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Abstract

A new geospeedometer, based on diffusion modeling of Mg in plagioclase, is used to
determine cooling rates of the upper section of the lower oceanic crust formed at fast-
spreading mid-ocean ridges. The investigated natural sample suites include gabbroic
rocks formed at three different locations along the fast-spreading East Pacific Rise.
These samples cover a depth interval of 0-840 m below the sheeted dike/gabbro
boundary and therefore allow the variation of cooling rate as a function of depth
within the upper plutonic sequence to be determined. We demonstrate that the cooling
rates we obtained are robust (reproducible and consistent across different vertical
sections at fast spreading ridges) and decrease significantly with increasing sample

depth (covering almost 4 orders of magnitude, ranging from ~1 °Cy" for the
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shallowest samples to 0.0003°Cy” for the deepest samples). Both the absolute
cooling rates, and the rate of decrease of cooling rate with depth, are consistent with
conductive thermal models. In contrast, the absolute cooling rates determined from
the deeper samples (>300 m below DGB), and the large decrease in cooling rate with
depth are inconsistent with thermal models that include substantial cooling by off-axis

hydrothermal circulation within the upper plutonic section of the crust.

Keywords: cooling rate, oceanic crust, mid-ocean ridge, diffusion modeling, Mg-in-

plagioclase

1. Introduction

The observation that only a small (~1 km wide and ~50 m deep) axial magma
lens (AML) overlies a zone of low seismic velocities (LVZ), that is interpreted to be a
crystal mush zone (e.g. Detrick et al., 1987; Dunn et al., 2000), at fast spreading
oceanic ridges has posed a conundrum: how is the large volume of the plutonic
section of the oceanic crust generated from such a small magma chamber? Two end-
member models — the gabbro-glacier model (Quick and Denlinger, 1993; Henstock et
al., 1993; Phipps Morgan and Chen, 1993; Fig. la) and the sheeted sill model
(Kelemen et al., 1997; Korenaga and Kelemen, 1997; Fig. 1b) — were proposed early
on to try to address this problem. Each model has its own set of geochemical (e.g.
fractionation trends), structural (e.g. pattern of distribution of fabric) and geophysical
(e.g. seismic or thermal) implications.

The thermal structure of mid-ocean ridges has long been known to provide
important insights into both the magmatic processes involved in crustal accretion and

the circulation of seawater-derived hydrothermal fluids through the crust (Morton and
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Sleep, 1985; Lister, 1974). On-axis hydrothermal circulation through the sheeted dike
complex above the AML extracts heat from the roof of this magma body and drives
crystallization within it. What fraction of the lower crustal plutonic rocks crystallize
in the AML (losing their latent heat of crystallization into the overlying hydrothermal
system) is debated. The gabbro glacier model of crustal accretion (Fig. 1a) suggests
the vast majority of the latent heat is lost in this body with crystal subsidence to form
the lower crust (Quick and Denlinger, 1993; Henstock et al., 1993; Phipps Morgan
and Chen, 1993). The sheeted sill model (Fig. 1b), in contrast, suggests that most of
the plutonic section of oceanic crust formed at fast-spreading ridges crystallizes in
place (Kelemen et al., 1997; Korenaga and Kelemen, 1997); i.e. the latent heat of
crystallization of the plutonic section must be removed from throughout the lower
crust. For a given distribution of melt in the lower crust the sheeted sill model thus
requires less efficient heat extraction by on-axis hydrothermal circulation above the
AML and more efficient off-axis hydrothermal heat extraction from the sides of the
LVZ. As a consequence, the different end-member models predict different thermal
structures and different variations of cooling rate as a function of depth (Fig. 1). Note
that neither of these end-member models, or any hybrid between the two, excludes
hydrothermal circulation at any given depth or distance from the ridge axis — the
distinction between the models lies in the efficiency (amount and rate) of heat
removal by hydrothermal circulation at different locations. Our understanding of
crustal accretion mechanisms and the distribution and thermal consequences of
hydrothermal fluid flow would be substantially improved by better understanding the
thermal structure of the region surrounding the ridge axis.

The temperature structure in the lower oceanic crust at fast-spreading ridges

away from the ridge axis is currently poorly constrained. Seismic velocity anomalies
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at 9°30°N on the East Pacific Rise (EPR), relative to a reference model, were
interpreted by Dunn et al (2000) in terms of temperature (and melt fraction)
anomalies. This approach led them to suggest that the isotherms in the lower crust are
steep, with temperatures <400°C throughout the upper 2 km of the lower crust, within
4 km of the ridge axis. As discussed by Dunn et al. (2000) and Webb (2008), there are
considerable uncertainties in the calculation of the thermal structure from seismic
velocity variations. For example, close to the ridge, the effect of anelasticity — a
relatively poorly known parameter (Dunn et al., 2000) — on seismic wave velocities is
prominent. Among other quantities, the activation energy of anelasticity plays a role
in the calculations and it is assumed to be the same as the activation energy of creep.
Dunn et al. (2000) used a value of 276 kJmol™ (Caristan, 1982) for their inversion of
seismic velocities to thermal structure, but subsequently this value has been re-
determined to be much higher (~ 485 kJmol™; Mackwell et al., 1998). As activation
energy controls the temperature dependence of properties, a thermal structure
calculated using this revised value is likely to be quite different. There are additional
sources of uncertainty such as in our knowledge of the power law exponent for the
frequency dependence of attenuation and what reference model the seismic structure
should be compared to. Notwithstanding such uncertainties, the thermal structure of
Dunn et al. (2000) has significantly influenced thinking about processes operating at
mid-ocean ridges. For example, this was the starting point for a recent model of
hydrothermal circulation developed by Hasenclever et al. (2014). However,
compliance data suggest that the crust is partially molten to >5 km off-axis (Crawford
and Webb, 2002) in the region studied by Dunn et al. (2000), inconsistent with the
thermal structure proposed by Dunn et al. (2000). Likewise, Han et al. (2014) show

that at 9°37-40 N on the EPR there are off-axis melt bodies that exist up to 10 km off-
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axis. Such bodies would rapidly freeze if the off-axis crust was cooled and hence their
presence suggests a relatively warm off-axis thermal structure (Han et al., 2014;
Coogan, 2014).

The discussion above indicates that there is a need to determine the thermal
structure directly, for example by determining cooling rates at different locations. One
quantitative approach for determining the thermal structure of the lower crust comes
from the petrological tool of geospeedometry (Lasaga, 1983). This allows the cooling
rate of rocks to be determined from the compositional zoning of minerals. Given a
spreading rate, a subsolidus cooling rate can be directly inverted into isotherm
separation or compared to cooling rates predicted by thermal models. However, the
only attempts to-date to apply such tools to the lower oceanic crust have used the Ca-
in-olivine geospeedometer (Coogan et al., 2002; Coogan et al., 2007, VanTongeren et
al., 2008). Due to paucity of olivine in many evolved gabbros, and the susceptibility
of olivine to alteration, this approach has not been widely applied to in sifu crust
formed at fast-spreading ridges. Here, we apply a new approach specifically
developed to be suited to such rocks.

Clinopyroxene and plagioclase are virtually omnipresent in the lower oceanic
crust and thus a geospeedometric method based on exchange of Mg between these
phases was developed (Faak et al., 2014). Natural rock samples from the oceanic crust
show much higher concentrations of MgO in plagioclase phenocrysts in mid ocean
ridge basalts (MORBs) than in the cogenetic, but more slowly cooled, gabbroic rocks
of the lower oceanic crust (Fig. 13f in Coogan, 2014). This difference in plagioclase
Mg-content is explained by diffusion out of the plagioclase into the clinopyroxene

during cooling. The partition coefficient of Mg between plagioclase and

clinopyroxene, K Af;”éc,” , decreases with temperature (Faak et al., 2013), i.e., during
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cooling an exchange of Mg between plagioclase and clinopyroxene rims is required
for these to remain in equilibrium. The exchange process leads to the development of
a Mg concentration gradient within the plagioclase as Mg diffuses out of plagioclase
and into clinopyroxene. Diffusion is a thermally activated process and becomes
slower with decreasing temperatures. Hence, there will be a temperature, Tc, at which
diffusion becomes too slow for measurable Mg loss from the plagioclase. This closure
temperature (7¢) depends on the distance from the interface (Dodson, 1986; Onorato
et al.,, 1981), such that the rims of a plagioclase crystal will be able to maintain
equilibrium Mg-concentrations down to lower temperatures than the core of the
crystal, leading to the development of a closure profile that is convex upwards for a
continuous cooling history. Faak et al. (2014) show how the evolution of the resulting
concentration profile of Mg in plagioclase depends on the cooling history. For
example, a slow cooling rate will allow extensive diffusive exchange of Mg from
plagioclase into clinopyroxene leading to low Mg contents of plagioclase. In contrast,
fast cooling rates will lead to high plagioclase Mg contents if all other relevant
parameters (grain size, grain shape, anorthite content) remain unchanged (for a
detailed discussion on the evolution of diffusion profiles for different cooling histories
and additional factors influencing the resulting shape of the profile see Faak et al.,
2014). Here we apply the Mg-in-plagioclase geospeedometer (Faak et al., 2014) to
three suites of oceanic gabbros that formed at the East Pacific Rise to determine their

cooling history and infer the thermal state of the ridge axis region.

2. The Sample Suites



152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

There are only three locations in the world where well-located samples of the
upper plutonic section of oceanic crust formed at modern fast-spreading ridges have
been collected. These are the Hess Deep Rift in the equatorial Pacific, the Pito Deep
in the southern Pacific, and IODP (International Ocean Discovery Program) Site
1256D in the eastern Pacific (Fig. 2a). For this study we investigated samples from all
three locations and from different depths within the lower oceanic crust.

The largest and best constrained sample suite is from the Hess Deep Rift,
where ~1 Ma old crust that formed at the equatorial East Pacific Rise (full spreading
rate ~135 mmy™), is rifted apart due to the westward propagation of the Cocos-Nazca
spreading center (Lonsdale, 1988; Francheteau et al., 1990). The rifting has created a
tectonic window (Fig. 2b) that exposes the entire upper crust (lavas and dikes,
~1200 m) as well as the upper part (~1000 m) of the gabbros (Karson et al., 2002).
This study mainly focuses on samples collected by submersible from the North wall
of the Hess Deep Rift (Lonsdale, 1988; Karson et al., 2002, Fig. 2d and ¢). Because
the dike/gabbro boundary (DGB) was mapped on multiple dives (Figure 2d), and the
depth below sea level is known for each sample, it is possible to reconstruct the depth
below the DGB for each sample (Table 1).

The second sample suite comes from Pito Deep, where ~3 Ma old crust
formed at the EPR (full spreading rate ~140 mmy") is rifted apart due to a
propagating rift tip at the northeastern corner of the Easter Microplate (Francheteau et
al., 1988; Hey, 1995, Fig. 2¢). Continuous sections of the oceanic crust including
lavas, sheeted dikes and the upper gabbroic rocks are exposed (Constantin et al.,
1995; Hekinian et al., 1996, Constantin et al., 1996; Perk et al., 2007). Gabbroic rocks
investigated in this study were collected during the Jason II and Alvin dive programs

during cruise AT11-33 of the R/V Atlantis (e.g., Perk et al., 2007; Figure 2f and g),
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The DGB was mapped during the dives (Figure 2f), which allows us to reconstruct the
depth below the DGB for each sample (Table 1).

The final place that a short section of plutonic rocks formed at a modern fast-
spreading ridge have been sampled at is IODP Site 1256D, which drilled into ~15 Ma
old intact oceanic crust of the Cocos Plate that formed at the superfast spreading EPR
(full spreading rate ~220 mmy™). In this drilling project ~1250 m of oceanic crust has
been sampled to-date, providing a section from extrusive lavas, through sheeted dikes
and into the top of the plutonic section (Wilson et al., 2006). Hole 1256D penetrated
the top of the plutonic section where gabbros and granoblastic dikes are intermixed

(Wilson et al., 2006; Koepke et al., 2008; France et al., 2009; Sano et al., 2011).

3. Mg-concentration profiles in plagioclase

In order to apply the Mg-in-plagioclase geospeedometer to the most suitable
rocks from these sample suites, gabbroic rocks with coexisting plagioclase and
clinopyroxene that appear fresh (i.e. nearly unaltered) were chosen. In addition,
plagioclase crystals with nearly idiomorphic grain shapes and high aspect ratios were
selected, and a full profile (rim-core-rim) was measured along the short dimension of
the crystal to minimize effects from diffusion in three dimensions (Faak et al., 2014).
The composition of the clinopyroxene adjacent to each profile was analyzed when
possible. If no clinopyroxene was directly adjacent to a profile, then a clinopyroxene
in close proximity to the respective plagioclase was analyzed. Some Mg-profiles were
measured along a profile, where plagioclase was in direct contact with clinopyroxene
on one side, but with another plagioclase crystal on the other side (but with

clinopyroxene in close proximity) to test if grain boundaries acted as fast pathways
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for diffusion. If they did then plagioclase is expected to exchange Mg with a
neighboring clinopyroxene, even when the grains are not in direct contact, and the
measured Mg-profile should show approximately the same Mg-concentration on both
rims (for similar Xy, on both rims; see Dohmen and Chakraborty, 2003 for a
quantitative explanation). As discussed below this allows us to evaluate whether
transport along the grain boundary is infinitely fast and efficient or if transport along
grain boundaries limits Mg exchange between plagioclase and clinopyroxene grains if

they are separated by too long a distance.

3.1 Measurement of Mg-concentration profiles in plagioclase

The concentration of Mg and major elements in plagioclase was measured
using a Cameca SX-50 electron microprobe (EMP) fitted with four wavelength-
dispersive spectrometers at the Ruhr-Universitaet in Bochum. Natural and synthetic
mineral standards were used for calibration and an on-line ¢(pz)/PAP correction
procedure was used to correct for absorption, fluorescence and atomic number. To
attain high precision analysis of Mg in plagioclase, the measurement conditions
outlined by Faak et al. (2014) were applied (also see Supplemental Table S1 for
details). Briefly, these are: beam current = 40 nA, accelerating voltage = 15 kV, and
long counting times for Mg (90 s on the peak and 45 s on each background, with the
background positions selected specifically for the measurement of Mg in plagioclase),
which allows a 3¢ detection limit of ~75 ppm to be achieved. Using these conditions
the precision on Mg in plagioclase at a concentration of 0.05 wt% MgO is ~0.0025
wt% on this instrument. The distance between analyzed spots along the profile was

S5um for shorter profiles and 10 um for longer profiles. The first and last
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measurements at the rims of the plagioclase were approximately 2 to 5 pm away from

the interface.

3.2 Mg-concentrations and profile shapes as function of depth in the

plutonics

The measured concentrations of MgO in plagioclase from all sample suites
vary between 0.01 wt% (at some of the rims) and 0.13 wt% (at the cores of the
shallowest samples). In the same plagioclase grain, Mg-concentrations at the rim are
similar for plagioclase-clinopyroxene contacts and plagioclase-plagioclase contacts,
implying that the grain boundaries indeed act as fast pathways for the Mg-exchange
(see above).

Samples from the Hess Deep and Pito Deep sample suites studied here, cover
a depth range from 0 to 520 m and 42 to 836 m below the DGB, respectively, and
allow variation of the plagioclase Mg-concentration profiles as a function of depth to
be observed. Both sample suites show a systematic decrease of MgO in the cores of
plagioclase crystals with increasing sample depth (Fig. 3). The plagioclase rims show
MgO-concentrations between 0.01 to 0.05 wt%, with no systematic variation with the
sampling depth. This leads to Mg-profiles with stronger curvature in the shallower
samples (i.e., larger difference in Mg content between the cores and rims, e.g., Fig. 3a
and e) and rather homogeneous Mg-profiles for the deeper samples (i.e., equally low
Mg-concentrations at the core and the rims, e.g., Fig. 3d and h).

Many samples from the IODP Site 1256D show MgO-concentrations below
the detection limit of the EMP, and the plagioclase appears to be hydrothermally
altered — we interpret this as indicating that Mg-loss occurred during dissolution-

reprecipitation reactions rather than via solid-state diffusion. Only two shallow

10
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samples (12.1 and 12.4 m below the DGB) from this location were suitable for

modeling using the approach of this study (Table 1).

4. Modeling diffusion profiles of Mg in plagioclase and fitting the natural data

4.1 Diffusion model and parameters

Cooling rates are obtained from diffusion modeling of Mg in plagioclase, using
the Mg-in-plagioclase geospeedometer of Faak et al. (2014). This method is based on
the diffusive exchange of Mg between plagioclase and clinopyroxene under the
assumptions of: (i) instantaneous equilibrium at the interface between the two phases,
and (ii) clinopyroxene acting as an infinite reservoir. As described above (Section 1),
during cooling, the Mg-concentration at the interface changes, and the resulting
concentration gradient provides a driving force for diffusion out of the plagioclase
into the clinopyroxene. As diffusion of Mg in plagioclase is coupled with the
anorthite content, X,,, in plagioclase, this has to be accounted for in the diffusion

equation (Costa et al., 2003; Appendix A). Additionally, the diffusion coefficient of

Mg in plagioclase, D,,I:,i,, and the partition coefficient Kgfp " depend on the silica

activity, dg; o, of the system (Faak et al., 2013; Appendix A), which therefore needs

to be constrained.
Faak et al. (2014) show how the general Mg-in-plagioclase geospeedometer may

be specifically applied to rocks from the lower oceanic crust, and here we follow the

approach outlined in their example. In detail, (i) the diffusion coefficient Dglg and the

partition coefficient Klﬁlfp " are taken from Faak et al. (2013), as those were

specifically determined in the compositional range of plagioclase and clinopyroxene

11
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found in the lower oceanic crust; (ii) an initial profile for Mg in plagioclase is
calculated from K;”;” " at temperatures around 1200°C, where the exact starting
temperature, Ty,, depends on the grain size of the plagioclase; (iii) the silica activity,
ag; o, is assumed to be constrained by the assemblage olivine + orthopyroxene

(Appendix A), since this assemblage is found in many of the samples investigated
here (see Faak et al., 2014 for details and discussion). The change in plagioclase Mg-
concentration due to diffusion is calculated iteratively along a given cooling path
using a finite difference approach (Faak et al., 2014; Appendix A). As a first
approximation, a linear cooling path over the modeled temperature interval is
assumed, and the cooling rate d7/dr is iteratively refined until the best visual match

between the measured and the modeled Mg-profile is found.

4.2 The temperature interval

Under the assumption of instantaneous equilibrium at the interface between
plagioclase and clinopyroxene, diffusion along a linear cooling path produces Mg-
closure-profiles that are convex upwards (Faak et al., 2014), i.e., have lower Mg-
concentrations at the rims than at the core. The measured Mg-concentration profiles
from the oceanic crust commonly show a significantly smaller degree of convex
curvature, than would be expected from the model of Faak et al. (2014) for a cooling
history in which temperature changes as a linear function of time (i.e., a constant
cooling rate). The lack of a strong curvature of the Mg-profiles can be explained in
two ways, either: (A) the approximation of a linear cooling history is only valid up to
a certain temperature, and the cooling rate increases below this temperature. A
cooling history with increasing cooling rates towards lower temperatures produces
more homogeneous Mg-profiles (Faak et al, 2014); or, (B) the assumption of

12
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instantaneous equilibration at the crystal interface is only valid above a certain
temperature (here referred to as Tsq). This means, Mg is not effectively exchanged
between plagioclase and clinopyroxene below T.jsq; however, diffusion of Mg in
plagioclase continues in a closed system and tends to homogenize the Mg-
concentration (for a homogeneous Xy,-content), leading to less curvature in the
measured Mg-profile (for details see Appendix B). Faak et al. (2014) briefly discuss
this issue and model two examples from the oceanic crust. They defined a
temperature, Tc,,, that is calculated from the measured Mg-concentration at the rim
(defined as 2-5 um from the interface) of a plagioclase crystal with a clinopyroxene
(Faak et al., 2014). This temperature is interpreted as the closure temperature below
which diffusion ceased to change the Mg-concentration significantly in a region 5 um
away from the interface. Hence, Faak et al. (2014) end the modeling procedure for a
linear cooling rate at this temperature Tc,;,, implying that diffusion effectively stops
below this temperature (i.e., they model scenario (A)). They show that it is possible to
fit strongly curved and homogeneous Mg-profiles using this approach.

For this study, we also investigated the evolution of diffusion profiles of Mg in
plagioclase for the case of exchange of Mg between plagioclase and clinopyroxene
ceasing below a temperature T4 and the continuation of Mg diffusion in
plagioclase in a closed system (i.e., scenario (B), see Appendix B). In this model the
bulk Mg content of the plagioclase does not change below T,j5qs and the diffusive
fluxes within the plagioclase below this temperature have to be sufficient to
homogenize the Mg-distribution. These combined constraints tightly constrain the
maximum cooling rates. Both modeling approaches were applied to three hypothetical
plagioclase crystals (P1: weakly curved Mg-profile with 0.04 wt% MgO at the rims

and 0.06 wt% MgO at the core; P2: homogeneous Mg-profile at 0.04 wt% MgQO; P3:
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homogeneous Mg-profile at 0.02 wt% MgO; all with homogeneous X4, = 0.6). The
direct comparison of the two scenarios for identical plagioclase crystals shows that
Teiosea 18 always slightly lower than Tc,;, (25°C for P1, and 20°C for P2 and P3;
Appendix B). The cooling rates d7/ds determined for the temperature interval above
Teioseq are slightly faster, when scenario B is modeled (e.g., P1: d7/dr = 0.008°Cy'1 for
scenario (A) and 0.01°Cy™" for scenario (B); P2: d7/dt = 0.0003°Cy™" for scenario (A)
and 0.001°Cy™" for scenario (B); Appendix B). Thus, for homogeneous Mg-profiles,
the levels of variation in d7/dt and Tci / Teosea arising from the choice of the
modeling approach (A vs. B) are in the range of other uncertainties of the Mg-in-

plagioclase geospeedometer (e.g., uncertainties in cooling rate arising from the choice
of D,Zlg can lead to a factor of 3 difference in cooling rate; Faak et al., 2014). For Mg-

profiles with some degree of curvature, the differences are even smaller. The cooling

rates presented below were determined using method A.

5. Cooling rates as a function of depth in the plutonic section of EPR crust

Cooling rates were obtained from 41 individual plagioclase crystals (51
profiles) in 23 samples from the three sample suites (32 profiles in 13 samples from
Hess Deep, 16 profiles in 8 samples from Pito Deep, 3 profiles in 2 samples from
IODP Site 1256D; Table 1; Supplemental Material), spanning a total depth interval
below the DGB of 0 to 836 m. Cooling rates systematically decrease with increasing
depth, and cover almost 4 orders of magnitude, ranging from ~1 °Cy" for the
shallowest samples to 0.0003°Cy™" for the deepest samples (Table 1, Fig. 4). Cooling
rates from all three sample suites agree very well with each other (with respect to their

individual depth below the DGB) and fall on the same trend (Fig. 4).
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The uncertainty for each data point (i.e. the uncertainty of the cooling rate
obtained from each Mg-profile) cannot be expressed by a simple analytical expression
for propagation of errors. This is because, in addition to uncertainties arising from the
error associated with each individual parameter in the diffusion equation, the overall
uncertainty in the determination of cooling rates also depends on factors such as the
Xan-gradient in the plagioclase crystal. However, Faak et al. (2014) evaluated the
overall uncertainty in the procedure using Monte-Carlo simulations and simulated
profiles with unzoned X4, and known thermal histories. They also evaluated the
uncertainty that results from the use of different sets of diffusion coefficients (i.e. Van
Orman et al.,, 2014 and Faak et al., 2013). They found that cooling rates can be
determined to better than half an order of magnitude. Additionally, the difference in
the obtained cooling rates from multiple Mg-profiles in multiple plagioclase crystals
in the same sample (i.e. the scatter in the data for one sample) may be taken as a
measure for the precision of the cooling rate estimate for a single sample. Following
this approach, the precision on the obtained cooling rate is also found to be better than
half an order of magnitude. therefore, the uncertainties are much smaller than the
observed decrease in cooling rate of almost four orders of magnitude.

The cooling rates obtained here are similar to those derived from a small
subset of the samples using Ca-in-olivine geospeedometry (Coogan et al., 2007) and
from a larger sample suite from the Oman ophiolite (Fig. 4). The fact that two
different methods (Mg-in-plagioclase and Ca-in-olivine), which are based on different
diffusion and partition coefficients, yield similar values for the cooling rate at a given
depth below the DGB implies that not only is the relative variation in cooling rate
with depth well constrained, but also that the absolute values of cooling rates are

robust (i.e., the cooling rates are accurate as well as precise). Importantly, the very
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similar cooling rates extracted from four different crustal sections indicates that
cooling rates in the uppermost plutonics formed at fast-spreading ridges are similar —
i.e., the thermal structure must be similar and close to steady-state. We expand on
these points below.

One sample from the Pito Deep suite yields cooling rates that are shifted from
the cooling rate versus depth trend defined by all the other samples to slower cooling
rates (sample 022005-1052, Table 1 and Fig. 4). The slow cooling rates obtained from
this sample are due to the low Mg-content (~0.015-0.03 wt% MgO) of plagioclase in
this sample. We do not have any explanation for this observation at this point of time

and treat this as an outlier from the general trend.

6. Discussion - implications for the mode of cooling of the oceanic crust and

comparison to thermal models

The observed variation in cooling rate with depth is very consistent for three
different sections of crust formed at the EPR (and the Oman ophiolite; Fig. 4),
implying a similar thermal structure in the near-axis region along the EPR. This
indicates that the thermal structure is near steady-state in the temperature window
recorded (~1100-700°C; Table 1). The significant decrease of cooling rate with
increasing depth in the uppermost part of the oceanic lower crust (~4 orders of
magnitude over 840 m below DGB) provides a fundamental constraint on models of
crustal accretion and hydrothermal circulation at fast-spreading ridges.

The cooling rates determined here are compared to those from modeling
studies, and the inversion of seismic velocity into temperature, in Fig. 5. Both the

absolute cooling rates determined from the deeper samples (>300 m below DGB) and
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the large decrease in cooling rate with depth are inconsistent with thermal models that
include substantial cooling by off-axis hydrothermal circulation. For example,
Maclennan et al. (2005) report the results of three thermal models that have 50-71
kWm™ of hydrothermal cooling off-axis. These models calculate little variation in
cooling rate with depth, faster cooling rates than those observed (except in the upper
~100 m; blue lines in Fig. 5), and are inconsistent with the depth distribution of
cooling rates determined by geospeedometry. The same is true of the more
sophisticated thermal model of Hasenclever et al. (2014) and the cooling rates
predicted by the isotherm separation of Dunn et al. (2000) that this model is based on
(blue crosses in Fig. 5).

While the cooling rates determined here are inconsistent with models with
extensive off-axis hydrothermal heat extraction at depth (Maclennan et al., 2005;
Hasenclever et al., 2014; blue area in Fig. 5), they are broadly consistent with
conductive cooling models (green lines in Fig. 5). This does not mean that there is no
hydrothermal circulation in this region, or that it extracts no heat from the lower crust,
but just that the thermal effects of such circulation are minor. Near conductive cooling
rates in the upper part of the lower oceanic crust are consistent with the recent finding
of off-axis sills in the lower crust along the East Pacific Rise (Canales et al., 2009;
Han et al., 2014). The recent discovery of on-axis, sub-axial melt lenses (Marjanovic
et al., 2014) provides no new constraints on the thermal structure of the axial region
because it has long been thought that this region contains partial melt due to the low
seismic velocities (e.g. Harding et al., 1989). If the crust was efficiently cooled in the
off-axis by hydrothermal circulation, producing the kind of thermal structure
suggested by Dunn et al. (2000) and Hasenclever et al. (2014), then any magma

intruded off-axis would be emplaced into cold wall-rocks and hence would freeze
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rapidly. For example, using Eq. (3) in Chapter 2.2 in Carslaw and Jaeger (1959), a
200 m high sill that intruded at 1200°C into country rock with a temperature of 600°C
would solidify within <1000 y even if conduction was the only heat transport
mechanism; since extensive hydrothermal circulation is required for the off-axis
region to be cool, this calculation over estimates the solidification time. Hence the
probability of observing such bodies in seismic studies would be very small (Coogan,
2014; Han et al., 2014). In contrast, the near conductive cooling rates determined here
imply warm off-axis upper plutonic crust, and hence longer off-axis sill lifetimes, and
a higher probability of identifying these bodies seismically.

The observed plagioclase Mg contents, the shapes of their Mg zoning profiles,
and their variation with depth provide information about: (a) the temperatures around
which exchange of Mg with surrounding clinopyroxene froze (~ Tcy, in our
notation), and (b) the cooling rates around these temperatures as a function of depth.
These allow us to constrain the earliest point of time (equivalent to distance from the
axis in a ridge-spreading situation with a known spreading-rate) at which the
temperature 7c,;,, may have been reached at a given depth (Fig. 6). This is obtained by
assuming the physically unrealistic, but mathematically limiting, case where cooling
above (Tc¢,im+ 100 °C) was instantaneous. Any other more physically realistic cooling
scenario would lead to the observed Tc,;, at that depth being attained at a later point
of time and hence greater distance from the ridge (marked as gray field in Fig. 6).
This information extracted from the compositional characteristics (concentration,
zoning pattern) of plagioclase crystals may be compared with those obtained from
studies where the thermal structure was obtained by thermal modeling or inverting
other kinds of data such as seismic velocity profiles (e.g., Hasenclever et al., 2014;

Dunn et al., 2000). As seen in Fig. 6, these predict much lower temperatures (~ 400

18



450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

°C) at depths greater than 500 m below the dike / gabbro boundary at much earlier
times, and hence much closer to the ridge axis (due to the much faster cooling rates in
Fig. 5). These trends fall well outside the gray region in Fig. 6 that is permissible
based on the observations of the compositional characteristics of plagioclase. In other
words, the thermal structure of the upper part of the lower crust that we obtain from
our observations is inconsistent with the models of Hasenclever et al. (2014) or Dunn
et al. (2000).

We have discussed above (Section 1) how the inversion of seismic velocity
perturbations to yield thermal anomalies may be affected by uncertainties in our
knowledge of several material parameters. The hydrothermal circulation model of
Hasenclever et al. (2014) is anchored to the model of Dunn et al. (2000) and is subject
to the same sources of uncertainty. Additionally, in spite of the sophistication of their
calculations, there are aspects that could be improved — for example, consideration of
anisotropy of permeability and distinct permeabilities for gabbros and sheeted dike
complexes may yield more realistic hydrothermal circulation patterns. Therefore, the
mismatch between the results from these models and the directly determined cooling
rates of this study is not surprising. Indeed, the direct determination of the spatial
distribution of cooling rates as a function of depth in this study provides important

boundary conditions that may be used to develop the next generation of such models.

7. Summary and conclusions

A new geospeedometer, based on the Mg content of plagioclase co-existing
with clinopyroxene, was applied to natural gabbroic rocks from three locations where

samples of the plutonic section of oceanic crust formed at modern fast-spreading

19



475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

ridges are available. Samples from each location originate from different depths
below the DGB and the total depth interval covers the upper 836 m of the plutonic
section of the oceanic crust. The obtained cooling rates decrease significantly with
increasing sample depth (covering almost 4 orders of magnitude, ranging from ~1
°Cy! for the shallowest samples to 0.0003°Cy™" for the deepest samples). The fact
that this observation is very robust for three different locations along the EPR implies
a very comparable, and near steady-state, thermal structure in the off-axis region
along the EPR. Two independent methods (Mg-in-Pl and Ca-in-Ol) give the same
cooling rates for a given depth below the DGB, which implies that not only is the
relative trend of cooling rate with depth well constrained, but also that the absolute
values obtained for the cooling rates are robust. Both, the absolute cooling rates
determined from the deeper samples (>300 m below DGB), and the large decrease in
cooling rate with depth, are inconsistent with thermal models that include substantial
cooling by off-axis hydrothermal circulation. Instead, our data is consistent with
thermal models in which the lower crust cools conductively in the off-axis, implying
that most of the latent heat is removed by hydrothermal circulation at the top of an
axial melt lens and heat conduction becomes the dominant process of heat removal
with increasing depth and away from the ridge axis. Our observational results provide
important additional boundary conditions for modeling calculations of thermal
structure of fast spreading ridge systems (e.g., Maclennan et al., 2005; Hasenclever et

al., 2014), and should help in the development of the next generation of models.
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506 Appendix A Model parameters and input conditions for the diffusion model

507

508 A detailed description of the used diffusion model may be found in Faak et al. (2014),
509  here we briefly summarize the modeling approach and the input parameters used.

510

511  Diffusion equation and diffusion coefficient

512 The diffusion of Mg in plagioclase is coupled with the anorthite content, X,
513 in plagioclase, which needs to be accounted for in the diffusion equation (Eq. (7) in

514  Costa et al., (2003)):

oC oX

(Eq.- A.1)

516  where Dy, = diffusion coefficient of Mg in plagioclase, Cy, = concentration of Mg in
517  plagioclase, x = distance and A = factor to describe the dependence of the partition
518  coefficient on Xy,. Their factor Ly, is a phenomenological coefficient, equivalent to

519  (DugCug)/RT (see Costa et al. (2003) for details). The resulting diffusion equation to

520  describe the flux of Mg has been presented by Costa et al. (2003):

521

RT
522 (Eq. A.2)

oC,y, &C,, 0CyD,,| A oC,ox, oD, X, &x, )
7= Mg A2 + o o ~ 7| DPae o K_'_CMg O ?4_ Mg Mg?}
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where ¢ = time.
The differential equation (Eq. (A.2)) can be solved numerically for one-
dimensional diffusion in a plate by applying the method of central finite differences

(Crank, 1975, Costa et al., 2008):

Ci,j+l = Ci,j + (%)[Di,j (Ci+1,j - 2Ci,j + Ci—l,j )+ % (Ci+1,j - Ci—l,j XDHl,j - Di—l,j ):|

_% Di,j(C -G X

i+, j i-1,j Anjg _XAni_Lj)

A At 1 X )
_E A +5Ci,j(Di+l,j_Di—l,j XAn,-HJ_XAn,-_L/-

+D, ;C; (XA”i+1,j _2XA”1\1' +XA”"*1’J')

L]

(Eq. A.3)
where i = step in distance and j = step in time. C;; and D;; are the concentration of Mg
in plagioclase and the diffusion coefficient of Mg in plagioclase at given i and j,
respectively.

We used the diffusion coefficient of Mg in plagioclase from Faak et al. (2013)
that was determined experimentally in the compositional range of the lower oceanic

crust:

Dff, [m’s']=12510* [m’s '} exp(-320924lmw1 ']/ (RT)) (asl-q)%-

(Eq. A.4)

Initial and boundary conditions
The partition coefficient, K ,Zg/c” ", has been determined experimentally by
Faak et al. (2013) and is given by the relationship:

16913[Jmof‘]

, 1
InK;, /%" :—9219[K]}+1.6+ 7

X, +Inag, (Eq. A5)
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This can be re-arranged to give the interface plagioclase composition as a function of
the measured clinopyroxene composition, temperature and the silica activity in the

system:

16913Jmol |
RT

Cn =Co exp{— 9219[1(}; +1.6+ X, +1nam} (Eq. A.6)

An initial profile is calculated based on Eq. (A.5) at temperatures around
1200°C, (the exact starting temperature Ty, depends on the grain size of the

plagioclase and is given in Table 1).

Silica activity

Solving equations (A.4-A.6) requires knowledge of the silica activity, as

Agio, >
a function of temperature. Here, we assume g0, is constrained by the assemblage
olivine + orthopyroxene as these are commonly observed phases in the samples
studied. Thus, ag,, is given by the reaction:

Mg;Si0,4 + SiO, = 2MgSiO3 (Eq. A.7)
and the relationship proposed by Carmichael et al. (1970):

AG,
log Agio, = m (Eq A8)

where AG, is the Gibbs Free energy of the reaction given in equation (A.7). The

silica activity defined by Eq (A.7) at 1 bar was calculated for pure Mg-endmembers

(Faak et al., 2013 report that the incorporation of a molar fraction of 0.1 of the
respective Fe-endmembers increases dg;, by about 10%) and for different

temperatures using the data set of Ghiorso and Sack (1995) to determine AG, , and the

resulting dataset fitted by a 2"*-order polynomial to obtain:
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Ay =-4.86904107 T°+1.5157010° T—0.61870" (Eq. A.9)

Appendix B

Section 4.2 discusses how the lack of a strong curvature of the Mg-profiles and
the high Mg-concentrations at the rims, which is measured in plagioclase from the
lower oceanic crust, can be explained by two possible scenarios. This Appendix
illustrates the modeling approaches used to simulate these different scenarios, and
shows that this leads to only small differences in the extracted cooling rates.

We consider two scenarios. Scenario (A) assumes a linear cooling history up to a
certain temperature, 7c¢,,, which can be calculated from the measured Mg-
concentration at the rim of a plagioclase crystal (Eq. (4) in Faak et al., 2014). Below
Tc,im cooling continues with an increased cooling rate, fast enough such that the
diffusion profile, which was evolved up to Tc;,, is not significantly modified.

Scenario (B) assumes a cooling history that is linear down to temperatures low
enough that the diffusion profile is not effectively changed by diffusion anymore
(around 600°C for the diffusion of Mg in plagioclase and geological reasonable
cooling rates). However, in this scenario there is a certain temperature 7,504 (>600°C)
below which the exchange of Mg between plagioclase and clinopyroxene ceases.
However, diffusion of Mg within the plagioclase continues and tends to homogenize
the concentration of Mg in plagioclase (or for plagioclase zoned in Xy, tends to
equilibrate the plagioclase Mg content with the An content). Thus, in model B, the
system continues cooling down to 600°C at the same cooling rate, but diffusion of Mg

below T,pseq 1s simulated in a closed system (= plagioclase has closed boundary
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conditions). An additional constraint on this scenario comes from the argument of
mass balance: if Mg cannot be exchanged below T4, the total amount of Mg in
plagioclase at this temperature (Mg, must equal the final amount of Mg in
plagioclase, Mgpservea. Since we model diffusion in 1D, assuming a plane sheet
geometry, the amount of Mg in plagioclase is calculated along a Mg-profile as Mg =
Mg(x)*dx, where Mg(x) is the concentration of MgO in wt% at a certain grid point
and dx is the distance between grid points. We define that mass balance is fulfilled if
Mgior = Mgobservea £1%.

The two different approaches were applied to three theoretical plagioclase
crystals: P1 has a weekly curved Mg-profile with 0.04 wt% MgO at the rims and 0.06
wt% MgO at the core (Fig. B1 a-c); P2 has a homogeneous Mg-profile at 0.04 wt%
MgO (Fig. B1 d-e) and P3 has a homogeneous Mg-profile at 0.02 wt% MgO (Fig. B1
g-1). When modeled as scenario (A), the best fit between modeled and observed data
is obtained for the following values: d7/d=0.008°Cy" and Tc¢,;, = 910°C for P1 (Fig.
Bla), d7/dr = 0.0003°Cy™" and Tc.m = 910°C for P2 (Fig. B1d), and d7/dr =
0.00002°Cy™" and T¢,;, = 810°C for P2 (Fig. B1g). Note that for P2 and P3, where the
observed Mg-profiles are homogenecous, only maximum cooling rates can be
obtained. For homogeneous X,,, these homogeneous Mg-profiles represent the
equilibrium Mg-concentration at Tc,;,, and would not be changed by slower cooling.
When modeling scenario (B), once a cooling rate for a model run is fixed, there is
only limited variation for T4, i.€. for a given cooling rate, T,s.q can only be
changed by a few °C without violating the mass balance criteria (in fact, if Mgy,
exactly equals Mg,pserved, then Teposeq 1s fixed for a given cooling rate). Furthermore,
diffusion below T jsq Will tend to homogenize the Mg-profile, i.e. decrease the Mg-

concentration at the core and increase the Mg-concentration at the rims. Thus, mass
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balance can only be fulfilled if Tjysq is lower than T¢,, and d77/d¢ is faster than d7/d¢
in scenario (A). However, if d7/d¢ is too fast, mass balance cannot be attained for any
temperature 754, because Mg is not removed efficiently enough from the core. Even
for cases where mass balance can be attained, d7/dr may be too fast to allow for
sufficiently diffusion of Mg in the closed system to allow a good match between the
observed and the modeled profile (e.g. Fig. Bl c, f, and 1). In the end, there is only a
small range of combinations of d7/d¢ and T, that lead to acceptable fits to the
observed Mg-profiles (e.g. Fig. B1 b, ¢, and h).

To obtain an estimate of the level of variation of d7/dr and T¢,in, / Teiosea that is
introduced by the choice of modeled scenario, we used d7/dr and Tc,;, from modeling
scenario (A) (Fig. Bl a, d, and g) as a starting point for modeling scenario (B). Then
d7/dr was iteratively increased, and T.,.s Was adjusted for each run until mass
balance was fulfilled. For each plagioclase, the last fit that was still considered
‘acceptable’ is shown in Fig. B1 b, e, and h. The next run with fits that were not
accepted any more is shown in Fig. Bl c, f and i. The difference between d7/d¢ and
Tcrim/! Teiosea from scenario (A) and those obtained from last accepted fit from scenario
(B) show the small difference in cooling rate extracted using these different

approaches as discussed in the main text.
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Table Captions

Table 1. Summary of the cooling rates that were obtained from each Mg-profile in
plagioclase from the three sample suites. The sample depth is given in m below the
DGB (mbDGB) of the individual sample suite. The given temperature range refers to
the T-interval over which the diffusion process was modeled (see Section 4.2 and
Appendix B for details). italics = the observed Mg-profile is very homogeneous, so

that only a maximum estimate of the cooling rate can be obtained.

Figure Captions

Fig. 1. Schematic sketch to illustrate how different modes of heat extraction and
crystallization in the lower oceanic crust result in different trends for cooling rates as
a function of depth. Panel (a) shows a gabbro glacier type model that assumes most of
the latent heat to be released in the AML and removed by hydrothermal circulation
above this body. To emphasize the potential for heat conduction to be the dominant
process of heat removal in the off-axis region in this model the green line in the
middle panel shows this scenario. It should be noted that the gabbro glacier crustal
accretion model is also permissive of efficient off-axis hydrothermal cooling (e.g.
Phipps Morgan and Chen, 1993; Hasenclever et al., 2014). Panel (b) shows a sheeted
sill type model that assumes less efficient heat extraction above the AML and more
efficient heat extraction by off-axis hydrothermal circulation in the lower crust. The
middle panel compares (schematically and not to scale) the expected trends for

vertical variation of cooling rate in these hypothetical models with different
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efficiencies of hydrothermal cooling at depth. (For interpretation of the references to

color in this figure, the reader is referred to the online version of this article.)

Fig. 2. Geographical and structural maps with locations of the three sample sites. (a)
Overview of the location of the Hess Deep, the Pito Deep, and IODP drill Site 1256D
(red marks). (b) Map of the Galapagos triple junction in the eastern equatorial Pacific
Ocean showing major tectonic boundaries and the location of the Hess Deep Rift (red
box). (c) Map of the Easter Microplate in the southern Pacific Ocean showing major
tectonic boundaries and the location of the Pito Deep (red box). (d and e) Simplified
geological map of the Northern wall of the Hess Deep Rift showing the dive tracks
with general lithological units and sample locations (based on Gillis et al., 2001). The
blue dashed line represents the inferred location of the DGB in this area and the blue
shaded area represents a region where only gabbroic rocks were mapped along dive
tracks. Contour lines represent depth below sea level given in meters. (f and g)
Simplified geological map of the Pito Deep area B showing the dive tracks with
general lithological units and sample location (based on Perk et al., 2007). Base maps
in (a)-(c) were created with GeoMapApp. (For interpretation of the references to color

in this figure, the reader is referred to the online version of this article.)

Fig. 3. Examples of the different Mg-profile shapes observed in plagioclase in
samples from different depth below the DGB (in meters, gray numbers besides the
boxes) from Hess Deep (left column) and Pito Deep (right column). Open circles
show the Mg-concentrations that were measured along full profiles in plagioclase.
Solid pink lines show the modeled diffusion profile that matches best with the

measured profile. The inset in each box shows the X4,-content that was measured
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along the same transect as the Mg-profile. (For interpretation of the references to

color in this figure, the reader is referred to the online version of this article.)

Fig 4. Diagram to show the obtained cooling rates (plotted as log d7/dr) versus the
sample depth below the DGB. Arrows indicate that only maximum cooling rates
could be obtained, because the measured Mg-profiles were homogeneous (see text for
discussion). Light pink symbols show data from sample 022005-1052 that is regarded
as an outlier (see text for discussion). For comparison, cooling rates obtained from the
Ca-in-olivine geospeedometer (Coogan et al., 2007) are shown for the depth range,
where data from that study is available. (For interpretation of the references to color

in this figure, the reader is referred to the online version of this article.)

Fig. 5. Comparison of the cooling rates obtained from diffusion modeling of Mg in
plagioclase in the natural samples with different thermal models. M = cooling rates
from Maclennan et al. (2005) obtained from a thermal model with a thermal
diffusivity of 8 x 107 m?s™ and various amounts of hydrothermal cooling off-axis
(50-71 kWm'; only their model 4 has no hydrothermal cooling off-axis). D = cooling
rates calculated from the isotherms separation of Dunn et al. (2000) for a cooling
interval of 1000-600°C. H = cooling rates calculated from the isotherm separation of
Hasenclever et al. (2014) for a cooling interval of 1000-600°C. T&S = simple
conductive half-space model based on Eq. 4.124 in Turcotte and Schubert (2002) with
a thermal diffusivity of 1 x 10°m?s™. The top of the lower crust (i.e. the dike/gabbro
boundary) is held at a constant temperature of 400°C, i.e. the temperature in the dikes
is assumed to be 400°C (based on temperature estimates for hydrothermal fluids (e.g.

Von Damm, 2000) and from petrology of alteration of dikes (e.g. Gillis, 1995) in the
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area). The initial temperature of the entire crust and upper mantle is assumed to be
1300°C. Cooling rates are extracted for the T-interval of 900-600°C and 700-600°C.
Tini layered = conductive cooling model with a layered initial temperature
distribution. The temperature at the top (= seafloor and lava) is held constant at 4°C.
The initial temperature profile is set based on the expected profile at the edge of the
AML as follows: layer 1 (dikes): 1 km thick, 400°C; layer 2 (gabbros): 4 km thick,
1250°C; layer 3 (upper mantle): 15 km thick, 1300°C. Conductive cooling was
modeled from these initial and boundary conditions and cooling rates were extracted
at around 900°C for all depth and around the average obtained rim closure
temperature (7c;;,) for each sample depth of the Hess Deep (HD) and Pito Deep (PD)
sample suite. Note that the difference between the conductive model 4 from
Maclennan et al., 2005, and the other conductive models results from the fact that
their model 4 is a 2D model that additionally considers horizontal heat transport, and
latent heat of crystallization. (For interpretation of the references to color in this

figure, the reader is referred to the online version of this article.)

Fig. 6. Diagram to illustrate a bounding constraint on the thermal structure in the
lower crust in the off-axis region. For each sample depth, the average cooling rate
obtained from the Mg-in-plagioclase geospeedometer was used to determine the time
needed to cool from (Tc¢;i, + 100°C) to Tc¢yin. The distance the crust would move in
this time was calculated assuming a half spreading rate of 65 mmy™ to yield the
horizontal separation of two isotherms that are 100°C apart. In order to locate the
limiting distance from the ridge at which these temperatures may be attained, cooling
above (Tc;m + 100°C) was assumed to be instantaneous (i.e. (Tc¢yy, + 100)°C is

assumed to be attained at zero time at the ridge axis itself at the respective depths).
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Thus, these values provide a minimum constraint on the time needed for the crust to
cool down to Tc,;, at a given depth, and the distance from the ridge where this may be
attained for the known spreading velocity. The bold green and blue lines represent the
minimum time (and equivalently, distance) required to cool down to 750°C, 700°C
and 650°C respectively, at depths where information on cooling rates around each of
these temperatures has been frozen in the plagioclase record. An alternate, less
extreme case is where cooling occurs linearly from the solidus temperature of
~1200°C to Tcyim. Tcyim at any given depth is attained much later (at a greater distance
from the ridge) in this case and tips of horizontal arrows drawn at each depth mark
these points. Thus, for any conceivable cooling history, the inferred temperature at a
given depth has to lie within the gray region to be consistent with the thermal history
recorded in the plagioclase crystals. For comparison, the position of the 1000-400°C
isotherms from Hasenclever et al. (2014) (marked “H”) for the depth interval
corresponding to our study are shown. (For interpretation of the references to color in

this figure, the reader is referred to the online version of this article.)

Fig B1. Illustration of the effect of the choice of modeling scenario on the obtained
cooling rate. The diagrams show synthetic Mg-concentration profiles for three
different plagioclase crystals (P1 = weekly curved Mg-profile; P2 = homogeneous
Mg-profile at 0.4 wt% MgO and P3 = homogeneous Mg-profile at 0.2 wt% MgO).
For simplicity, all plagioclase crystals are assumed to have homogeneous X4, = 0.6
and to be in contact with Cpx with 14 wt% MgO. The silica activity of the system is
assumed to be constraint by the assemblage Ol+Opx. The pink bold lines show best
fit profiles for modeling scenario (A), i.e., Tchim can be obtained using Eq. (4) from

Faak et al. (2014) with the Mg-concentration at the rim of the plagioclase. The light
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pink bold lines show best fit profiles for modeling scenario (B), i.e., modeling is
continued to 600°C, but at temperature Tjoseq (TCrim > Teiosea > 600°C), the system was
modeled with closed boundaries (see text for discussion). (For interpretation of the
references to color in this figure, the reader is referred to the online version of this

article.)
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*Highlights (for review)

Highlights

e We use diffusion modeling of Mg in plagioclase to determine cooling rates

e Cooling rates were obtained from natural samples of the lower oceanic crust

e Obtained cooling rates significantly decrease with increasing sample depth

e QOur data is best explained by conductive thermal models

e Our data is inconsistent with substantial cooling by off-axis hydrothermal circulation
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Table 1. Summary of the cooling rates that were obtained from each used Mg-profile in the individual plagioclase
crystals from the three sample suites. The sample depth is given in m below the DGB of the individual sample suite
(mbDGB). The given temperature range refers to the 7-interval over which the diffusion process was modeled (see
Section 4.2 and Appendix I for details). italics = the observed Mg-profile is very homogeneous, so that only a
maximum estimate of the cooling rate can be obtained.

Sample Depth Plag Profile Length dT/dt log dT/dt T-interval
[mbDGB] [Hm] [°Cly] [°C]
Hess Deep
2212-1358 0 P14 2 610 0.35 -0.46 1155-960
2212-1338 17 P11 1 500 0.35 -0.46 1133-940
2212-1338 17 P13 1 1590 0.3 -0.52 1223-950
2212-1338 17 P13 2 1550 0.32 -0.49 1221-800
3369-1355 82 P11 2 860 0.05 -1.30 1179-980
3369-1355 82 P13 1 530 0.033 -1.48 1145-870
3369-1355 82 P13 2 380 0.04 -1.40 1121-900
3369-1349 90 Pl 1 590 0.03 -1.52 1152-900
3369-1349 90 P13 2 350 0.027 -1.57 1115-890
3374-1031 127 Pl 1 590 0.028 -1.55 1152-920
3374-1031 127 Pl 2 260 0.03 -1.52 1094-910
3374-1031 127 P12 2 250 0.025 -1.60 1092-920
3369-1250 144 Pl 1 265 0.017 -1.77 1096-840
3369-1250 144 P12 1 190 0.018 -1.74 1072-820
3369-1221 208 Pl 1 207 0.018 -1.74 1078-830
3369-1110 211 Pl1 1 460 0.015 -1.82 1135-920
3369-1050 282 P12 2 660 0.02 -1.70 1160-900
3369-1050 282 PI3 1 960 0.01 -2.00 1187-950
3369-1050 282 P13 2 450 0.012 -1.92 1133-930
3369-1042 282 Pl 1 1410 0.011 -1.96 1211-920
3369-1042 282 P11 2 1590 0.009 -2.05 1223-890
2213-1110 380 P12 1 640 0.005 -2.30 1158-940
2213-1110 380 Pi3 1 470 0.007 215 1136-915
2213-1110 380 P14 2 510 0.009 -2.05 1142-920
2213-1110 380 P16 2 560 0.008 -2.10 1149-920
2218-1111 470 PlI 1 350 0.0045 -2.35 1115-910
2218-1111 470 PlI 2 690 0.0038 -242 1164-910
2218-1111 470 PI2 2 510 0.003 -2.52 1142-900
2218-1132 520 PI2 2 105 0.002 -2.70 1030-850
2218-1132 520 P13 1 600 0.0008 -3.10 1154-865
2218-1132 520 Pi3 2 300 0.0009 -3.05 1104-870
2218-1132 520 PI5 1 170 0.0025 -2.60 1064-840
Pito Deep

022205-0259 41 P12 1 480 1.3 0.11 1188-930
022205-0259 41 P12 2 702 0.8 -0.10 1215-900
022205-0248 45 P12 2 888 0.15 -0.82 1182-640
022205-0248 45 Pl4 1 200 0.11 -0.96 1076-720
022205-0230 72 P11 1 370 0.014 -1.85 1119-780



022005-1052 355 P12 2 420 0.00005 -4.30 1128-730
022005-1052 355 P13 2 500 0.00007 -4.15 1141-720
022005-0910 386 Pl1 2 240 0.009 -2.05 1089-835
022005-0910 386 P12 2 180 0.01 -2.00 1068-810
022005-0910 386 Pl4 2 460 0.005 -2.30 1135-800
022005-0534 569 P12 560 0.0025 -2.60 1149-760
022005-0155 780 Pl 2 830 0.0009 -3.05 1177-710
022005-0155 780 P12 1 850 0.0005 -3.30 1178-720
022005-0056 836 P12 2 830 0.0004 -3.40 1177-680
022005-0056 836 P13 1 470 0.0003 -3.52 1136-690
022005-0056 836 P15 1 840 0.00035 -3.46 1178-670
IODP Site 1256D
216R1 15-20 12.1 P13 1 460 0.1 -1.00 1135-860
216R1 49-57 12.4 P11 la 313 0.33 -0.48 1107-810
216R1 49-57 12.4 Pl1 1b 313 0.35 -0.46 1122-820
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