verse problem (7, 10, 13, 14). Slip rates at
depths of the repeating sequences cannot be
resolved by other methods, so recurrence-
determined rates in joint inversion with sur-
face deformation can provide constraints for
fault slip throughout the full depth range of
the fault. With microearthquake observations
made at distances of 10 to 20 km slip-rate,
changes of a few millimeters per year can be
resolved. We view each sequence as a point
detector of local slip on the fault.

Our analysis suggests that a propagating
concentration of accelerated slip entered the
Parkfield segment of the San Andreas fault
from the northwest in 1988 and moved along
the fault zone to the southeast, leaving the
area in 1998. It moved through the hypocen-
tral region of the most recent magnitude 6
Parkfield earthquakes, triggering a succes-
sion of increasingly energetic episodes of
slip-induced seismicity, and culminated with
near complete relaxation in that region. The
only part of the fault showing slip rates in
1998 greater than pre-1989 levels was the
southeasternmost section at 8 to 10 km depth,
as if the slip pulse had moved beneath the
locked section of the fault. Throughout all
this change, the repeating microearthquake
waveforms did not vary measurably, preclud-
ing substantial change in earthquake source
parameters or medium properties at the
sources. Local conditions, other than loading
rates, remained essentially constant at the
asperities, and processes that would result in
fluctuations in source size, such as fault
strengthening with contact time (fault heal-
ing), although detectable, were very small
(15).

The utility of the recurrence-derived slip-
rate distribution lies in its monitoring poten-
tial for processes at depth in active fault
zones. It remains to be determined whether
the correlation of slip-rate variations and mi-
croearthquake occurrence found at Parkfield
exists elsewhere, if the method can be extend-
ed in time (to decades and centuries) and
space (hundreds of kilometers) for applica-
tion to large damaging earthquakes, and
whether the precursory changes in the rela-
tive abundance of repeating sequences of mi-
croearthquakes is a basic phenomenon in the
earthquake cycle. There are few high-resolu-
tion networks in place today to test this at
magnitudes approaching zero, where recur-
rence times are less than a few years and thus
readily detected.
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Detection of Low-Temperature
Hydrothermal Fluxes by
Seawater Mg and Ca Anomalies

Stephanie de Villiers* and Bruce K. Nelson

Geochemical fluxes into and out of the ocean control its chemical composition.
Measurements of the magnesium (Mg) content of seawater, an assumed “con-
servative” element in the ocean, reveal mid-depth Mg depletions in the vicinity
of the East Pacific Rise. The magnitude of the anomalies suggests that fluxes
associated with the low-temperature circulation of seawater through axial
mid-ocean ridge systems are much larger than the high-temperature axial
component. A higher total axial hydrothermal flux provides a mechanism that
simultaneously satisfies the mass balance requirement of several major sea-

water constituents.

The most abundant elements enter the oceans
dissolved in river water and in high-temperature
(HT) hydrothermal flows at mid-ocean ridge
spreading centers and are removed by calcium
carbonate deposition, loss at the air-sea inter-
face, and evaporite deposition. Given the best
estimates of the global magnitude of these flux-
es (/-3), inputs exceed outputs by perhaps a
factor of 4 in the case of sodium, a factor of 2
to 10 in the case of magnesium and sulfate, and
a factor of 20 for potassium. In contrast, calci-
um is apparently removed from the ocean at
twice the rate it is supplied (4). Either the ocean
is far removed from a steady state with respect
to all major elements—accumulating Na™,
Mg>*, K*, and SO,>~, while decreasing in
Ca?*—or one or more significant geochemical
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*Present address: Department of Geological Sciences,
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fluxes are unrecognized or poorly constrained.
Here we present evidence for the existence of
the proposed large low-temperature (LT) com-
ponent of hydrothermal circulation at a mid-
ocean ridge axial system (3, 6).

Recent water column profiles show an
excess of Ca over that predicted by alkalinity
(7). It has been hypothesized that the inferred
excess Ca flux originates in LT, diffuse, on-
axis flows, exceeding the better documented
HT discrete axial flux by a factor of up to 10
(and comparable to river input). The LT flux
simultaneously resolved the Ca alkalinity dis-
crepancy and balanced the oceanic Ca cycle
(4). LT flux should also be an important
component of other major element cycles.

It has been inferred that LT hydrothermal
processes act as a sink of unknown magnitude
for the other major seawater elements: Na*,
Mg?*, K™, and SO, (6, 8), a hypothesis that
is qualitatively consistent with observed defi-
ciencies that have been noted in mass balance
models of a steady-state ocean (/—3). Thus, the
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Fig. 1. Water samples were collected in the eastern
South Pacific Ocean at the three stations indicated
with a star A, at 16°23'S, 115°59'W (depth
3188 m); C at 16°42.50'S, 114°37’W (depth
3089 m); and J, at 17°00.30'S, 113°05.70'W
(depth 2648 m). For comparison, the He profiles
of (77) were collected at the stations indicated
with an asterisk.

LT hypothesis also predicts inversely correlated
seawater concentrations of Ca with respect to
elements such as Mg; however, existing data
indicate that Mg behaves conservatively in sea-
water. To test this prediction, we collected sea-
water depth profiles for Ca and Mg analyses,
and we developed a high-precision mass spec-
trometric analytical technique for Mg and Ca
(9). We sampled the water column above the
southern East Pacific Rise (EPR) (Fig. 1)
where, on the basis of spreading rate, we ex-
pected the anomalies predicted by the hydro-
thermal hypothesis to be the most pronounced.

We sampled three water column profiles
along a transit 300 km long, extending west
from the East Pacific Rise at 17.5°S (Fig. 1). At
a depth of 2200 to 2600 m, which is the depth
of the ridge crest, dissolved Ca concentrations
(normalized to salinity) are elevated up to 50
uM above that at the upper boundary of the
linear potential temperature—salinity (T,-S) re-
gion (1600 m in Fig. 2A). These enhanced Ca
concentrations cannot be attributed to calcium
carbonate dissolution, as that would require an
analogous mid-depth maximum in alkalinity on
the order of 100 microequivalents per kilogram
(peq/kg), which is far higher than any observed
(~25 peqg/kg) in this region (/0). A secondary
pool of water also enriched in Ca is observed at
a depth of 1000 to 1200 m above the ridge crest
(Fig. 2A). This feature is situated below the
Antarctic Intermediate Water mass, as defined
by its low-salinity characteristics.

Magnesium analyses (9) show an inverse
relation between Mg and Ca (Fig. 2B). The
strongest vertical gradient in Mg (normalized to
salinity) is in the profile closest to the ridge
axis. Water sampled about 50 m above the crest
is depleted by up to 0.55 mM, or 1%, relative to
surface values of 53 mM. At stations farther
west or downcurrent from the ridge, the water
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Fig. 2. (A) Calcium concentration profiles at the three sample stations shown in Fig. 1, normalized
to a salinity of 35 and obtained by the isotope-dilution thermal ionization mass spectrometry
(TIMS) method described in (7). The error bars on profile J represent a 1o measurement precision
of 0.09%. (B) Magnesium concentration profiles at the three sample stations shown in Fig. 1,
normalized to a salinity of 35 and obtained by the isotope-dilution TIMS method described (9). The
error bars on profile J represent a 20 measurement precision of 0.1%.

column is on average less depleted in Mg,
although the mid-depth plume remains well
defined over the length of the transect. The
Mg/Ca ratio of seawater decreases by more
than 2% (Figs. 3 and 4); that is, Ca and Mg
concentration vary inversely. This evidence im-
plies that the concentration of Mg, the second
most abundant cation in seawater, varies. The
strong inverse correlation of Mg with Ca is
consistent with one of the predictions of the
hydrothermal hypothesis and is strong evidence
that the source of this variability is the hydro-
thermal fluid flux.

As Mg concentrations away from the ridge
axis increase toward high background values,
Ca concentrations remain approximately con-
stant or slightly increase instead of showing an
expected decrease toward its low background
values (Figs. 2 and 3); that is, the data do not
form a simple two-endmember mixing line.
The likely reason is that for elements or iso-
topes such as Mg and He, in situ addition or
loss of nonhydrothermal origin is negligible in
the deep ocean (that is, additions of Mg from
calcium carbonate dissolution and eventual loss
of *He to the atmosphere). Therefore, away
from the ridge crest, the spatial distribution of
the hydrothermal signal for these elements de-
pends primarily on the extent to which it is
mixed out against seawater with higher Mg and
lower *He values.

However, Ca and other seawater compo-
nents have both a hydrothermal source (or sink)
and an in situ flux (for example, biogenic cal-
cium carbonate or silicate dissolution), and
these will continue to undergo addition (or de-
pletion in the case of particle-reactive compo-
nents) away from the ridge crest. This causes

apparent decoupling of the hydrothermal signal
for Ca versus Mg and for Ca versus *He (Figs.
2 and 3) (//) away from the ridge crest. The
manner in which the temperature anomaly as-
sociated with the hydrothermal heat flux prop-
agates is even more complex. For seawater
properties as fundamentally different as temper-
ature, He, Ca, and Mg, this effect must be
considered when investigating large-scale dis-
tribution patterns and water column profiles for
evidence of hydrothermal input.

The axial hydrothermal flux is composed of
a HT (discrete) component and a LT (diffuse)
component. The integrated heat flux associated
with the LT diffuse axial flows is estimated to
exceed the HT discrete axial component by an
order of magnitude (5). Similarly, the water
flux associated with LT diffuse flow may ex-
ceed the HT water flux by perhaps as much as
three orders of magnitude (6, 8). Little is known
about the chemistry of LT diffuse fluids; how-
ever, available data suggest that LT fluids con-
tain chemical anomalies of sufficient magnitude
to generate large chemical fluxes (6, 12, 13). Of
particular importance are suggestions that LT
circulation does not have significant *He con-
centrations (8, /1) and that ratios of other ele-
ments to *He (for example, Si and CO,) in LT
fluids exceed those in HT fluids by about an
order of magnitude (/3). These data imply that
the measured mid-depth Ca enrichments and
Mg depletion represent the combined effect of
LT and HT hydrothermal fluxes and that we
may calculate their relative contributions by
using *He as a tracer of the HT component.

If we assume that *He is present predomi-
nantly in the HT flux (/7), documented 8*He
profiles can be used to predict the associated Ca
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Fig. 3. Scatter plot of Mg versus 53.20
Ca for the three profiles shown
in Fig. 2. The error bars indicate a 8310 —+—— x
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and Mg water column anomalies. The closest
documented transect is several hundred kilome-
ters away (/7), and greater concentrations are
expected closer to 17.5°S. Dilutions and anom-
alies calculated based on a 20 to 60% mid-
depth 8*He maximum (/) should therefore be
considered lower estimates of the HT compo-
nent. Given a range in HT fluid endmember
concentrations of 2 X 1076 to 23 X 107° uM
(14, 15), the mid-depth He anomalies (/1)
indicate a range of seawater/HT fluid mixing
ratios of ~1300:1 to 19,000:1. For HT fluid
Ca concentrations of 20 to 40 mM (15, 16),
these seawater/HT fluid ratios predict that a Ca
concentration anomaly of 2 to 23 uM should
accompaity the *He anomaly. This is only 10 to
50% of the signal observed above the EPR (Fig.
2A). Similarly, if we assume that Mg is com-
pletely removed from hydrothermal fluids, the
inferred seawater/HT fluid ratios predict an as-
sociated mid-depth Mg depletion anomaly of 3
to 40 wM. This range is at least an order of
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Fig. 4. Contour diagram of seawater Mg/Ca
ratios (mole/mole) along the transect shown in
Fig. 1. Contour intervals are in increments of
0.025 mol/mol. The black area in the lower
right corner represents the ridge crest.
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magnitude less than the measured 500 pM
depletion (Fig. 2B). Both the Ca and Mg mid-
depth anomalies imply that the total hydrother-
mal flux greatly exceeds the flux predicted from
*He data and that the LT Mg flux may exceed
the HT Mg flux by perhaps as much as a factor
of 10. Early 3He-based estimates of the hydro-
thermal Mg flux (15, 17) suggested values of
7.5 X 10'2 to 9.3 X 10'2 mol/year, which is
consistent with mass balance estimates of 6 X
10'2 to 8.5 X 102 mol/year if the ocean is
assumed to be at a steady state (/8). More
recent estirhates based on revised *He/heat ra-
tios suggest much lower values of 0.5 X 10'? to
2 X 10'2 mol/year (6, 8, 19). Despite the large
uncertainties in these estimates, the mid-depth
Mg anomalies are therefore consistent with
mass balance requirements if the ocean is at
a steady state. The Mg anomaly—based es-
timate of the LT:HT flux ratio, combined
with recent estimates of the global HT *He
flux (/9) compared to the requirements of
the oceanic Mg mass$ balance, is also con-
sistent with that predicted by axial heat
flow measurements and by estimates of LT
versus HT water fluxes (5).

The translation of Mg and Ca anomalies
over specific depth intervals into an implied
hydrothermal flux contains an important ca-
veat: it assumes that the HT and LT compo-
nents of the mid-depth plume are established
over a similar time interval. In the case of
3He, its escape rate from the atmosphere pro-
vides some measure of the degassing flux
required to maintain He in the atmosphere,
assuming a steady state. In the case of LT
axial fluxes, we do not have a measure of the
time over which the water column Mg and Ca
anomalies were established, other than that
inferred from measured and estimated LT/HT
heat flux measurements. The more diffuse
nature of LT flows complicates establishing
how it is incorporated into the steady-state
plume. Furthermore, we do not know how
important recirculation is to establishing wa-
ter column anomalies, nor the extent to which
the “background” against which anomalies
are calculated already represents a LT flux

component. The answers to these questions
are essential to establishing the importance of
the total hydrothermal flux to the composi-
tion of seawater.
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