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Abstract 


Endeavour Ridge is a hydrothermally active ridge segment located seaward of Washington State. The dominant tidal and wind-generated currents in the region are strongly steered and/or attenuated within the narrow axial valley that splits the ridge crest. Plume-induced entrainment above the valley floor drives a “sea-breeze” circulation with steady inflow at either end. Damping of oscillatory currents within the valley reduces larvae dispersal cross-ridge and improves the likelihood for along-ridge transport to new vent fields. The sea-breeze circulation provides a mechanism for retaining larvae within the valley prior to export downstream and for drawing passing larvae into new vent fields. 





     Chemically altered seawater emerging as hydrothermal fluids from the seafloor along mid-ocean ridges can help transform normally oligotrophic regions of the world ocean into “oases” of high biological productivity1. Although it appears that larvae from existing vent sites can colonize new ridge sites up to several hundreds of kilometers away2, the mechanisms by which the larvae are transported from one hydrothermal field to another remain poorly understood3.  Among the factors considered important in the dispersal and recruitment success of vent larvae are proximity of the source, metabolic lifespan of the larvae, and strength and direction of the prevailing currents. Topographic steering of the generally weak ((1 cm(s-1) near-bottom currents4,5 is presumably important because larvae have a higher probability of settling at newly formed vent sites if they are transported directly along the axis of the ridge system6. Sustained cross-ridge transport by meanders and eddies would inhibit distal colonization by vent larvae, as would turbulent-like dispersion arising from tidal currents, inertial currents, and other forms of higher frequency variability. In this study, we examine the effects of topography and plume-induced currents on the circulation at Endeavour Ridge and discuss the potential influence of observed flow alteration for the colonization of new hydrothermal vent sites.





     Hydrothermal activity at Endeavour Ridge (Endeavour segment of Juan de Fuca Ridge) is concentrated within a 1-km wide, 10-km long axial valley wedged between eastern and western ridge crests (Fig. 1). The western crest rises to 2090 m depth and the eastern crest to 2110 m depth. Maximum water depths within the axial valley shoal from 2300 m in the south to a “saddle” depth of 2170 m in the north. Valley relief ranges from 100 to 150 m. A poorly defined, 25-km wide, 50-km long valley-like depression links the southern end of the Endeavour segment to the main portion of Juan de Fuca Ridge7. The five known major vent fields on Endeavour Ridge are spaced every 2-3 km along the axial valley8,9 (Fig. 1), with the apparently younger, more active fields (Mothra, Main Endeavour, and High Rise) located in the southern sector and the older, less active fields (Salty Dawg and Sasquatch) located in the northern sector of the valley9. Detailed current and water property surveys of the Main Endeavour Field (MEF) show that the combination of focused, high-temperature ((350 (C) venting and diffuse, low-temperature ((10-25 (C) venting generate a vertical heat flux of (620(100 megawatts (MW) for this field alone10. Vent plumes – as defined by their thermal, particulate, and chemical anomalies – rise to a level of neutral buoyancy between 50 and 350 m above bottom, then spread laterally with the ambient currents11. Portions of the neutrally buoyant plumes extend above the surrounding ridge crests ((150 m above the valley floor) where they are free to move in any direction with the prevailing flow; deeper portions can remain trapped within the valley. At Endeavour Ridge, plume water is generally advected toward the south to southwest, approximately parallel to the ridge axis. However, cross-ridge flow is common and can persist for days, carrying the neutrally buoyant plume (and any larvae trapped within it) far off axis. 





     We use moored current meter data collected at Endeavour Ridge in 2000 and 2001 to determine the influence of seafloor topography and hydrothermal venting on circulation within the axial valley. Mooring locations are depicted in Figure 1 and deployment details listed in Table 1. Each of the six moorings spanned the 4-month summer period of July to October. The string of five current meters at 50-m depth increments above bottom in year 2000 provides high vertical resolution of the flow in the central region of the valley while the three strings of current meters with instruments at 15 and 115 m above bottom in year 2001 provides moderate resolution of the along-valley flow. Currents at Endeavour Ridge consist of (10 cm(s-1oscillatory flow superimposed on a more slowly varying (5 cm(s-1 background flow12,13. Oscillatory flows are in five primary frequency bands (Fig. 2). In order of decreasing current variance, these typically are: (1) The semidiurnal band (SD), principally the M2 and S2  tidal constituents with periods of 12.4 and 12.0 hrs, respectively; (2) the (16-hr period, inertial band (f) with frequencies “blue-shifted” by several percent above the local Coriolis frequency (f ( 1.08(10-4 s-1); (3) the diurnal band (D), principally the K1 and O1 tidal constituents with periods of 23.9 and 25.8 hrs, respectively; (4) the low-frequency synoptic band (LF) with periods of days to weeks and a broad spectral peak in the range of 4-6 days13,14,15; and (5) the high-frequency band (HF) consisting mainly of energy arising from nonlinear interactions at inertial and tidal frequencies, including the 2f, M4, and fM2 frequency bands16. Tidal currents account for (50% of the total velocity variance in the vicinity of the ridge.





     The predominant M2 tidal currents, which can exist as both barotropic and baroclinic modes of oscillation17, are aligned approximately along ridge (direction of strike ( 20( True) with major ellipse axes diminishing from (5 cm(s-1 above the ridge crest to (2-3 cm(s-1 within the confines of the valley (Fig. 3). Realignment of the M2 current ellipses takes place because of the steering effects of the valley walls. At speeds of 1-5 cm(s-1, lateral displacements of fluid parcels associated with each six-hour, half-semidiurnal tidal cycle are ( 0.2-1.0 km (10-50% of the typical vent field separation). 





     Inertial currents – highly energetic, intermittent currents at the low-frequency limit of the internal wave band in the ocean – have amplitudes of 3-4 cm(s-1 at the depth of the ridge crest and near-zero amplitudes within the valley. Inertial motions originate as wavelike wind-driven surface oscillations12,16,18 that propagate down to the ridge crest where they are amplified by a factor of roughly 1.5 to 2 within several hundred meters of the seafloor through interaction with the sloping ridge flank. Intermittent bursts of inertial kinetic energy persist for (1 week (bandwidth (( ( 0.007 cph) and are confined to the frequency band 0.996-1.079f. Although typically the most energetic component of flow variability in the vicinity of Endeavour Ridge12 (especially in winter), inertial motions are annihilated within the confines of the valley where the diameter, �EMBED Equation.3���( 1 km, of these near-circular, clockwise rotary currents matches or exceeds the valley width. 





     The amplitudes for the predominant K1 tidal currents are amplified by a factor of 3-4 at the ridge crest15 but strongly attenuated within the axial valley, decreasing from 2-4 cm(s-1 above the ridge crest to about 1 cm(s-1 within the valley (Figs. 2, 3). Diurnal currents above the ridge are rectilinear and oriented cross-ridge, but become increasingly clockwise rotary near the top of the ridge crest. The combination of increased amplification and rotary behavior is indicative of topographically induced, bottom-trapped subinertial motions over the ridge flanks13. Within the valley, diurnal currents become increasingly rectilinear and directed along axis, except near the broad topographic saddle at the northern end of the valley where the motions are attenuated but remain clockwise rotary. 





     Low-frequency (synoptic or weather-band) motions are amplified by up to a factor of 7 near the top of the ridge13,15, but are strongly attenuated within the valley. The statistically significant spatial coherence of these motions for distances of 100 to 1000 km along Juan de Fuca Ridge14,15 suggests that they are due to wavelike propagation of wind-forced subinertial currents trapped over the ridge flank or, alternatively, to a broad scale oceanic response to inherently large-scale oceanic wind fields. 





     At elevations exceeding (75-100 m, the slowly varying background flow19 in the valley (Fig. 4) has a predominantly southward component of velocity, often exceeding 5 cm(s-1. Although this flow is roughly parallel to the ridge crest, periods of marked cross-axis velocity are common (Fig. 4a). Below this elevation, the mean flow decreases to (3-4 cm(s-1 and becomes unidirectionally into the valley, albeit with a significant cross-valley component at some sites. (In 2000 and 2001, mean flows at (100 m depth at the south-central sector of the valley appear to have been in the transition zone between mean inflow and outflow.) The deep inflow is markedly steady, except during periods of especially strong southwest flow when near-bottom currents either stall or are directed to the west-southwest at all depths within the axial valley (Julian days 220-230 in 2000 and Julian days 248-250 in 2001). The convergent up-valley background flow is strongest at the southern end of the valley, where hydrothermal venting is most intense, and weakest at the relatively wide and flat northern end of the valley, where hydrothermal activity is least intense (Fig. 4b). Up-valley flow of 2-4 cm(s-1 also has been identified in measurements obtained in the 1980s from the southern end of the valley and from the vicinity of the MEF12. However, because of the limited (>1 km) navigational accuracy of LORAN-C used at the time, it was thought that the flow was related to the effects of nearby topographic features. 





     It is possible that enhanced diapycnal mixing over the rough topography of the axial valley is a primary cause for the intensified, unidirectional background flow observed within the southern half of the axial valley20. However, given the widespread extent of vigorous hydrothermal venting within the valley and hydrographic evidence that the convergent inflow is confined below the base of the neutrally buoyant plumes, it is more likely that the inflow is a dynamic response to the entrainment of cold ((2 (C) ambient bottom water by superheated ((350 (C) plumes and low temperature ((10-25 (C) diffuse flow. This explanation becomes even more compelling if one examines conservation of fluid mass. In particular, buoyant plumes rising from hydrothermal vent fields entrain (5000 times the mass of the source waters exiting the vent orifices by the time the plumes reach their level of neutral buoyancy21,22. Roughly 40% of this entrainment occurs within the first 75 m of rise, a depth range confined by the walls of the axial valley. The vertical flux of fluid mass, Qentrain, at 75 m elevation is then related to the mass flux, Qsource, from the source regions by: 


		�EMBED Equation.3���.						(1)


To support this entrainment, fluid must enter at the ends of the axial valley. Our observations suggest that mean inflow at the southern end of the valley, vS, is about four times the mean inflow at the northern end, vN. Thus, by mass conservation, 


		�EMBED Equation.3���							(2)


where A (( 40(103 m2) is the cross-sectional area of the southern end of the valley up to an elevation of 75 m above bottom. A recent estimate of the heat flux, F, from MEF is 620(100 MW10, which is somewhat larger than previous estimates of about 340 MW23,24. This estimate suggests that MEF contributes ( 40% of the total heat flux, Fsource ( 1500 MW25, from the ridge segment, consistent with the relative strengths of the known vent fields9. Relating the mass flux of the segment sources to the corresponding heat flux gives 


�EMBED Equation.3���							(3)


where �EMBED Equation.3���is the heat capacity per unit mass for water and �EMBED Equation.3���( 350 (C is the typical temperature contrast between vent fluids and the ambient water. Solving (1)-(3) for the mean inflow, vS, at the southern end of the valley yields 


�EMBED Equation.3���(4)


Based on our assumed proportionality, the plume-induced inflow at the northern end of the valley vN  ( 1 cm(s-1. Both estimates for v become almost identical with observed background currents at the ends of the valley if we take into account that the inflow is typically offset by a 1-2 cm(s-1 southward background current for the region. Thus, within (75 m of the valley floor, the circulation at Endeavour Ridge is normally dominated by oscillatory, tidally driven, along-axis currents of (2 cm(s-1 and persistently up-valley, plume-induced mean currents of (5 cm(s-1 (Fig. 5). 





     The plume-induced circulation at Endeavour Ridge is dynamically similar to the formation of the summer sea-breeze in coastal inlets and valleys where buoyant atmospheric plumes, formed during summertime heating of the land in proximity to a pool of relatively cold ocean water, give rise to strong, up-channel surface winds26. In analogy with steep coastal inlets, the ridge axial valley confines the thermally driven currents at Endeavour Ridge to be along-axis. Through this “sea-breeze” effect, cold bottom water is drawn into the truncated axial valley from the south and north, toward the buoyancy sources. Because the venting is “steady”, near-bottom subinertial currents in the axial valley also will be steady, disrupted only by temporal variations in the regional pressure gradients associated with low-frequency motions and eddy-like flow in the overlying water column. Such modification of the local plume-driven circulation by mesoscale pressure gradients in the overlying water column mimics the effect that synoptic-scale low pressure systems have on the sea-breeze.





     Placed in the general context of mid-ocean ridge dynamics, our observations indicate that wind-generated inertial currents and tidally forced diurnal currents become amplified and more circularly polarized above ridge crests and flanks because of the influence of Earth’s rotation and interaction with the sloping topography. If we then view the tidal and inertial currents as turbulent-like fluctuations superimposed on the more slowly varying mean flow, it follows that cross-axis dispersion will be enhanced above the ridge crest relative to that within the valley. (Dispersion arises from random fluctuations, as well as from spatial and temporal variability in the tidal and inertial motions, whereby fluid parcels do not return to their start positions after each tidal cycle.) Thus, for example, over a period of six hours (half a semidiurnal period), diurnal and semidiurnal tidal currents above the ridge crest (with combined speeds ranging from about 2 cm(s-1 at neap tides to 10 cm(s-1 at spring tides) would lead to along- and cross-ridge displacements ((x and (y ( 0.4-2.0 km) which are a significant fraction of both the (2 km separation between vent fields and the ridge width, L ( 10 km. Even if topographically enhanced current speeds diminish as L-1 away from the ridge crest, dispersion would still be sufficient to transport particles well away from the ridge into the relatively quiescent deep ocean. Thus, despite its obvious appeal for along-ridge transport, it is unlikely that topographic steering immediately above the ridge crests and flanks is the primary factor in the successful downstream colonization by larvae from active vent fields. 





     On the other hand, the damping and rectification of oscillatory currents that takes place within the confines of the axial valley increases the likelihood of successful colonization. Here, tidal current speeds diminish to 1-5 cm(s-1 and motions are almost entirely along-valley, with small displacements (y ( 0.2-1.0 km. Flow attenuation and rectification within the axial valley creates a volume of water, sheltered from cross-ridge flow, that would otherwise disperse vent larvae into the less habitable deep ocean. Along-ridge transport by intermittent, topographically steered, current events capable of overriding flow in the valley could then explain how vent larvae colonize new, along-axis hydrothermal vent fields. Thus, axial valleys and ridge escarpments can serve as conduits for the along-ridge advection of vent-derived products. Our observations further suggest that plume-induced currents within axial valleys may be important in the aggregation of vent larvae in the water column near their source region prior to their export downstream. Similarly, plume-induced currents at newly formed hydrothermal vent fields may be responsible for drawing in passing larvae from distal sources. Larvae with low positive buoyancy will tend to float near the seafloor and to remain with the confines of an axial valley prior to being swept along the ridge axis by a major regional flow event. Larvae with high positive buoyancy will rise above the ridge crest where they are more vulnerable to cross-ridge flow and dispersion. 





     In summary, our findings suggest that among principal physical factors influencing the successful colonization of new hydrothermal sites by vent larvae are: (1) Topographic attenuation and rectification of oscillatory currents in all frequency bands by the walls of ridge escarpments and axial valleys; (2) the generation of plume-induced, unidirectional currents within hydrothermally active axial valleys; and (3) topographic steering of mean and oscillatory currents flowing over the crests of intermediate- to fast-spreading mid-ocean ridges. Plumes which are mainly contained within the valley will draw in water from the ends of the valley (Fig. 5) whereas flow above the core region of the plume will be dominated by the regional along-ridge flow, except where blocked by cross-flank canyons27,28. As indicated by the mean flow structure (Fig. 4), pressure gradients associated with along-ridge background currents in the water column overlying the ridge can be sufficiently strong at times to override the partially closed circulation in the valley and “flush” the larvae in directions favorable to larval survival. For larvae carried to the vicinity of new vents by along-axis background currents, inflow to the vents driven by entrainment may be particularly important to recruitment in the new habitat. Periods of intensified cross-ridge flow will not influence the in-valley flow structure (where larvae will be retained within the rift valley) but may lead to significant off-axis transport for larvae in plumes above the ridge crests into an inhospitable ocean. 
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Table 1.  Endeavour Ridge Moorings for years 2000 and 2001. Column 2 gives geographical position relative to MEF (( Main Endeavour Vent Field). At the far north mooring ER00N, the water depth was 2225 m. 





Valley Sector �
Relative to MEF�
Station Name�
Latitude


(�symbol 176 \f "Symbol" \s 11�°�N)�
Longitude


(�symbol 176 \f "Symbol" \s 11�°�W)�
Mooring Period�
Instrument height above bottom (m)�
�
South�
1.2 km South �
ER00S�
47�symbol 176 \f "Symbol" \s 11�°� 56.281’�
129�symbol 176 \f "Symbol" \s 11�°� 05.886’�
Jul–Aug. 2000�
50, 100, 150, 200, 250�
�
South�
0.9 km S�
ER01S�
47�symbol 176 \f "Symbol" \s 11�°� 56.106’�
129�symbol 176 \f "Symbol" \s 11�°� 06.180’�
Jul–Oct. 2001�
15, 17, 115�
�
Central�
1.3 km NNE�
ER00C�
47( 57.521’�
129( 05.542’�
May–Oct. 2000�
15, 16�
�
Central�
1.3 km NNE�
ER01C�
47�symbol 176 \f "Symbol" \s 11�°� 57.534’�
129�symbol 176 \f "Symbol" \s 11�°� 05.580’�
Jul–Oct. 2001�
15, 17, 19�
�
North�
55.6 km NE�
ER00N�
48( 25.751’�
128( 54.026’�
Jul–Oct. 2000�
14�
�
North�
4.9 km NE�
ER01N�
47�symbol 176 \f "Symbol" \s 11�°� 59.250’�
129�symbol 176 \f "Symbol" \s 11�°� 04.318’�
Jul–Oct. 2001�
15, 17, 115�
�
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Figure Captions





Fig. 1: Chart of Endeavour Ridge with an expanded view of the axial valley region. Small rectangles denote the five major vent sites within the axial valley; open triangles and circles denote mooring sites for years 2000 and 2001, respectively. Depths in meters.





Fig. 2: Current variance (spectral amplitude(spectral bandwidth) for the dominant frequency bands for clockwise (S-) and counterclockwise (S+) rotary currents in the axial valley. Numbers denote height above bottom of the current meters (in meters). The left hand panel (a) is for three of five depths for mooring ER00S in year 2000; the two right hand panels (b) are for moorings ER01S and ER01N in year 2001. LF ( low-frequency (non-tidal variability for periods longer than 2 days); D, SD ( diurnal, semidiurnal tidal motions, respectively; f ( inertial motions; and HF ( high-frequency (non-tidal variability for periods shorter than 0.5 days).





Fig. 3. Current ellipses and vectors for the four main tidal constituents and inertial currents (f) for all five depths for mooring ER00S in year 2000. Numbers give instrument depth above bottom. Current vectors are for the same initial time, to. Small circles denote hourly values for current vectors while arrows outside the ellipse denote the direction of vector rotation. Along-axis (20( True) is upward in all figures. 








Fig. 4: Daily mean current vectors in the axial valley. (a) For all five current meter depths on mooring ER00S (south) in year 2000; and (b) for current meters on moorings ER01N (north), ER01C (central), and ER01S (south) in year 2001. Labels give instrument depth above bottom. North (0( True) is upward in all figures.





Fig. 5. Cartoon of processes contributing to the near-bottom flow within the axial valley of Endeavour Ridge. The prevailing mean currents carry relatively warm, neutrally buoyant plumes to the south-southwest above the ridge crest while plume-induced currents advect cold ambient water inward below 75 m elevation from the southern and northern ends of the valley. Diurnal tidal currents and wind-forced inertial currents are amplified over the ridge crest but annihilated within the valley, leaving only rectified semidiurnal currents (thin, near-bottom current vectors) and the plume-induced bottom currents (thin, inflow arrows).
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