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Abstract 

Metamorphosed oceanic gabbros provide a record of the cooling history of the lower crust near mid-ocean ridges, but the 
temperature range, rate, and location of subsolidus events are poorly known. We combine hornblende-plagioclase 
thermometry, statistical analysis, and thermal models to estimate precisely the temperature, time, distance from axis, and 

duration of metamorphism in East Pacific Rise gabbros from Hess Deep, ODP Hole 894G. Metamorphic hornblende and 
plagioclase, which formed during microfracturing and sea water penetration, equilibrated at a mean temperature of 
716 & 8°C (90% confidence level). Comparison of the properties of the observed temperature distribution with those of 

model events indicates that metamorphism spanned I 60°C. When combined with thermal models of fast-spreading centers, 
this implies that metamorphism was rapid (I 6000 yr> and occurred l-4 km off axis. Application of this approach to other 
gabbros will allow comparison of spatial and temporal characteristics of deformation and fluid flow in the lower oceanic 

crust as a function of ridge setting. 

Keywords: East Pacific Rise; ODP Site 894; hydrothermal processes; metamorphic rocks; amphibolite facies; metagabbro: metaplutonic 

rocks; geologic thermometry; P-T conditions; microcracks 

1. Introduction 

The time, location, and duration of deformation 
and fluid flow drive metamorphism in oceanic gab- 
bros controls the lower crust’s contribution to heat 

and mass transfer in the oceanic lithosphere. Deter- 
mination of the temporal characteristics of sub- 

solidus events in the lower crust (i.e., its thermal 
history) is therefore an important goal for studies of 
oceanic gabbro metamorphism. However, although 
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the compositions and textures of metamorphic min- 
erals in the gabbros provide a record of subsolidus 

events, this record lacks the precision necessary to 
provide a clear view of whether metamorphism spans 
broad or narrow temperature intervals, whether it is 

rapid or slow, or where it occurs relative to ridge 

axes. 
Metamorphism of oceanic gabbros usually begins 

at high grades, regardless of spreading rate or style 
of deformation [ 1,2]. The typical early mineral as- 
semblage of hornblende + plagioclase + Fe-Ti ox- 
ide + clinopyroxene implies temperatures of between 
N 500 and N 800°C at the pressures and oxygen 
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fugacities of the oceanic lower crust [3,4]. This limit 

is too broad to help discern where metamorphism 
occurs within this interval. Mineral thermometers 

can potentially circumvent this problem. For exam- 
ple, where present, metamorphic clinopyroxenes can 

be combined with the well calibrated geometry of 
the pyroxene solvus [5] to place limits on tempera- 

tures of gabbro metamorphism [6,7]. However, tem- 

perature estimates are typically no better than those 

given by the mineral assemblage itself [2,8] and, in 
the absence of well characterized error estimates and 

statistical analysis of the temperature distribution, 

such thermometry-based results provide few addi- 

tional constraints on thermal history. 

In this paper we show that the temperature and 
timing of early metamorphism of oceanic gabbros 

can be determined more precisely. Using metamor- 
phosed gabbros of the East Pacific Rise (EPR) from 
Hess Deep, we combine plagioclase-hornblende ex- 

change thermometry [9] with a simple statistical 

analysis of metamorphism and thermal models to 

derive the location, timing, and duration of pervasive 

metamorphism of lower crust near the East Pacific 

Rise. Our results show that, to a high level of 

confidence, metamorphism occurred at high tempera- 
tures, and over a narrower temperature range and 

shorter duration than has previously been recognized. 

2. Metamorphism of Hess Deep gabbros 

Hess Deep (101”3O’W, 2”15’N) is a submarine 

rift valley in N 1 m.y. old EPR crust at the western 

terminus of the Cocos-Nazca spreading center N 
50- 100 km east of the present spreading axis [lO,l 11. 
Stratigraphically continuous ultramafic rocks, gab- 

broic rocks, sheeted dikes, and pillow lavas exposed 
in the valley walls record EPR crustal processes at a 

half spreading rate of 6.5 mm/yr [ 111. Ocean Drilling 
Program Hole 894G penetrated 154.5 m of poikilitic 
to equigranular gabbro, gabbro norite, and olivine 
gabbronorite [12], all of which we refer to as gab- 
bros. The gabbros crystallized 2-3 km below sea 
floor, immediately beneath the typical stratigraphic 
position of the axial magma lens [13]. 

The earliest gabbro metamorphism is recorded as 
a microfracture network filled by calcic amphibole 
and related, pervasive alteration of the gabbros to 

amphibolite-facies mineral assemblages [ 141. Pro- 

gressively later vein types are macroscopic amphi- 
bole veins, chlorite-bearing veins, and zeolite-calcite 

veins. The veins record discrete fracturing events 
during the progressive decline in temperature as the 

gabbros moved off the EPR. Based on orientations 
and timing, Manning and MacLeod [ 141 inferred that 

microscopic and macroscopic amphibole veins record 
deformation and metamorphism associated with 

near-ridge fracturing, faulting, and hydrothermal ac- 

tivity, whereas chlorite-bearing and zeolite-calcite 

veins record deformation and fluid flow during inter- 

action with the Cocos-Nazca spreading center. 

The focus of our investigation was on the early 
microscopic amphibole veins because they constrain 

the timing and temperature of the earliest and most 
extensive brittle failure, fluid flow, and metamor- 
phism in the lower crust near the East Pacific Rise 

[ 141. The microfractures are < 40 pm wide; they are 
filled by green, blue-green, and olive-green calcic 

amphibole; and they occur along grain boundaries 
and cutting magmatic mineral grains. Microscopic 

amphibole veins are pervasive in the core and are 

responsible for the largest fraction of metamorphic 

minerals (10% to > 50%) [ 12,141. 
Alteration of magmatic minerals at the margins of 

microscopic amphibole veins varies depending on 
the mineral hosting the vein [ 141. Magmatic clinopy- 

roxene is typically partially to completely replaced 
by calcic amphibole and minor secondary clinopy- 
roxene (Fig. 1). Optically, plagioclase appears unaf- 

fected by amphibole alteration; however, back- 

scattered electron petrography reveals a pervasive, 
abrupt change in average atomic number in plagio- 
clase rims near microscopic amphibole veins and 

related replacement features (Fig. 1). Usually this is 
compositionally subtle, reflecting a decrease in An 

content of 10% or less; but in rare cases the An 
content decreases dramatically. These compositional 
shifts are spatially correlated with amphibole veins 
and are therefore interpreted as metamorphic in ori- 
gin, as distinct from the typical optically observable 
magmatic growth zoning, which is related to crystal 

morphology [ 151. Subordinate orthopyroxene, olivine, 
and Fe-Ti oxide are altered to intergrowths of cum- 
mingtonite-actinolite, actinolite-talc, and mag- 
netite-ilmenite, respectively. Alteration in several 
decimeter scale pegmatitic gabbros is more pervasive 
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and more complex, in that amphibole and plagioclase 

are strongly zoned. Metamorphism of pegmatites 
may have begun during the latest stages of crystal- 

lization, possibly associated with magmatic fluids 

[ 161, and preliminary studies of phase equilibria also 
suggest longer metamorphic duration [ 171. Because 

Fig. 1. Backscattered electron photomicrograph and tracing of microscopic amphibole veins and replaced clinopyroxene in sample 4R-02-7 

(48.2 m below sea floor). Bold lines = grain boundaries; blank areas = plagioclase (dashed lines separate compositionally distinct zones); 

light shading = amphibole and minor magnetite; random dashes = holes in C coat. Dots show positions of hornblende and plagioclase 

analyses: plagioclase analyses labeled with X,, . amphibole analyses with calculated temperature using adjacent plagioclase composition. 
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their metamorphic history appears to be different 
from that of nonpegmatitic gabbros, pegmatitic sam- 
ples were excluded from this analysis. 

3. Mineral compositions 

We selected nine gabbro samples for detailed Amphibole compositions are calcic (Fig. 2C), with 
study. The samples represent the range in depth, a range in tetrahedrally coordinated Al (‘“Al) of 
grain size, and magmatic mineral modes in Hole 0.41- 1.70. They are Mg rich, but Mg does not vary 
894G; all are petrographically unaffected by the later systematically with ‘“Al (Fig. 2A). Both Na + K in 
alteration events described above. Compositions of the A site and Na in the M4 site increase with ‘“Al 
56 adjacent amphibole and plagioclase rims at mi- (Fig. 2B,C), as is typical of high grade amphiboles 
crocrack margins were determined by electron mi- from oceanic gabbros [8,19,20]. The ranges in “Al, 
croprobe analysis. Operating conditions were: 15 kV and A- and M6site occupancies arise from a depen- 
accelerating potential, 8 nA beam current, and 20 s dence of amphibole composition on adjoining min- 
counting times. A ZAF correction algorithm was eral identity: lower values occur where amphibole 
used with well characterized natural and synthetic fills microcracks between pyroxenes and plagioclase, 
standards. Compositional data are given in Table 1. and higher values where the microfractures are 
Amphibole formulae and Fe3+ contents were calcu- bounded only by plagioclase [14]. The average X,, 

Table 1 
Representative amphibole analyses 

lated based on 23 anhydrous oxygens following Hol- 
land and Blundy [9]. Although normalization based 
on Si+Ti+Al+Fe+Mn+Mg= 13 may yield a 
more accurate approximation of Fe3’ content and 
site distribution [ 181, we used the anion-based recal- 
culation to ensure consistency with the thermometer 
calibration. 

Sample: 4R-01-9 4R-02-7 8R-01-10 8R-01-10 9R-04-11 9R-04-11 12R-03-3 13R-Ol-1lB 17R-01-13 17R-Ol-1B 

Depth (m): 45.9 48.2 71.1 71.1 78.7 78.7 98.1 105.2 127.8 128.6 
Analysis: a6 a50 16a2 20a3 a20 a24 13 59a4 18 a8 

SiO, 
TiO 
*,,B, 
Fe0 
MnO 

M@ 
CaO 

Na,O 
K,O 
Total 

46.25 43.93 47.73 48.84 43.98 52.97 51.36 50.99 51.40 50.65 
0.13 0.56 0.82 0.50 0.27 0.32 0.39 0.50 0.15 0.33 

9.15 10.46 6.74 6.88 12.66 3.71 5.04 4.6 1 4.05 5.08 

15.37 17.69 15.91 15.39 11.79 9.70 12.54 15.09 16.15 12.32 

0.28 0.19 0.24 0.21 0.27 0.2 1 0.23 0.30 0.26 0.18 
11.88 10.20 12.11 12.09 14.43 19.18 15.80 13.68 13.80 15.02 

11.45 11.80 11.44 11.79 10.95 10.21 11.39 11.56 10.77 11.94 

1.64 1.97 1.31 1.14 2.56 0.65 0.78 0.56 0.62 0.84 

0.06 0.20 0.18 0.15 0.12 0.02 0.09 0.10 0.00 0.11 

96.21 97.00 96.49 96.98 97.03 96.97 97.62 97.39 97.20 96.47 

Cations per 23 anhydrous oxygens 
Si 6.855 6.575 7.072 

“Al 1.145 1.425 0.928 
v’A1 0.453 0.42 1 0.249 
Ti 0.014 0.063 0.09 1 
Fe3+ 0.483 0.480 0.407 

Mg 2.624 2.275 2.675 
Fe’+ 1.422 1.733 1.564 
Mn 0.036 0.024 0.029 
Na 1.818 1.892 1.816 
Ca 0.470 0.573 0.377 
K 0.011 0.039 0.034 
Total 15.331 15.501 15.244 
x 
T &, 

0.802 0.479 0.476 
734 712 729 

7.177 6.347 7.494 7.350 7.425 7.503 7.344 

0.823 1.653 0.506 0.650 0.575 0.497 0.656 

0.367 0.501 0.113 0.200 0.216 0.199 0.212 

0.055 0.030 0.034 0.042 0.055 0.017 0.036 

0.308 0.785 0.289 0.316 0.232 0.257 0.385 

2.648 3.105 4.043 3.370 2.970 3.004 3.247 

1.584 0.638 0.859 1.185 1.606 1.715 1.108 

0.026 0.032 0.026 0.028 0.037 0.033 0.022 
1.855 1.693 1.547 1.746 1.804 1.684 1.856 

0.325 0.715 0.177 0.217 0.157 0.177 0.325 
0.028 0.019 0.004 0.017 0.019 0.001 0.020 

15.196 15.518 15.093 15.122 15.095 15.085 15.212 

0.449 0.708 0.615 0.566 0.553 0.354 0.688 
654 801 737 710 667 633 738 
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Fig. 2. Amphibole and plagioclase compositional parameters in pegmatitic and nonpegmatitic gabbros. Amphibole formulae based on 23 

anhydrous oxygens after [9]; plagioclase formulae assume 8 oxygens and all Fe as Fe’+. Relevant amphibole nomenclature after [35]. (A) 

Mole fraction of Mg (X,, = Mg/(Mg + Fe2+ )) vs. tetrahedrally coordinated Al (‘“Al) in amphiboles. (B) Alkali cations in A site vs. “Al 

in amphiboles. (C) Na in M4 vs. “Al in amphiboles with richterite-edenite exchange trajectory used in temperature determination. 

Near-linear increase in M4 Na indicates that extent of richterite-edenite exchange is similar for all amphiboles, consistent with narrow 

calculated temperature interval. (D) Histogram of plagioclase compositions in terms of mole fraction of anorthite (X,, = Ca/(Ca + Na)). 

of coexisting plagioclase is 0.55 (Fig. 2D). Mag- 
matic [ 131 and metamorphic plagioclase composi- 

tions overlap in terms of X,,, but secondary plagio- 

clase is more tightly distributed about the mean, 
whereas magmatic plagioclase extends to high X,,. 

Typical criteria used to establish textural, and by 

implication, chemical equilibrium are absent in Hess 

Deep gabbros because they are not strongly de- 
formed and they show little grain-size modification 

associated with recrystallization. We nevertheless in- 
terpret the amphibole-plagioclase pairs as represent- 
ing local equilibrium for three reasons. First, the 
plagioclase shows clear textural and compositional 
evidence for reaction with hydrothermal fluid in the 
microfracture network (Fig. 1). In addition, varia- 

tions in compositions of vein-filling amphibole show 
systematic variation, which depends on local, com- 
positionally distinct chemical environments [ 141, 
suggesting equilibration on the scale of several mil- 
limeters. Finally, 6 “0 of plagioclase and amphibole 

are lower than magmatic values, indicating equilibra- 

tion with sea water [21]. Together, these observations 

suggest that the variable extent of metamorphism of 
Hess Deep gabbros was limited by low, locally 

variable water-rock ratios rather than approach to 

equilibrium. Similar conclusions have been drawn 

for other oceanic and continental gabbros [20,22]. 

4. Metamorphic temperatures 

In the absence of quartz, the temperature of am- 
phibole-plagioclase equilibration may be assessed 

through the extent of [NaSi]_ ,[CaAl] exchange 
among phase components [9,23]: 

NaCa,Mg,AlSi,O,,(OH), + NaAlSi,O, 
edenite albite 

= Na,CaMg,Si,O,,(OH), + CaAl,Si,O, (1) 
richterite anorthite 

Holland and Blundy [9] used nonlinear least- 
squares regression and a well constrained plagioclase 
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solid-solution model to derive within-site and cross- 
site interaction parameters for amphibole solid-solu- 

tion parameters. This allows calculation of tempera- 
ture for appropriate compositions of plagioclase and 

amphibole. 
Four of 56 pairs failed two compositional criteria 

imposed by Holland and Blundy’s data set (0.9 > 

X,, > 0.1 or ‘“Al > 0.3). Calculated temperatures for 

the remaining 52 compositionally appropriate amphi- 

bole-plagioclase pairs yield a mean of 716°C with 

one standard deviation (CT) of 36°C (Fig. 3). The 
observed standard deviation is similar to the value of 

39°C for temperature residuals in the calibrant data 

set [9]. Skewness and kurtosis are -0.05 and 3.0, 
virtually identical to a normal distribution. The stan- 

dard error of the mean is 5°C so the data constrain 

the distribution mean to be between 707” and 724°C 
at the 90% confidence level. 

The accuracy of our calculated temperatures is 
difficult to assess. The thermometer is weighted 

strongly by experimental results, for which tempera- 

ture is independently known with comparatively good 
accuracy, and Holland and Blundy [9] show that 

there are no systematic errors introduced by their 
formula normalization scheme. The most important 

accuracy issue is therefore the possibility of system- 
atic differences in the compositions of the Hess Deep 

amphiboles and those of the calibrant data set. Be- 

cause Holland and Blundy [9] ignored contributions 

to the energetics of mixing from Mn and Ti, from Fe 

and Mg on M4, and from F and Cl substitution, 

differences in the abundance of these elements could 
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Fig. 3. Histogram of calculated temperatures from amphibole- 

plagioclase pairs. 

cause errors in calculated temperatures. As shown in 
Table 1, Mn and Ti contents of Hess Deep amphi- 

boles are uniformly low, so potential errors at- 

tributable to these cations are probably minimal. In 
addition, the mean cummingtonite component of the 

data set is 0.075 and inferred temperatures show no 

dependence on the extent of calculated M4 occu- 

pancy by cations other than Ca and Na. Three am- 

phiboles had cummingtonite component > 0.2 and 
yield temperatures of 633-737°C which implies that 

there are no systematic errors introduced by high 

cummingtonite content. We have not analyzed for F 
and Cl systematically, but Gillis [16] found that the 

concentrations of these anions is low (< 0.30 wt%). 
Thus, it appears that the compositional range in the 

Hess Deep amphiboles is unlikely to result in sys- 

tematic errors. 

The precision of any given temperature determi- 

nation is constrained by the random errors in the 
thermometer, which are probably dominated by the 

amphibole recalculation scheme. In the absence of 

any apparent formula-dependent systematic errors in 
calculated temperature, it can be assumed that all 

errors associated with normalization are random and 
are reflected in the distribution of the differences 

between calculated and observed temperatures in the 
calibrant data set. An important source of random 

error may be the strong dependence of calculated 

temperature on Na distribution between A and M4 
sites, which is estimated imprecisely by normaliza- 

tion based on 23 anhydrous oxygens [18]. 

5. Statistical approach to metamorphic rates in 
the oceanic lower crust 

The distribution in Fig. 3 suggests that the mean 
temperature of earliest metamorphism of Hole 8946 
gabbros is high (716°C) and is constrained to lie in a 
narrow range (+ 8°C 90% confidence interval). 
However, it is not the average temperature that is 

useful for constraining metamorphic thermal history, 
but rather the possible range of temperatures (AT) 
over which metamorphism occurred. Although the 
observed temperature distribution indicates that a 
single, instantaneous metamorphic event is possible 
between 707” and 724”C, such an event requires 
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fracturing, fracture filling by hydrothermal fluid, 

mineral-fluid reaction, and equilibration on an ex- 
tremely short time scale. This may have taken place, 
but other metamorphic scenarios are also plausible. 

For example, the core may have fractured at slightly 

different temperatures at different locations, or a 

single fracture event may have affected the entire 

core, but the temperature of equilibration may not 

have been uniform. Our ability to distinguish be- 

tween such scenarios is limited by the uncertainty in 

individual temperature determinations inherent in the 

thermometer calibration. Determination of the maxi- 
mum AT therefore requires goodness-of-fit compar- 

isons between observed and synthetic distributions, 

where synthetic distributions are generated by the 
convolution of plausible hypothetical thermal histo- 

ries with the measurement uncertainty of the horn- 

blende-plagioclase thermometer. 

Comparison of synthetic and observed distribu- 

tions first requires identification of plausible hypo- 

thetical thermal histories. If metamorphism was not 

instantaneous, it could have occurred in discrete 
events ranging from two to an infinite number of 

events separated infinitesimally in temperature. Thus, 

two reasonable end-member scenarios which should 
be considered are metamorphism in two discrete, 

instantaneous equilibration events (double distribu- 
tion), for which AT is the absolute separation of 

events, and continuous metamorphism producing a 
uniform range of equilibration over some tempera- 

ture interval (uniform distribution), with AT reflect- 

ing the entire temperature range. Equilibration events 

between these two end-members would produce in- 

termediate temperature distributions, and thus pro- 
vide no better constraint on the maximum AT. It is 

also possible that a large fraction of equilibration 

occurred at the time of initial fracturing, but equili- 
bration continued to a diminishing extent as tempera- 
tures declined. This can be approximated as a distri- 

bution in which the number of observations declines 
exponentially from an initial temperature. Here, we 

take AT to be the range extending from the maxi- 
mum down to the value at which 95% of the temper- 

atures are included. We did not consider the con- 
verse scenario, in which the number of observations 
increases exponentially to a maximum at a tempera- 
ture below which no further equilibration occurs, 
because it is geologically implausible. Finally, meta- 

morphism may have resulted in equilibration temper- 
atures normally distributed about a mean. In this 
case, AT was taken to be the range in values cen- 
tered on the mean which includes 95% of the distri- 
bution. 

Plausible hypothetical thermal histories with 

means of 716°C can be combined with the ther- 

mometer uncertainty to give synthetic measured tem- 

perature distributions, which can then be compared 

to the observed data to identify the goodness-of-fit 

test which most restricts the range of synthetic distri- 

butions consistent with the observed data. Potential 

tests include an F test on the ratio of variances [24], 

x2 tests on the variance and distribution [25,26], a 
modified Kolmogorov-Smirnov two-sample test [26]. 

and kurtosis and skewness tests [26]. For the sample 

size and variance, it should be expected that the 

variances of the synthetic and observed distributions 

will provide the tightest constraints on the tempera- 

ture range of gabbro metamorphism. The variance in 

the synthetic distributions <as’> is the convolution of 
the variance in the thermometer (a;) and the vari- 

ance in the hypothetical thermal history (pi), which 

for independent distributions is simply: 

Us? = u; + a,2 (2) 

(e.g., [27]). The th ermometer error is assumed to be 

normally distributed with a mean of zero and a 

standard deviation of 39°C [9]. The variance for 

plausible hypothetical temperature distributions is a 
simple function of AT and the form of the distribu- 

tion chosen. Eq. (2) can thus be written for the 
different scenarios as: 

Double: us2 = 1521 + AT’/4 (3A) 

Exponential: a< = 1521 + AT’/9 (3B) 

Uniform: us’ = 1521 + AT’/12 (3C) 

Normal: a,? = 1521 + AT’/16 (3D) 

124,251. For the distribution tests, we developed a 

simple Monte Carlo model that simulates 10,000 

measured metamorphic temperatures by convolving 
the hypothetical temperature distributions with the 
normally distributed random thermometer error. 
Large Monte Carlo data sets were generated to en- 
hance accuracy while avoiding tedious numerical 
integration (e.g., [25]). Comparison of these data sets 
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with the observed temperature distribution confirms 

that the variance tests are most restrictive. This is 

because 52 measurements constrain skewness and 

kurtosis poorly, and the Kolmogorov-Smimov and 

x2 tests on the distribution are more sensitive to the 

middle parts of the distributions, whereas diagnostic 
differences appear to be in the tails. 

The variance tests allow identification of the vari- 

ance or standard deviation below which, at a given 
level of confidence, the synthetic and observed dis- 

tributions cannot be distinguished, and hence the 

maximum AT of metamorphism consistent with the 

observed data set (Eq. (3A) Eq. (3B) Eq. (3C) Eq. 
(3D)). Fig. 4A illustrates the change in the standard 

deviation of synthetic temperature distributions with 

AT. At a given AT, the standard deviations of the 

synthetic temperature distributions increase from 
normal, through uniform and exponential, to double 

distributions because of the decreasing magnitude of 

the denominators in the right-hand terms in Eq. (3A) 

Eq. (3B) Eq. (3C) Eq. (3D). Clearly, for a given 
standard deviation, normally distributed metamor- 

phic temperatures require the largest AT for the 
scenarios investigated. Adopting a confidence level 

of 90% to ensure a conservative result, the synthetic 
and observed distributions are indistinguishable be- 

low us = 41.8 using both x’ and F tests. Fig. 4A 

illustrates that the corresponding maximum range in 

metamorphic temperature is 60°C. Thus, a conserva- 

tive estimate of the range in metamorphic tempera- 

tures represented by our analyses is 686-746°C at 

the 90% confidence level. 

6. Discussion 

Combining our result with two-dimensional simu- 

lations of deformation and heat transport in the 
near-ridge environment of fast-spreading centers 

[28,29] allows prediction of the location and timing 
of gabbro metamorphism in Hole 8940. The models 
account for the effects of hydrothermal cooling and 
assume magma-lens geometry, consistent with recent 
studies of EPR magma chambers [30]. Fig. 4B shows 
that gabbros of fast-spreading environments cool 
through the amphibolite facies within several kilome- 
ters of the axis and less than 100,000 yr after em- 
placement. Differences in the cooling paths arise 
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Fig. 4. (A) Variation in standard deviation of simulated distribu- 

tions with temperature range (AT) of the hypothetical events (see 

text). At the 90% confidence level, the simulated distributions 

cannot be distinguished from the observed distribution (Fig. 2) 

when (T 5 41.8, which corresponds to a different AT for each 

hypothetical thermal history. The maximum (most conservative) 

AT at the 90% confidence interval is 60°C. which would have 

occurred if the observed distribution was produced by normally 

distributed underlying temperatures, The shaded box contains all 

AT and standard deviations of the hypothetical thermal histories 

that are consistent witht the observed distribution. (B) Tempera- 

ture vs. distance from ridge axis as predicted for 2 and 3 km depth 

from simulations by Phipps Morgan and Chen [28] (PMC) and 

Henstock et al. [29] (H). Spreading rates were transformed from 

50 and 55 mm/yr to 65 mm/yr; in [29], the model using a 1 km 

wide sill was used (see their fig. 7A). The shaded region denotes 

the maximum AT of 60°C about the mean of 716°C. Metamorphic 

durations are derived by subtracting time at which 746°C isotherm 

is crossed from the time of cooling to 686°C for a given depth. 

from the different extents of hydrothermal cooling 
and slightly different magma lens geometry in the 
models of Phipps Morgan and Chen [28] and Hen- 
stock et al. [29], as well as from depth in the crust. In 
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both models, cooling of gabbros at 2-3 km below 

sea floor is dominated by conduction, which is con- 
sistent with the low fluxes inferred from amphibole 
compositions [14] and 0 and Sr isotopic results [21]. 

Because the stratigraphic position of the gabbros 

is not well constrained, Hess Deep gabbros could 

have been metamorphosed anywhere from 1 to 4 km 
off the EPR, 15,000 to 64,000 yr after axial emplace- 

ment. However, despite the somewhat wide range in 

possible position and timing of metamorphism, our 

result requires that the duration of metamorphism 
was short. Fig. 4B shows that gabbros at 2 km depth 

in the model of Henstock et al. cool through 746- 
686°C between 24,600 and 26,300 yr after axial 

emplacement, or in 1700 yr; gabbros at 3 km depth 

require 5800 yr for the same decrease in temperature. 

In Phipps Morgan and Chen’s model, metamorphic 

duration is 1000-1600 yr at the same depths (Fig. 

4B). By contrast, the time required to cool from 
800°C to 500°C is 12,200-38,000 yr [29] or 5400- 

9000 yr [28]. Thus, whatever the stratigraphic posi- 
tion of the Hole 894G gabbros within the 2-3 km 

depth interval, the metamorphic event occurred over 

several thousand years at most, or a factor of 5-7 
more quickly than would be predicted from the 
broader temperature range of 500-800°C. 

Our interpretation of rapid early metamorphism 
over no more than N 6000 yr is conservative for 

three reasons. First, we use the maximum AT per- 
missible at a high confidence level (Fig. 4A); de- 

creasing confidence level to 75-80%, or decreasing 

AT to 20-40°C (consistent with any of the other 
model temperature distributions) would lead to meta- 

morphic duration of hundreds of years in all scenar- 
ios except the greatest depths in the models of 

Henstock et al. [29]. Second, local reequilibration of 
individual amphibole-plagioclase pairs during cool- 

ing may contribute to the range of temperatures we 
computed; if this could be accounted for, the inferred 
duration of the metamorphic event would decrease. 
And finally, the simulations ignore along-strike vari- 

ability in magma chamber and axial geometry [31] 

that cause variations in hydrothermal flow and ther- 
mal structure along the EPR [32]. Such variations 
may lead to more rapid cooling nearer the axis and 
could decrease our inferred duration of metamor- 
phism if faulting related to axial discontinuities en- 
hanced advective heat transport at depth, although, 

as noted above, Hole 8946 gabbros show no evi- 

dence for this. 
The inferred maximum temperature range for early 

metamorphism of 686-746°C at the 90% confidence 

level is petrologic support for the hypothesis that the 
seismic brittle-ductile transition is 700-800°C 

[28,33,34], independent of spreading rate. Maximum 
depths of earthquake foci in oceanic lithosphere de- 

crease with increasing spreading rate and correlate 

well with the predicted 750°C isotherm for varying 

spreading rates when hydrothermal cooling is taken 
into account [28]. Given that brittle failure, such as 

the microfracture network in Hole 894G gabbros, 
can only occur below the brittle-ductile transition, 

the temperatures required by the minerals filling the 

microfractures place a lower limit on its temperature. 
Temperature constraints on microscopic amphi- 

bole veins in Hess Deep gabbros from ODP Hole 

894G argue for the initiation of fracturing, fluid 

flow, and fluid-rock reaction between 746°C and 

686°C during a short-lived event lasting no more 

than several thousand years. The high temperatures 
of metamorphism imply the onset of brittle failure at 
temperatures near the inferred seismic brittle-ductile 

transition. If our result is typical for EPR gabbros, it 
raises the possibility that metamorphism of the lower 

crust in fast-spreading centers may occur rapidly, 

sporadically, and locally, rather than homogeneously 
throughout the crust. 
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