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Abstract

Introduction

In this paper we describe an apparently long-lived hydrothermal field that exists in an unusual setting.  The Sea Cliff Hydrothermal Field (also known as GR-14) is located on the Gorda Ridge some 3 kilometers away from the axis, and 400 meters up the eastern rift valley wall.   When it was first described in 1990 (Rona et. al., 1990) its setting was thought to be unique, but subsequently other hydrothermal systems in similar settings have subsequently been described  (Kraznof, 1996, Humphris et. al., 2001).  Here we report observations from two new dive series exploiting utilizing the ROV Tiburon that revisit the Sea Cliff Field, in an attempt to better characterize the geometry of the site and to examine changes in the field over the intervening 12 and 14 years. 

Structural controls on hydrothermal vents.

The role of hydrothermal circulation in the formation and the subsequent evolution of the ocean crust is one of the fundamental inquiries in the study of processes at the mid-ocean ridges.   For any hydrothermal system, the crucial elements are its heat source and the fluid pathways.   At the ridge axes, volcanic eruptions, shallow magma chambers and/or the related high-temperature solid crust provide the heat.  However, the permeability structure that accommodates fluid circulation remains uncertain, reflecting the complexity of the crust-forming processes.  While it is clear that volcanic eruptions on the ridge axis can cause new high temperature venting on the seafloor (e.g. Haymon et al., 1991), the resulting vents are often ephemeral, and disappear as the heat in the seafloor lava field is dissipated. 

Some hydrothermal vent fields appear to survive over long time-periods, and many of these are associated with normal faults near the ridge axis, and not necessarily with any recent lava flows.  It is likely the faults provide conduits for water penetration to larger heat sources in the mid- to lower oceanic crust.   Indeed, many of the largest hydrothermal deposits occur along the rift-bounding faults on ridges with several morphologies.   At the Main Field of the Endeavour Segment, on the Juan de Fuca Ridge sulfide edifices are located against the western wall of a small (2 km wide, 150 meter deep) rift zone (Delaney et al., 1992). It has been suggested that repeated earthquakes on these deep-penetrating faults may maintain high permeability along the fault zone, stabilizing the hydrothermal venting over long time periods (e.g. McClain, et al., 1993). Similarly, the TAG field on the Mid-Atlantic Ridge is located some 1.8 km from the center of spreading at the base of the rift-bounding fault zone (e.g.  Rona et. al., 1993).    

Extensional faults are ubiquitous at mid-ocean ridges, and yet the vent fields are relatively isolated along the axis.   Other factors must be important. It has been noted that TAG and other fields are located where the ridge axis is shallow compared to adjacent areas, and where magma is presumed more abundant (e.g. Fouquet, 1999).    Furthermore, it has been suggested that hydrothermal circulation at off-axis sites may be related to small off-axis volcanic eruptions.  Zonenshain and others (1989) have observed fresh basalts that they attribute to an eruption related to the formation of the TAG hydrothermal system.   However, Kleinrock and Humphris (1996) did not find evidence for recent volcanism at TAG. Instead, they argue that an oblique “transfer fault” crosses the bounding faults, providing the enhanced permeability that localizes hydrothermal activity.   These intersecting oblique structures have also been noted at other vent fields (e.g. Krasnov et al., 1996). I think that Rona’s and my description of such oblique structures on the Gorda Ridge was the first time this was described.
The Gorda Ridge.

The Gorda Ridge is about 250 kilometers long, extending from the Mendocino Transform to the Blanco Transform (Figure1).   It has a rifted morphology and is divided 

into three segments separated by right-lateral segment boundaries (Clague and Holmes, 1987). I would use the 5 segments and their names as defined by Chadwick et al. (1998). The southern and central segments spread at about 24 mm/year, while the northern segment spreads at intermediate rates of 55 mm/year (e.g. Riddihough, 1980).   The rift valley on the southern segment, the Escanaba Trough, is sediment-filled, while the central and northern segments are largely sediment free.   

The northern Gorda Ridge segment extends from the Blanco Transform to a small overlapping offset 75 kilometers to the south. The rift valley axis is from 3800-4000 meters deep near the segment ends and shoals to 3100 meters at the segment center (Figure 1).  The latter is known as the “Narrowgate” area.    Along the segment, the rift-bounding ridges rise to about 2200 meters, and the width of the rift valley is about 30 kilometers.  The presence of such a well-developed rift valley on a ridge with an intermediate spreading rate suggests that the magma supply to the ridge must be abnormally low.

The discovery of the Sea Cliff Hydrothermal Field.

The Sea Cliff Hydrothermal Field (or GR-14) was first identified from anomalous water-column temperatures and nephelenometer studies in 1986 (Collier et al., 1986).  The anomaly was located to the east of the ridge axis and along the eastern rift valley wall.  Because of its unusual location along the rift valley walls, Rona and Clague (1988) suggested that the hydrothermal fluids might be upwelling along a fracture system formed by the intersection of the rift valley walls with fractures running obliquely to the ridge axis.   The latter fractures were observed on acoustic images on the adjacent axis, and it was believed proposed (I am an atheist!) that the intersection between two perpendicular intersecting systems would lead to enhanced permeability that could focus hydrothermal flow to the surface, similar to suggestions at other sites (but made before them!).   As noted above, Krasnov and others(1996) and Kleinrock and Humphris (1996) have made similar arguments for other hydrothermal sites.
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Figure 1.   The northern Gorda Ridge segment extending from 42o25’N to the Blanco Transform at 43oN.   The location of the Sea Cliff Hydrothermal Field (black rectangle) is shown east of the “Narrowgate’ section of the segment (label on Figure) where the ridge axis shoals and the rift valley narrows.   The hachured area shows the location area of seismicity associated with a volcanic eruption in 1996.   The red rectangle shows the location where fresh basalts were discovered, and the magenta rectangle shows where a new (and temporary) water-column temperature anomaly was observed immediately after the eruption (Embley et. al, 1996; Fox and Cowen, 1996).   Also shown are areas of seismic swarms observed in 1998 and 2001.  The latter was believed to be volcanic in origin, but no observations of fresh lavas or water-column anomalies were observed on a subsequent cruise.

GR-14 was first visited and mapped during an expedition using the U. S. Navy submersible Sea Cliff in 1988 (Rona et al., 1990), and the location of the field was confirmed by direct observations.     It is located at a depth about 100 meters below the apex of a “Linear Ridge” that extends from the rift valley floor (no it doesn’t) to a depth of 2650 meters  (Figure 2).  The western wall of this Linear Ridge is clearly faulted (evidence??), and the vent field occurs along the fault zone.



Figure 2.  Perspective view of the central portion of the northern Gorda Ridge segment with the approximate location of the axis and segment center (Narrowgate) shown.  The Sea Cliff field is located along the west face of a linear ridge that forms a portion of the rift valley walls.   Original bBathymetric data are from Clague et al. (2001) (correct reference is MBARI Mapping Team, 2001). 

Although on-bottom navigation failed  during the three Sea Cliff dives to the site, a map was created by dead-reckoning  (McClain and Schiffman, 1989; Rona et al., 1990).   The dives revealed that the field is only about 200 meters wide, and extends roughly 250 meters up and down the slope and that it included a relatively small number of vent chimneys surrounded by a zone of hydrothermal crust.

The active chimneys are composed of anyhydrite, with minor amounts of barite, amorphous  silica and sulfides (McClain and Schiffman, 1989, Schiffman et al., 1989).   No vent fluids were collected in 1988, and only one a single 247°C temperature measurement was made in a venting chimney, with a maximum temperature recorded being 247oC.   The hydrothermal crust comprised clasts of fresh to altered basalt, embedded in a matrix of amorphous silica, barite and minor amounts of disseminated sulfide (Schiffman, et al., 1989).    Normal vVent fauna were not reported around the chimneys or the hydrothermal crust.

Surrounding the zone of hydrothermal crust was a zone of basalt talus with shimmering water and relatively abundant limpets and tube worms, including significant tube worm bushes (Rona et. al., 1990) which decreased in number and size towards the periphery of the field was characterized by a decreasing number and size of the latter.    On the basis of observations of truncated pillows and talus, Rona et al. (1990) concluded it was clear that the west wall of the Linear Ridge was faulted.

Overall, the 1988 observations left a number of questions, questions that have taken on new importance with the recent discovery of several similarly situated fields.  These include, why is the field located where it is, what is its heat source, and what related geometry of the hydrothermal system? Huh?   

To the extent that bottom observations can constrain answers to these questions, we were hampered by the failure of the on-bottom navigation system.  For example, it remained unclear how many hydrothermal vents were actually observed in 1988.  In addition, while most or all of the active vents were anhydrite,  a tentative observation of an extinct sulfide chimney was made during one dive (Rona et al, 1990).   Unfortunately, the structure could not be sampled after it was observed because the site was obscured by silt.  

Relevant Observations since 1988.

Since the northern Gorda was discovered, significant magmatic and tectonic activity has been documented in the region.   The use of the Navy’s SOSUS arrays by the NOAA vents program has permitted almost continuous monitoring of the Gorda/Juan de Fuca system since 1991  (Fox et al., 1994).  As a result, a significant volcanic event was detected on the northern Gorda Ridge in March of 1996 (see Figure 1).   A 35-km zone of seismicity, extending from the Narrowgate to the southern segment boundary, was observed, with over 4000 events.  Fox and Dziak (1998) note evidence that the seismicity follows the propagation of a dike from the Narrowgate area toward the south.  During an event response cruise, evidence for a water column high temperature plume, and freshly erupted basalts were discovered  (Embley et. al, 1996; Fox and Cowen, 1996).   

Two additional seismic swarms have been detected near the Northern Gorda segment.  In 1998 a swarm of was located along the eastern wall of the rift valley between the Narrowgate area and the Blanco Transform.  It is unclear if this swarm was volcanic, or tectonic in origin.   In April of 2001, a swarm of earthquakes consistent with a volcanic event was detected south of the Northern Gorda segment.  Subsequent searches failed to turn up any evidence for an actual eruption (********).  It is possible that the limited response merely missed evidence for an eruption, or the magmatic activity failed to generate a seafloor eruption.

The 2000-2002 dive programs.


During the summers of  2000 and 2002  we revisited the Sea Cliff Hydrothermal Field in an attempt to better characterize the Field, to test for changes in the field since 1988, and to use these observations explain the location and geometry of the field.   We used the MBARI vessel Western Flyer and the ROV Tiburon.  The dives at Sea Cliff were a component of ROV dives with a variety of goals and at a number of sites on or near the Gorda Ridge (Clague et. al, 2001).   The Tiburon dives included several improvements over those made in 1988.   First, we had on-bottom navigation, which permitted us to undertake a systematic mapping survey of the Field.  In addition, with a total of three ROV dives in 2000 and two in 2002, we dramatically increased the bottom time in and round the Field.  This allowed us to make many more observations including  temperature measurements, and geological and biological samples.  Finally, hydrothermal fluid samples were taken for the first time during these dives.  

A description of the field.

The most striking result of the observations made in 2000 and 2002 was how little the field appears to have changed in its geometry and activity since 1988.   The only significant change is an apparent increase in the number of chimneys, and in their distribution around the field.  
 While this change could be an illusion resulting from the lack of navigation in 1988, the best conclusion is that the field is more active at present.   However, the overall geometry of the field appears unchanged.


The Sea Cliff Field forms a roughly oval geometry, with decreasing hydrothermal activity as one moves from the center of the oval to the outside (Figure 3).   The most vigorous manifestation of the hydrothermal activity is the anhydrite chimneys, with individual structures of 1 to 2 meters high (Figure 4). They are usually set on low ridges made up of chimney debris (see Figure 4).   Many are located along chains that run in an east-west direction, roughly perpendicular to the rift-valley walls.   
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Figure 3.   Map of the Sea Cliff Field based on observations from dives in 2000 and 2002.   The individual chimneys are only represented schematically in this map.

Measurements made in 2000 and 2002 revealed that chimneys were emitting fluids with a narrow range of temperatures of about 304oC. While this is higher than that observed in 1988, the latter measurement may have been partially cooled by the surrounding sea water.  Vent fluid samples also were taken in 2000 and 2002, and the water was found to have low salinity (relative to seawater), indicating two-phase separation at depth (Von Damm, et al., 2000).  The water is also enriched in 18O, suggesting substantial water-rock interaction. 
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Figure 4.   Chain of anhydrite (with smectite and minor sulfides) chimneys.   The chimneys are about 1 meter high and sit on a low ridge of chimney debris.  Note the lack of fauna in the figure.   The chain runs roughly perpendicular to the rift valley walls and ridge axis.

Surrounding the  chimney chains is a field of hydrothermal crust (Figure 5). The crust results from massive silicification of the hydrothermal, hyaloclastite and basalt debris, with evidence of substantial bacterial involvement, similar to that found for samples recovered in 1988 (Schiffman et al, 1993; Zierenberg et al., 1995).   Warm, shimmering water is emitted from the hydrothermal crust.  Little life is observed on the crust with two exceptions.  We found a number of patches of a blue ciliate matt (any abstracts or references here?), and zones where the crust is fully covered by limpets.
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Figure 5.  Overview of the hydrothermal crust with outcrops of basalt talus. 

Surrounding the hydrothermal crust is a zone of basalt talus (Figure 3).  Much of this talus exhibits diffuse hydrothermal flow, with small barite chimneys (Figure 6).   Abundant tube worms, anemones, and limpets live among the talus.   Farther away from the center of the vent field the fauna decrease in abundance and disappear, presumably corresponding to a decrease of hydrothermal fluids.    

One the new finds in the 2002 dive series was the presence of massive sulfides toward the lower parts of the hydrothermal crust area (Figure 7).   These are the first such sulfides ever sampled at GR-14, and they form outcrops that protrude through the hydrothermal crust.  It is possible that the may represent rocks that are formed earlier in the history of the field, when the venting fluids were higher temperature more sulfide rich.   This could explain why the tube worms, while abundant are small and malnourished.  That is, the tube worm colonies could have been during the established during the earlier phase, but are now dying off slowly because the present waters are low in sulfides.   
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Figure 6.   Tube worm garden located upslope (to the east) from center of the vent field.  Area is made up of talus with a diffuse flow of warm water.  Barite chimneys can be seen that are covered with white limpets.   Abundant tube worms are present, along with large numbers of small anemones on the blocks of talus.
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Figure 7.  Outcrops of massive sulfides at the lower reaches of the field.  It is unclear if these formed at the below the seafloor, or if they formed on the seafloor during an earlier phase of venting with sulfide rich and higher temperature fluids.

Another discovery of the 2002 dives are the presence of welded volcanic breccia at near the shallowest part of the field.  The breccia is relatively impermeable (Figure 8) and may form an impermeable cap that blocks the upward migration of fluids in the field.   The exposures of the cap are not continuous, but are covered in some parts by the basalt talus that results from mass wasting upslope from the field
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Figure 8.   Welded basaltic breccia.  The white zone near the center of the picture is a crack that is covered by limpets.   The limpets are exploiting the warm water being emitted from the crack.  However, cracks are rare, and the breccia appears to form an impermeable crack at the top of the field. 

Beyond the confines of the field the tube worm bushes die out rapidly, and the only evidence of hydrothermal fluids is the some minor staining on the talus (Figure 9).
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Figure 9.   Minor staining from hydrothermal fluids can be observed outside the limits of the Sea Cliff Field.   The deposits shown here were on  the cliffs to the northeast of the Field.  

To the north of the Field, we find basalts and basalt talus covered to varying degrees by pelagic sediments.  To the south and east, the Field is bounded by steep walls of truncated pillow basalts.  Toward the axis we discovered a number of small scarps separating sediment-covered benches on the rift valley wall.   

One of the goals of the 2002 dives was to examine the Linear Ridge above and to the east of the hydrothermal field.   We hoped to find any evidence for recent volcanism that might be supplying the heat to GR-14.   In contrast to the faulted western boundary of the Ridge, the east side is clearly a volcanic construction.   Evidence of multiple lava flows, perhaps from the same eruption can be observed (Figure 10), and the observations indicate that the original emplacement of the lavas occurred on a slope.  The basalts are invariably coated by sediments, suggesting they are old.   The composition of the basalts indicates a close affinity for the ridge-axis samples (Figure 11), also lending support to the idea that Linear Ridge formed near the axis.  Thus, the Linear Ridge probably formed near the axis, and has been subsequently faulted up to its present position.  

Another goal of the 2002 dives was to make a comparison with the observations in 2000, to test for short-term temporal variability.  Some markers were left in 2000 so that we could return to the exact same sites.   In fact, there was little if any change over the two years.  Although the number of active chimneys appears to have increased during the period since 1988, there was essentially no change between 2000 and 2002.  Despite the extreme fragility of the individual chimneys,  the chains of chimneys were stable over the two years (Figure 12).   Thus, it appears that the field has a sufficient heat source and permeability structure to maintain its activity.   
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Figure 10.   Lava flows on the east side of the linear ridge.   They have clearly formed on a slope, but the presence of abundant sediments suggests that these flows are old.
 

Figure 11.   Petrology of samples from around GR-14 and the axis.

Figure 12.   Figure from 2000 and 2002 showing marker K in front of the vent chain.

Discussion.

The major goals of this project were to make observations of the Sea Cliff Hydrothermal  Field that might constrain models for the heat source and permeability structure that drive the hydrothermal system.   As noted in the introduction, the setting for the Field, on the rift valley walls slightly off-axis, is unusual but not unique.  In fact, as more studies are conducted away from the axes of the mid-ocean ridges, a whole range of new off-axis hydrothermal systems may be recognized.   How these systems form, how the flow is sometimes focused to particular locations, and their temporal variability  are and will become important questions.   

The Sea Cliff Hydrothermal Field displays a number of important characteristics.   First, it is isolated both north and south, as well as east and west, along the eastern wall of the axial rift valley.  Second, we find that it is fairly stable, at least over the 14 years since it was first discovered.   

The Field has two possible sources of heat.  One source could be off-axis volcanism associated with the construction of the Linear Ridge.   From our observations on the east side of the Ridge, we find that it is  a volcanic edifice, with its western wall is dissected by subsequent faulting.  It also stands above adjacent features to the east and west, perhaps because its formation occurred over a long time.  However, the basalts are petrologically similar to those forming at the axis, and appear to be relatively old.  Thus, it is likely that it formed at the axis and has been faulted into their present position.  

The alternative heat source for Sea Cliff would be the magma and/or a hot crust  beneath the ridge axis.  Hydrothermal circulation beneath a rough seafloor with uniform permeability will naturally tend to expel hot water at topographic highs, and admit cold water in lows (Lister, ????).  On mid-ocean ridges this pattern is moderated by the presence of  fault zones that alter the permeability in the crust.  On the Sea Cliff Field, the rift valley bounding faults could provide a fluid pathway to the surface provided it was steep enough and penetrated deeply enough to tap into the crustal heat.   The distance between GR-14 and the axis is only three kilometers.  The presumed depth the top of any magma chamber would be about the same, requiring an average dip for the faults to be about 45o.   Such slopes for fluid pathways are reasonable.   On the 2000 and 2002 dives, we observed numerous small faults both east and west of the Sea Cliff Field and none showed evidence of hydrothermal venting.   Evidently, these faults are too small to penetrate to an axial heat source.   

If the axis provides the heat source for the Sea Cliff Field, then the general stability of the Field over 14 years could result from the relatively abundant heat available in the volcanically active ridge segment.   The increase in hydrothermal activity that may have occurred between 1988 and 2000 could be explained by changes in the magmatic system.   The eruption of 1996 on the adjacent axis provides evidence that such changes are occurring over short time scales.  Unfortunately, no examination of the Field was made immediately after that eruption.

The presence of sulfide was a surprising find in the 2002 dive series, and it is not clear if sulfides are being deposited beneath the present field, or if they represent an earlier stage of venting.   We know that the present fluids have undergone two-phase separation, and thus were higher temperature at depth.   Whether these fluids are still accommodating sulfide mobility is not yet determined.

Two factors probably cause the Sea Cliff Field to be located along the western wall of the Linear Ridge, rather than the peak.   First, the fault that forms the wall probably intersects the seafloor at that site.   Second, the presence of an impermeable layer of breccia probably inhibits the flow of fluids further up the fault zone.  

Of course, the bounding rift valley walls extend far beyond the north-south confines of the Sea Cliff Field, as does the Linear Ridge.   Rona and Clague (1988) argued that the intersection of bounding faults with oblique fractures might result in an enhanced permeability that focuses flow to the Field.   This could serve to localize the hydrothermal venting.   Similar mechanisms have been cited for the location of the TAG field on the Mid-Atlantic Ridge.   We can provide some circumstantial evidence for the suggestion of Rona and Clague (1988).   Many of the vents are grouped in chains that run east-west, perpendicular to the rift walls and parallel to the hypothesized oblique fractures.  In addition, the vent field lies on a talus shoot, that strikes east-west.  

The actual hydrothermal upwelling zone may be even narrower than its surface manifestation.  The field is generally covered by talus debris that has resulted from faulting that forms the west side of the Linear Ridge.     At the center of the field (Figure 3), the large volume of hydrothermal flow has completely covered and hidden the talus with chimney debris.    At the boundaries of the zone, where flow has lower temperatures and volume, vigorous faunal growth occurs in and around the talus.  Thus the talus diffuses the migrating fluids, increasing the area of hydrothermal flow.  

[image: image10.jpg]Depth (m)

-2600 T T T T T

“— Linear B
- "¢.
-2800 |-
e
-
» Kt \
Seafloor &
\ e Large offs}at\
-3000- * i
ol # Fault
o7 \
® fluid flow
[ _a" up fault zone \
N 7 if
3200k £ 1 L I L
o 1 2 3 a <5
y Distance from Ridge Axis (km) \
’ \

Silicified hydrothermal
crust, locally covered
by anhydrite-smectite
chimney debris

Cemented
(impermeable)
Breccia Zone

Sulfide
Exposed by
Faulting





Figure 13.    Model for the flow of fluids at the Sea Cliff Hydrothermal Field.   Where the seafloor is denoted by a solid line we have made direct observations.   We have noted the inferred topography by dashed lines.   Minor faults are also noted with dashed lines.  It is likely that fluids originate from the axial region and are transported to the surface along the rift-bounding faults.   The faults are exposed on the linear ridge above the axis.  However, fluids are concentrated in one spot by the presence of an impermeable breccia that prevents water from migrating further upslope.

The 2000 and 2002 dive series have provided observational constraints on how near-, but off-axis hydrothermal activity can occur.   We argue for an axial heat source, and fluid flow along larger rift bounding faults.  However, a number of questions remain, and some may be unanswerable.   We can only infer by comparing our observations with those of others, that rift-bounding faults may provide conduits to much older crust than previously thought.   We don’t know, yet, if this process is generally applicable to ridges in general.   







