
R E P O R T S  

verse problem (7, 10, 13, 14 ) .  Slip rates at Shaw, Geophys. Res. Lett. 25,4549 (1998). In sequences meters do not  measure the off-fault deformation 

of the repeatillg cannot be of similar aftershocks, seismic moment release and re- present in the creep-to-locked transition zone. 
currence rates were related to measured surface defor- 12. As the sampling window approaches the end of the 

resolved by other lnetllods, so recL1ll-ence- mation and loading rate at depth t o  investigate post- database, p ro~ress ive l~  more open-ended intervals 
determined rates in joint inversion with sur- seismic deformation. An aftershock sequence differs are encountered and f is unknown because the next 

face defolnIation can provide constraints for from the more nearly steady-state microearthquake event in the sequence'has not yet occurred. 
occurrence seen at Parkfield. 13. J, 0. Langbein, R. 0. Burford, L. E. Slater, j. Geophys. 

'lip the depth of 5, J. B. Fletcher and P. Spudich, j. Geophys. Res. 103, Res. 95, 2533 (1990). 
the fault. With microearthquake observations 835 (1998). 14. R. E. Burgmann, R. E. Fielding, J. Sukhatme, Geology 
made at distances of 10 to 20 knl slip-rate, 6, E. Karageorgi, T. V. McEvilly, R. Clymer, Bull. Seismol. 26, 559 (1998). 

changes of a few lnillilneters per year be Am. 87, 39 (1997): E. G. Quilty and E. A. Roeloffs, 15. We found an 18% increase in M for a 10-fold increase 
ibid., p. 310. in the preceding TI, supporting a fault-healing pro- 

We view each sequence % a point 7, J. Langbein, R. Cwyther, R. Hart, M. T. Cladwin, Geo- cess. Laboratory data suggest 3 t o  8% for a 10-fold 
detector of local slip on the fault. phys. Res. Lett., in press. increase in recurrence interval j j .  Dieterich, j. Geo- 

our analysis suggests that a 8. The triggered network can fail t o  capture an event for phys. Res. 77, 3690 (1972); C. -~cholz, P. Molnar, T. 
a number of reasons, introducing artificially length- Johnson, ibid., p. 6382; C. Scholz and T. Engelder, Int. concentration of accelerated slip entered the T,v and (typically doubled) Tvalues, The bimod. j. Rock Mech. Miner. Sci. 13, 149 (1976)l. 

Parkfield segment of the San Andreas fault a1 nature of T,,,, for subsets before and after 1992, 16. Supported by the U.S. Geological Survey through 
froln the nolqh\vest in 1988 and moved broadens the peak. The combined effects are evident award 1434-95-C2540. Data processing at the Law- 

in Fig. 2. rence Berkeley National Laboratory was supported by the the southeast, leavirlg the 9. M varies l i t t le throughout a sequence compared wi th the U.S. Department of Energy Office of Basic Energy 
area in 1998. It moved through the hypocen- T, and results based on individual M values at either Sciences. Partial s u ~ ~ o r t  (R.N.I came from the Law- 
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 past of the fault showing slip rates in 
1998 greater than pre-1989 levels was the 
southeasternmost section at 8 to 10 krn depth, 
as if the slip pulse had moved beneath the 
locked section of the fault. Throughout all 
this change, the repeating microearthquake 
waveforlns did not vaiy 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 monitorillg poten- 
tial for processes at depth in active fault 
zones. It remains to be detelnlined whether 
the col~elation 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- 
croearthqualtes 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 (1-3), 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 contIast. calci- 
um is apparently removed kom 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 Nat. 
Mg2-, K-; and SO,'-, while decreasing in 
Ca2+-or one or more significant geochemical 
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fluxes are unrecognized 01 poorly constrained 
Here ~e present evidence for the existence of 
the proposed large lon -temperature (LT) com- 
ponent of hydrothermal circulation at a mld- 
ocean ridge axlal system (5. 6 )  

Recent uater column profiles shov~ 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 flons. exceeding the better documented 
HT discrete axial flux by a factor of up to 10 
(and comparable to lir er input) The LT flux 
simultaneously resol1 ed the Ca alkalinity dis- 
crepancy and balanced the oceanic Ca cycle 
(4) LT flux should also be an important 
component of othei major element cycles 

It has been lnfeired that LT hydrothermal 
processes act as a sink of unkno\vn magnitude 
for the other major s e a ~ a t e r  elements Nat. 
Mg2+, K-. and SO," (6, 8). a hypothesis that 
is qualitatir ely consistent nit11 observed defi- 
ciencies that ha\ e been noted in mass balance 
models of a steady-state ocean (1-3) 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 16'23'8, 115"59'W (depth 
3188 m); C, at 16"42.50'5, 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 ( 7 7 )  were collected at the stations indicated 
with an asterisk. 

LT llyl~othesis also predicts in\.ersely co~~ela ted  
sea\$.ater concentrations of Ca n it11 respect to 
elements such as hlg: hon,e\ er, e~is t ing  data 
indicate that 2.1g behaves consel~ati\.ely in sea- 
~vater. To test this precliction. n e  collected sea- 
xater clepth profiles for Ca and hlg analyses. 
and n-e cle\ elopecl a high-precision nlass spec- 
trometric anal) tical technique for hlg and Ca 
(9) \\ e sa~npled the w atel col~u11111 abo\ e the 
southeln East Pacific k s e  (EPR) (Fig 1) 
where. on the basis of spreading rate. \re ex- 
pected the anomalies predicted by the llyclro- 
themla1 hypothesis to be the most pronounced. 

We sanlplecl t hee  n.ater coluam profiles 
along a transit 300 ltm long. extencling n-est 
from the East Pacific Rise at 1 7 . 5 3  (Fig. 1). At 
a clepth of 2200 to 2600 111, n-hich is the depth 
of the lidge crest. clissol\.ed Ca concentrations 
(nolmalized to saliniq) are elevated up to 50 
k M  above that at the upper bounclaly of the 
linear potential telllperature-sali11iq (Tp-S) re- 
gion (1600 m in Fig. 2A). These e~lhancecl Ca 
concentrations camlot be attlibuted to calcium 
carbonate dissolution. as that \voulcl require an 
analogous mid-depth maximmn in alkalinity on 
the order of 100 microequivalents per Itilogram 
(keq:ltg). n-hich is far higher than an) obsen ecl 
(-25 keq'kg) in this region (10). A secondary 
pool of \x-ater also e~lriched in Ca is ohsewed at 
a depth of 1000 to 1200 m above the riclge crest 
(Fig. 2X). This feahure is situated below the 
Antarctic Intel-~nediate Water mass, as clefined 
by its loa -salinity characteristics. 

hlagnesium analyses (9) show an inverse 
relation behxeea hlg and Ca (Fig. 2B). The 
strongest \ ertical gsaclient in M g  (nolu~alized to 
salinity) is in the profile closest to the ridge 
axis. Water salllpled about 50 m above the crest 
is depleted by up to 0.55 mhl. or l o  0. relative to 
surface ~ a l u e s  of 53 ~LZ-I. At stations farther 
west or clonncul~ent fsom the ridge; the \rater 

A C a  ( m m o ~ i k g )  B ~g (mmoi i kg )  

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 la 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 2u measurement precision of 0.1%. 

colunu~ is on a\ erage less depleted in h@. appal.ent decoupliag of the hydrothermal signal 
a l thou~h the mid-clepth plullle renlains well for Ca versus Mg and for Ca \ ersus 'He (Figs. 
defirlecl over the length of the uansect. The 2 and 3)  ( I  1) a\ray fro111 the ridge crest. The 
Slg:Ca ratio of seawater decreases by more manner in u41ich the tenlperature anonlaly as- 
than 2O0 (Figs. 3 and 1): that is. Ca and 91g sociated \rith the hydrothenllal heat flux prop- 
concentration \.ary ill\-ersely. This evidence im- agates is even nlore complex. For seawater 
plies that the concentration of hZg, the second properties as fundamentally different as temper- 
nlost abunciant cation in sealrater. varies. The ature. He. Ca. and h'Ig, this effect nlust be 
st~ong in\ erse cosselation of hIg a it11 Ca is considered   hen investigating large-scale dis- 
consistent n.ith one of the predictions of the tlibution patterns ancl water colullm profiles for 
h~~drothe~-~nal  hypothesis ancl is strong eviclence e\idence of hydrothermal input. 
that the source of this 1 ariability is the hyclro- The axial 115-drothe17nal flux is conlposed of 
thennal fluid flux. a HT (cliscrete) colllponent ancl a LT (diffuse) 

As 91s concentrations anay from the ridge conlponent. The integratecl heat flux associatecl 
axis increase ton arcl high backpound values. ~vith the LT diffuse axial flows is estinlated to 
Ca concentrations renlain approximately con- exceed the HT cliscrete axial component by an 
stant or slightl) increase instead of sho~ving an order of magnitude ( 5 ) .  Similarly. the water 
expected clecrease to\varcl its Ion bacltr~ound flus associated with LT cliffuse flow may ex- 
\slues (Figs. 2 ancl 3): that is, the data do not ceecl the HT \rater f l~ix by perhaps as much as 
fo1.m a simple tn o-endmember mixing line. tlxee orclers of nlagnihude (6 ,  8). Little is known 
The liltel!, reason is that for elements or iso- about the chemistry of LT cliffuse fluids; ho\v- 
topes such as hZg and 'He. in i i h ~  addition or eI er; available data suggest that LT fluids con- 
loss of nolli~ydrothel7nal origin is negligible in tain chemical anomalies of sufficient magnitude 
the cleep ocean (that is. additions of hlg from to generate large chemical fluxes (6. 12; 13). Of 
calci~nll carbonate clissolution ancl eventual loss pal-ticular inlportance are suggestions that LT 
of 'He to the atmosphere). Therefore. an.ay circulation cloes not have significant 'He con- 
fsom the riclge crest. the spatial distribution of ceneations (8.  11) and that ratios of other ele- 
the hyclrothe~u~al signal for these elements de- nlents to 3He (for example. Si and CO,) in LT 
pends primarily on the extent to ahich  it is fluids exceecl those in HT iluicls by &out an 
mixed out against seaxvater nit11 higher A'lg and order of 11lagnitude (13). These data imply that 
Ion-er 'I-Te d u e s .  the measured mid-depth Ca e~lliclxnents ancl 

Ho\vever. Ca and other seawater conlpo- hlg deplstion represent the conlbined effect of 
nents h a ~ e  both a hyclrothe~u~al source (or sink) LT and HT hyclrothe~.n~al fluxes and that we 
and an in situ flux (for example. biogenic cal- may calculate their relative cont~ibutions by 
ciuln carbonate or silicate dissolution). and mi sing 'He as a tracer of the HT conlponent. 
these nil1 continue to undergo addition (or de- If \ve assume that 3He is present predomi- 
pletion in the case of particle-reactil-e compo- nantly in the HT flux (11). clocumentecl G3He 
nents) anay from the ridge crest. This causes profiles can be used to preclict 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 53.10 

ICT measurement precision. From 53.00 

this i t  can be seen that all the Ca 
and Mg data do not fall on a 52.90 

simple two-endmember mixing - 52.80 line, which is the result of Ca g undergoing addition from calci- g 52.70 

um carbonate dissolution, as dis- $ 
cussed in the text. 52.60 

and Mg water colunul anomalies. The closest 
cloc~imentecl transect is several hunclred kilorne- 
ters away (11); and greater concentratio~ls are 
expected closer to 17.5's. Dilutions ancl anom- 
alies calculated based on a 20 to 60% micl- 
depth 6'He maximum ( I  I )  should therefore be 
considerecl lower estinlates of the HT compo- 
nent. Given a range in HT fluid endmember 
concent~.ations of 2 X 1 0 P t o  23 X 1 0 P  KM 
(14; 15); the mid-depth 'He anolllalies (11) 
indicate a range of seawater'HT fluid mixing 
ratios of - 1300 : 1 to 19,000 : 1. For HT fluid 
Ca concennations of 20 to 30 mnM (15; 16);  
these seawater"HT fluid ratios predict that a Ca 
concenhation anomaly of 2 to 23 p,hI should 
accompaiiy the 'He anomaly. This is only 10 to 
50% of the signal observecl above the EPR (Fig. 
2A). Similarly, if we assume that Mg is com- 
pletely removed from hyclrothermal fluicls, the 
infei~ed seanater:'HT fluid ratios preclict an as- 
sociated mid-clepth blg depletion anomaly of 3 
to 30 kbl.  This range is at least an order of 

Longitude 

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 mollmol. The black area in the lower 
right corner represents the ridge crest. 

magnitude less than the measured 500 ~ I v f  
depletion (Flg. 2B). Both the Ca and Mg mld- 
depth anomalies imply that the total hydrother- 
mal flux greatly exceeds the flux predicted from 
'He data and that the LT hZg flux may exceed 
the HT hlg flux by perhaps as much as a factor 
of 10. Early 'He-based estimates of the 115-dro- 
thermal hlIg flux (15. 17 )  suggested values of 
7.5 X 1012 to 9.3 X 10" mol/year. which is 
consistent with Inass balance estimates of 6 X 
10" to 8.5 X 1012 mollyear if the ocean is 
ass~unecl to be at a steady state (18).  More 
recent esti~i~ates basecl on revisecl 'He/heat ra- 
tios suggest much lower \dues  of 0.5 X 10" to 
2 X 10" 1nol:year (6; 8,  19). Despite the large 
~u~certainties in these estimates, the mid-depth 
hZg anomalies are therefore consistent nith 
mass balance requirenlents if the ocean is at 
a steady state. The hlg anomaly-basecl es- 
tinlate of the LT:HT flux ratio, combined 
with recent estimates of the global HT 'He 
flux ( 1 9 )  comparecl to the require~nents of 
the oceanic h lg  mass balance, is also con- 
sistent n i t h  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 
hydrothelmal 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 
'He, its escape rate from the atmosphere pro- 
vides some measure of the degassing flux 
required to maintain He in the atmosphere; 
assulniilg a steady state. In the case of LT 
axial fluxes. we do not have a measure of the 
time over which the water coluinn Mg and Ca 
anoinalies 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 l u ~ o w  how 
impol-ta~lt recirculation is to establishing wa- 
ter coluinn anomalies, nor the extent to which 
the "background" against ~vhich anomalies 
are calculated already represents a LT flux 

component. The answers to these questions 
are essential to establishing the impoi-tance of 
the total hydrothermal fluu to the composi- 
tion of seawater. 
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