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Abstract

In response to the 1996 magmatic intrusion on the Gorda Ridge near 42.68°N, 126.78°W in
late February, we conducted three cruises to the region in March, April, and June. On all three
cruises particulate samples were collected, along with CTD/nephelometer data and total
dissolved Fe and Mn samples. During each cruise, we collected samples from large oblate
spheroid-shaped event plumes. These event plumes had long axis diameters of about 10-15 km
and ranged in depth from about 1800 to 2700 m. A strong linear correlation between nephelom-
eter voltage and particulate Fe allowed us to estimate the total amount of particulate Fe in the
event plumes at approximately 20 x 10° moles of Fe, or ~ 28% of the Fe in the 1986
megaplume on the Cleft Segment of the Juan de Fuca Ridge. We observed significant decreases
in particulate Cu and Zn concentrations ( > 100% decrease in Cu/Fe and Zn/Fe ratios)
between the Gorda Ridge event plumes. These results suggest that each of the two event plumes
originated from a chemically distinct source fluid. Fe ferrihydrite particles maintained a con-
stant ratio of coprecipitated oxyanion species in the two event plumes. Based upon the chemical
inventories for particulate Fe, P, and V, we suggest that event plumes might play a small role in
the geochemical budgets for these elements. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

On 28 February 1996, intense seismicity was detected in the northeast Pacific
Ocean using the T-phase Monitoring System developed by NOAA/PMEL to access
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the U.S. Navy’s SOund SUrveillance System (SOSUS) in the northeast Pacific (Fox
and Dziak, 1998). The event was located on the northernmost segment of the Gorda
Ridge near 42.68°N, 126.78°W. The intense seismic activity lasted for about 3 weeks,
ending on 20 March 1996. Camera work and SeaBeam studies indicated that the
seismic activity was caused by seafloor eruptions of lava which added 0.02 km? of
fresh material at the sea floor (Chadwick et al., 1998). A smaller SeaBeam anomaly
centered at 42.61°N, 126.82°W was just north of an axial seamount. A burst of
T-phase seismicity from 10 to 20 March was roughly coincident with the smaller
anomaly. The Gorda Ridge eruption had many of the same characteristics of the
previously monitored eruption at Coaxial Segment of the Juan de Fuca Ridge (Baker
et al., 1994; Massoth et al., 1995; Embley et al., 1994; Baker et al., 1998) and, therefore,
it provided an excellent opportunity to study physical and chemical changes of
hydrothermal particles that occur in event plumes during and after an eruption.

Hydrothermal circulation of seawater through the global ridge crest system is the
principal agent for the transfer of heat and chemicals between the oceanic crust and
the overlying waters. This hydrothermal circulation is most concentrated at the ridge
axes, where episodic intrusions of mantle magma create new ocean crust. Discharging
vent fluids with temperatures from a few degrees to over 400°C rise buoyantly for tens
to hundreds of meters, eventually forming dilute, neutrally buoyant plumes that
spread laterally by local currents. Within the plumes, metal-rich sulfide, sulfate, and
oxide precipitates form (Haymon and Kastner, 1981; Mottl, 1983; Campbell and
Gieskes, 1984; Leinen, 1985; Feely et al., 1987, 1990, 1991, 1992, 1994a,b, 1996;
Trocine and Trefry, 1988; Trefry and Metz, 1989; Campbell, 1991; Metz and Trefry,
1993; Kadko et al., 1994). The balance between sulfide and oxide minerals in the
plume depends on metal and H,S concentrations in the vent fluids. When the H,S
content in the vent fluids is high relative to Fe and other metals, the sulfide mineral
phases dominate the particle distribution in the buoyant plume. Precipitation of these
phases occurs shortly after mixing with seawater before concentrations of reacting
species drop below pertinent solubility products. In contrast, precipitation of hydrous
iron and manganese oxides occurs for some time in the buoyant and neutrally
buoyant hydrothermal plumes because their solubility products are much lower.
Trace element concentrations in all of these precipitates can be altered over time by
reactions such as scavenging and oxidative dissolution (Feely et al., 1987, 1990a, b,
1992; Dymond and Roth, 1988; Trocine and Trefry, 1988; Trefry and Metz, 1989;
German et al., 1990, 1991a,b; Metz and Trefry, 1993). While the distribution and
composition of hydrothermal precipitates have been studied in steady-state hy-
drothermal plumes, we have very little information about the evolution of hydrother-
mal particles following a seafloor eruption.

In response to the 1996 seafloor eruption on the Gorda Ridge in late February (Fox
and Dziak, 1998), a group of scientists formed the Gorda Ridge Event Assessment
Team (GREAT) and conducted three cruises (hereafter referred to as GR1, GR2, and
GR3) to the region to study the physical, chemical, and biological characteristics of
the hydrothermal plumes (McArthur, 7-15 March, Wecoma, 6-16 April, and Dis-
coverer, 10-25 June). On all three cruises particulate samples were collected, along
with CTD/nephelometer data and total dissolvable Fe and Mn samples. During each
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cruise, we were able to sample one of two large oblate spheroid-shaped event plumes.
These plumes had a diameter of about 10-15 km and extended from about 1800 to
2700 m in the water column (Baker, 1998). Our sampling procedure consisted of
a series of tow-yos and vertical casts. The package included a Sea Bird 911plus CTD
sensor and nephelometer to transmit continuous hydrographic and optical data; an in
situ chemical sensor; and a rosette of 19-L PVC sampling bottles for collecting
discrete samples of various dissolved and particulate hydrothermal species. We
conducted continuous measurements of Mn and Fe via in-situ flow injection analysis
on the first two cruises, and shipboard measurements of Mn and Fe, using discrete
samples collected with the rosette bottles (Massoth et al., 1998). Samples were also
collected for shore-based analysis of helium isotopes, trace metals, nutrients, and
suspended particles. In this paper, we report the results of the suspended matter
chemistry and morphology data from that survey.

2. Geographic setting

The Gorda Ridge is a northeast-southwest trending spreading center approxim-
ately 250 km off the coast of southern Oregon and northern California (Fig. 1). The
northern segment extends 68 km southward from the Blanco Fracture Zone and is
characterized by high valley walls (600—1400 m) and an intermediate spreading rate of
approximately 5.5cm yr~! (Riddihough, 1980). Hydrothermal plumes have been
observed extending from 2300 to 3000 m at the GR14 site (42.76°N, 126.73°W), the
GR15 site (42.95°N, 126.55°W), and the Sea CIiff hydrothermal field (42.76°N,
126.71°W) (Baker et al., 1987; Rona et al., 1990). The axial valley contains significant
amounts of terrigenous, biogenic, volcanic and hydrothermal sediments (Karlin and
Lyle, 1986).

3. Sampling methods

Neutrally buoyant plume particles were sampled using 19-L PVC water sampling
bottles. The bottles were equipped with two separate sampling stopcocks. The first
stopcock was attached about one-third up the side of the bottle from the bottom and
was used to sample for gases, biology, and other non-filtered samples. The second
stopcock was attached at the very bottom of the bottle and was used to collect water
for particulate and dissolved trace metal samples. This stopcock was set off to the side
of the center of the bottle with the flow pattern inside the bottle machined to
resuspend particles that might have settled to the bottom or adhered to the sides of the
bottle. Sample bottles were coated with teflon and used silastic internally for closure.
The bottles were fixed to a 24-position General Oceanics™ rosette sampling system.

The rosette was towed in a saw-toothed pattern (tow-yo) between approximately
1700 m and about 10 m above the bottom. Sample depths over and immediately
adjacent to the ridge axis were chosen on the basis of real-time observations of
hydrothermal temperature and nephelometer intensity. Off-axis sample depths were
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Fig. 1. Bathymetric map of the northern Gorda Ridge with the locations of the recent lava flows. The
locations of the center of the event plumes for the GR1, GR2, and GR3 cruises are identified as 1, 2, and 3,
respectively.

centered around the potential density interval that contained the ridge crest
hydrothermal plumes.

Upon retrieval of the rosette system, gas and unfiltered samples were drawn from
the middle stopcock. This was to ensure that large particles were not lost from the
water samples (Gardner, 1977). After all the gas and nonfiltered samples were drawn,
the remaining water was pressure filtered with filtered nitrogen (14 PSI). Samples were
filtered onto preweighed, acid-cleaned Nuclepore™ filters (0.4 um). The samples were
rinsed in order to remove the sea salts in a laminar flow bench from 2 to 4 times with
distilled-deionized (Milli-Q) water (18 K mho) that had been adjusted to pH 8 with
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NH,OH. Gentle vacuum was applied to remove the rinsings. They were then put into
individual petri slides, dried in an evacuated desiccator over silica gel, and stored
under vacuum until elemental analysis could be performed in the laboratory.

4. Analytical methods
4.1. Particle morphology

To determine phase chemistry and morphology of minerals on the particulate
samples, an ISI DS130S Scanning Electron Microscope (SEM) equipped with
a Kevex™ SuperQuantum Extra detector with an ultra thin window was used at
6-20 kV and from 300 to 65000X. Sections of the samples on Nuclepore™ filters were
adhered to the tops of aluminum stubs with super glue. Samples were then sputter
coated with a film of palladium for electrical conductivity. Qualitative analysis was
performed on many samples using a Kevex Super Model 8000 microanalyzer, inter-
faced to the above mentioned SEM. Particle size analysis of individual particles and
aggregates in the fields was determined using Kevex Features Analysis™ software
(Feely et al., 1991a).

4.2. Elemental composition of the particles

Total elemental composition (Al, Si, P, S, K, Ca, Ti, Ba, V, Cr, Mn, Fe, Cu, Zn,
and As) of the particulate matter was determined by X-ray primary- and secondary-
emission spectrometry using a Kevex Model 8000-770 X-ray energy spectrometer
with a rhodium X-ray source and using Mo, Se, and Co secondary targets. A non-
destructive thin film technique (Baker and Piper, 1976, Holmes, 1981; Feely et al.,
1991a) was used. Standards were prepared from suspensions of finely ground U.S.
Geological Survey Rocks BHVO-1, GXR-1, GXR-2, GXR-4, and GXR-6, U.S.G.S.
Marine Sediment MAG-1, National Bureau of Standards Rock and Sediment NBS-
1633a and NBS-1645, National Research Council of Canada Sediment MESS-1, and
Institute of Geophysical and Geochemical Exploration River Sediments GSD-1,
GSD-35, GSD-6, and GSD-7, suspended on Nuclepore™ filters identical to those used
for sample acquisition. The determination limits at normal loadings were less than
0.03 weight percent and 30 ppm for the major and trace elements, respectively (Feely
et al., 1991a). The precision averaged 2% for the major elements except for sulfur,
which averaged 11%, and 7% for the trace elements.

4.3. Dissolved phosphate

Dissolved reactive phosphate was determined from frozen samples at the Pacific
Marine Environmental Laboratory using an Alpkem RFA3 Continuous Flow Ana-
lyzer. All samples were prefiltered through 0.4 um acid-cleaned Nuclepore™ filters.
The average precision of the analyses was 0.010 umol/I, based upon multiple replicate
analyses.
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4.4. Factor analysis

Q-mode factor analysis is a statistical method of pattern recognition that is useful in
extracting information from large data sets. It finds the principal factors, or “endmem-
bers”, that account for the variance in the data set. To determine the composition of
the endmembers in a data set, the Q-mode factor analysis employs a vector rotation
scheme to identify endmembers and the relative importance of each element to the
endmembers. Q-mode factor analysis was used to distinguish hydrothermal from
hydrogenous, biogenous, and diagenetic components of sediments east and west of the
SEPR (Heath and Dymond, 1977; Leinen and Pisias, 1984). The program used to
compute the primary factors in our data set was introduced by Klovan and Imbrie
(1971) and modified for an oblique solution by Clarke (1978). The oblique solution is
important because it ensures that the loadings for each sample can be interpreted as
mixtures of endmember concentrations.

5. Results
5.1. Total suspended matter distributions

The distributions of nephelometer intensity and total suspended matter (TSM)
concentrations over the study region indicate increases in suspended matter in the
deep water from about 1800 to 3100 m, with event plumes as high as 1000 m above the
seafloor (Baker, 1998). Hydrothermal plumes were readily identified by near-bottom
increases in nephelometer intensity (in volts) produced by hydrothermally derived
mineral precipitates. During the GR1 cruise (7-15 March; Fig. 2), TSM concentra-
tions increased from background concentrations of about 10 pg/l at depths shallower
than 1700 m to a maximum of 75 pg/l at about 2100 m from about 42.61°N to about
42.71°N along the west wall of the ridge axis immediately above the new lava flow at
42.68°N. Certainly the most interesting area surveyed was centered at about 42.63°N,
where the event plume (EP96A) reached maximum thickness ( ~ 900 m). A second
smaller steady-state “chronic” plume to the north at about 42.74°N was somewhat
deeper and thinner with lower TSM concentrations (maximum TSM = 32 ug/l).

Observations during the GR2 cruise (6-16 April) found no evidence of an event
plume at the EP96A site. The only evidence in the water column of the lava eruption
at that site was a weak TSM plume within 250 m of the seafloor (Fig. 3a). About 6 km
to the south, however, a distinct plume with TSM concentrations as high as 35 pg/l
was found centered at a depth of about 2650 m (Fig. 3a and b). It is possible that this
chronic plume was generated by a secondary release of hydrothermal emissions from
the lava flow site at 42.68°N (Massoth et al., 1998). Directly above the western edge of
this plume was another plume layer overlying the western axial wall (Fig. 3b).
*He/heat ratios in this plume identify it as a part of an event plume (EP96B, Baker,
1998). Time constraints during the GR2 cruise prevented a complete mapping of this
plume, but it was tagged with a RAFOS float (Lupton et al., 1998) and investigated
more fully during GR3.
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Over the original lava flow at 42.68°N, TSM concentrations were only slightly
elevated in the bottom 250 m of the water column, very similar to background
concentrations to the north (Fig. 3a). Since the entire region has a persistent bottom
nepheloid layer, due to local resuspension of bottom sediments due to local tidal
currents, the enrichment of TSM over the original lava flow from residual venting at
the lava flow site is somewhat masked by tidal mixing of the nepheloid layer in the
region of the flow.

Observations during GR3 confirmed that EP96B, the shallow plume during GR2,
was an event plume distinct from EP96A observed during GR1 (Baker, 1998). The
center of EP96B was located beyond the west wall of the ridge axis, approximately
9 km WNW of the original location of EP96A (Fig. 4). Based on the tow-yo paths this
was the most comprehensively sampled event plume of the three cruises. The shape of
the plume is that of an elongated oblate spheroid with a long axis of approximately
15 km. TSM concentrations reached a maximum of 46 ug/l at approximately 2100 m
centered at 42.69°N, 126.97°W. The plume thickness was approximately 700 m, from
about 1800 to 2500 m. A plot of TSM versus nephelometer intensity for the GR1 and
GR3 event plumes indicates two distinct data groupings which are significant at the
95% level (Fig. 2c). The enrichment of suspended matter concentrations within the
event plume is primarily due to hydrothermal iron ferrihydrite particles. The offset
between the GR1 and GR3 trends is probably the result of a change in background
particle population between the spring GR1 cruise and the summer GR3 cruise (see
below).

5.2. Particulate Al, Si, S, K, Ca, Ti, Mn, and Fe

Particulate Al, Si, P, S, K, Ca, Ti, Ba, V, Cr, Mn, Fe, Cu, Zn, and As (PAI, PSi, PP,
PCa, PTi, PBa, PV, PCr, PMn, PFe, PCu, PZn, and PAs) concentration averages are
given in Table 1. These elements are important constituents of hydrothermal phases,
biogenic debris, and inorganic detrital material in the suspended matter. Al, K, and Ti
are characteristic indicators of inorganic detrital phases, either resuspended mineral
matter or basalt fragments from fresh lava with little contribution from hydrothermal
precipitates. Si is a major constituent of diatom tests as well as of inorganic mineral
matter and hydrothermal material, Ca is a major component of calcium carbonate
tests, and Mn and Fe are major constituents of hydrothermally derived ferrihydrite
particles (Campbell, 1991). The elemental ratios of these elements to each other help to
determine the relative abundances of the different particle phases in the samples. For
example, the GR1 chronic plume Fe/Al ratio in the particles is close to the value of the
local sediments (Table 1), whereas EP96A has a strong enrichment of the particulate
Fe/Al ratios (Fig. 5). This enrichment is characteristic of hydrothermally derived Fe
ferrihydrite particles within the event plume. In contrast, the small chronic plume in
Fig. 2a at GR1 V10 and GR1 V13 contains large amounts of resuspended detrital
mineral particles consisting of aluminosilicate material (Table 1). As the GR1 event
plume formed, the detrital components of the chronic plume and resuspended sedi-
ments were entrained into the event plume, causing an increase in the particulate Al,
K, and Ti concentrations within the event plume. Based upon the Fe/Al ratios for the
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sediments and event plume samples, we can estimate the mass of resuspended PFe in
the GR1 event plume. By multiplying the mean PAl concentration of 63 nmol/l in the
event plume by the Fe/Al ratio for the underlying sediments ( ~ 0.39; Karlin and Lyle,
1986), we estimate that the GR1 event plume contains an average of approximately
25 nmol/l of resuspended PFe. This amount of PFe is approximately 11% of the total
mean PFe in the event plume. The remaining PFe consists of Fe ferrihydrite particles
resulting from rapid oxidation of dissolved Fe in the event plume (Massoth et al.,
1998).

Particulate Mn concentrations are low ( < 2.0 nmol/l) in both event plumes. The
concentration of PMn in the chronic plume and background nepheloid layer can be
observed as an enrichment of the Mn/Al ratio versus depth in Fig. 5a. In this region,
resuspension and horizontal advection of Mn-enriched bottom sediments caused
these enrichments in the suspended matter of the chronic plumes. The Mn/Al
and Fe/Al ratios within the chronic plume are similar to ratios observed in back-
ground suspended matter at GR1 V1 and GR1 V2 (Fig. 2), and also measured in
background samples over the same region in 1985 (Fig. 5a and b). The low PMn
concentrations within the GR1 event plume is indicative of a newly formed hydrother-
mal Fe ferrihydrite precipitate which has not yet been enriched with the more slowly
precipitating hydrous manganese oxides (Cowen et al., 1990, 1991; Feely et al., 1992;
Cowen et al., 1998). The higher Mn/Al ratios in the background and chronic plume
particles is probably the result of increased bacterial activity at the seafloor from
low-temperature hydrothermal activity (Cowen et al., 1990, 1991). This low-temper-
ature vent-derived Mn would precipitate onto the resuspended sediment and/or
sediments, thus enriching the PMn concentrations within the chronic plume particles.

The opposite trend in the Fe/Al ratio also indicates entrainment of resuspended
sediments into a predominantly Fe-rich hydrothermally derived event plume. The
Fe/Al ratio for EP96A ranges from 2 to 6. In nearly pure Fe-rich hydrothermally
derived event plumes from the Juan de Fuca Ridge (EP86A and EP93A) the Fe/Al
ratio ranges from 20 to 55 (R. Feely, unpublished data). Resuspension and entrain-
ment of bottom sediments into the EP96A enriches the aluminosilicate fraction in the
event plume and lowers the overall Fe/Al ratio. The enriched Al/Fe, K/Fe, and Ti/Fe
ratios in EP96A samples relative to the CoAxial Segment event plume from the Juan
de Fuca Ridge also demonstrates the impact of this entrainment process when
a background nepheloid layer is present (Table 1). These ratios in the background and
chronic plume samples are significantly higher than the event plume samples, signify-
ing an entrainment of bottom sediments into the event plume. Clearly, the Gorda
Ridge event plumes are contaminated with entrained chronic plume particles and
resuspended sedimentary particles. The recent modeling work by Lavelle (1995)
suggests that upward convective flow within the lower portions of an event plume will
have sufficient vertical velocity to entrain particles from chronic plumes and resusp-
ended sediments several hundreds of meters from the source.

Within the data sets from the three cruises there is a high degree of correlation
between PFe and nephelometer intensity (r* = 0.92) (Fig. 6a), indicating that the
plumes consist mainly of Fe-bearing phases including Fe ferrihydrite particles and
resuspended sediments. Analytical scanning electron microscopy of filtered material
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from the event plumes indicates that a principal Fe phase is aggregates comprised of
individual Fe ferrihydrite particles ~ 0.1 pm in diameter. These Fe ferrihydrite
aggregates were generally larger in EP96B than in EP96A (Fig. 7).

The PFe versus nephelometer intensity trend (Fig. 6a) contrasts with the clear offset
in intercepts of TSM versus nephelometer intensity apparent between the GR1 and
GR3 data (Fig. 2¢). Fig. 6a implies that the scattering efficiency of PFe remained
unchanged from GR1 to GR3, while Fig. 2c implies that, for a given TSM value, the
scattering efficiency increased from GR1 to GR3. Fig. 6b reveals that for a given
PFe concentration, total TSM during GR1 was ~ 10 ug/l greater than during GR3,
about the same amount that background TSM during GR1 exceed that during GR3
(Table 1). We speculate, therefore, that the GR1 particulate load included a fraction of
Fe-poor, weakly scattering particles not present (or much reduced) during GR3.
A possible candidate for this particle fraction was terrestrial organic matter delivered
to coastal waters by the remarkably high river runoff of the 1996-97 winter. Pak et al.
(1970) have demonstrated that near-surface, organic-rich particles in Oregon coastal
waters are much less efficient scatterers than mineral particles.

Based on the strong and consistent correlation between PFe and nephelometer
intensity for each cruise, plan view distributions of PFe for the three cruises have been
constructed from the nephelometer data and are shown in Fig. 8. They indicate
maxima in the region of 42.64-42.70°N during the GR1 cruise. Within EP96, peak
concentrations of PFe reached 341 nmol/l at about 2100 m in the plume core against
a background of ~ 15 nmol/l. The GR2 EP96B event plume was observed farther to
the southwest, and PFe concentrations reached a maximum of only 97 nmol/I at
about 2100 m because the plume core was never sampled. During GR3, the core of
EP96B was observed beyond the west wall of the ridge at 2100 m and had peak
concentrations of PFe that exceeded 212 nmol/l, compared with a background of
8 nmol/l. A 3-dimensional view of the PFe plume (not shown) indicates a largely
symmetrical PFe concentration gradient from the central core to the edge of the
plume. This gradient is probably the result of mixing processes during the early stages
of the event plume formation (Lavelle, 1995). Some smaller plumes at the same depth
are located north (42.77°N) and south (42.61°N) of the large event plume. These
plumes are also enriched in PFe (60-80 nmol/l) and might be spinoffs from the larger
event plume.

Particulate S concentrations, on the other hand, only reached a maximum of about
25 nmol/l during the GR1 cruise and showed a positive correlation with PFe in the
plumes. The GR1 samples are about a factor of 3 higher in PS concentrations than the
GR2 and GR3 samples. While the positive correlation of PS and PFe indicates that
most of the particulate S is in the form of sulfide minerals that were most abundant
during the GR1 cruise, the strong excess of PFe over PS suggests that Fe ferrihydrite
particles are the most abundant phase within the event plume. A few samples from
GR1 show high PS and low PFe in the particles. This occurs when high-temperature
hydrothermal fluids release sulfide minerals (Zn- and Cu-sulfides) at the seafloor.
Similar enrichments of PS in neutrally buoyant plumes were observed at the 9.77°N
site on the northern East Pacific Rise a few months after a secafloor eruption was
observed (Lupton et al., 1993; Haymon et al., 1993; Feely et al., 1994b).
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Fig. 5. Vertical profiles of (A) particulate Mn/Al ratio; and (B) particulate Fe/Al ratio for suspended matter
within the event and chronic plumes during the GR1 cruise over the Gorda Ridge.

5.3. Particulate P and V

The mean concentrations of particulate phosphorus (PP) and particulate vanadium
(PV) are given in Table 1. Particulate P concentrations range from < 1 nmol/l in
background samples to > 62 nmol/l within the intense hydrothermal plume at
42.67°N during the GR1 cruise. Particulate P concentration peaks, exceeding
35 nmol/l, also occur during the GR3 cruise. These concentrations are more than 80
times background concentrations in the overlying water column. A high degree of
correlation exists between PP and PFe during all three GREAT cruises (Fig. 9a). In
previous studies, enrichments of PP in hydrothermal particles have been shown to be
the result of chemical scavenging of dissolved phosphate from the water column onto
Fe ferrihydrite particles (Feely et al., 1990, 1991a, b, 1992, 1994b). The constant slope
of the best fit of the three Gorda Ridge data sets ( ~ 0.18) suggests that once the Fe
ferrihydrite particles are formed, the phosphorus concentration in the particles is
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determined by the ambient dissolved phosphate concentration (Feely et al., 1991b;
Feely et al., 1998). If the total mass of particles settling from the plume is small, this
amount of phosphorus enrichment in particles can be measured as a dissolved
phosphate anomaly in the water column. Minima in dissolved phosphate are coinci-
dent with the PP maxima. The mean dissolved phosphate concentration in the region
of the plume maxima at approximately 2100 m over the ridge axis ( ~ 2.99 umol/l) is
about 0.064 pmol/l lower than the mean dissolved phosphate concentration at the
same depth east of the ridge axis. The large minimum in dissolved phosphate
(> 50 nmol/l below background) corresponds with the PP maximum. These
anomalies are within a factor of two of the anomalies observed at the hydrothermal
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vents on the Juan de Fuca Ridge (Feely et al., 1994a). These data are the first direct
evidence for extensive scavenging of dissolved phosphate over this section of the
Gorda Ridge.

The PV maxima at 42.64°N reaches values > 1.0 nmol/l, which is about 3.5% of
the dissolved V concentrations generally found in the Pacific. The plume maxima for
PV are similar to the values in neutrally buoyant plumes over the Juan de Fuca Ridge
and mid-Atlantic Ridge (Feely et al., 1994a; Trocine and Trefry, 1989). Since V is
readily scavenged from seawater by hydrothermal Fe ferrihydrite particles, these
peak values are consistent with the PFe data which also show about the same
enrichment over other hydrothermal systems (Fig. 9b). The extent of enrichment
is dependent upon the amount of Fe that is available for oxidation to ferrihydrite
particles, the residence time of the particles in the water column, and the ambient
concentrations of dissolved V and PO4 in seawater (Trefry and Metz, 1989; Feely
et al., 1991Db).

5.4. Particulate Cu and Zn

Particulate copper (PCu) shows major concentration peaks ( > 0.6 nmol/l) within
the EP96A event plume, coincident with the PFe peaks. The PCu concentrations from
the EP96A samples are about a factor of two higher than the EP96B samples (Fig. 10).
Similar factor of two enrichments (not shown) of particulate Zn (PZn) are also
observed in the EP96A samples. These enrichments are suggestive of a distinctly
unique source for the EP96A event plume samples.
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Fig. 9. (A) Scatter diagram of PP versus PFe in the event plumes during the GREAT cruises. (B) Scatter
diagram of PV versus PFe in the event plumes during the GREAT cruises. The best-fit lines are not
significantly different from each other.

6. Discussion

The compositional differences between the GR1 (EP96A) and the GR2 and GR3
(EP96B) event plume particles (i.e., decreasing Al, S, Mn, Fe, Cu, and Zn concentra-
tions, relatively constant P/Fe and V/Fe ratios, and increased aggregate size) within
the Gorda Ridge event plumes may be attributed to: (1) rapid sedimentation of detrital
and Cu- and Zn sulfide minerals out of the plume coincident with rapid formation and
slow aggregation of Fe ferrihydrite particles within the plume; (2) formation of two
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enrichment of PCu during the GR1 cruise is significant at the 95% confidence level.

separate event plumes from chemically distinct source fluids followed by slow evolu-
tion of the particulate phases; or (3) some combination of both mechanisms. The event
plumes were generally dominated by Fe-rich plumes characteristic of seafloor hydro-
thermal fluids having a strong excess of dissolved Fe over H,S. A few samples from
GR1 show an excess of S over Fe, indicating some evidence for enrichments of Zn- and
Cu-sulfide minerals during the massive release of hydrothermal fluids as part of the
discharge of fresh lava at the seafloor. H,S concentrations in vent fluids sometimes
exceed Fe concentrations during the early phases of an eruption due to phase
separation (Von Damm et al., 1991), with the result that S/Fe ratios in the hydrother-
mal particles in the water column over the vent fields follow the same trend as the vent
fluid ratios (Feely et al., 1994b). The two-fold enrichments of Cu/Fe and Zn/Fe ratios
in the event plume particles during GR1 signify an initial release of high temperature
vent fluids at the seafloor during the eruption. Since the PCu and PZn concentrations
were lower in the EP96B event plume, it is possible that this plume is the product
of a possible second lava eruption further to the south. We speculate that this
eruption would have released hydrothermal fluids which were significantly lower in
Cu and Zn.

These observations are similar to the results from the 9.77°N site on the northern
East Pacific Rise, where Cu and Zn-enriched sulfide minerals were observed in the
buoyant and neutrally buoyant plumes over the eruption site (Haymon et al., 1993;
Feely et al., 1994b; Baron et al.,, 1998). Our results agree with the conclusions of
Baker (1998) that the two eruptions at 42.68°N, 126.78°W and 42.61°N, 126.82°W
caused the formation of two separate event plumes; the first (EP96A) being observed
during the GR1 cruise, and the second (EP96B) being observed during the GR2 and
GR3 cruises.
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6.1. Factor analysis of particle chemistry

The analysis of the Gorda Ridge data set consisted of 100 particulate samples
collected on the tow-yo and vertical casts from the three GREAT cruises. The samples
covered the depth range between 1800 and 3200 m. Fifteen elemental concentrations
were used as input for the factor analysis. Three major factors were found, and the
oblique factor scores and communality for each element are listed in Table 2. The
elements that were found to have high factor 1 scores included those that are normally
associated with hydrothermally derived particles, i.c., Fe, P, Ca, V, Cr, Cu, and As.
The factor scores for this component have been plotted versus depth in Fig. 11a. The
highest scores for this factor are centered on the depth of the event plume maximum,
at 2100 m. The scores decrease with depth below the plume, which is consistent with
the decrease in the particulate Fe/Al ratio in Fig. 5.

The elements that have high factor 2 scores are all typically found in detrital and
resuspended sediment phases (Fig. 11b), including Mn, Al, Si, K, Ti, and Ba. The
scores for this factor are low in the region of the event plume maximum and increase
almost linearly to the bottom. There is a distinct plume near 2300 m that departs from
the linear trend. This region marks a zone of elevated loadings due to the entrainment
and uplift of resuspended sediments during the eruption. The factor 1 score for Mn is
moderately negative (Table 2). This is because Mn concentrations for the samples that
were taken in the event plume are lower than would be predicted based on the values
for the other factor 2 elements such as Al or Si. This may be an indication of more than
one source for the resuspended sediments or that sedimentary Mn concentrations
vary with distance away from the eruption site.

Table 2
Oblique factor loadings for Gorda Ridge event and chronic plumes

Element Hydrothermal Resuspended Zinc Communality

precipitates sediments sulfides

Factor 1 Factor 2 Factor 3
Al 0.002 0.99 0.00 0.982
Si 0.27 0.87 —0.06 0.960
P 1.05 —0.11 —0.03 0.988
S 0.42 0.12 0.48 0.710
K 0.06 0.96 0.01 0.980
Ca 1.01 0.00 —0.07 0.959
Ti 0.01 0.93 0.02 0.977
Ba 0.10 0.92 0.01 0.938
A% 1.02 0.00 —0.07 0.985
Cr 0.98 0.07 —0.02 0.982
Mn — 045 1.11 —0.19 0.876
Fe 1.03 —0.03 —0.05 0.986
Cu 0.70 0.20 0.23 0.896
Zn —0.25 —0.20 1.12 0.901

As 1.00 —0.06 —0.08 0.955
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Fig. 11. Plots of oblique factor scores versus depth for the three phases found in the suspended matter over
the northern Gorda Ridge: (A) factor 1, (B) factor 2, (C) factor 3, (D) ternary plot of the three factors.

The third factor is composed of high scores for Zn and moderate scores for S and
Cu. The loadings for this factor show less structure with depth than the previous
factors (Fig. 11c).

The three factor scores were normalized to sum to 100% and then plotted as
a ternary plot (Fig. 11d). The plot shows that the maximum percentage of the
hydrothermal material increased from GR1 to GR3. This is probably due to the
settling dynamics of the particles, since the resuspended aluminosilicates will settle out

faster than the Fe ferrihydrite particles.

6.2. Plume inventories for Fe and scavenged P and V

An important finding of this work on the Gorda Ridge event plumes is that Fe-rich
ferrihydrite particles comprise the majority of the hydrothermal particles within the



R.A. Feely et al. | Deep-Sea Research 1I 45 (1998) 26372664 2659

plumes. Since oxyanion species (P, V, Cr, As, etc.) are quickly scavenged from
seawater during the formation of the Fe ferrihydrite particles, the event plumes are
potentially significant sinks for these chemical species in the oceans. Table 3 summar-
izes the Fe inventories and the associated scavenged P and V of event plumes on the
Juan de Fuca and Gorda Ridges since 1986. The Fe inventories for Juan de Fuca event
plumes are taken from the summaries in Massoth et al. (1998). The Fe inventories for
the Gorda Ridge event plumes are obtained using two independent methods. In our
study, we determined the total amount of PFe in the event plumes by means of an
integration of the nephelometer signal within the plumes multiplied by a constant
Fe/nephelometer voltage ratio for each cruise. In the case of GR1 only the downcasts
were used; for GR3 the tow-yo casts that sampled the plume were used along with one
vertical cast. The data from each cruise was then depth averaged in 50 m intervals.
Each of these 50 m intervals was then individually gridded using the contouring
software package Surfer™ by Golden Software. In both cases, the depth range was the
same (1850-2500 m). The coordinates used for the GR1 gridding were from latitude
42.6 to 42.77°N and longitude 126.7 to 126.8°W. Therefore, dimensions of each
volume element were about 400 x 212 x 50 m. For GR3, the range of latitude was from
42.5 to 42.8°N, and for longitude from 127.15 to 126.85°W. The software Slicer™ was
then used to read the gridded data files and determine the volume elements within the
region where event plume PFe concentration exceeded 30 nmol/l (~ 2 times back-
ground concentrations). The volumes (a set of concentric shells) for progressively
higher Fe concentrations were determined and summed. The total volume for the
plume for GR1, which has a PFe concentration > 30 nmol/l, was found to be
105 km?, with a total Fe inventory of 11 x 10° moles. For GR3, the plume volume was
136 km?® with an Fe inventory of 9.2 x 10° moles (Table 3).

An alternative estimate of the hydrothermal Fe inventory of event plumes is given
by the product of the hydrothermal heat inventory (Baker, 1998) and the total

Table 3
Iron, phosphorus, and vanadium inventories in northeast Pacific event plumes

Fe? Fe® P/Fe P uptake V/Fe V uptake

mol x 10° mol x 10° mol x 10° mol x 103
MP 1 EP86A 75¢ 0.17 13 0.0023 170
MP I1 EP87A 4.1¢ 0.21 0.86 0.0023 9.4
CoAxial A EP93A 4.0¢ 4.8 0.23 0.9-1.1 0.0026 10-12
CoAxial B EP93B 7.0° 0.23 1.6 0.0026 18
CoAxial C EP93C 9.0°¢ 0.23 2.1 0.0026 23
Gorda Ridge EP96A 13¢ 114 0.18 2.0 0.0030 33
Gorda Ridge EP96B 3.5¢ 9.2 0.18 1.7 0.0030 28

*Total Fe = (Heat inventory) x (Fe/heat ratio).

®Total Particulate Fe = (Nephelometer voltage) x (PFe/nephelometer voltage ratio) x (volume).
¢ Data from Massoth et al. (this issue).

4The assumed value for E-W extent of the plume was 10 km.
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dissolvable Fe/heat ratio (Massoth et al., 1998). This estimate is 13.0 x 10° mol for
EP96A and 3.5 x 10° mol for EP96B (Table 3). While the EP96A values for both
methods are reasonably close, the estimate of hydrothermal Fe for EP96B is lower
than our estimate for PFe (9.2 x 10° mol) by more than a factor of two. These
differences are due principally to different volumetric definitions and integration
procedures for the event plumes. The large difference in Fe inventory for EP96B
occurs for two reasons. First, the nephelometer signal has greater sensitivity than the
temperature anomaly and can thus include the very dilute margins of the event plume
where a temperature anomaly cannot be reliably determined. Second, we have
included all nephelometer anomalies observed during GR3, whereas Baker (1998)
defined EP96B only as anomalies found north of ~ 46.63°N (Fig. 4). Our PFe
inventory for EP96B may be overestimated owing to the sparseness of data available
to the Slicer™ program south of 46.63°N. Calculating mean Fe concentrations for
both methods reveals a satisfactory agreement not obvious in the volumetric data.
Mean Fe concentrations calculated by the heat inventory method are 102 and
52 nmol/l for EP96A and EP96B, respectively (Massoth et al., 1998). Mean PFe
concentrations using the nephelometer integration are 100 and 68 nmol/l for EP96A
and EP96B, respectively.

Although the inventory data reported in this paper are for particulate Fe and those
by Massoth et al. (1998) for total dissolvable Fe, operationally we expect little
difference. Almost all “dissolved Fe” in the neutrally buoyant plume is actually
colloidal Fe (Massoth et al., 1994). While these colloids may pass through a clean
0.4 um Nuclepore™ filter, once larger particles begin to accumulate on the filter
surface and overlap the pores the Fe colloids become trapped in the particle matrix.

To obtain the P and V inventories, the corresponding P/Fe and V/Fe ratios for
particulate samples from each cruise were multiplied by the respective Fe inventory.
For comparison, we also have given the event plume inventories of Juan de Fuca
Ridge event plumes (Table 3). The Fe inventories within the known event plumes
range from 4.0 to 75 x 10° moles. The two event plumes from the Gorda Ridge total
about 20 x 10° moles Fe, which is very similar to the sum of the Fe inventories in the
CoAxial event plumes and only about 28% of the Fe in the EP86A event plume at the
north Cleft Segment of the Juan de Fuca Ridge. These Fe inventories are similar in
size to the chronic plumes observed over the active vent fields on the southern East
Pacific Rise between 14° and 19°S (Feely et al., 1996).

The Gorda Ridge event plumes had approximately 80% of the P found in the
CoAxial event plumes and about 28% of the P in the EP86A event plume. The range
of P inventories within these few event plumes are from about 0.9 to 13 x 10°
moles/event. This range of P inventories is a small, but measurable ( ~ 0.01-0.1%),
percentage of the total amount of P removed by hydrothermal processes at ridge crest
spreading centers (Wheat et al., 1996). Similar percentages (0.004—0.09%) are obtained
when the V inventories are compared with the V removal at ridge crests (Trefry and
Metz, 1989). While the number of observations of Fe, P, and V distributions in small
and large event plumes is too small to extrapolate these limited results to the global
ridge crest system with any degree of confidence, the magnitudes of the Fe, P, and
V inventories in these event plumes are large enough to suggest that they could be
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potentially significant, provided the frequency of event plume occurrence is high. For
example, it would take about 800-8700 event plumes of the sizes measured on the
Juan de Fuca and Gorda Ridges to account for all of the ridge crest phosphorus
removalin 1 yr. Further research is required to determine size/frequency distributions
of magmatically induced event plumes on the global ridge crest system. Until then we
cannot evaluate their role in the hydrothermal budgets of these important elements.

7. Conclusions

Magmatic intrusions on the Gorda Ridge produced at least two large oblate
spheroid-shaped event plumes (EP96A and EP96B), which were sampled over a
3-month period. We conducted the first detailed major and trace element analysis of
event plume particles. Our measurements showed significant decreases in particulate
Cu and Zn concentrations ( > 100% decreases in Cu/Fe and Zn/Fe ratios) and
essentially no change in the P/Fe and V/Fe ratios between the first and second event
plumes. These results suggest that chemically distinct source fluids were involved in
the formation of the two event plumes. The event plumes were unique in that they
contained unusually high concentrations of resuspended detrital mineral phases. This
was due to entrainment of a stable nepheloid layer into the event plumes during their
formation. This entrainment process contributed to the off-axis transport of resusp-
ended sediments from the Gorda Ridge axial valley to the flank and slope sediments.
This process may also be effective in transporting larval forms of vent organisms away
from active vent fields. A strong correlation between nephelometer voltage and
particulate Fe (PFe) allowed us to estimate the total amount of particulate Fe in the
two plumes at approximately 20 x 10° moles of Fe, or ~ 28% of the Fe in the 1986
Cleft Segment megaplume (EP86A). Based upon the chemical inventories for partic-
ulate Fe, P, and V, we suggest that event plumes might play a small role in their
geochemical budgets.
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