 ash flux every 75 yr 173 
3. One (200%) Fe-PO4 ash flux every 125 yr  174 
4. One (1200%) Fe-PO4 ash flux every 75 yr 175 
5. One (100%) Fe-PO4 ash flux every 75 yr plus double dust Fe solubility 176 

Experiments 1, 2, and 3 are designed to study how the frequency of volcanic eruptions impacts the 177 
Earth system response to nutrient fertilization (Supplementary Figure 4). We particularly focus on 178 
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the influence of ocean dynamics in the redistribution of carbon and nutrients in these millennial-179 
scale experiments. Experiment 4 is used to evaluate the impact of temporarily elevated volcanic 180 
ash plume emissions. The majority of volcanic eruptions occurred in three concentrated intervals 181 
during separate phases in the formation of the APVC. The ash production rates increased during 182 
these periods, reaching up to 12 times the long-term average rate during the first phase at 8.4 Ma 183 
(42). We assume that the total marine ash deposition and related nutrient input scale linearly with 184 
the volcanic ash eruption while the area of deposition remains the same. Experiment 5 is forced 185 
with repeated nutrient fluxes but also receives additional soluble Fe input to represent a global 186 
increase in dust-derived Fe (e.g (43)). This is achieved by doubling the percentage of aeolian Fe 187 
solubility. The actual change in aeolian derived fluxes across the Miocene in response to 188 
aridification is uncertain. This rather arbitrarily chosen increase in solubility is intended to 189 
demonstrate the combined impact of dust and ash inputs in a qualitative manner but note that a 190 
doubling in the solubility falls within a reasonable range that is comparable to the difference in 191 
dust solubility between more recent interglacial and glacial periods (44).  192 
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 194 

 195 

Supplementary Figure 1. Monthly climatology (2014-2023) of simulated total bulk ash 196 
deposition (g m-2).                                          197 

 198 

 199 

  200 



7 
 

 201 

Supplementary Figure 2. Regions of iron (Fe) versus phosphate (PO4) limitation in the cGENIE 202 
Earth system model. Under modern boundary conditions, primary productivity in most of the open 203 
ocean is limited by macronutrient PO4 in the oligotrophic waters of the ocean gyres (red). In 204 
regions of upwelling such as the southern oceans, North Pacific, and equatorial zone, 205 
macronutrients are readily replenished as nutrient-rich deep waters resurface but primary 206 
productivity is limited by micronutrient Fe (grey).  207 



8 
 

 208 

Supplementary Figure 3. Simulated ash-derived iron flux associated with Andean volcanism and 209 
the response of primary productivity and air-sea CO2 exchange in cGENIE. A. The ash-derived Fe 210 
flux associated with volcanism in the Puna/Altiplano region (APVC). This flux in cGENIE is 211 
imposed as an annual mean flux with a magnitude and distribution consistent with that applied in 212 
CESM where the ash flux is imposed as a monthly flux. B & C. Simulated annual mean particulate 213 
organic carbon (POC) surface export and air-sea CO2 flux of the control simulation without ash 214 
fertilization. D. & E. Simulated annual mean POC surface export and air-sea CO2 flux after a year-215 
long pulse of nutrients. The model simulates a noticeable increase in POC surface export and CO2 216 
flux into the ocean in response to the pulse of nutrients delivered by ash.  217 



9 
 

 218 

Supplementary Figure 4. cGENIE model time series of (A) Total global ash Fe flux (Tmol/yr), 219 
(B) Global mean change in pCO2 (μatm), (C) Global annual mean change in surface POC export 220 
(PgC/yr), (D) Total ocean dissolved iron pool, sum of free iron (Fe3+) and ligand-bound iron (FeL) 221 
(Tmol), and (E) Global annual mean Fe burial (Tmol/yr). Simulations that test the impact of 222 
eruption frequency and enhanced dust emissions are shown. In steady-state, the global mean Fe 223 
burial flux is equal to the aeolian Fe input (not shown) and Fe input from ash shown in panel A.  224 
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