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[1] Seafloor eruption rates, and mantle melting fueling eruptions, may be influenced by 

sea-level and crustal loading cycles at scales from fortnightly to 100 kyr. Recent mid-ocean 

ridge eruptions occur primarily during neap tides and the first 6 months of the year, 

suggesting sensitivity to minor changes in tidal forcing and orbital eccentricity. An ~100 kyr 

periodicity in fast-spreading seafloor bathymetry, and relatively low present-day eruption 

rates, at a time of high sea-level and decreasing orbital eccentricity suggest a longer term 

sensitivity to sea-level and orbital variations associated with Milankovitch cycles. Seafloor 

spreading is considered a small but steady contributor of CO2 to climate cycles on the 100 kyr 

time scale, however this assumes a consistent short-term eruption rate. Pulsing of seafloor 

volcanic activity may feed back into climate cycles, possibly contributing to glacial/inter-

glacial cycles, the abrupt end of ice ages, and dominance of the 100 kyr cycle. 
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1. Introduction 

[2] The driving forces behind ice age cycles are hotly debated. In particular, the abrupt 

end of ice ages and dominance of the 100 kyr signal in climate cycles are not well understood 

[e.g. Shackleton, 2000; EPICA community members, 2004]. Orbital eccentricity, which ties 

closely to the 100 kyr signal, is a relatively small forcing in terms of insolation, and thus its 

association with the largest peaks in CO2 is unexpected. Seafloor spreading is generally 

viewed as a steady-state process on the 100 kyr time scale. While some episodicity has been 

noted in seafloor bathymetry [e.g. Vogt et al., 1969; Kappel & Ryan, 1986], only long-term 

variations in spreading rate having been proposed to influence atmospheric CO2 over the last 

100 million years [Berner et al., 1983; Miller et al., 2005]. Changes in hydrothermal output 

due to plate reorganization have also been proposed to cause significant flux changes in CO2 

on the 10's of millions of years time-scale [Owen & Rea, 1985], however major plate 

reorganizations are rare.  

[3] Seafloor eruptions contribute to ocean CO2 fluxes without the global cooling effect 

associated with terrestrial eruptions due to volcanic particles injected into the atmosphere 

[e.g. Robock, 2000]. However, until recently very little was known about mid-ocean ridge 

eruptions because most occur far from land, at seismicity levels below the detection 

capabilities of global seismic networks. Recent advances in seafloor hydroacoustic 

monitoring have allowed the timing and character of seafloor eruptions to be studied, in 

particular at intermediate and fast spreading ridges, beginning in 1993 and 1996 respectively 

[Fox et al., 1993; 2001].  

 

2. Timing of Mid-Ocean Ridge Volcanic Activity 

[4] Microearthquakes at mid-ocean ridges, which are sensitive to tidal forcing, occur 

preferentially during times of maximum extensional stresses [Wilcock, 2001; Tolstoy et al., 
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2002; Stroup et al., 2007]. Terrestrial volcanism has also been shown in some locations to be 

sensitive to tidal periodicities [e.g. Johnston & Mauk, 1972], seasonal loading and unloading 

[e.g. Mason et al., 2004], glacial loading, unloading [e.g. Jull and McKenzie, 1996] and rate 

of unloading [e.g. Jellinek et al., 2004], as well as rate of climatically driven sea-level change 

[McGuire et al., 1997]. However, timing of volcanic activity with respect to tidal forcing at 

mid-ocean ridges has not previously been studied. To date, nine mid-ocean ridge 

eruptions/diking events have been well documented in terms of their timing, seismic 

character, and seafloor confirmation of likely magmatic activity [Fox et al., 1995; Fox & 

Dziak, 1998; Dziak & Fox, 1999; Tolstoy et al., 1999; 2001; 2006; Bohnenstiehl et al., 2004; 

Dziak et al., 2004; 2012]. Figure 1 shows that eight out of nine of these best-documented 

mid-ocean ridge magmatic events occurred during lows in the fortnightly tidal modulations 

(neap tides). A Schuster test (Emter, 1997) shows statistically significant non-random 

distribution with respect to the fortnightly modulations of the tides (99%). This suggests that 

seafloor eruptions are particularly sensitive to prolonged tidal unloading and implies a system 

response time [Jupp et al., 2004] that is generally longer than the diurnal and semi-diurnal 

tidal fluctuations (Figure 2).  

[5] An annual bias in eruption times is also evident (Figure 1) with all nine of these 

events occurring preferentially during the period of ‘unloading’ in the annual solid-earth 

tides, that is between the time of closest approach to the sun (early January) and the furthest 

point from the sun (early July), during which the influence of the sun on the tides is gradually 

decreasing. A further eruption can be added to this list where precise timing is not known, but 

can be confidently placed in the March-April time frame based on submersible observations 

(Haymon et al., 1993), making the ten observations statistically significant (Schuster Test, 

96%). This may reflect a long-wavelength sensitivity of melting at depth, melt transport 

and/or dike formation, due to lithospheric/asthenopheric extension and unloading. The thin 
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seafloor lithosphere in this extensional environment would make seafloor volcanism much 

more sensitive to deformation due to eccentricity compared to terrestrial settings. The 

apparent sensitivity of mid-ocean ridge magmatism to this relatively minor yearly orbital 

perturbation implies that it may also be sensitive to long-term orbital perturbations, thus 

linking seafloor volcanism to the Milankovitch cycles observed so strongly in climate data. 

The eccentricity of Earth's orbit, which tracks the largest ~100 kyr climate cycle [Hayes et al., 

1976], is the orbital variation that should produce the largest direct forcing on seafloor 

volcanism, since maximum eccentricity (0.06) corresponds to an ~18 million km difference 

in the point of closest and furthest approach to the sun, compared with 100-1000's of km 

differences in solar proximity caused by variations in orbital precession and obliquity. 

Increases in orbital eccentricity should have the effect of increasing this apparent annual 

seafloor volcanic forcing.  

[6] Variations in sea-level associated with climatic cycles, and in particular ice ages, may 

similarly impact the rate of melting and volcanism throughout the world's oceans (Lund & 

Asimow, 2011). Sea-level fluctuations due to ice age cycles are on the order of 100 m on the 

5,000 - 100,000 year time scale [e.g. Miller et al., 2005]. The decrease in sea-level 

(unloading), associated with an ice age would lead to an increase in oceanic mantle melting 

and an increase in seafloor volcanism. Similarly, an increase in sea-level (loading) would 

have the opposite effect, suppressing melting in the mantle for some time. The deformation 

due to sea-level changes needs to be considered in combination with deformation associated 

with variations in orbital eccentricity as well as considering system response times.  

[7] The time scale for the response of the seafloor and mantle is dependent on the rate of 

loading or unloading, the lithospheric thickness and asthenospheric viscosity. How 

fluctuations in melting feed back into dike initiation and eruption rates is also dependent on 

unloading rate. The mechanism of melt transport through the mantle is not well understood 
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[e.g. Phipps Morgan & Holtzman, 2005] and thus understanding the impact of varied 

lithospheric and asthenospheric deformation on melt transport is difficult. Furthermore, 

current literature disagrees on the rate of melt transport in the mantle by as much as three 

orders of magnitude [Elliott, 2005]. Therefore it is difficult to accurately model the 

quantitative impact of sea-level changes combined with changes in orbital eccentricity both in 

terms of volume of melt, and in terms of system lag time. However, simple calculations based 

on upwelling rates and isostatic responses suggest that system lag time might be on the order 

of 100's to 1000's of years, and observations from terrestrial systems suggest lag times of ~1-

11 kyr [Jull & MacKenzie, 1996; Jellinek et al., 2004]. Such times are broadly consistent 

with modeling of sea-level influence alone [Lund & Asimow, 2011], however this modeling 

suggests changes in magma flux would be least significant at fast-spreading ridges. The 

absence of strong peaks associated shorter period sea-level changes suggests magma flux at 

the SEPR may also be responding directly to 100 kyr orbital eccentricity changes.  

[8] Since we are currently in a period of relatively high sea-level and lower orbital 

eccentricity (0.0167), a model proposing sensitivity to these forcings would predict that 

current rates of seafloor volcanism would be lower than expected from simple spreading rate 

calculations. Present day eruption data supports this hypothesis. Hydroacoustic monitoring at 

the East Pacific Rise [Fox et al., 1995], northern Mid-Atlantic Ridge [Smith et al., 2002], and 

Juan de Fuca Ridge [Fox et al., 1994] all show significantly fewer eruptions than would be 

predicted based on spreading rates and the assumption of 1 m of opening (dike width) per 

eruption (Supporting Text S1).  

 

3. Bathymetric evidence for pulsing of seafloor volcanism 

[9] Seafloor spreading would continue regardless of the stage of the climatic or orbital 

cycle. However, the sensitivity of melting and eruptions to loading and unloading from sea-
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level and orbital forcings would predict fluctuations in the amount of seafloor volcanism 

associated with this sustained spreading, particularly at the 100 kyr periodicity. Seafloor 

topography considered in terms of spreading rate may provide clues to fluctuations in 

magmatism over 10's of thousands of years. The Southern East Pacific Rise (SEPR) provides 

a site where faulting is least dominant, and magmatism is most prevalent. A period dominated 

by magmatism may have thicker crust, or shallower bathymetry, due to a thicker layer of 

surface extrusive volcanics (Layer 2A), and/or less thinning from faulting. A period of 

decreased eruptions, with fewer diking events, or fewer dikes that reached the surface, may 

have a thinner layer of extrusive volcanics, and/or more thinning due to faulting, resulting in 

deeper bathymetry. While a lag is predicted between forcings and eruptions, during 

voluminous eruptions it is common for lava to flow away from the axis 100’s of m’s to as 

much as 2 km, meaning that lava is built up on seafloor that is 1000’s to 10,000’s of years 

older than the eruption itself, thus perhaps counteracting the system lag in terms of seafloor 

appearance. 

[10] At 17°S the SEPR is spreading at a full rate of ~14.7 cm/yr [Scheirer et al., 1996], 

and high-resolution bathymetric maps extend 100's of km off-axis. Figure 3A compares 

bathymetry for ~775 kyr of spreading on the western side of the SEPR at 17°S (Supporting 

Figure S1), with a ~800 kyr CO2 time series from Antarctic ice-cores [Lüthi et al, 2008, and 

references therein], (which broadly follows sea-level at longer time periods), as well as 

orbital eccentricity [Varadi et al., 2003], which ties closely to the ~100 kyr periodicity in 

Milankovitch cycles. A visual comparison indicates correlation between periods of low CO2, 

low orbital eccentricity and periods of apparent decreased magmatism, as well as periods of 

abruptly increasing CO2, and abruptly increasing magmatism, and high orbital eccentricity. 

An examination of the spectral energy of these data supports this interpretation, with peaks at 

a wavelength near 100 kyr for both the bathymetric, CO2 and eccentricity data (Figure 3B). 
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Normalized overlays of the bathymetry and CO2 (Supporting Figure S2) and bathymetry and 

eccentricity (Supporting Figure S3) further illustrate that the 100 kyr cycles appear to be 

broadly in phase.   

 

4. Discussion and Conclusions 

[11] There are several ways in which seafloor volcanism can contribute to global climate 

change. The first is the direct emission of CO2 into the ocean that will eventually contribute 

to atmospheric levels through venting at upwelling sites. In addition to immediate release of 

greenhouse gases from seafloor eruptions, the subsequent increased high and low temperature 

hydrothermal venting may impact the CO2 output. However, whether hydrothermal venting is 

a net source or sink of CO2 is still unclear (e.g. Lang et al., 2006), due to paucity of 

measurements.  

[12] Overall, the average annual contribution of CO2 from seafloor spreading is generally 

considered to be small though not insignificant (~2 x 1012 mol/yr) [e.g. Resing et al., 2004] 

with respect to the global carbon cycle. However, this assumes a model of near continuous 

release, whereas a model of frequent pulses of activity followed by quiescent periods might 

result in more significant pulses of CO2 into the global carbon system. Approximately 2 km 

of glacial unloading in Iceland resulted in volcanism rates 20-30 times higher than today [Jull 

& McKenzie, 1996].  

[13] Changes in sea-level of ~100 m and changes in the forcing from orbital eccentricity 

applied to the relatively thin oceanic lithosphere, across a broad area may result in a smaller 

but nevertheless significant pulsing of seafloor volcanism. The large spatial extent of mid-

ocean ridges means that even a small increase in the melting and volcanism rate may have 

significant consequences for the global carbon budget. A CO2 production rate of ~2 x 1012 

mole/yr is ~0.088 gT/yr or ~0.041 ppmv of CO2. For instance, an increase of only 50% in the 
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eruption rate over the ~5 kyr typical for abrupt ends to ice-ages would thus theoretically 

result in an ~100 ppmv rise in CO2. However, the transport of CO2 from the seafloor to the 

atmosphere is physically and geochemically complex and likely only a fraction reaches the 

atmosphere (Huybers & Langmuir, 2009). The contribution of off-axis volcanism, submarine 

back-arc volcanism, and island arc volcanism, which would also be influenced by loading 

and unloading, may be an additional factor.  

[14] This pulsing would provide a mechanism for seafloor volcanism to act as a negative 

climate feedback with respect to glaciation, but potentially a direct contributor to climate 

change through geophysical responses to changes in orbital eccentricity. Release of 

greenhouse gases would increase during periods of extreme glaciation and/or high orbital 

eccentricity, and decrease following periods of glacial melting and/or low orbital eccentricity. 

The glacial dependence is consistent with observations that ice-sheet volume lags CO2 and 

temperature variations in 100 kyr ice age cycles [Shackleton, 2000]. While loading and 

unloading due to sea-level change is likely to influence melting on the 1000's of years time 

scale, the timing of variations in eruption rates may also be influenced by orbital eccentricity 

as well as the variability in the rate of change of sea-level. Fluctuations in eruption rates may 

thus be a complex interplay of the forcings associated with sea-level, rate of change of sea-

level, and orbital eccentricity, likely leading to short-term fluctuations on the 1000's of years 

time scale with a longer term ~100 kyr cycle superimposed.  

[15] Estimates of the effect of seafloor spreading on the global carbon cycle and 

greenhouse gases are not well constrained, but are based largely on calculations that assume 

steady-state input from steady-state spreading. Seafloor bathymetry and present day 

sensitivity to tidal and orbital forcing indicate that this steady-state assumption may not be 

accurate on the time scale of cycles observed in climate variability (1000's to ~100,000 

years). Instead, while seafloor spreading may be relatively constant on average, seafloor 
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volcanism could be viewed as a highly variable process that may increase and decrease with 

climatic and orbital forcing, acting as a climatic valve that causes the flow of greenhouse 

gases to fluctuate.  
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Figure 1: Mid-Ocean Ridge events confirmed to be magmatic/volcanic in origin through 

observations of fresh seafloor lava and/or changes in vent fluid chemistry (see main text for 

references). Event in grey on table (EPR 9N, 1991) was a confirmed eruption where the 

timing is known well enough to categorize the month, but not well enough to constraining 

fortnightly timing (Haymon et al., 1993). Red dots on the center plots indicate timing of 

initiation of magmatic activity with respect to ocean tides (sea surface height) [Matsumoto et 

al., 2000] at the location of the activity. Rose plot on the left shows distribution of events 

with respect to phase of the fortnightly modulations of the tides, based on the inflection 

points of an envelope function of the upper portion of the tidal cycle. All but one of the 

events happen near the low in fortnightly tides, with four happening just following the lowest 

point in the fortnightly modulations. Rose plot on the right shows the distribution of events 

with respect to the month of the year (or orbital eccentricity), with all events happening 

during the first six months of the year (increasing distance from the sun). 
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Figure 2: Cartoon illustrating the concept of the response time of the system [Jupp et al., 

2004]. The load from the magma chamber is building through time (red line). For an eruption 

to occur the "load function" must exceed the "strength function" (blue line) of the overlying 

crust for a certain length of time ("response time"). When the load is near the failure point, 

tidal stress will be pushing the load alternately above and below the strength of the crust at 

diurnal and semi-diurnal intervals. However, if the response time is greater than ~12-24 

hours, the eruption would occur preferentially during the period of subdued tides, when the 

load function is more likely to consistently exceed the strength function for the required 

response time (days).  
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Figure 3: (A) Comparison of bathymetry from the Southern East Pacific Rise (SEPR) (red 

line), CO2 records from Antarctic ice-cores (blue line) [Lüthi et al., 2008, and references 

therein], and orbital eccentricity (brown line) [Varadi et al., 2003]. Grey vertical bars indicate 

periods of high orbital eccentricity. The bathymetry is an average of nine ridge perpendicular 

lines on the western SEPR flank from17°21'S to 17°29'S (Supporting Figure S1) plotted 

versus age based on a half spreading rate of ~7.3 cm/yr [Scheirer et al., 1996] (Supporting 

Text S2). The bathymetry profiles were demeaned and filtered using a Butterworth high pass 
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filter at 150 kyr to remove long-term lithospheric cooling trends. Periods of low and high 

CO2 appear to be roughly in phase with periods of low and high crustal production, and low 

and high orbital eccentricity, particularly in the most recent glacial cycles where timing is 

most accurate. As the age of the seafloor increases, uncertainties in spreading rate compound, 

making timing of older bathymetric variations less robust. (B) Normalized periodogram of 

Antarctic ice-core CO2 (blue), SEPR bathymetry (red) from (A), and eccentricity (brown) 

here also filtered at 150 kyr. Seafloor bathymetry exhibits clear peaks at ~96 kyr, ~71 kyr and 

~55 kyr, with much smaller peaks at ~44 kyr and other higher frequencies. The CO2 and 

eccentricity data also show prominent peaks at ~95-96 kyr.  CO2 shows some deflection at 

~71 kyr relative to eccentricity and smaller peaks at higher frequencies. Eccentricity has a 

small peak at ~55 kyr.  Note that due to uncertainties in absolute spreading rate, including the 

assumption of consistent spreading rate over this time scale, true timing of peaks may be 

slightly different. Periodogram done using the Welch power spectral density method.  


