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Abstract 

 

 

Field/experimental investigations demonstrate the chemistry of mid-ocean ridge 

hydrothermal fluids reflects fluid-mineral reaction at temperatures higher than typically measured 

at the seafloor. In order to better constrain sub-seafloor hydrothermal processes, we have 

developed an empirical geothermometer based on the dissolved Fe/Mn ratio in high-temperature 

fluids. Using data from basalt alteration experiments, the relationship; T(°C) = 331.24 + 

112.41*log[Fe/Mn] has been calibrated between 350 °C and 450 °C. The apparent Fe-Mn 

equilibrium demonstrated by the experimental data is in good agreement with natural vent fluids, 

suggesting broad applicability. When used in conjunction with constraints imposed by quartz 

solubility, associated sub-seafloor pressures can be estimated for basalt-hosted systems. This 

methodology is used to interpret new data from 13°N on the East Pacific Rise (EPR) and the 

Lucky Strike Seamount on the Mid-Atlantic Ridge where high-temperature fluids both enriched 

and depleted in chloride, relative to seawater, are actively venting within a close proximity. 

Accounting for these variable salinities, phase separation is also a dominant process affecting the 

chemistry of hydrothermal fluids; and vapor-liquid partition coefficients for accessory metals 

(Na-normalized as NaCl dictates phase equilibria) have therefore been experimentally derived for 

temperature between 360 and 460 °C, where those > Na represent increasing affinity for the 

liquid phase. These data reveal the relationship Cu(I) < Na < Fe(II) < Zn < Ni(II) ≤ Mg ≤ Mn(II) 

< Co(II) < Ca < Sr < Ba and a dependence on the cationic radii. The depth below seafloor of the 

magmatic heat source at Lucky Strike is greater than that of faster spreading systems such as EPR 

9-13°N, which host higher temperature vents with greater transition metal concentrations. The 

combined experimental/field data suggest the resulting increased residence time in the up-flow 

zone allows re-equilibration at temperatures lower than those resulting in phase separation. Fluid 

chemistry measured in the immediate aftermath of eruptions at EPR 9-10°N conversely shows 

large deviations from Fe/Mn equilibrium consistent with partitioning due to phase separation. The 

eruptive data also exhibit that P-T conditions were sufficiently extreme that Fe is behaving in a 

volatile manner observed in the experiments and in some instances subseafloor halite saturation 

may have occurred.  
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SUMMARY 

 Field and experimental investigations demonstrate the chemistry of mid-ocean ridge 

hydrothermal vent fluids reflects fluid-mineral reaction at higher temperatures than those 

typically measured at the seafloor. To account for this and, in turn, be able to better constrain sub-

seafloor hydrothermal processes, we have developed an empirical geothermometer based on the 

dissolved Fe/Mn ratio in high-temperature fluids. Using data from basalt alteration experiments, 

the relationship; T(°C) = 331.24 + 112.41*log[Fe/Mn] has been calibrated between 350°C and 

450°C. The apparent Fe-Mn equilibrium demonstrated by the experimental data is in good 

agreement with natural vent fluids, suggesting broad applicability. When used in conjunction with 

constraints imposed by quartz solubility, associated sub-seafloor pressures can be estimated for 

basalt-hosted systems. As an example, this methodology is used to interpret new data from 13°N 

on the East Pacific Rise, where high-temperature fluids both enriched and depleted in chloride 

(339-646 mmol/kg), relative to seawater, are actively venting within a close proximity. 

Accounting for these variable salinities, active phase separation is clearly taking place at 13°N, 

yet the fluid Fe/Mn ratios and the silica concentrations suggest equilibration at temperatures less 

than those coinciding with the two-phase region. These data show the chloride-enriched fluid 

reflects the highest temperature and pressure (~432°C, 400 bars) of equilibration, consistent with 

circulation near the top of the inferred magma chamber. This is in agreement with the elevated 
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CO2 concentration relative to the chloride-depleted fluids.  The noted temperature derived from 

the Fe/Mn geothermometer is higher than the critical temperature for a fluid of equivalent 

salinity. This carries the important implication that, despite being chloride-enriched relative to 

seawater, these fluids evolved as the vapor component of even higher salinity brine.  

1. INTRODUCTION 

Hydrothermal circulation within oceanic spreading centers results in a significant flux of 

chemical elements to the seafloor, creating some of the largest metalliferous deposits on Earth. 

After three decades of field and experimental investigations, the general alteration processes that 

transform seawater into the fluid of a typical “black smoker” are well described in the literature 

[e.g. Seyfried and Shanks, 2004; Von Damm, 1995]. Emphasis is often placed on determining the 

maximum temperature and corresponding sub-seafloor pressure of fluid-mineral reactions that 

result in the hydrothermal fluid chemistry as expressed at the seafloor. Such fluids reflect a 

complex history of physicochemical reactions in both time and space; therefore, no single 

parameter can allow us to unambiguously define these maxima. A combination of multiple 

empirical correlations is required to elucidate the temperature (T) and pressure (P) of last 

equilibration, where fluid chemistry is buffered by sub-seafloor alteration processes. Where 

available, these efforts can be aided by geophysical data, which provide constraints on maximum 

depth of circulation if an axial magma chamber (AMC) is observed. For example, Fontaine et al. 

(2009) demonstrated good agreement between AMC depth and maximum corresponding 

hydrostatic pressures derived using Si-Cl systematics. Deep crustal fluids, when encountering the 

given heat source that ultimately drives hydrothermal circulation, routinely intersect the two-

phase boundary [Bischoff and Rosenbauer, 1984]. This process results in the commonly observed 

variability in vent fluid salinities and is often a secondary driver of circulation via the evolution of 

a more buoyant phase. Considered analogous to the physical properties of hydrothermal fluids, 

the chlorinities of coexisting liquids and vapors on the two-phase envelope in the NaCl-H2O 

system are fixed at any given P and T [Bischoff, 1991]. In addition, equilibrium dissolved silica 

concentrations in fluids coexisting with quartz are a function of P, T and chlorinity [Fournier, 

1983]. Following the assumption that in basalt-hosted hydrothermal systems the fluids are quartz 

saturated [Bischoff and Rosenbauer, 1985; Edmond et al., 1979; Mottl, 1983; Von Damm et al., 

1991], P-T estimates can be derived from silica and chloride concentrations in the vent fluids 

when also incorporating the P-T dependency of chlorinity in the fluid two-phase region 

[Foustoukos and Seyfried, 2007b]. While a powerful tool in some cases, the Si-Cl model carries 

the assumption that, for a given fluid, equilibrium with quartz was achieved at the same P and T 
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where phase separation occurred [Fontaine et al., 2009]. This may not always be the case 

considering that phase separation, a physical process, is fundamentally decoupled from fluid-

mineral equilibria. It is, therefore, beneficial to develop an additional geothermometer, based on 

fluid-mineral equilibrium, which can be used both independently and in conjunction with 

parameters such as dissolved silica, to better constrain the physical conditions encountered in 

hydrothermal circulation cells. 

Results from high-P-T basalt alteration experiments show that dissolved Fe and Mn 

concentrations increase dramatically with temperature [Berndt et al., 1989; Mottl et al., 1979; 

Seewald and Seyfried, 1990; Seyfried and Janecky, 1985] (Fig. 1.1). This extreme temperature 

sensitivity and the demonstrated reversibility of reaction [Seewald and Seyfried, 1990] makes 

these two metals excellent candidates for a geothermometer. Due to charge balance, the carrying 

capacity for dissolved cations in the fluid is affected by chloride concentration. This is especially 

pertinent considering the variable salinities observed in natural vent fluids. In fact, Seyfried and 

Ding [1993] effectively demonstrated a proportional increase in Fe with increasing chloride for 

fluids coexisting with pyrite-pyrrhotite-magnetite at 400°C, 500 bars and in-situ pH values (4.8 - 

5.0) consistent with those estimated for hydrothermal reaction zones [e.g. Ding et al., 2005]. We 

suggest that by using the dissolved Fe/Mn ratio in hydrothermal fluids, we can better account for 

these effects when interpreting equilibration temperatures of field samples.  

Here we extend the historical data set of basalt alteration experiments in temperature to 

450°C and develop an empirical Fe/Mn geothermometer for application to natural hydrothermal 

fluids. In addition, we report new data from 13°N on the East Pacific Rise (EPR), where high-

temperature fluids both enriched and depleted in chloride, relative to seawater (~548 mmol/kg), 

are actively venting within distances as short as 250 meters. In this case, the corresponding 

dissolved silica isopleths intersect the two-phase boundary at sub-seafloor pressures higher than 

those consistent with the AMC depth; and application of the new Fe/Mn geothermometer 

provides a valuable constraint on fluid evolution in the system. 

2. METHODS 

2.1. Field Samples from the East Pacific Rise, 13°N 

 The field samples described herein were acquired in January 2008 as part of cruise AT-

15-28 to the East Pacific Rise. The geologic setting of 13°N, described in detail by Ballard et al. 

[1984], is a fast-spreading segment (12 cm/yr) of the EPR, characterized by abundant 
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hydrothermal activity along the axial valley. Hydrothermal fluid samples were collected at five 

sites from ~12°49’N, 103°56’W (2600 m depth) during the course of four dives by DSV Alvin.  
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Fig. 1.1. Temperature versus dissolved Fe and Mn from previous basalt/diabase alteration 
experiments conducted at fluid pressures ranging 250 – 700 bars. Concentrations of both species 
increased nearly two orders of magnitude with temperature between 300 and 425°C. Dashed lines 
represent a linear regression of the average concentration for each temperature and are meant only 
to guide the eye.  

 

The measured exit temperatures ranged 74 - 350°C with corresponding dissolved Mg 

concentrations suggesting the lower-T fluids represent a sub-seafloor dilution of a typical (~350 - 

360°C) end-member fluid with seawater (Table 1.1). Samples were retrieved using either the 

isobaric gastight (IGT) samplers described in Seewald et al. [2001] or major pair (M) samplers 

[Von Damm et al., 1985a]. The names of individual samples reported denote the associated Alvin 

dive number, followed by the type of sampler employed (IGT or M). 

On-board processing of fluid samples typically occurred within hours of recovery, with 

priority given to the most labile components. Sub-samples were immediately taken for 

determination of pH (25°C) and dissolved gases, where samples intended for gas analysis were 
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drawn into glass, gas-tight syringes. Lab pH measurements were made with a Thermo-RossTM 

glass electrode, which was standardized daily before each sampling session. Due to the generally 

high degree of seawater mixing in most samples, pH is only reported for the fluids collected with 

the IGT samplers. Similarly, dissolved gas analyses were only attempted when the gas-tight 

samplers (i.e. IGT) were employed. For H2S analysis, three replicate sub-samples were each 

mixed ten-fold with a high-pH antioxidant buffer (SAOB - Thermo Fisher Scientific) and directly 

measured using a sulfide specific (Ag+/S2-) electrode. The electrode was calibrated daily by 

titration of sequentially diluted aliquots of an Na2S standard with Pb(NO3)2. Both the titrant and 

the standard were pre-calibrated by shore-based analyses. Additional gases were analyzed by 

head space extraction using a gas chromatograph equipped with both thermal conductivity (TCD) 

and flame-ionization (FID) detectors. In this case, the target analytes (H2, CO2, and CH4) were 

separated using a carboxen 1010 plot column. The shipboard pH and dissolved gas concentrations 

are reported in Table 1.2. Additional sub-samples were preserved for shore-based analysis of 

major dissolved anions/cations, and trace metals. The trace metal aliquot was immediately 

acidified with analytical grade HCl (Optima). A fraction of this sub-sample was then diluted 50 

fold and utilized for analysis of aqueous silica. All fractions were stored in pre-weighed and acid-

cleaned low-density polyethylene bottles. For the high-temperature samples of Grand Bonum 

(4389-IGT5 and 4390-IGT6) and Dorian (4392-IGT5), precipitates that formed in the samplers 

upon cooling were collected on a 0.45 micron nylon filter and subsequently re-dissolved in 

HCl/HNO3 (Ultrex). Based on the total volume of the sampler, the amount of metals measured in 

the precipitate was recombined with that remaining in solution to obtain a complete metal 

inventory for the vent fluid samples. Essentially, this process only affected Fe, Cu, Zn and Ba. In 

general, the precipitates account for approximately 90, 26 and 8 percent of the reported 

concentrations of Cu, Zn and Fe, respectively and approximately 23 percent of the reported Ba. 

The shore-based analysis of all dissolved cations/anions was conducted using ICP-OES and/or 

ion chromatography and these data are given in Table 1.3. Analytical uncertainties for all reported 

species are given in Table 1.4. End-member fluid concentrations were derived for three vents 

(Grand Bonum, Dorian and Jumeaux) by extrapolating measured values to zero Mg [e.g. Von 

Damm et al., 1985a] and are reported for select species in Table 1.5. The errors associated with 

end-member regressions (95% CI) for Dorian and Grand Bonum are less than or comparable to 

the stated analytical uncertainties (2σ, Table 1.4). Noted earlier, a considerable amount of sub-

seafloor dilution with seawater was observed for the vents Actinoir, Ph-05 and Jumeaux, though 

it is clear these fluids are all chloride depleted (Tables 1.1 and 1.3). The sample from Jumeaux is 

compelling because it yields the lowest chlorinity end-member of all the sites sampled in 2008. 
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However, the composition reported in Table 1.5 carries a higher degree of uncertainty as it was 

derived by extrapolation of one higher Mg sample.  

2.2. Fe/Mn Geothermometer Calibration  

Experimental basalt/diabase alteration data for Fe and Mn was compiled from the sources 

noted in Figure 1.1. These experiments were all conducted at conditions directly relevant to deep-

sea hydrothermal systems (300 - 425°C, 250 - 700 bars and fluid/rock mass ratios of 0.5 - 10). 

Nearly all of these data were incorporated, encompassing 77 data points from 39 individual 

experiments (Table 1.6). Data from some experiments where the Fe/Mn ratio failed to reasonably 

demonstrate a steady-state condition were, however, set aside.  The data of Mottl et al. [1979] at 

500°C and 1000 bars were also excluded due to the suggestion that Fe had precipitated from 

solution in the time required to retrieve fluid from the sealed gold capsules. An additional 

alteration experiment was recently conducted using a flexible gold reaction-cell system [Seyfried 

et al., 1987]. Crystalline basalt, acquired from the Lucky Strike Seamount [Langmuir et al., 

1997], was crushed in a tungsten-carbide ball mill. Nylon mesh sieves were subsequently used to 

obtain the 37 – 75 micron grain size fraction, which served as the initial solid reactant. In keeping 

with previous high-temperature experiments, the starting solution was a Na-Ca-K solution of 

seawater chlorinity, representing an “evolved seawater” composition [Mottl, 1983; Seyfried and 

Janecky, 1985]. The reactants were loaded in the gold cell with an initial fluid/rock mass ratio of 

5 and the system was heated to 450°C while pressure was maintained at 500 bars via an 

automated pressure relief valve. The pressure remained between 485 and 500 bars for the 

duration of the experiment. Sampling and analytical protocols for the laboratory-based basalt 

alteration experiment did not deviate from those outlined above. However, in contrast to the field 

samples, there is no down-time in treatment of the experimental samples once retrieved from the 

gold reaction cell and mineral precipitation was not observed. Fluid samples were acquired after 

72, 408 and 648 hours. At 72 hours, dissolved Fe and Mn concentrations were 28.26 mmol/kg 

and 2.44 mmol/kg, respectively, and remained within 5% of these values for the later two 

sampling intervals, thus demonstrating how rapidly the fluids can achieve steady-state at such 

temperatures. These new data were combined with the data shown in Figure 1.1 to form the basis 

of an empirical geothermometer (Table 1.6). Fe/Mn ratios were calculated for each data point and 

datasets for discrete temperatures were evaluated. There is some variability in the Fe/Mn at any 

given temperature, yet the values appear pressure independent under the conditions of the 

experiments. Seyfried and Janecky [1985] demonstrated that such differences can be attributed to 

the crystallinity/composition of the basaltic starting materials. When evaluating natural  
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Fig. 1.2. Temperature versus the mean Fe/Mn ratio for basalt alteration experiments as described 
in Figure 1.1, with the inclusion of data from a new experiment conducted at 450°C and 500 bars. 
Error bars represent the 95% confidence interval at each temperature. As the 450°C data are 
limited to one experiment, the error bars are inflated to reflect the average percent error of the 
other values. The data from 300°C have been excluded from the regression in favor of a tighter 
correlation at temperatures more relevant to natural hydrothermal systems (see text). The log-
linear equation shown can be used to estimate the temperature at which Fe/Mn last equilibrated in 
natural hydrothermal fluids with a predicted error of ± 10-13°C. All data used in the construction 
of this relationship are given in the Table 1.6. 
 

hydrothermal fluids, these parameters cannot be constrained and likely vary within any given 

circulation cell. Therefore, it is appropriate to average the values for each temperature and derive 

the log-linear relationship shown in Figure 1.2. The new data from 450°C are in excellent 

agreement with the data from 350 - 425°C. In this case, we have chosen to exclude the 300°C 

data from the regression, favoring the tighter correlation between 350 - 450°C. This is not 

problematic because 300°C is generally too low to account for the heavy metal mobility observed 

in natural systems [Seyfried and Bischoff, 1981]. With most systems operating under a hydrostatic 

load of at least 200 bars, minimum temperatures of ~370°C are required to result in the chloride 
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variability attributed to phase separation. This T minimum agrees with the conclusion of Berndt 

et al. [1989] based on plagioclase-epidote equilibria. 

3. RESULTS AND DISCUSSION 

3.1. Apparent Fe-Mn Equilibrium 

Prior to application of the Fe/Mn geothermometer (Fig. 1.2) to field samples, it is 

important to evaluate Fe-Mn concentrations relative to the experimental data. A log-linear 

relationship is apparent between dissolved Fe and Mn coexisting with basalt/diabase alteration 

products (Fig. 1.3). Fluid Fe concentrations appear to be controlled by the pH and redox 

dependant solubility of magnetite [e.g. Seyfried and Ding, 1993], yet the processes that buffer Mn 

are uncertain. The correlations of dissolved Fe and Mn with both temperature and pH [Berndt et 

al., 1989; Mottl et al., 1979; Seewald and Seyfried, 1990; Seyfried and Janecky, 1985] suggest a 

similar mineral assemblage is controlling these two elements. This is not surprising as divalent 

Mn has a well known affinity for lattice positions common to ferrous Fe [Stanton, 1994]. Olivine 

has been suggested as a primary source of Mn [Seyfried and Janecky, 1985], though recent 

analyses demonstrate the Fe/Mn ratio of olivine is approximately twice that of clinopyroxene [Alt 

et al., 2010; Qin and Humayun, 2008; Stanton, 1994]. Regardless, little Mn is available from 

plagioclase [Stanton, 1994], which leaves only source minerals generally unstable during 

hydrothermal alteration. This is important because primary minerals should be relatively 

ineffective at buffering dissolved Mn (and Fe) and alteration phases must play a more dominant 

role. For example, the mineral assemblage plagioclase-quartz-magnetite-pyrite-pyrrhotite 

(PQMPP) at 400°C and 400 bars produced dissolved Mn concentrations well in excess of those in 

the basalt experiments at equivalent P, T and chlorinity [Berndt et al., 1989]. Since the 

plagioclase contained insufficient Mn to account for this, the probable source was the magnetite. 

Still, these fluids do not agree with the Fe-Mn trend defined by basalt alteration (Fig. 1.3).  It is 

reasonable to assume the lack of Mg in the system (olivine, pyroxene) precluded formation of 

Mg-bearing hydrous alteration phases commonly associated with natural hydrothermal systems 

[e.g. Alt, 1999; Alt et al., 2010; Heft et al., 2008]. More specifically, chlorite/amphibole formation 

was not possible in the PQMPP experiment. Both chlorite and amphibole have an Fe component 

in solid solution; and Mn can thus be taken up in exchange. The mineralogy of experimental 

basalt alteration products demonstrates primary olivine is especially unstable in aluminum and 

silica bearing fluids, and will be replaced by chlorite at all P –T conditions relevant here  
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Fig. 1.3. Dissolved Fe versus Mn in both hydrothermal experiments and select field samples. The 
basalt alteration data (Table 1.6) are defined by the trend; log CMn = 0.6065 (± 0.2242) + 
0.667*log CFe where the intercept error denotes the 95% prediction limit (dashed lines) when 
species concentrations (CMn and CFe) are evaluated in μmol/kgsolution. The 400 and 450°C 
isotherms (calculated from the equation given in Fig. 1.2) are shown for visual reference. Data for 
fluids coexisting with Plag-Qtz-Mgt-Py-Po (Berndt et al., 1989) do not agree with the basalt 
equilibrium field, suggesting chlorite may play a role in buffering these species (see text). 
Specific time-series data from the basalt alteration experiment conducted by Seewald and 
Seyfried (1990) demonstrate that conductive cooling from equilibrium at 400°C down to 350°C 
can cause apparent disequilibria on short time scales (at least 3-5 hours). In addition to the vents 
of EPR 13°N (Table 1.5), data from the ultramafic-hosted Rainbow system (Douville et al., 2002; 
Seyfried et al., 2011) and recent troctolite alteration experiments [Rough, 2011] are consistent 
with the field defined by the basalt data, suggesting the Fe/Mn geothermometer may be 
applicable beyond basalt-hosted hydrothermal systems.  

 

[Berndt et al., 1989; Mottl and Holland, 1978; Seewald and Seyfried, 1990; Seyfried and Janecky, 

1985]. Though more rarely identified as a reaction product in these experiments, amphibole was 

generally associated with glassy crystallinity and/or higher temperatures. Nonetheless, analysis of 

samples collected from Pito Deep show that both chlorite and amphibole average higher FeO and 

MnO concentrations than bulk MORB [Heft et al., 2008; Qin and Humayun, 2008]. Therefore, it 
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is likely that both dissolved Fe and Mn are buffered by magnetite-chlorite ± amphibole solid 

solutions in mid-ocean ridge hydrothermal systems. 

The range of reaction temperatures for hydrothermal fluids predicted by Fontaine et al. 

(2009) coincides with estimates (400 - 450°C) based on the mineralogy/geochemistry of the 

lower sheeted dike complexes both exposed in the Hess Deep rift valley and in ODP/IODP Hole 

1256D [Alt et al., 2010; Gillis, 1995]. As vent exit-temperatures rarely exceed ~380°C, it is clear 

that fluids lose heat on ascent to the seafloor. Seewald and Seyfried [1990] demonstrated that Fe 

initially responds more rapidly to conductive cooling than Mn (Fig. 1.3). Therefore, as noted 

earlier, plotting Fe versus Mn provides an important check on the applicability of the Fe/Mn 

geothermometer, where data for field samples should fall within the 95% prediction limit outlined 

in Figure 1.3. For example, the 13°N data (Table 1.5) are in good agreement and suggest 

equilibration temperatures of 432, 405 and 351°C for the vents Grand Bonum, Dorian and 

Jumeaux, respectively. The lower temperature predicted for Jumeaux is not surprising given the 

low exit temperature of the fluid and the apparent extent of sub-seafloor mixing. Furthermore, 

under these circumstances it is possible that some Fe was precipitated during mixing, whereas Mn 

is known to behave more conservatively [e.g. Pester et al., 2008; Von Damm and Lilley, 2004]. 

As such, whether due to mixing or conductive cooling, Fe is similarly more vulnerable to rapid 

heat loss than Mn.  

Though not explicitly demonstrated here, we note the majority of high-T fluid samples 

from mid-ocean ridges reported in the literature also fit within the prediction limit of Figure 1.3. 

This includes data from the ultramafic-influenced Rainbow hydrothermal system (Fig. 1.3). In 

order to explain the pH and silica concentrations in Rainbow vent fluids, reactions with a 

gabbroic component are likely, resulting in the coexistence of magnetite-chlorite-talc [Seyfried et 

al., 2011]. It is, therefore, possible that common mineral phases are buffering Fe and Mn, 

broadening the applicability of the geothermometer beyond basalt-hosted hydrothermal systems.  

This may be especially valuable as quartz solubility constraints cannot be applied to ultramafic 

systems. Data from recent troctolite alteration experiments conducted at 420°C, 500 bars [Rough, 

2011] further support the notion of broader applicability (Fig. 1.3). Similar to the end-member 

chlorinity of Rainbow [Douville et al., 2002; Seyfried et al., 2011], these two experiments utilized 

a more saline fluid as the initial reactant (Cl = 760-780 mmol/kg); and the calculated Fe/Mn 

temperatures (409 and 411°C) fall within the prediction limit (Fig. 1.2) relative to the known 

experimental value.   
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Fluids sampled in the immediate aftermath of an eruption/magmatic event [Seyfried et al., 

2003; Von Damm, 2000] tend to fall below the threshold in Figure 1.3. This is likely the effect of 

the preferential partitioning of Fe, relative to Mn, into the vapor under conditions of extreme 

phase separation [Pester and Seyfried, 2010]. Thus, caution should be used when examining 

fluids with chloride concentrations less than ~200 mmol/kg.  

3.2. Constraining Hydrothermal Circulation at EPR, 13°N 

Detailed seismic studies, which predict the existence of an AMC ~1.4 km (P = 400 bars) 

below the seafloor [Caress et al., 1992; Detrick et al., 1987], provide a primary constraint on the 

maximum depth of hydrothermal circulation at EPR 13°N. Henceforth, we must rely on the 

chemical composition of the vent fluids to reconstruct their history in P-T space. Noted earlier, 

we observed chloride-depleted fluids (339-462 mmol/kg) venting in relatively close proximity to 

chloride-enriched fluids (646 mmol/kg). Though time series data are not robust, this is consistent 

with previously reported values (491-882 mmol/kg) [Bowers et al., 1988; Campbell and Edmond, 

1989; Childress et al., 1993; Grimaud et al., 1984; Michard et al., 1984], suggesting that 13°N 

may be persistently venting chloride-enriched fluids on decadal time scales. In the two-phase 

region of the NaCl-H2O system [Bischoff, 1991] the observed chlorinities occupy a P-T field that 

does not significantly deviate from the critical curve for the conditions of interest here. Therefore, 

it is sufficient to say that at one point these fluids equilibrated on the two-phase boundary 

between 390°C and ~450°C (Fig. 1.4). Following the assumption that the fluids had also 

equilibrated with quartz, dissolved silica isopleths corresponding to end-member concentrations 

can be represented as a function of P and T. For the higher temperature Dorian and Grand Bonum 

fluids, where the effect of salinity on quartz solubility has been accounted for [Foustoukos and 

Seyfried, 2007b; Von Damm et al., 1991], the silica isopleths run parallel to the two-phase 

boundary for large sections in P-T space (Fig. 1.4). Thus, it appears these fluids reflect mineral 

equilibration temperatures less than those that resulted in phase separation. Silica is more sluggish 

to re-equilibrate upon cooling than Fe or Mn [Seewald and Seyfried, 1990], which allows us to 

use the silica isopleths as a pressure proxy when they coincide with the associated temperature 

calculated using the Fe/Mn ratio (Fig. 1.4). This results in the estimated equilibration pressures of 

401 bars (at 432°C) and 367 bars (at 405°C) for Grand Bonum and Dorian, respectively. It is 

interesting to note that for these P-T conditions, in conjunction with the measured seafloor exit 

temperatures, a conductive cooling rate of 57°C/km is calculated for both fluids. Since the Fe and 

Mn concentrations of these fluids do not exhibit any unusual variability (Fig. 1.3), residence 
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times in the up-flow zone must be short, consistent with the estimate (< 1 hour) of Wilcock 

[2004]. 

Comparison of the vent fluid chemistries yields additional valuable information about 

subsurface processes at 13°N, especially when viewed in the context of active phase separation. 

For example, we can exclude the possibility that the higher chlorinity Grand Bonum fluid is the 

direct result of condensation from a source fluid common to the lower chlorinity Dorian. The CO2 

concentration of Grand Bonum is three times higher than that of Dorian (Table 1.5), yet phase  
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Fig. 1.4. Schematic view of the sub-seafloor at EPR 13°N in P-T space. The fluids of Dorian (Cl-
depleted) and Grand Bonum (Cl-enriched) both have exit temperatures of ~350°C (Table 1.5) and 
are venting at 2600 m depth. Seismic studies show an axial magma chamber 1.4 km below the 
seafloor, an approximate maximum depth for hydrothermal circulation. Both fluids must have 
intersected the two-phase boundary at some point, yet fluid-mineral phase relations suggest 
subsequent re-equilibration. The likely point of last equilibration is where isopleths representing 
the dissolved silica concentrations intersect the Fe/Mn temperature (Fig. 1.2) for both Dorian 
(dot-dash) and Grand Bonum (dash). Error bars on pressure are a reflection of the uncertainty (± 
11°C) of the Fe/Mn geothermometer.  
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separation will invariably result in higher dissolved gas concentrations in the lower density vapor 

phase. Much of the CO2 input for vent fluids is associated with magmatic degassing [e.g. Lilley et 

al., 2003]; therefore, the higher CO2 concentration of Grand Bonum is in goodagreement with 

circulation at higher P and T near the top of the magma chamber (Fig. 1.4). Based on NaCl-H2O 

phase relations [Bischoff, 1991], the approximate critical temperature for a Grand Bonum-like 

fluid (Cl = 646 mmol/kg) is 412°C, and for any temperature greater than this, the fluid can only 

exist on the vapor branch of the two-phase envelope. This suggests that Grand Bonum is venting 

a vapor phase fluid, despite being chloride-enriched relative to seawater. Numerical modeling 

efforts have grown quite sophisticated, yet, for pressures and temperatures applicable to most 

ridge crest hydrothermal systems, they have not been able to reproduce venting of chloride-

enriched fluids unless the magmatic heat source is diminished to the point where active phase 

separation is no longer taking place [Coumou et al., 2009; Lewis and Lowell, 2009; Schoofs and 

Hansen, 2000]. This does not appear to be the case for EPR 13°N. In fact, the Li/Cl ratios are 

identical in all the end-members (Table 1.5), suggesting these fluids have reacted with a similar 

primary substrate at a consistent integrated fluid/rock ratio [Foustoukos et al., 2004; Seyfried et 

al., 1984; Seyfried and Shanks, 2004]. With exception of vent sites where it was demonstrated 

that the two-phase boundary was intersected on ascent to the seafloor [Butterfield et al., 1990; 

Von Damm et al., 2003], the observation of chloride-enriched and depleted fluids simultaneously 

venting within as close a proximity as at EPR 13°N is rare indeed.  Here, it may be possible that 

the higher density conjugate brine of the chloride-depleted vents is able to migrate deeper into the 

system until it intersects the two-phase boundary at a higher temperature. Especially for a fast 

spreading ridge, such a mechanism could explain the sustained venting of chloride-enriched 

fluids without invoking the waning stages of a magmatic heat source. Still, it is difficult to 

explain the storage mechanism of higher salinity brines in hydrothermal systems that have been 

venting only chloride depleted fluids for decades [Fontaine and Wilcock, 2006; Larson et al., 

2009]. In this case, brine migration is a simple explanation, however, the spatial scales cannot be 

constrained and it would be difficult to prove conclusively. Nonetheless, application of 

laboratory-calibrated proxies, such as the geothermometer reported here, will allow more detailed 

discussion regarding active hydrothermal processes in the oceanic crust, especially when time-

series data are available. 

4. CONCLUSIONS 

 We have developed and calibrated an Fe/Mn geothermometer to estimate the temperature 

of last equilibration for mid-ocean ridge hydrothermal fluids. For basalt-hosted systems, 
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dissolved silica concentrations can be used in conjunction with the Fe/Mn ratio to derive the 

associated sub-seafloor pressure. When applied to new data from EPR 13°N, these constraints 

show equilibration near the top of the axial magma chamber and relatively short residence times 

in the up-flow zone for the highest temperature fluids. Sub-seafloor phase separation has resulted 

in the venting of fluids both enriched and depleted in chloride within relatively close proximity, 

but the compared geochemical signatures suggest that both are vapor phase fluids. It appears that 

brine migration, followed by a second episode of phase separation, could be a mechanism for the 

sustained venting of chloride-enriched fluids in active hydrothermal settings. 
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CHAPTER 1: Tables 1.1-1.6 

 

Table 1.1: Location of EPR 13°N vents; with temperature and minimum Mg concentrations 

Mg (mmol/kg)a T (°C)b Latitude Longitude 
Actinoir 47.3 74 12°48'49.2804"N 103°56'28.9356"W 

Dorian 2.3 344 12°48'53.2800"N 103°56'31.5168"W 
Ph-05 38.0 148 12°48'35.2368"N 103°56'26.2464"W 
Grand Bonum 2.2 350 12°48'44.9028"N 103°56'23.1720"W 

Jumeaux 34.9 148 12°48'39.6540"N 103°56'26.7684"W 
a: minimum measured concentration for this site. b: maximum temperature measured for this site. 

 
 
 
 
 
 
 
 
 
 
 
 

Table 1.2: Shipboard pH and dissolved gas data for EPR 13°N, January 2008 

sample pH H2 CH4 CO2 H2S 
(25°C) mmolar μmolar mmolar mmolar 

Grand Bonum 
4389 - IGT5 3.34 0.093 34.8 27.9 4.4 
4390 - IGT6 3.28 0.094 36.7 28.4 4.3 

Dorian 
4392 - IGT5 3.49 0.163 52.9 9.8 6.9 

Ph-05 
4392 - IGT6 5.78 0.086 10.4 6.8 1.5 
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Table 1.3: Major chemical compositionc of EPR 13°N vent fluids, January 2008   

Sample Mg Cl Br SO4 Na K Ca Si 
mmol mmol μmol mmol mmol mmol mmol mmol 

Actinoir 
4391 - MW 47.3 528 807 26.5 453 10.5 10.7 1.48 
4391 - MB 49.1 532 808 27.3 456 10.3 10.5 0.97 

Dorian 
4391 - MG 39.1 519 797 22.5 444 11.3 12.9 4.14 
4392 - IGT5 2.3 466 730 1.1 397 15.4 21.2 15.84 

Ph-05 
4392 - IGT6 41.8 525 800 23.7 450 11.4 11.8 3.46 
4392 - MB 38.0 518 782 21.8 445 11.8 12.7 4.71 

Grand Bonum 
4389 - IGT5 2.2 642 1000 1.1 503 24.0 44.2 14.02 
4390 - IGT6 2.3 641 1005 1.3 503 23.9 44.2 14.02 

Jumeaux 
4392 - MG 34.9 473 727 19.5 406 10.7 11.4 4.36 

Bottom Seawater 52.2 540 826 28.5 463 10.1 10.2 0.17 
*concentrations mmol and μmol are per kg of solution 

Table 1.3: Major chemical compositionc of EPR 13°N vent fluids (continued)   

Sample Sr Mn Li B Fe Zn Cu Ba 
μmol μmol μmol μmol μmol μmol μmol μmol 

Actinoir 
4391 - MW 82.2 40 51 407 119 5.9 0.3 1.2 
4391 - MB 83.2 28 44 436 72 4.4 0.0 0.8 

Dorian 
4391 - MG 82.4 112 102 436 352 27.8 0.2 1.9 
4392 - IGT5 77.0 454 320 443 2084 79.5 181.9 18.7 

Ph-05 
4392 - IGT6 85.1 117 88 428 252 14.5 0.3 1.3 
4392 - MB 85.3 156 114 425 354 33.6 0.6 2.4 

Grand Bonum 
4389 - IGT5 159.5 1185 446 448 9481 171.0 539.0 27.8 
4390 - IGT6 157.3 1192 435 451 9392 103.7 567.1 22.1 

Jumeaux 
4392 - MG 77.5 129 101 421 194 34.9 0.9 2.0 

Bottom Seawater 86.2 0 32 481 2 0.7 0.7 0.8 
c: concentrations mmol and μmol are per kg of solution 
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Table 1.4: Analytical methods for reported hydrothermal fluid samples 

Species Method RSD (2σ) 
Cl Ion Chromatography 1% 
Ca, Na, K, Mg, SO4 Ion Chromatography 2% 
Br Ion Chromatography 3% 
Si, Sr, Mn, Li, B, Fe, Zn, Cu, Ba ICP-OES 4% 
H2S Silver/Sulfide Electrode 15% 

H2 Gas Chromatography 10% 
CH4 Gas Chromatography 6% 

CO2 Gas Chromatography 8% 
 
 
 
 
 
 

Table 1.5: End-member fluid chemistry of EPR 13°N 

Grand Bonum Dorian Jumeauxd 

Cl, mmol/kg 646 462 339 

Na, mmol/kg 505 394 292 
K, mmol/kg 24.5 15.6 11.9 
Ca, mmol/kg 45.7 21.7 14.0 
Si, mmol/kg 14.6 16.5 12.8 
Fe, μmol/kg 9856 2150 580 
Mn, μmol/kg 1241 473 391 

Br, μmol/kg 1010 725 527 
Li, μmol/kg 459 332 242 

Li/Cl*1000 0.71 0.72 0.71 

H2S, mmolar Von 7.2 7.2 na 
H2, mmolar 0.10 0.17 na 

CO2, mmolar 29 10 na 
CH4, μmolar 37 55 na 
max exit-T, °C 350 344 148 
T (Fe/Mn), °C 432 405 351 
d: values more uncertain (see section 2.1)                        
na = not analyzed, sampler was not gas-tight 
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Table 1.6: Fe and Mn concentrations from basalt/diabase alteration experiments   

time P T Fe Mn Fe/Mn 
hours bars °C μmol/kg μmol/kg 

Mottl et al., 1979 - basalt, natural seawater 
4128 600 300 21 25 0.8 
12144 600 300 197 127 1.5 
5664 600 300 56 53 1.1 
4128 600 300 32 40 0.8 
5664 600 300 38 47 0.8 
5664 600 300 36 47 0.8 
5664 600 300 36 49 0.7 
6528 700 400 1397 928 1.5 
6528 700 400 1397 983 1.4 
6528 700 400 2113 673 3.1 
6528 700 400 2005 1001 2.0 
6528 700 400 2095 983 2.1 
6528 700 400 2095 601 3.5 
basalt, evolved seawater 
4128 600 300 34 31 1.1 
4128 600 300 36 66 0.5 
Seyfried and Bischoff, 1981 - diabase, natural seawater 
384 500 300 56 47 1.2 
864 500 300 50 44 1.1 
1296 500 300 36 40 0.9 
1968 500 300 32 55 0.6 
Seyfried and Janecky, 1985 - diabase, evolved seawater 
55 400 425 12748 3277 3.9 
317 400 425 15284 3623 4.2 
1854 400 425 18263 4187 4.4 
821 400 400 1369 514 2.7 
1349 400 400 1531 661 2.3 
basalt, evolved seawater 
212 400 350 192 123 1.6 
626 400 350 247 167 1.5 
272 400 375 1754 451 3.9 
626 400 375 2328 688 3.4 
579 400 400 8684 1202 7.2 
2211 400 400 8326 1256 6.6 
32 400 425 25067 3677 6.8 
842 400 425 26947 4400 6.1 
2400 400 425 30117 4091 7.4 
489 375 400 2468 638 3.9 
1350 375 400 2613 655 4.0 
Seewald and Seyfried, 1990 - diabase, evolved seawater 
337 400 400 3331 832 4.0 
720 400 400 3581 948 3.8 
988 400 400 3975 1005 4.0 
1010.3 400 350 276 217 1.3 
1418 400 350 154 118 1.3 
1536 400 300 28 23 1.2 
3387 400 400 4118 1145 3.6 
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Table 1.6: Fe and Mn concentrations from basalt/diabase alteration experiments (continued) 

time P T Fe Mn Fe/Mn 
hours bars °C μmol/kg μmol/kg 

Berndt et al., 1989 -diabase, evolved seawater 
1040 250 375 1000 530 1.9 
2021 250 375 1480 730 2.0 
889 265 375 560 340 1.6 
1060 400 375 390 220 1.8 
1757 400 375 520 270 1.9 
821 400 400 1360 510 2.7 
1349 400 400 1520 660 2.3 
484 400 400 980 440 2.2 
2884 400 400 1520 660 2.3 
2929 400 400 1680 730 2.3 
485 400 400 2150 560 3.8 
2885 400 400 2940 780 3.8 
2927 400 400 3010 820 3.7 
246 375 400 1200 550 2.2 
1590 375 400 1400 670 2.1 
55 400 425 11900 3260 3.7 
317 400 425 14700 3620 4.1 
1854 400 425 18300 4190 4.4 
basalt, evolved seawater 
273 400 350 190 130 1.5 
626 400 350 260 170 1.5 
272 400 375 1790 460 3.9 
626 400 375 2330 680 3.4 
123 375 400 3980 510 7.8 
515 375 400 7800 1030 7.6 
578 375 400 5900 1440 4.1 
1806 375 400 8800 1800 4.9 
579 400 400 8800 1200 7.3 
2211 400 400 8400 1270 6.6 
75 400 425 31200 3570 8.7 
411 400 425 36400 3860 9.4 
627 400 425 39800 3970 10.0 

26 400 425 30300 4240 7.1 

72 400 425 29400 4880 6.0 

26 400 425 29000 3000 9.7 

313 400 425 39300 4910 8.0 

This Work - basalt, evolved seawater 

72 500 450 28265 2443 11.6 

408 500 450 29509 2469 12.0 

648 500 450 26859 2301 11.7 
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SUMMARY 

 As part of an integrated study conducted at the Lucky Strike Seamount (Mid-Atlantic 

Ridge, 37°17’N) in 2008, gas-tight sampling devices were used to collect high-temperature (~300 

°C) hydrothermal fluids issuing from sulfide structures distributed throughout the vent field 

located in the summit depression. Compared with previous observations from 1993 to 1997, the 

most substantial changes in vent fluid compositions are dramatically increased CO2 

concentrations (~5x, up to 133 mmol/L) and the observation of vent fluids enriched in dissolved 

chloride relative to seawater. Combined with an increase in δ13CCO2 values by ~4‰ in 2008, the 

elevated CO2 indicates replenishment of the magmatic heat source and may be indicative of a 
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recent magmatic event. The additional supporting fluid chemistry is, however, similar to that of 

the previous sampling intervals, necessitating a reassessment of the subseafloor controls on vent 

fluid chemistry at Lucky Strike in the context of recently obtained geophysical data that provides 

the depth/extent of a steady-state magma chamber. Two-phase behavior is indicated by the 

chloride variability in the vent fluids; and comparison with experimental data for the associated 

chloride-dependent partitioning of minor/trace elements suggests the possibility of a similar 

source fluid for all the vent structures, while limiting the likelihood of shallow phase separation 

and subseafloor mixing for the hydrothermal end-members. A recently calibrated Fe/Mn 

geothermometer indicates minimum subseafloor equilibration temperatures of 350 – 385 °C. 

However, constraints imposed by dissolved Si/Cl in conjunction with geophysical observations 

are consistent with peak reaction conditions at temperatures of 430 – 475 °C and pressures near 

the top of the axial magma chamber (~410 – 480 bars), where magmatic CO2 becomes entrained 

in the circulating fluids. The distance between the magma chamber and the seafloor at Lucky 

Strike is substantially greater than at most faster spreading ridges; and we propose the resulting 

increased residence time in the up-flow zone leads to the re-equilibration of temperature sensitive 

transition metals at conditions less extreme than those associated with peak reaction. Agreement 

between experimental data, thermodynamic model calculations, and dissolved concentrations of 

Fe, Cu, Zn, H2, and H2S in the Lucky Strike fluids reinforce the hypothesis of pH-redox equilibria 

for transition metals at relatively oxidizing conditions and temperatures predicted by the 

empirical Fe/Mn geothermometer. In-situ pH measurements of the high temperature fluids exiting 

the seafloor are also consistent with the model calculations. 

1. INTRODUCTION 

The ubiquity of hydrothermal activity along mid-ocean ridges emphasizes the importance 

of understanding the associated heat and mass transport. On-axis extension can vary both 

temporally and spatially in terms of rate and morphology. In turn, the hydrothermal fluids issuing 

from the seafloor provide clues about crustal permeability, the chemical characteristics of the 

substrate(s), and the time-integrated pressures/temperatures of geochemical reactions. The 

complexity of hydrothermal systems has made the nature and relative influence of these variables 

the focus of much debate. Thus, time-series data analysis becomes an important dimension of 

interpreting the subseafloor controls on hydrothermal fluid chemistry. At the Lucky Strike 

hydrothermal field (37°18’N, Mid-Atlantic Ridge), progress with these objectives can now be 

enhanced given nearly two decades of geochemical and geophysical observations.   
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Recent studies such as the LUSTRE ’96 program [Escartin et al., 2008; Humphris et al., 

2002] and the MoMAR project [Ondreas et al., 2009] have characterized in detail the geotectonic 

setting associated with hydrothermal activity at the Lucky Strike Seamount. Venting of high-

temperature fluid appears localized to the summit depression (~550 x 750 m) amidst three 

volcanic cones (Fig. 2.1). The summit is highly tectonized, exhibiting large, ridge-parallel faults. 

Within the summit depression, a thick ponded lava flow (~5 m) overlies/truncates the subsurface 

fault structures. It is the contact or perimeter of this “lava lake” where the majority of venting 

currently occurs but the pervasive nature of sulfide rubble on the summit suggests hydrothermal 

activity may have persisted for thousands of years [Fouquet et al., 1995; Humphris et al., 2002; 

Langmuir et al., 1997; Von Damm et al., 1998]. A model proposed by Humphris et al. [2002] 

includes alternating periods of magmatic and tectonic extension, wherein the tectonic phases 

create highly permeable pathways for fluid circulation, facilitating hydrothermal heat extraction 

at depth, while the magmatic phases serve to reconfigure existing routes of up-flow. For example, 

the contemporary lava lake appears to serve as an impermeable cap with respect to fluid flow, as 

hydrothermal venting has not been observed in its center. Maximum vent fluid temperatures have 

persistently ranged 300 – 325 °C at Lucky Strike [Charlou et al., 2000; Von Damm et al., 1998], 

which is slightly lower than observed for many black smoker fluids (~350 – 380 °C). Seismic 

reflection data infer the presence of a steady state magma lens or axial magma chamber (AMC) 

approximately 3 to 3.2 km below the summit where current hydrothermal activity is observed 

[Crawford et al., 2010; Singh et al., 2006]. These data also help to define the depth/extent of 

some of the large fault structures evident within the axial valley. East and West bounding faults 

between the edge of the median valley and the summit graben appear to penetrate to depths 

associated with the dike-gabbro interface, in close proximity to the AMC. Such robust 

geophysical observations at Lucky Strike, hosting one of the largest hydrothermal fields yet 

observed on the Mid-Atlantic Ridge, provide valuable constraints for reinterpreting the large 

scale mass transfer that results in the chemical composition of the vent fluids.  

Fluid samples acquired from the Lucky Strike hydrothermal field in July 2008 add to the 

time-series data collected between 1993 and 1997 [Charlou et al., 2000; Von Damm et al., 1998]. 

We report for the first time Lucky Strike vent fluids enriched in dissolved chloride relative to 

seawater and CO2 concentrations as much as five times greater than previously recorded. The 

high CO2 may be indicative of a recent magmatic event; however, the supporting fluid chemistry 

and exit temperatures are similar to that of a decade earlier. Previous investigators concluded the 

fluid chemistry results from primary reaction with a highly altered substrate, and that  
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Fig. 2.1. Bathymetric map of the summit depression on the Lucky Strike Seamount (4 m grid, 10 
m contours) modified after Humphris et al. [2002]. The trace of major fault lines are depicted 
along with locations of sampled hydrothermal vents (1993 – 1997 = triangles, 2008 = stars).  
Fault lines are truncated by a ponded lava flow from which no hydrothermal venting has been 
observed. 
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hydrothermal circulation is relatively shallow [Charlou et al., 2000; Von Damm et al., 1998]. The 

observation of an AMC at considerable depth [Singh et al., 2006], combined with the apparent 

long-term stability of fluid chemistry, especially for highly mobile elements, conflicts with such 

interpretations. Furthermore, the dramatically increased CO2 concentrations in 2008 clearly 

indicate replenishment of the magmatic heat source, and possibly the steady-state availability of 

fresh rock. With the advantage of recently available geophysical and geochemical constraints, we 

herein develop a new model to explain the temporal and compositional consistency of Lucky 

Strike hydrothermal fluid chemistry. 

2. SAMPLE COLLECTION AND ANALYSIS 

 Fluid samples from Lucky Strike were acquired with ROV Jason II in July, 2008 as part 

of the KNOX18RR expedition (aboard R/V Roger Revelle) to the Mid-Atlantic Ridge. Two 

designs of titanium gas-tight samplers were used in collecting fluid samples, denoted IGT 

[Seewald et al., 2001] and CGT [Wu et al., 2011], with good reproducibility when the different 

samplers were used in the same location. Temperature during sampling was monitored using 

thermocouples affixed to the snorkel of each sampler. A maximum fluid temperature of 324 °C 

was recorded at 2608 vent, which had the maximum reported temperatures (328 – 333 °C) in both 

1993 and 1996 [Von Damm et al., 1998]. Local maximum temperatures at other structures ranged 

from 270 to 308 °C, which is also consistent with the time-series data. At 2608 vent, we deployed 

an electrochemical sensor capable of determining the in-situ pH (pHin-situ) of the high-temperature 

fluid. The solid-state sensor employs YSZ (yittria-stabilized zirconia) ceramic combined with a 

Ag/AgCl reference electrode [Ding and Seyfried, 2007; Ding et al., 2005] and yielded a pHin-situ 

of 4.82 ± 0.1. As such, knowledge of the pHin-situ for 2608 can provide a valuable constraint when 

modeling geochemical reactions at high temperatures and pressures (see section 3.4).  

    On-board processing of fluid samples typically occurred within hours of recovery, with 

priority given to the most labile components. Sub-samples were immediately taken for 

determination of pH25°C and dissolved gases (e.g. H2, H2S, and CH4). Samples for gas analysis 

were drawn directly into glass, gas-tight syringes and all shipboard gas analyses were performed 

in triplicate. H2S was determined by injection into a high-pH antioxidant buffer solution (SAOB, 

Thermo Fisher Scientific) that was subsequently titrated with Pb(NO3)2 using a sulfide specific 

(Ag+/S2-) electrode. H2 and CH4 were analyzed after head space extraction using a gas-

chromatograph equipped with a 13x molecular sieve column and a thermal conductivity detector. 

Gas-tight sub-samples were also preserved for additional shore-based measurements by 
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transferring fluid directly from the gas-tight samplers into evacuated serum vials sealed with 

butyl rubber stoppers. These vials were pre-weighed, volumetrically calibrated and contained 

HgCl2 poison to prevent any microbial activity during storage. At the Woods Hole Oceanographic 

Institution, these sub-samples were used to determine the dissolved concentrations of CO2 and 

CH4, as well as their associated stable carbon isotopic compositions (δ13CCO2 and δ13CCH4, 

respectively), as described in Reeves et al. [2011]. The compared shipboard and shore-based data 

for CH4 (concentration) show excellent agreement and these two datasets were therefore 

averaged. The pooled standard deviation (1σ) for the isotopic measurements is 0.16‰ and 0.25‰ 

for δ13CCO2 and δ13CCH4, respectively. δ13CCO2 values for individual samples were corrected for the 

contribution of entrained seawater using isotopic mass balance [e.g. Cruse and Seewald, 2006]. 

These values are then averaged to calculate the end-member δ13CCO2 value for each individual 

vent (Table 2.2). Due to the high vent CO2 concentrations and the low amount of seawater 

entrainment in most samples, the difference between the raw and corrected values is generally 

less than the analytical uncertainty. 

Chlorinity (±0.5%) was determined on board ship by electrochemical titration using 

AgNO3. Additional sub-samples were preserved for shore based analysis of major dissolved 

anions/cations, and trace metals by ion chromatography (IC) and/or inductively coupled plasma 

optical emission spectrometry (ICP-OES) at the University of Minnesota (see Pester et al. [2011] 

for analytical details and associated uncertainties). A trace metal aliquot was immediately 

acidified with analytical grade HCl (Optima). A fraction of this sub-sample was then diluted 50 

fold and utilized for analysis of aqueous Si. In addition to ICP-OES measurements, dissolved Si 

was also analyzed spectrophotometrically as reduced silicomolybdate dye (±1%). Good 

agreement between these two methods was observed and the data were averaged. Prior to 

analysis, all sample fractions were stored in pre-weighed and acid-cleaned low-density 

polyethylene bottles. Precipitates that formed in the samplers upon cooling were collected on a 

0.45 micron nylon filter and subsequently re-dissolved in HCl/HNO3 (Ultrex). The amount of 

metals measured in the precipitate was recombined with metals in solution to obtain a complete 

metal inventory for the vent fluid samples. Essentially, this process only affected Fe, Ba, Zn and 

Cu, where the filtered precipitates account for approximately 13, 35, 60 and 70% of the reported 

concentrations, respectively. For IGT-6 samples 356, 357 and 358, the concentrations of these 

elements could not be corrected for precipitation in the sampler, and reported values should be 

viewed as minimums. For all other species, the percentages are less than the analytical 

uncertainties. Dissolved element and gas data are reported in Tables 2.1 and 2.2, respectively. 
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End-member species concentrations for the vent fluids were calculated by linear 

regression of seawater and sample compositions to zero Mg [e.g. Von Damm et al., 1985a]. For 

the samples with higher Mg concentrations, we note that 356-IGT8 and 359-IGT5 were 

intentionally collected from areas of lower temperature venting on structures with associated 

hotter fluids, whereas 358-CGT-R and 357-IGT6 reflect accidental sampler movement during the 

acquisition process, resulting in seawater entrainment. Fluids sampled from the closely located 

vent structures Isabel - MeSH (~32 m apart) and Elisabeth - Medea (~59 m apart) were 

chemically similar and, therefore, grouped together for end-member extrapolation (Tables 2.1, 

2.2, Fig. 2.1). For consistency, measured values of H2S were corrected based on the precipitates, 

assuming pyrrhotite, chalcopyrite and sphalerite represented hosts for Fe, Cu and Zn, 

respectively. This resulted in an increase of ~15% in the end-member concentrations with this 

percentage being approximately equivalent to the analytical uncertainty for H2S. Despite 

reconstitution using the precipitates, there were no discernable trends in the Cu and Zn data for 

individual vents, which is no doubt related to the non-conservative nature of these species upon 

mixing and cooling during and after sampling, respectively. This is exemplified in the high 

percentage of these elements recovered from the sampler precipitates. However, excluding 

samples where Mg is higher than 5 mmol/kg and those where precipitates were not considered 

(see above), the whole-field datasets for both Cu and Zn exhibit statistically normal distributions. 

Therefore, the mean of these datasets represents the non-vent-specific end-members for these two 

elements, where Cu = 28 ± 14 μmol/kg, Zn = 77 ± 28 μmol/kg, and error is the 95% confidence 

interval. The Zn concentrations of the two lower temperature fluids (356-IGT8, 359-IGT5) are 

relatively high, indicative of remobilization attending increased Fe-Cu-sulfide precipitation and 

acid production at such temperatures [e.g. Tivey et al., 1995]. End-members were not extrapolated 

for B as the concentrations of this element varied less than 5% relative to seawater in all samples. 

As such, the denoted end-member for B is simply the average of the fluids sampled at each vent 

site. The full fluid chemistry and associated end-members are presented in Tables 2.1 and 2.2. 

3.  RESULTS AND DISCUSSION 

 Time-series studies from 9-10°N on the East Pacific Rise (EPR) and Main Endeavour 

Field (MEF) on the Juan de Fuca Ridge (JdFR) demonstrate that a hiatus in fluid sampling on the 

order of a decade could preclude recognition of possible magmatic/tectonic events that would 

otherwise greatly affect the hydrothermal system [Butterfield et al., 1997; Lilley et al., 2003; 

Seewald et al., 2003; Seyfried et al., 2003; Von Damm, 2000; , 2004]. While new surface lava 

flows were not observed at Lucky Strike in 2008, subsurface intrusions (e.g. a dike injection) 
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cannot be ruled out. Consistent with the previous suggestion of a “hydrological divide” [Von 

Damm et al., 1998], fluids of higher chlorinity (538 – 588 mmol/kg) were focused near the 

margins of the lava lake located in the summit depression and vents with chloride depleted fluids 

(412 – 487 mmol/kg) were venting at shallower depths between the southern and eastern volcanic 

cones (Fig. 2.1). Despite acoustical/seismological evidence of a magmatic intrusion in 2001 

(Dziak et al., 2004), this agrees with the suggestion that the large scale permeability structure of 

the hydrothermal system in 2008 had not substantially changed relative to the previous sampling 

intervals (Barreyre et al., 2012). Yet, with an approximately 5-fold increase in CO2 to 

concentrations exceeding 100 mmol/L, a substantial change in magmatic volatile input is evident.  

Such high concentrations are unlikely to result from leaching of MORB-derived carbon, or 

subsequent enrichment by phase separation partitioning [e.g. Butterfield et al., 1990; Seewald et 

al., 2003]. Similarly high CO2 was observed in response to a subseafloor magmatic intrusion at 

MEF in 1999, but this was a short-lived event (Fig. 2.2a) and was accompanied by unusually low 

fluid chlorinity (~38 mmol/kg) [Lilley et al., 2003; Seewald et al., 2003; Seyfried et al., 2003]. 

This is consistent with the inability of circulating fluids to rapidly quench the invading heat 

source, resulting in extreme phase separation. However, fluid CO2 values from ASHES (Axial 

Seamount) have remained persistently high on a decadal timescale [Butterfield et al., 1990; 

Butterfield et al., 2004] in a manner similar to the faster spreading EPR, 9°50’N [Von Damm and 

Lilley, 2004]. In comparison to Lucky Strike, Axial Seamount appears more magmatically robust 

with an estimated eruptive cycle of ten years [West et al., 2001]. Thus, with no concomitant 

extrema in chlorinity and a general lack of variation in both maximum exit temperatures and 

other dissolved constituents, the broad significance of the high CO2 in 2008 is unclear in a time-

series context. 

With exception of CO2, the 2008 fluid chemistry is remarkably similar to that reported 

from 1993 to 1997. Greater chemical variability is observed in fluids from the integrated study 

sites at EPR, 9-10°N and MEF, which, as noted, have been affected more frequently by eruptions 

and subsurface diking events (Fig. 2.3). It is clear that more temperature sensitive metals (e.g. Fe 

and Mn) are comparatively low in Lucky Strike fluids while Ca concentrations are relatively 

high. Average Li concentrations, however, are very comparable between all three systems. The 

consistency of Li concentrations at Lucky Strike in a time-series context is quite compelling, and 

provides insights into the alteration state of the basaltic substrate as a function of time. The 

mobility of trace elements such as Li and Rb permits estimation of fluid/rock mass ratio or fluid 

residence times attending hydrothermal alteration [e.g. Seyfried and Shanks, 2004]. The Li  
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Fig. 2.2. a) Time-series data of end-member Cl vs. CO2 from Lucky Strike compared with 
observations from Sully vent (1995 – 2005) at MEF [Foustoukos et al., 2009; Lilley et al., 2003; 
Seewald et al., 2003], Bio 9 vent (1992 – 2000) at EPR, 9°50’N [Von Damm and Lilley, 2004] 
and ASHES vent field (1986 – 1988) on Axial Seamount [Butterfield et al., 1990]. b) Time-series 
data of end-member CO2 vs. CH4. Lucky Strike gas data from 1993 – 1997 are from Charlou et 
al. [2000]. See text for discussion. 
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Fig. 2.3. Standard box and whisker plots of dissolved Cl, Si and Cl-normalized (to seawater) Mn, 
Fe, Ca and Li (note log scale for Mn/Fe) in high temperature (Texit > ~250 °C) end-member vent 
fluids from three well studied hydrothermal fields. Time-series Lucky Strike data from 1993 – 
2008  [Charlou et al., 2000; Von Damm et al., 1998; This work] are shown in comparison to data 
(including those in the aftermath of a significant magmatic event) from EPR 9-10°N; 1991 – 2004 
[Foustoukos and Seyfried, 2007b; Von Damm, 2000; , 2004] and Main Endeavour Field (MEF) 
on the Juan de Fuca Ridge; 1988 – 2005 [Butterfield et al., 1994; Foustoukos et al., 2009; Lilley 
et al., 2003; Seyfried et al., 2003]. The middle line of each box represents the median value of the 
sample set and the top and bottom are the 75th and 25th percentiles, respectively. Within the box, 
the square symbol denotes the mean. The extent of the whiskers represents the 95th (top) and 5th 
(bottom) percentiles and the x’s are the minima/maxima for the sample sets. Sample sets 
incorporate a minimum of 28, 22 and 71 samples from Lucky Strike, MEF and EPR 9-10°N, 
respectively. Seawater composition is represented by a dashed line where appropriate. 

 

isotopic composition of vent fluids generally precludes Li sources other than fresh basalt and 

seawater [James et al., 2003]. Moreover, experimental studies have demonstrated that at elevated 

temperatures, 50 – 70% of Li and 70 – 90% of Rb will be leached from basalt at fluid/rock ratios 

between 1 and 2 [James et al., 2003; Seewald and Seyfried, 1990; Seyfried et al., 1998; Seyfried 

et al., 1984]; and ratios of ~1 appear typical for hydrothermal systems based on B, S and Sr 

isotope systematics [Barker et al., 2010; Berndt and Seyfried, 1990; Seyfried and Shanks, 2004; 



30 
 

Spivack and Edmond, 1987] and heat-balance/geophysical constraints [Mottl, 2003]. In addition, 

the mobility of Li/Rb appears temperature independent above ~200 °C. For example, Seewald 

and Seyfried [1990] demonstrated rapid Li enrichment in the coexisting fluid during incipient 

reaction of basalt, followed by steady-state concentrations while cycling the temperature between 

400 and 300 °C. This is inconsistent with phase equilibria control, which has been suggested to 

account for the incomplete removal of Li in both alteration experiments and root zones of fossil 

hydrothermal systems [Chan et al., 2002; Chan et al., 1993; Seyfried et al., 1984]. More 

specifically, the Li concentration of fresh Lucky Strike basalt is 4.2 – 4.8 ppm [Gale et al., 2011] 

and assuming a fluid/rock mass ratio of unity, the chloride normalized vent fluid data (~355 

μmol/kg ) indicates leaching of ~50 – 60% of the rock Li. While alteration processes appear to 

leach Rb more quantitatively than Li, two basalt types have been identified from Lucky Strike, 

both of which are considerably enriched (one moderately and one highly) in incompatible 

elements such as Rb relative to typical MORB [Gale et al., 2011; Langmuir et al., 1997]. Thus, 

while Li appears consistent with typical MORB concentrations given the indicated level of 

differentiation [MgO ~ 8%, Langmuir et al., 1997; Ryan and Langmuir, 1987], Rb concentrations 

vary from 11 – 17 ppm in the highly enriched basalts to ~4.6 ppm in the moderately enriched 

basalts [Gale et al., 2011]. Similar calculations (to those of Li above) for Rb, therefore, give a 

wide range (~30 to 90% lost from the rock, respectively) depending on the assumed protolith 

composition. However, the moderately enriched Lucky Strike basalts are the younger flows 

associated with the central summit depression [Langmuir et al., 1997], making them more likely 

to be representative of the substrate currently being altered. Although such calculations fail to 

consider any aspect of phase equilibria control, it is clear that a reservoir of previously unaltered 

rock/basalt is needed to account for the mass balance of heat and Li/Rb intrinsic to the 

hydrothermal system.  

The mechanism of hydrothermal heat extraction that permits steady-state fluid chemistry 

on decadal time scales for many mid-ocean ridge systems is still uncertain [Coogan, 2008; Lister, 

1995; Lowell et al., 2008; Wilcock and Delaney, 1996; Wilcock et al., 2009]. This is especially 

relevant for Lucky Strike considering the associated 2008 fluid chemistry showed little change 

(relative to 1993 – 1997) attending a dramatic increase in magmatic CO2. We do note, however, 

that Crystal vent was no longer “crystal” [Von Damm et al., 1998], as the exit temperature and Fe 

concentration had increased, and it was venting as a black smoker in 2008. Nonetheless, the 2008 

fluid chemistry is representative of the broad scale hydrothermal processes at play and herein we 

do not attempt to interpret time-series changes in vent specific chemistry.  
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3.1. Magmatic CO2 replenishment and implications for the source of CH4 

The increase in average δ13CCO2 from -9.0 ± 2.8‰ [Charlou et al., 2000] to -4.7 ± 1.2‰ 

(2σ) in 2008, combined with higher CO2 concentrations, clearly indicate replenishment of the 

magma volatile budget since 1993 – 1997.  Degassed CO2 from MORB melt is preferentially 

enriched in 13CO2; and as degassing progresses with time, both the exsolved CO2 and the residual 

melt become increasingly 13C-depleted [Javoy et al., 1978; Mattey, 1991]. For example, 

experimental estimates of the fractionation between exsolved CO2 vapor and residual C in the 

MORB melt (i.e. Δ13Cvapor-melt = δ13Cvapor -  δ13Cmelt) range from 2.0 ± 0.2‰ to 4.3 ± 0.4‰ 

[Holloway and Blank, 1994; Javoy et al., 1978; Mattey, 1991]. While the isotopic evolution of 

degassed CO2 can be modeled as either an open or closed-system process [e.g. Gerlach and 

Taylor, 1990], in either scenario, the lower δ13CCO2 values recorded in 1994 [Charlou et al., 2000] 

imply a substantial fraction of the AMC volatile content had already been degassed by that time, 

which is consistent with the observed lower concentrations.  Alternatively, the AMC may not 

have been actively degassing during 1993 – 1997 and the lower CO2 concentrations at that time 

merely reflect leaching of residual carbon in the MORB substrate.  CO2 in basaltic glass from the 

Azores platform is sufficiently abundant [~600 ppm, Kingsley and Schilling, 1995] that 

quantitative leaching at water/rock ratios ranging 0.5 – 2 would yield CO2 concentrations of 

approximately 7 – 27 mmol/kg, comparable to the 1993 – 1997 levels.  Regardless, despite 

absence of direct evidence for magmatic intrusion into the overlying hydrothermal cell, the 

magmatic CO2 signature in 2008 clearly indicates that volatile exsolution occurred from relatively 

undegassed magma. Thus, replenishment of the magmatic heat source is evident, with possible 

implications for the steady-state availability of fresh rock.    

The CO2 concentration of 2608 vent is markedly lower than the other end-members in 

2008, which warrants further attention. Consistent with partitioning due to phase separation, the 

Lucky Strike fluids exhibit increasing CO2 with decreasing chloride (Fig. 2.2), but it is unlikely 

that equilibrium fractionation of a single source fluid can account for the dramatically lower CO2 

of 2608. In addition, there is a general increase in CH4 with chlorinity in the vents, suggesting 

more complex processes influence the concentrations of these two gases (Fig. 2.2b). The apparent 

inverse correlation between CO2 and CH4 (2008) could result from dilution of a CH4/Cl-bearing 

hydrothermal fluid with a Cl-poor and CO2-rich magmatic water. This, however, is probably not 

the best explanation for Lucky Strike because, at relevant pressures (> 100 bars), less than 10% of 

the initially low H2O content (~0.1 – 0.3 wt%) of MORB will exsolve as vapor [Dixon and 

Stolper, 1995]. Therefore, consistent with a general lack in the deviation of δD values (relative to 
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seawater), mixing with magmatic water is unable to account for the Cl variability observed in 

most ridge-crest hydrothermal fluids (e.g. Seyfried and Shanks, 2004). For CO2, magmatic 

degassing should be somewhat independent of both fluid-mineral and fluid-fluid phase equilibria, 

providing a simple explanation for the observed variability at Lucky Strike. This would suggest 

the fluids of 2608 vent exemplify some heterogeneity in the entrainment of degassed volatiles by 

circulating fluids. Using data from Horita [2001], the δ13C values for CO2 and CH4 (Table 2.2) 

yield an isotopic equilibration temperature of 766 ± 70 °C, which equates to the brittle-ductile 

transition zone (i.e. conductive boundary layer) above the magma chamber [Gillis and Roberts, 

1999; Hirth et al., 1998; Manning et al., 2000; Searle and Escartin, 2004]. Unfortunately, it is not 

possible to demonstrate CO2 and CH4 had indeed achieved isotopic equilibrium prior to entering 

the hydrothermal circulation cell. Furthermore, chemical equilibrium is a prerequisite for isotopic 

equilibrium [Giggenbach, 1997b; Horita, 2001] and thermodynamic calculations suggest 

hydrogen fugacities higher than the quartz-fayalite-magnetite (QFM) buffer are required for CH4 

stability at such temperatures; but conditions are unlikely to be more reducing than QFM in 

basaltic magmas [Cottrell and Kelley, 2011]. Thus, processes/sources other than simple magmatic 

degassing should be considered for the CH4 in Lucky Strike vent fluids.  

Mechanisms of abiogenic CH4 formation in natural systems are still a matter of much 

debate [e.g. McCollom and Seewald, 2007; Potter and Konnerup-Madsen, 2003]. Though the 

thermodynamic drive for CH4 formation increases appreciably with decreasing temperature (e.g. 

from those associated with crystallizing melt to seafloor exit temperatures), the kinetics of CH4 

formation become increasingly prohibitive. It is possible that catalysis helps in overcoming 

kinetic barriers at lower, more thermodynamically favorable temperatures  [e.g. Foustoukos and 

Seyfried, 2004; Horita and Berndt, 1999]; and metallic precipitates (Fe, Ni, Cu) that may 

contribute to this process have been identified in vapor melt inclusions associated with 

plagioclase phenocrysts in Lucky Strike basalt [Marques et al., 2009]. Regardless, based on the 

relative H2/CO2/CH4 concentrations measured in a variety of hydrothermal fluids (where CH4 is 2 

– 3 orders of magnitude higher than thermodynamically predicted), it appears unlikely that CH4 

formation is occurring in up-flow zones at unsedimented mid-ocean ridges [McCollom and 

Seewald, 2007]. This conclusion is supported by the Lucky Strike data. Despite the increased CO2 

in 2008, CH4 concentrations (and the δ13CCH4 values) remain comparable to the 1993 – 1997 data 

(Fig. 2.2b). Furthermore, vent fluid data from EPR 9°N in the aftermath of the 1991 and 2006 

eruptions showed little change in CH4 attending substantial increases in both CO2 and H2 [Lilley 

et al., 2006; Lilley et al., 2003; Von Damm and Lilley, 2004]. It is possible that the majority of 
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CH4 may result from processes associated with recharge prior to the addition of magmatic CO2; 

and the relatively high CH4 concentrations from Lucky Strike compared to those from the faster 

spreading EPR (< 0.2 mmol/kg) could be attributed to serpentinization of a more distal (as yet 

undocumented) ultramafic lithology [Charlou et al., 2000; Fontaine et al., 2008]. 

3.2. Phase separation effects on fluid chemistry 

 Variable salinity relative to seawater is nearly ubiquitous in deep-sea hydrothermal 

systems and in most cases results from intersection of the two-phase boundary as circulating 

fluids encounter a magmatic heat source. It is also possible, however, for sufficiently hot fluids to 

phase separate via decompression during up-flow. Phase relations in the NaCl-H2O system are 

generally acceptable as an analogue for the physical properties of hydrothermal solutions 

[Bischoff, 1991; Bischoff and Rosenbauer, 1984]; but phase separation in more chemically 

complex fluids results in the partitioning of dissolved species between the two coexisting phases 

that deviates from simple chloride normalization. These effects become more pronounced with 

increasing temperature and/or decreasing pressure along the two-phase envelope [Berndt and 

Seyfried, 1990; Foustoukos and Seyfried, 2007c; Pester and Seyfried, 2010; Pokrovski et al., 

2005]. Noted above, magmatic intrusion into overlying hydrothermal circulation cells can cause 

short term episodes of extreme phase separation, enhancing the resolution of vapor-liquid 

fractionation. Many hydrothermal systems such as Lucky Strike appear to enter a steady-state 

mode wherein fluids move towards the heat source at depth (opposite of magmatic intrusion) and 

rise once the two-phase boundary is realized. Similar to the non-linear thermodynamic properties 

of pure water [e.g. Jupp and Schultz, 2000; Norton, 1984], the NaCl-H2O critical curve is 

associated with minimum viscosity and maximum thermal expansion. Given sufficient 

permeability these near-critical fluids will begin to rise to the seafloor. This is one possible 

explanation for why many vent fluids exhibit only modest deviations from seawater bulk salinity. 

Furthermore, near-critical phase separation may be more likely to result in incomplete 

segregation of evolving vapor/liquid phases under open system conditions. In this case the effects 

of partitioning are more subtle, however, the vent fluids sampled at Lucky Strike in 2008 exhibit 

sufficient range in chlorinity (Table 2.1) that some qualitative comparisons can be made, 

especially for species with high fractionation factors. For example, of trace elements likely to 

remain conservative following moderate amounts of cooling (subsequent to phase 

separation/segregation), B and Sr exhibit the highest fractionation (relative to Na) in experimental 

fluids [Berndt and Seyfried, 1990; Foustoukos and Seyfried, 2007c]. These and other trace 

elements in the Lucky Strike fluids can be compared with experimental data to evaluate whether 
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or not the collective vent end-members are consistent with deviations arising from phase 

separation of a single source fluid.  

In the treatment of experimental data, the partitioning of a solute between equilibrium 

liquid and vapor can be simply represented as a distribution constant equating to the molal 

concentration ratio in the vapor relative to the liquid (mvap/mliq). There is a strong linear 

relationship between this quantity and the vapor-liquid distribution constant of dissolved chloride 

(Clvap/Clliq) on a logarithmic scale. In this case the slope for Na should be unity and the 

fractionation of other coexisting solutes can be visualized relative to NaCl, which dominates the 

phase behavior in deep-sea hydrothermal systems (Fig. 2.4a). In general, a negative slope 

indicates the solute will preferentially partition into the vapor phase (i.e. dissolved gases) while 

increasingly positive slopes reflect greater affinity for the liquid phase (e.g. Ba > Sr > Rb > Na > 

Li). B is comparatively more volatile, having a slope approaching zero, which is likely due to an 

increased capability of hydrogen-bonding for the dominant B(OH)3 complex at moderate/low pH.  

 Solute partitioning as represented in Fig. 2.4a is helpful as it allows for the correlation of 

data in a manner that is independent of pressure, temperature and bulk fluid composition. 

Unfortunately, active/natural hydrothermal systems usually permit sampling of the more mobile 

vapor phase only, which inhibits direct comparison to experimental data. Solutes in vapor-phase 

fluids evolved from a system of common bulk chemistry, however, will exhibit a characteristic 

(log) linear trend in the element/chloride ratio with decreasing chlorinity. The relative slopes for 

the trace element/Cl ratios of B < Li < Rb < Sr < Ba (Na = 0) in the Lucky Strike fluids show 

good agreement with what should be expected based on available experimental data (Fig. 2.4b). 

While the error (95% CI) for some correlations is high, we note that unpublished experimental Sr 

data from our lab exhibits a slope (0.73 ± 0.2, n = 10) equivalent to that derived for Lucky Strike 

over a broad range of vapor salinities. In addition, the vapor phase data of Berndt and Seyfried 

[1990] and Foustoukos and Seyfried [2007c] show little change (within experimental uncertainty) 

in the B concentrations attending greater than 60% decreases in chlorinity. This is also 

characteristic of the Lucky Strike fluids, exhibiting a slope within error of -1, which would be 

expected attending zero change in the B concentration with decreasing chlorinity. Thus, the Cl-

dependent partitioning of trace elements in Lucky Strike vent fluids allows the possibility of a 

similar source fluid for all the vents in this system; and inter-vent differences in chemistry can be 

explained by phase separation and variable amounts of conductive cooling depending on the path 

of fluid flow to the seafloor. This is consistent with the observed continuity in the depth/extent  
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Fig. 2.4. a) Experimental data for vapor-liquid partitioning of trace elements in the two-phase 
region of NaCl dominated fluids [Berndt and Seyfried, 1990; Foustoukos and Seyfried, 2007c]. A 
linear relationship is observed between the vapor/liquid distribution ratio of Cl; log (Clvap/Clliq) 
and that of the trace elements; log (mvap/mliq), where these values must equal zero for the single 
phase fluid (star). Rb, Sr and Ba increasingly partition more heavily into the liquid and Li and B 
more heavily into the vapor, relative to Na. The slope of the Na data is unity (dashed line). Solid 
lines represent linear regressions of the data for each element (Li regression not shown for 
clarity). b) log Cl vs. log (m/Cl*103) of B, Li, Rb(*103.5), Sr, Ba for the 2008 Lucky Strike end-
member data. In agreement with the experimental partitioning data (4a), linear regression slopes 
(error = 95% CI) decrease in the expected order and sign: Ba(+) > Sr (+) > Rb(+) > Li(-) > B (-). 
Increased scatter for Ba is due to issues with barite precipitation upon seawater mixing/sampling. 
See text for further details/discussion. 
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(and apparent chemical homogeneity) of the AMC beneath sites of active venting on the 

seamount [Crawford et al., 2010; Moreira et al., 2011].  

3.3. Temperature and pressure controls on subseafloor phase equilibria 

 A direct approximation of the subseafloor reaction temperatures that result in the 

transition metal content of hydrothermal fluids can be derived from the dissolved Fe/Mn ratio 

[Pester et al., 2011]. When applied to the 2008 Lucky Strike fluids, a temperature range of 350 – 

385 °C is indicated (Fig. 2.5). Given the sensitivity of Fe and Mn, and the possibility of losses 

due to precipitation, these can be considered minimum reaction temperatures. Some of the fluid 

samples from 1993 – 1997 exhibit disequilibria, trending towards or falling outside the field 

predicted for coexistence with basalt alteration minerals. This apparent (short-term) disequilibria 

results from the more sluggish response of Mn relative to Fe with conductive cooling [Pester et 

al., 2011; Seewald and Seyfried, 1990] and these effects are more likely to be observed at Lucky 

Strike in conjunction with the comparatively low exit temperatures. Still, Fe/Mn appear to have 

equilibrated for many of the samples, including all those acquired in 2008. For the 2008 data, the 

Fe/Mn ratio decreases with chlorinity, which is opposite the effect of partitioning due to phase 

separation [Pester and Seyfried, 2010]. This means these metals equilibrated subsequent to phase 

separation, making it unlikely that the fluids intersected the two-phase boundary on ascent to the 

seafloor. This and the trace element data (Fig. 2.4) are inconsistent with the model proposed by 

Charlou et al. [2000] that involves shallow mixing between a dilute vapor and hydrothermal 

seawater as the primary control on the chlorinity of Lucky Strike fluids. Furthermore, such a 

mixing process would be unable to account for the chloride-enriched fluids from 2608 vent 

recorded in the 2008 dataset. 

 The Fe/Mn temperatures can be used in conjunction with dissolved Si, Cl and 

geophysical data to constrain possible subseafloor reaction conditions in pressure-temperature 

space [Bischoff and Rosenbauer, 1985; Fontaine et al., 2009; Foustoukos and Seyfried, 2007b; 

Pester et al., 2011]. The extent of chloride variability in Lucky Strike fluids is sufficiently small 

that phase separation is likely occuring at conditions that do not significantly deviate from the 

critical curve in the NaCl-H2O system. Assuming bulk salinity no less than seawater, phase 

separation must commence at conditions between the specific two-phase boundary of seawater 

(3.2 wt% NaCl) and the NaCl-H2O critical curve, which are essentially coincident to 

approximately 430 °C and 375 bars in pressure-temperature space (Fig. 2.6). Once these two 

curves begin to diverge at higher temperatures/pressures, the location of the two-phase boundary  
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Fig. 2.5. Lucky Strike end-member Fe vs. Mn with implications for use of the Fe/Mn 
geothermometer [Pester et al., 2011]. Dashed lines bound the 95% prediction limit for 
equilibrium coexistence with basalt alteration minerals (e.g. magnetite, chlorite). Fluids 
above/outside the upper prediction limit result from delayed response of Mn relative to Fe upon 
conductive cooling and, in some cases, non-conservative behavior of Fe during mixing. The 
depicted equation can be used to predict equilibration temperatures (± 10 – 12 °C) for fluids 
falling within the 95% prediction limit and is calibrated to 450 °C. Isotherms are graphically 
represented (solid lines) and values calculated for the Lucky Strike vents in 2008 are shown. 

 

specifically related to any deep-sea hydrothermal system cannot be resolved without further 

assumptions as it relates to bulk salinity, which is likely variably greater than seawater due to the 

continuous segregation/removal of vapor-like fluids under open-system conditions. On the two-

phase surface in the NaCl-H2O system, vapor compositions are fixed at any given pressure and 

temperature regardless of the bulk salinity [Bischoff and Pitzer, 1989]; and at any fixed 
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subseafloor pressure relevant to Lucky Strike (e.g. 300 – 480 bars), empirical models predict a 

temperature deviation of  ~5 °C or less can account for the maximum chlorinity difference 

between US4 and 2608 (190 mmol/kg). This is essentially within the error of our ability to 

quantitatively model phase relations at near-critical conditions, which demonstrates the observed 

chloride variability at Lucky Strike does not preclude similar peak reaction conditions for all the 

sampled fluids. However, unless phase separation is occurring via decompression during up-flow, 

pressures more shallow than the penetration depth of significant fault structures (~410 bars, Fig. 

2.6) directly beneath the hydrothermal field [Crawford et al., 2010] seems unlikely. Phase 

separation should then be occurring at pressures/temperatures higher than the critical point of a 

fluid with the chlorinity of 2608 (roughly equivalent to the critical point of seawater, Fig. 2.6). 

Accordingly, NaCl-H2O phase relations dictate that the Cl-enriched 2608 fluid would have 

evolved on the vapor branch of the two-phase envelope from a fluid of even higher bulk salinity. 

More specifically, it is likely that all of the 2008 Lucky Strike end-members represent vapor-

phase fluids as treated in section 3.2. 

Quartz solubility, which is often used to constrain reaction conditions in basalt-hosted 

hydrothermal systems [e.g. Bischoff and Rosenbauer, 1985; Edmond et al., 1979; Von Damm et 

al., 1991], is sensitive to pressure, temperature and salinity [Fournier, 1983]. Using the model of 

Foustoukos and Seyfried [2007b], dissolved Si isopleths that incorporate the vent specific effects 

of chlorinity can be represented as a function of temperature and pressure (Fig. 2.6). This model 

is not calibrated at temperatures greater than 430 °C, where errors in calculation of the ionic 

strength become especially significant. To extend this model for the broader pressure/temperature 

conditions possible at Lucky Strike, we assume continued linearity between ionic strength and the 

density of pure water once the activity models become questionable and divergence is predicted. 

This approach compares well with the density based model of Von Damm et al. [1991], which is 

calibrated for seawater salinity. The 2008 samples from 2608 and US4 are the highest and lowest 

salinity fluids thus far sampled at Lucky Strike, respectively. Assuming quartz saturation, the 

isopleths for these vents best represent the general range of observed fluid Si concentrations. 

They bracket the average of combined time-series Si values (15.2 mmol/kg), which consistently 

fall in a narrow range (Fig. 2.3). The coalescence of the Si isopleths indicate that inter-vent 

differences in Si become less significant as an interpretive tool for temperatures greater than ~400 

°C (Fig. 2.6). While the physical process of phase separation can be decoupled from fluid-mineral 

equilibria, it is often assumed that quartz saturation is attained at pressure/temperature conditions  
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Fig. 2.6. Schematic view of the subseafloor at Lucky Strike in pressure-temperature space. 
Average vent exit temperatures are ~300 °C (seafloor = 1700 m depth). Seismic studies show an 
AMC 3 – 3.2 km below seafloor, an approximate maximum depth for hydrothermal circulation, 
and fault penetration to depths ~0.7 km directly above the AMC, an approximate minimum 
circulation depth. The narrower range of seafloor to AMC depth at EPR 9-10°N [Detrick et al., 
1987] is shown for reference (left). Si isopleths for quartz-saturated fluids are shown for 
measured concentrations of 2608 and US4 in 2008 and are meant to represent the general range 
for Lucky Strike fluids. Dash-dot line represents the specific two-phase boundary of seawater (3.2 
wt% NaCl) where deviation from the critical curve (solid line) is observed and the star is the 
critical point of seawater [Bischoff and Rosenbauer, 1988]. The box denoted “Si-Cl” represents 
the pressure-temperature range of reaction derived for Lucky Strike by Fontaine et al.[2009] 
using previously reported data, assuming quartz saturation was achieved in/near the two-phase 
region. While the fluids may have phase separated at temperatures > ~430 °C, Fe/Mn have 
equilibrated at lower temperatures (350 – 385 °C). See text for further discussion.   

 

equivalent to those that induce phase separation [Fontaine et al., 2009; Foustoukos and Seyfried, 

2007b]. This suggests temperature maxima of ~430 – 475 °C and associated pressures betweenthe 

observed depth of fault penetration and the top of the AMC at Lucky Strike (~410 – 480 bars). 

Such temperatures are consistent with petrological data from the root zones of relict hydrothermal 

systems exposed on the seafloor (e.g. Hess Deep and Pito Deep) and in drill cores (e.g. 

ODP/IODP Site 1256) [Alt et al., 2010; Gillis, 1995; Heft et al., 2008]. If we assume quartz 
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saturation at temperatures given by the Fe/Mn geothermometer, shallower equilibration near the 

base of layer 2A is required (Fig. 2.6). Experimental data suggest the rate of equilibration for Si is 

more sluggish than that of transition metals [e.g. Seewald and Seyfried, 1990], but for Lucky 

Strike, the greater transit distance between the AMC and the seafloor (relative to other basalt-

hosted systems) increases the probability that Si concentrations reflect pressures/temperatures 

lower than those associated with the two-phase boundary. Nonetheless, the combined 

geochemical and geophysical evidence supports a model where phase separation takes place at 

temperatures/pressures near the putative depth of the AMC, but increased effects of conductive 

cooling on the fluid chemistry are observed due to the unusually long ascent to the seafloor. 

Correspondingly, transition metal concentrations reset or become buffered at lower temperatures.  

3.4. Associated model for buffering redox and transition metals in Lucky Strike fluids 

  Despite evidence indicative of phase separation at conditions proximal to the magmatic 

heat source, there is no unambiguous evidence of fluid-mineral equilibration (i.e. basalt 

alteration) at temperatures higher than ~390 °C. We are therefore interested in 

examining/modeling whether or not the Lucky Strike fluid chemistry is consistent with redox-pH 

equilibria at temperatures given by the Fe/Mn geothermometer (Fig. 2.5). Such a scenario implies 

that many key geochemical variables typically defined by “reaction zone” conditions may, in this 

case, be reset at temperature conditions lower than the maximum encountered during circulation. 

First noted by Von Damm et al. [1998], the low Fe/Cu ratio in these fluids suggests relatively 

oxidizing conditions [Seyfried and Ding, 1993]; a conclusion supported by the low dissolved H2. 

In basalt-hosted systems, it is unlikely hydrogen fugacity can be lower than that imposed by the 

anhydrite-magnetite-pyrite (AMP) assemblage [Seyfried and Ding, 1995; Seyfried et al., 2002], 

which is used herein to constrain redox. In addition, we express pH control via coexistence of 

plagioclase with the alteration phases tremolite-chlorite-quartz. These minerals are all commonly 

associated with the root and up-flow zones of mid-ocean ridge hydrothermal systems [e.g. Alt, 

1999; Alt et al., 2010; Heft et al., 2008]. Thus, redox-pH equilibria affecting the composition of 

Lucky Strike vent fluids can be reasonably approximated by the reactions: 

                                 Anhydrite    Magnetite                                             Pyrite 

                        6 CaSO4 + Fe3O4 + 12 H+ + 22 H2(aq) ↔ 3 FeS2 + 6 Ca2+ + 28 H2O                   (1) 

   Anorthite                    Tremolite                                         Chlinochlore                 Quartz 

CaAl2Si2O8 + Ca2Mg5Si8O22(OH)2 + 6 H+ ↔ Mg5Al2Si3O10(OH)8 + 7 SiO2 + 3 Ca2+                  (2) 
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Though plagioclase in reaction 2 is represented by end-member anorthite, the activity of the 

anorthite component in solid solution can be better constrained using the Lucky Strike fluid 

chemistry in conjunction with the experimental observations of Berndt and Seyfried [1993] and 

Seyfried et al. [2002]. These experimental data suggest that at constant pressure/temperature, 

mCa2+/m2Na+ is fixed for a given plagioclase composition in equilibrium with quartz. Based on 

the fluid Na/Ca concentrations at Lucky Strike, this model (calibrated at ~400 °C) suggests an 

anorthite composition of An77 (Fig. 2.7a). However, this conclusion inherently assumes basalt 

crystallinity and temperature [Berndt et al., 1989; Mottl and Holland, 1978], both of which are 

imprecisely known (Fig. 2.7b). In general, data from hydrothermal alteration experiments support 

the predicted thermodynamic drive for calcium fixation with increasing temperature; but the 

basalt alteration data of Berndt et al. [1989] also indicate the mineral assemblage preferably takes 

in Na to balance the appreciable amount of Fe entering the solution as temperatures approach 

critical conditions (above 400 °C at 400 bars). Thus, the effects of temperature are somewhat 

ambiguous when attempting to account for the high Ca content of Lucky Strike fluids (Figs. 2.3, 

2.7). However, incipient reaction with the Ca-enriched plagioclase (~An88) in Lucky Strike 

basalt [Marques et al., 2009], followed by metastable equilibria at a slightly more intermediate 

composition may provide sufficient explanation. Though temperature and crystallinity effects on 

plagioclase stability cannot yet be unambiguously quantified, the Ca/Na systematics of Lucky 

Strike fluids are consistent with a plagioclase buffer of fixed composition (Fig. 2.7a). If the 

plagioclase composition used to buffer model pH is fixed, then it is only important that the 

particular composition be roughly in agreement with the field data. For example, the difference 

between equilibrium constants derived for the hydrolysis reactions of An82 and An60 is less than 

40% (Δ log Keq < 5%) for the temperature range indicated by the Fe/Mn ratios. As such, we have 

chosen An77 to represent the metastable plagioclase composition buffering Lucky Strike vent 

fluids. Though not depicted in reactions 1 and 2, Cu and Zn are fixed in our model assuming the 

presence of chalcopyrite and sphalerite. The influence of chlorite solid solution [e.g. Saccocia 

and Seyfried, 1994; Seyfried et al., 2011] on total dissolved Fe was explicitly examined, but the 

effects were minimal for the imposed temperature/redox conditions, therefore, chlorite is 

accurately represented in equation 2 as end-member clinochlore. All model calculations below 

were carried out for fluids with chlorinity equivalent to seawater. This is not only consistent with 

the Lucky Strike fluids (e.g. Crystal) but also allows better comparison to previous experimental 

results. Unless otherwise noted, the standard partial molal thermodynamic properties of minerals, 

gases and aqueous species were calculated with the revised HKF equation of state and associated  
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Fig. 2.7. a) Time-series hydrothermal vent data for end-member Na vs. Ca [Butterfield et al., 
1990; Butterfield et al., 1994; Charlou et al., 2000; Foustoukos et al., 2009; Foustoukos and 
Seyfried, 2007b; Seyfried et al., 2003; Von Damm, 2000; , 2004; Von Damm et al., 1998; Von 
Damm et al., 1985a; Von Damm et al., 2002] in relation to the metastable plagioclase solid-
solution model of Berndt and Seyfried [1993] calibrated at 400 °C. mCa2+/m2Na+ is fixed based 
on the plagioclase composition where the ratios for An82/An60 are from Berndt and Seyfried 
[1993] and the ratio for An70 was retrieved from the data of Seyfried et al. [2002]. From these 
three compositions the relationship: log(mCa2+/m2Na+) = 0.0435(xAn) – 6.97 was derived, where 
xAn is the percent anorthite. A curve fit to the time-series data of Lucky Strike yielded a 
composition of An76.6. b) The same solid solution model compared to the basalt/diabase 
alteration data of Berndt et al. [1989]. Despite the reported anorthite composition, the lower 
crystallinity of the basalt had a profound effect on the end-member Ca. The effect of temperature 
at equivalent pressure (~400 bars) is also noted. See text for discussion.  
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SUPCRT92 software package, including relevant updates [Johnson et al., 1992; Shock et al., 

1997; Sverjensky et al., 1997]. Chlorite, however, wastreated according to Saccocia and Seyfried 

[1994], wherein thermodynamic data for clinochlore is taken from Berman [1988]. The apparent 

standard state Gibbs free energies of formation for An77 were calculated from the anorthite-albite 

end-members assuming an ideal solid solution after Gislason and Arnorsson [1993]. Specific data 

for ion association constants are as follows: NaCl(aq)  [Ho et al., 1994], HCl(aq)  [Ho et al., 2001], 

NaOH(aq)  [Ho et al., 2000b], FeCl2(aq) [Ding and Seyfried, 1992a], CuCl(aq) [Ding and Seyfried, 

1992b; Seyfried and Ding, 1995]. Preliminary sphalerite solubility calculations resulted in the 

coexistence of nearly equivalent proportions of monochloro (ZnCl+) and dichloro (ZnCl2(aq)) zinc 

complexes [Sverjensky et al., 1997], producing unrealistically high Zn concentrations in the fluid. 

Several investigations, however, suggest the monochloro-zinc complex is relatively insignificant 

at the conditions considered herein [e.g. Mayanovic et al., 1999; Wesolowski et al., 1998] and we 

have therefore chosen to suppress formation of this complex. Solubility data for H2S(aq) are from 

Kishima [1989]. Activity coefficients (γ) for aqueous electrolytes were calculated using the 

Debye-Hückel equation [Helgeson and Kirkham, 1974]. Activity coefficients for neutral aqueous 

species are assumed to be unity with exception of H2(aq) and H2S(aq), where values were retrieved 

using the data of Ding and Seyfried [1990]. For example, γH2S(aq) in a 3.2 wt % NaCl solution is 

~1.37 at 400 °C and 500 bars, clearly demonstrating the importance of accounting for salinity 

effects on gas solubility when sufficient data are available [Seyfried and Ding, 1995; Seyfried et 

al., 1991]. Simultaneous speciation and solubility calculations were carried out using the 

reaction-path modeling software GWB [Bethke, 2008]. Model calculations were performed at 300 

– 400 °C and 500 bars to evaluate conditions suggested by the Fe/Mn geothermometer. We note 

that redox and transition metal equilibration at Lucky Strike may take place at pressures less than 

500 bars, but considerable errors in thermodynamic calculations occur at lower pressures and near 

critical conditions for the HKF equation of state [Majer et al., 2004]. Specifically, high 

uncertainties prohibit calculation of thermodynamic properties for charged aqueous species 

between 350 – 400 °C and pressures less than 500 bars [Johnson et al., 1992], which is the 

specific temperature region of interest. Alternate equations of state that appear more reliable in 

the near critical regions have been developed [e.g. Sedlbauer et al., 2000], but are only calibrated 

for a narrow range of aqueous species and thus far have limited applicability for ridge-crest 

hydrothermal processes.  

 The magnitude of possible uncertainty for metal solubility calculations associated with 

fixing the model pressure at 500 bars can be evaluated by comparison to experimental data 
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obtained at alternate pressures. We first compare model calculations for the pyrite-pyrrhotite-

magnetite (PPM) buffer with data for both 400 - 500 bars and 285 bars at similar temperatures, 

where the experimental pH at temperature and pressure (pH(P,T)) is ~5.0 (Fig. 2.8a). In this case, 

the Fe data are within error of the prediction for all pressures. In addition, Seyfried et al. (2002) 

carried out experiments in the system plagioclase-epidote-quartz-magnetite-anhydrite-pyrite-

chalcopyrite (PEQMAPC) at 500, 400, 300 bars and 400 °C where Fe was 30% higher only at 

300 bars and dissolved Cu was invariant. Even a difference of 30% is well within the 

reproducibility of basalt alteration experiments at equivalent chlorinity, temperature and pressure 

[Berndt et al., 1989; Seewald and Seyfried, 1990]. These data suggest dissolved metal 

concentrations are sufficiently unaffected by pressure that uncertainty in the thermodynamic 

calculations, especially at lower pressures, likely imposes a greater source of error. One possible 

explanation for this observation relates to the relative effects of decreasing pressure (and thus 

fluid density) on ionization equilibria. Empirically derived association constants (Ka) for chloro-

complexes (referenced above) are generally reproducible as simple functions of temperature and 

density. For example, the log Ka values and, in turn, the thermodynamic stability of both HCl(aq) 

and FeCl2(aq) increase with decreasing pressure in a similar manner. As such, a pressure decrease 

enhances Fe solubility by further stabilizing the dominant chloro-complex while at the same time 

pH(P,T) will increase, which invariably has the opposite effect on Fe dissolution. Thus, these two 

competing phenomena may serve to mitigate the effects of pressure on metal solubility under 

hydrothermal conditions. 

Initial conditions (i.e. model input) for the Lucky Strike buffer equilibrate a Na, Ca, Cl 

and CO2 bearing fluid with sufficient quantities of anhydrite, magnetite, pyrite, chalcopyrite, 

sphalerite, An77 and clinochore at 300 °C (consistent with the average exit temperature). In 

keeping with the Lucky Strike data, the Na/Ca ratio and CO2 were set to 9 and 100 mmol/L, 

respectively. Temperature of the system is then increased to 400 °C. Tremolite saturates at ~350 

°C and pH(P,T) becomes fixed at 5.13. Though CO2 is included as a dominant chemical 

component, its presence has little effect on the model results because it is relatively unreactive at 

such conditions. Model Fe, Cu and Zn concentrations show excellent agreement with the fluids of 

Lucky Strike when plotted against the corresponding Fe/Mn temperatures (Fig. 2.8). In addition, 

both H2(aq) and H2S(aq) are consistent with the proposed redox buffer (reaction 1, Fig. 2.8c). 

Though not depicted graphically, model H2(aq) ranged 60 – 100 μmol/kg between 350 and 375 °C. 

Using an equivalent redox buffer, the Cu, H2(aq) and H2S(aq) from the PEQMAPC experiments 

match the Lucky Strike model at 400 °C. While the Lucky Strike buffer is in general agreement  
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Fig. 2.8. a) Model results of temperature vs. total dissolved Fe compared to both experimental 
data and field data from Lucky Strike, 2008. Experimental PPM data sources: for 285 bars 
[Foustoukos and Seyfried, 2007a] and 400 – 500 bars [Berndt and Seyfried, 1993; Seyfried and 
Ding, 1993]. Averages for experimental basalt alteration data are as compiled in Pester et al. 
[2011]. Errors on experimental data are the 95% CI of the mean. Temperature errors for the 
Lucky Strike data reflect the 95% prediction limit (10 – 13 °C) for the Fe/Mn geothermometer 
[Pester et al., 2011]. Model calculations for the PPM buffer with pH(P,T) fixed at 5.0 (dashed line) 
agree well with experimental data despite the pressure difference. The Lucky Strike buffer (solid 
line, see text) is consistent with experimental basalt data (especially at lower temperatures) and 
the Lucky Strike field data. Though not shown for clarity, we note the majority of temperatures 
calculated for 1993 – 1997 fluids (that fall within the prediction limit noted in Fig. 2.5) are within 
error of the model. For comparison, the short-dash line is the PPM equivalent to the Lucky Strike 
buffer, where pH(P,T) is buffered at similar values but pyrrhotite is swapped in for anhydrite. b) 
Similar to 8a but for Cu and Zn. The range (including associated error) of Lucky Strike Fe/Mn 
temperatures (cross-hatched area) is denoted. The whole-field ranges of Cu and Zn (discussed in 
section 2) are plotted directly on the solid lines associated with the Lucky Strike buffer. Lucky 
Strike Cu and Zn agree well with the Fe/Mn data for redox-pH equilibrium based on the model, 
which is also consistent with experimental data. Experimental basalt data are from Seewald and 
Seyfried [1990] and PEQMAPC data (magnetite-anhydrite-pyrite buffer, see text) are from 
Seyfried et al. [2002]. c) Model results of temperature vs. H2S compared to both experimental 
data and field data from Lucky Strike, 2008. Experimental basalt data are from Seewald and 
Seyfried [1990]. Equivalent pH comparison is unnecessary as H2S is a function of the redox 
assemblage only. The Lucky Strike buffer agrees with the field data but the experimental basalt 
data suggest more reducing conditions during closed system alteration. d) Model temperature vs. 
pH for the Lucky Strike buffer related to measured pH25°C and the corrected pHin-situ of 2608 vent 
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(2608*). In keeping with the Fe/Mn temperature of 2608, the measured pHin-situ at 2608 was 
corrected to 375 °C and to a pressure of 500 bars for relation to the model (see text).  The box 
bounding 2608* reflects the associated error and is consistent with the pH(P,T) of the Lucky Strike 
buffer. Respeciation of the model fluid composition derived at a given temperature to 25 °C and 1 
bar while suppressing mineral precipitation gives model pH25°C values that correspond to the 
measured pH25°C values for Lucky Strike (dash-bounded region) if the fluids, indeed, reflect 
equilibration at ~375 °C. The calculated/predicted pH25°C range (short dash-bounded region) 
based on the amount of precipitates recovered from the individual samplers (section 2) overlaps 
the measured values, demonstrating how variable amounts of sulfide precipitation account for 
measured pH25°C values that are lower than predicted based on the model and compared Fe/Mn 
temperatures. See text for discussion. 

 

with all the experimental data, it is interesting to note that it coincides with basalt alteration data 

for Fe and Cu at ~350 °C and lower but deviates at higher temperatures. Dissolved Fe and Cu will 

both increase proportionally with decreasing pH(P,T) at a given temperature but they showopposite 

responses to a change in redox intensity [Seyfried and Ding, 1993]. Thus, it appears the incipient 

reaction of basalt results in slightly more reducing conditions than those provided by AMP when 

compared to PPM with the equivalent pH buffer (Fig. 2.8). For the Lucky Strike system, the 

model results support the interpretation that temperature sensitive transition metals re-equilibrate 

at relatively oxidizing conditions in the up-flow zone.  There, mature pathways are lined with 

Ca/Mg bearing alteration phases (e.g. chlorite, tremolite) that help buffer pH(P,T) attending 

dissolution or precipitation of  Fe, Cu and Zn bearing minerals. It is, therefore, unlikely that the 

low transition metal content of Lucky Strike fluid is due to limited availability in the source rock, 

as suggested by Von Damm et al. [1998]. This is especially improbable for Fe, given the broad 

stability field of magnetite. Instead, the transition metals reflect cooling processes in the up-flow 

zone rather than the alteration state of the root zone.   

If the Lucky Strike fluids reflect pH-redox equilibria at the temperatures outlined above 

(collectively ~350 – 385 °C), the pHin-situ measured at 2608 vent (4.82) should show agreement 

with the model calculations when corrected for effects of temperature and pressure on the 

distribution of aqueous species [Ding et al., 2010; Seyfried et al., 2011]. The Fe/Mn temperature 

of 2608 (~375 °C) also coincides with the model prediction (Fig. 2.8a), providing a good basis for 

comparison. Respeciation of the measured pHin-situ to 375 °C and 500 bars gives the value 5.05 ± 

0.1, which is within error of the mineral-buffered model pH(P,T) (Fig. 2.8d). Despite the constant 

value of the model pH(P,T) above 350 °C, the increasing stability of HCl(aq) with temperature 

results in a concomitant decrease in the quench pH (25 °C, 1 bar) of the model fluids with 

increasing equilibration temperature. This relationship is demonstrated in Fig. 2.8d where the 
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model fluid pH25°C is calculated for the associated temperatures of formation (explicitly 

accounting for temperature-dependent changes in aqueous speciation, while suppressing mineral 

precipitation). This exercise permits comparison with shipboard pH25°C measurements. Variable 

amounts of metal-sulfide precipitation are, however, unavoidable for the vent fluids upon cooling 

in the samplers. Such reactions produce acidity that often yield representatively low shipboard 

pH25°C [e.g. Seewald and Seyfried, 1990; Seyfried et al., 2011]. While the range of shipboard 

pH25°C values (for fluids where Mg < 5 mmol/kg) is fully consistent with the model quench pH25°C 

(Fig. 2.8d), it is important not to overlook the effects of precipitation-induced acidification. In a 

manner similar to the corrections for H2S (section 2), pH values were calculated assuming H+ 

generation equivalent to 3 moles per mole of chalcopyrite and 2 moles per mole of pyrrhotite and 

sphalerite for individual samples where precipitates were analyzed. These calculated values (3.98 

– 3.32) overlap the shipboard pH25°C measurements and define a region where they may contain 

excess acidity. Shipboard pH25°C is the first analysis when processing a recovered sampler while 

precipitate collection is the last, thus accounting for the offset with the calculated values due to 

variable amounts of acidification during processing. This helps to explain shipboard 

measurements that are lower than expected based on the model prediction for temperatures given 

by the Fe/Mn ratio.  

4. CONCLUSIONS 

 High-temperature vent fluids sampled from the Lucky Strike hydrothermal system in 

2008 show a substantial increase in CO2 concentrations and corresponding δ13CCO2 values relative 

to earlier investigations. This is consistent with replenishment of the magmatic heat source, 

providing evidence for the steady-state availability of fresh rock. The increased magmatic 

degassing, however, has occurred independent of substantial deviations in the fluid chemistry 

when compared with data collected a decade prior (1993 – 1997). Attributed to phase separation, 

the extent of chloride variability in the Lucky Strike fluids suggests they evolved at 

pressures/temperatures closely associated with the critical curve/two-phase boundary. 

Furthermore, when compared to experimental data for the Cl-dependent fractionation of trace 

elements in vapor phase fluids, the Lucky Strike data (e.g. B, Sr) suggest the possibility of a 

similar fluid source for all the vent structures sampled in 2008. However, the Fe/Mn ratio 

decreases with chlorinity, which demonstrates these more temperature-sensitive elements 

equilibrated with coexisting mineral phases subsequent to phase separation. These observations, 

in addition to the chloride-enriched fluids of 2608, make it unlikely that shallow phase separation 

and mixing processes can account for the chloride variability at Lucky Strike.  
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Geophysical studies at Lucky Strike have traced large scale fault structures penetrating to 

depths closely associated with the AMC (heat source). Assuming that phase separation is driven 

by close proximity to this heat source, where the magmatic CO2 is likely entrained, fluid-mineral 

reactions may be occurring at temperatures as high 475 °C. A similarly high temperature range 

(~430 – 475 °C) is suggested if we further assume that fluid Si concentrations reflect quartz 

saturation at pressures/temperatures near the two-phase boundary. However, the Fe/Mn ratio in 

the Lucky Strike fluids suggests transition metal equilibration at lower temperatures (~350 – 385 

°C). Due to the sensitivity of Fe and Mn, the latter can be considered minimum reaction 

temperatures. There is a much greater distance between the AMC and the seafloor at Lucky Strike 

relative to faster spreading systems such as EPR 9-10°N, which host higher temperature vents 

with significantly greater transition metal concentrations. We therefore suggest the resulting 

increased residence time in the up-flow zone plays an important role in modifying the chemical 

composition of the hydrothermal fluids. More specifically, there is increased probability of re-

equilibration for some dissolved species (especially temperature sensitive metals) at conditions 

less extreme than those associated with peak reaction. Since the data do not support any aspects 

of fluid mixing in the up-flow zone, the mechanism for cooling fluids during ascent to the 

seafloor should be largely conductive. 

Agreement between thermodynamic model calculations and dissolved concentrations of 

Fe, Cu, Zn, H2, and H2S in the Lucky Strike fluids reinforce the hypothesis of pH-redox equilibria 

for transition metals at temperatures predicted by the empirical Fe/Mn geothermometer. These 

data suggest relatively oxidizing conditions similar to the anhydrite-magnetite-pyrite buffer. In-

situ pH determined using a chemical sensor deployed at the orifice of 2608 vent is also in good 

agreement with model calculations. This is consistent with mature flow channels where 

metastable plagioclase and coexisting alteration phases such as chlorite, tremolite and quartz are 

available to buffer pH. 
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CHAPTER 2: Tables 2.1 and 2.2 

 

 

 

 

Table 2.1: Dissolved element concentrationsa in hydrothermal vent fluids from Lucky Strike, 2008 and associated end-members.

vent dive-sampler Exit Tb pH Mg Si Cl Br Li B Na K
°C 25°C mm mm mm μm μm μm mm mm

2608 (base) 356-IGT8 125 6.03 47.4 1.4 552 874 60 447 470 12.2
2608 (top) 356-CGT-R 324 3.89 2.7 15.1 585 936 342 443 460 27.2
2608 (top) 356-IGT4 324 4.25 1.9 16.2 587 929 364 460 476 28.4
2608 (top) 356-IGT6 323 3.86 0.9 16.3 587 932 371 433 466 28.4
End-memberc 324 0 16.4 ± 0.4 588 ± 3 935 ± 28 371 ± 15 446 ± 22 467 ± 9 28.7 ± 0.6

US4 357-IGT3 299 3.89 2.3 14.1 418 666 279 439 339 19.6
US4 357-IGT6 265 4.75 30.7 6.0 495 790 130 422 412 14.5
End-member 299 0 14.7 ± 0.5 414 ± 14 661 ± 40 288 ± 25 430 ± 25 332 ± 7 20.1 ± 0.5

Crystal 358-CGT-R 308 4.72 31.2 6.4 544 843 162 443 457 17.5
Crystal 358-IGT8 307 4.43 2.9 14.8 538 831 344 447 447 27.2
Crystal 358-IGT6 306 3.64 1.5 15.0 539 862 348 424 443 27.0
End-member 308 0 15.6 ± 0.3 538 ± 3 843 ± 29 359 ± 14 438 ± 24 443 ± 9 27.8 ± 0.6

Isabel 357-CGT-Y 292 4.09 2.6 13.1 489 772 292 440 395 22.6
Isabel 357-IGT5 284 3.81 2.8 13.1 490 781 297 453 400 22.8
MeSH 359-IGT5 157 4.8 32.9 4.7 526 828 127 446 443 15.5
End-member 292 0 13.7 ± 0.5 487 ± 2 771 ± 23 308 ± 12 446 ± 13 394 ± 8 23.5 ± 0.5

Elisabeth 358-IGT5 236 3.72 4.6 12.5 555 892 321 442 440 26.3
Medea 359-CGT-Y 270 3.9 3.8 12.8 553 868 319 442 445 26.3
Medea 359-IGT2 261 3.81 4.2 12.7 552 857 301 435 438 26.3
Medea 359-IGT6 251 3.68 2.2 13.2 553 877 324 438 436 26.3
End-member 270 0 13.8 ± 0.3 554 ± 3 874 ± 26 338 ± 14 439 ± 7 438 ± 9 27.5 ± 0.5

a) mm and μm are mmol and μmol/kg solution, respectively. b) end-member is maximum measured temp.
c) reported errors are the greater of the analytical uncertainty (2σ) or the 95% CI of the intercept for regression. 
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Table 2.1: Dissolved element concentrationsa in hydrothermal vent fluids from Lucky Strike, 2008 and associated end-members (cont'd)

vent dive-sampler Exit Tb Mg Rb Ca Sr Ba Mn Fe Cu Zn
°C mm μm mm μm μm μm μm μm μm

2608 (base) 356-IGT8 125 47.4 6 14 96 40 30 129 8 145
2608 (top) 356-CGT-R 324 2.7 49 46 144 79 313 843 72 69
2608 (top) 356-IGT4 324 1.9 52 48 149 83 330 764 30 58
2608 (top) 356-IGT6 323 0.9 51 49 150 128 333 730 17 34
End-memberc 324 0 53 ± 2 49 ± 1 150 ± 6 101 ± 24 337 ± 7 808 ± 60

US4 357-IGT3 299 2.3 31 32 79 41 214 318 23 45
US4 357-IGT6 265 30.7 15 19 80 9 93 110 3 11
End-member 299 0 33 ± 1 33 ± 1 78 ± 7 40 ± 33 223 ± 4 321 ± 98

Crystal 358-CGT-R 308 31.2 19 23 102 29 123 317 60 34
Crystal 358-IGT8 307 2.9 44 41 126 76 282 701 39 131
Crystal 358-IGT6 306 1.5 46 43 122 47 282 396 9
End-member 308 0 47 ± 2 43 ± 1 126 ± 5 78 ± 12 295 ± 6 746 ± 43 ~28d ~77d

Isabel 357-CGT-Y 292 2.6 37 36 104 70 177 385 14 39
Isabel 357-IGT5 284 2.8 37 36 105 63 178 313 26 77
MeSH 359-IGT5 157 32.9 17 22 98 57 71 62 10 156
End-member 292 0 39 ± 2 37 ± 1 107 ± 5 76 ± 30 187 ± 4 352 ± 96

Elisabeth 358-IGT5 236 4.6 45 40 115 64 161 581 21 47
Medea 359-CGT-Y 270 3.8 44 41 118 76 214 635 9 88
Medea 359-IGT2 261 4.2 42 42 118 64 218 611 10 56
Medea 359-IGT6 251 2.2 46 43 121 112 223 628 5 171
End-member 270 0 47 ± 2 44 ± 1 120 ± 5 85 ± 17 220 ± 21 660 ± 26

d) Cu and Zn end-members are arbitrarily reported in relation to crystal vent and represent an average end-member for the Lucky Strike vent field (see text, section 2).

Table 2.2: Dissolved gas data and associated carbon isotopic compositions for Lucky Strike vent fluids, 2008.

vent dive-sampler T Mg H2S H2 CO2 δ13CO2
e CH4 δ13CH4

°C mm mmol/L 2σ μmol/L 2σ mmol/L 2σ ‰PDBf mmol/L 2σ ‰PDB

2608 (base) 356-IGT8 125 47.4 0.1 0.1 4.4 0.4 5.0 0.1 -6.2(-3.8) 0.08 0.01 -14.7
2608 (top) 356-CGT-R 324 2.7 3.4 0.4 88.2 7.9 32.9 0.3 1.05 0.06
2608 (top) 356-IGT4 324 1.9 3.5 1.0 48.7 2.3 34.7 0.6 -5.0(-4.9) 0.98 0.04 -14.7
End-memberg 324 0 3.6 1.0 71 48 35 2 -5.6 1.06 0.10 -14.7

US4 357-IGT3 299 2.3 3.6 0.4 50.8 10.6 126.9 1.3 -4.6 0.71 0.03 -12.5
End-member 299 0 3.8 0.4 53 11 133 1 -4.6 0.75 0.03 -12.5

Crystal 358-CGT-R 308 31.2 2.0 0.3 20.2 1.3 48.9 0.7 0.33 0.02
Crystal 358-IGT8 307 2.9 3.7 0.02 37.3 8.9 110.4 1.4 -4.8 0.78 0.03 -14.3
End-member 308 0 4.0 0.7 41 14 116 1 -4.8 0.82 0.03 -14.3

Isabel 357-CGT-Y 292 2.6 3.4 0.6 21.7 7.6 106.2 1.4 0.84 0.03
Isabel 357-IGT5 284 2.8 3.5 1.0 31.7 19.5 106.0 2.5 -4.8 0.82 0.02 -12.7
MeSH 359-IGT5 157 32.9 1.5 0.3 6.6 5.7 41.7 0.9 -4.3 0.31 0.02 -13.1
End-member 292 0 3.6 1.0 28 13 111 3 -4.6 0.87 0.03 -12.9

Elisabeth 358-IGT5 236 4.6 2.6 0.2 22.7 2.5 92.0 0.9 -3.9(-4.0) 0.75 0.06 -14.4
Medea 359-CGT-Y 270 3.8 2.9 1.0 55.6 1.6 91.2 0.6 0.82 0.03
Medea 359-IGT2 261 4.2 2.5 0.3 60.1 6.1 90.3 1.2 -4.0 0.82 0.02 -14.7
End-member 270 0 2.9 1.0 63h 11 99 3 -3.9 0.87 0.07 -14.6

e) raw values given in parentheses when different from corrected values (see section 2). f) Pee Dee Belemnite standardization.
g) reported errors are the greater of the reproducibility of replicate samples (2σ) or the 95% CI of the intercept for regression. 
h) Elisabeth not included in end-member extrapolation.
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1. INTRODUCTION 

 Relative to precursor seawater, the chemistry of deep-sea hydrothermal fluids exhibits 

variable enrichment in trace alkalis (Li, K, Rb), alkaline earths (Ca, Sr, Ba), transition metals 

(Mn, Fe, Cu, Zn) and dissolved volatiles (H2, H2S) depending on temperature and the lithology of 

the reacting substrate. The most important ligands for aqueous metal transport in natural systems 

are Cl-, HS- and OH- [e.g. Crerar et al., 1985; Seward and Barnes, 1997] but the acidic/reducing 

conditions typical of most hydrothermal systems effectively leaves only Cl- to charge balance 

cations in solution. The now broad database of field samples [Butterfield et al., 1990; Butterfield 

et al., 1994; Campbell et al., 1988; Charlou et al., 2000; Charlou et al., 2002; Charlou et al., 

1996; Ding et al., 2001; Douville et al., 2002; Edmond et al., 1995; Edmond et al., 1979; 

Foustoukos et al., 2009; Gallant and Von Damm, 2006; James et al., 1995; Lilley et al., 2003; 

Michard et al., 1984; Mottl et al., 2011; Pester et al., 2012; Pester et al., 2011; Reeves et al., 

2011; Schmidt et al., 2007; Seewald et al., 2003; Seyfried et al., 2011; Seyfried et al., 2003; 

Shanks et al., 1995; Von Damm, 2000; , 2004; Von Damm et al., 1998; Von Damm et al., 1985a; 

Von Damm et al., 1985b; Von Damm et al., 2003] further demonstrates the Na/Cl ratio in 

hydrothermal vent fluid is ~0.8 ± 0.05, a minimal depletion relative to seawater (0.85). The 

physical properties of NaCl solutions are, therefore, commonly accepted as analogous to those of 

circulating hydrothermal fluids [Bischoff and Rosenbauer, 1984; , 1985], which appear also to 

routinely intersect the two-phase boundary as exemplified by both temporal and spatial variability 

in total fluid chloride concentrations. These data are consistent with high chlorine alteration 

minerals (amphiboles) in dredged rift samples [Ito and Anderson, 1983; Vanko, 1986] and fluid 
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inclusions of variable salinity (from CO2-rich vapors to 50 wt% brines with metal-sulfide 

daughter crystals) from alteration assemblages of both ophiolites and active spreading centers 

[Kelley and Delaney, 1987; Kelley and Fruh-Green, 2001; Nehlig, 1991; Saccocia and Gillis, 

1995; Vanko et al., 2004; Vanko and Laverne, 1998]. Furthermore, excess chlorine observed in a 

variety of fresh MORB samples suggests assimilation of a highly concentrated brine or halite near 

the magma-hydrothermal interface prior to eruption [Coombs et al., 2004; le Roux et al., 2006; 

Michael and Cornell, 1998].  Such data is not only consistent with phase separation but also 

phase segregation wherein the lower density/salinity vapor buoyantly rises to vent at the seafloor 

and the liquid (more saline brine) becomes sequestered in the lower permeability regions of the 

crust [Fontaine and Wilcock, 2006]. The preferential partitioning of solutes between the liquid 

and vapor can therefore serve to modify the pH, oxidation state and/or electrolyte/volatile 

contents of the evolving fluids [e.g. Arnorsson et al., 2007; Bischoff and Rosenbauer, 1987; 

Drummond and Ohmoto, 1985; Foustoukos and Seyfried, 2007a; Giggenbach, 1997a; Heinrich et 

al., 1999; Trommsdorff and Skippen, 1986; Williams-Jones et al., 2002].  

  The partitioning of a solute between equilibrium liquid and vapor phases is often 

described in terms of a distribution constant such as; 

Kd = mvap/mliq                                                                         (1)                           

where mvap and mliq are the concentrations of the solute in the coexisting vapor and liquid, 

respectively. Kd has also been referred to as a “volatility ratio” [Drummond and Ohmoto, 1985] 

for the intercomparison of solute affinity for the vapor phase. After the rigorous thermodynamic 

formulation of Japas and Levelt Sengers [1989], Kd values are well known for most volatile non-

electrolytes in steam-saturated water where they are a function of temperature only [Fernandez-

Prini et al., 2003] given the fixed/well-known densities of both phases. For example, Kd of H2S, 

CO2, CH4 and H2 at 350 °C are 5.09, 7.39, 15.88 and 16.08, respectively, illustrating that all four 

species are more soluble in the vapor but H2S to a lesser extent than H2. Note also that Kd should 

converge to unity at the critical temperature (373.9 °C), a relationship that is strictly obeyed by 

the aforementioned non-electrolytes. The same thermodynamic formulation applied to electrolyte 

solutions requires knowledge of or assumptions regarding speciation in both phases (including 

activity-concentration relations) and, for example, an entirely different relationship is derived for 

HCl wherein Kd converges not to unity but to the association constant (Ka) of HCl at the critical 

point [Alvarez et al., 1994; Palmer et al., 2004; Simonson and Palmer, 1993]. HCl is unusual in 

that it becomes increasingly volatile with temperature; and Simonson and Palmer [1993] report 
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Kd values greater than unity above ~200 °C. However, the authors explicitly note that these are 

bulk values that incorporate H+ - Cl- association in the liquid phase (Ka) followed by partitioning 

of the neutral ion pair (HCl0) into the vapor. Thus, as it relates to Equation 1, these data show that 

temperatures of 350 °C or higher are required for the vapor HCl concentration (molal) to actually 

exceed that in the liquid for geologically reasonable compositions. 

 Similar (steam-saturation/infinite dilution) thermodynamic formulations are even more 

difficult for NaCl given the high solubility in the liquid phase [Alvarez et al., 1994], but decades 

of experimentation have characterized well phase relations/criticality in the NaCl-H2O system 

[e.g. Bischoff and Rosenbauer, 1988; Bischoff et al., 1986; Bodnar et al., 1985; Khaibullin and 

Borisov, 1966; Knight and Bodnar, 1989; Marshall, 1990; Rosenbauer and Bischoff, 1987; 

Sourirajan and Kennedy, 1962] for temperatures and pressures applicable to sub-seafloor 

hydrothermal systems, where phase separation and fluid-mineral reactions appear to be occurring 

at 400-475 °C [e.g. Alt et al., 2010; Fontaine et al., 2009; Gillis, 1995; Pester et al., 2012; Pester 

et al., 2011]. Such temperatures and the associated hydrostatic pressures (~ 300-500 bars) are 

well above the critical point of pure water and near-critical vapors have salinities approximately 

two orders of magnitude higher than those at steam saturation (T < 374 °C). It is therefore 

important to better assess the effects of phase separation on pH and metal transport at these 

conditions, especially given the extremely low fluid salinities that accompany eruptions/sub-

seafloor magmatic events [Lilley et al., 2003; Seewald et al., 2003; Seyfried et al., 2003; Von 

Damm, 2000]. 

 Our experimental investigation is focused primarily on divalent metals (e.g. Fe, Zn, Mn, 

Ca, Sr), which appear to partition much more heavily into the liquid phase than Na and other 

alkalis [Berndt and Seyfried, 1990; Foustoukos and Seyfried, 2007c] making it more likely for the 

effects to be resolved in field data. There are several previous investigations of accessory metal 

partitioning (in NaCl-dominated fluids) relevant to our current study [Berndt and Seyfried, 1990; 

Bischoff and Rosenbauer, 1987; Foustoukos and Seyfried, 2007a; Pokrovski et al., 2008; 

Pokrovski et al., 2005; Rempel et al., 2012; Simon et al., 2004] that have provided excellent 

insight into this subject. However, due to either small data sets (especially the case for Mn) or 

general inconsistencies, sufficiently resolute partition coefficients have yet to be derived for these 

geologically important metals. Herein we report data obtained from multiple hydrothermal flow 

experiments (vapor-liquid to vapor-halite) and an associated near-critical/two phase basalt 

alteration experiment. These data show good agreement with the data of Berndt and Seyfried 

[1990] and Bischoff and Rosenbauer [1987] and allow the regression of partition coefficients that 
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distinguish Cu(I) < Na < Fe(II) < Zn < Ni(II) ≤ Mg ≤ Mn(II) < Co(II) < Ca < Sr < Ba with 95% 

confidence. These data are then applied in explanation of the anomalous behavior of Fe and Mn 

in low chlorinity fluids associated with eruptions/magmatic events at 9-10°N on the East Pacific 

Rise (EPR). 

2. EXPERIMENTAL PROCEDURES 

2.1. Flow-through experiments 

 Flow-through experiments were conducted at temperatures between 360 °C and 460 °C 

and pressures coincident with vapor-liquid/vapor-halite stability to derive partition coefficients 

for accessory alkaline earth and transition metals in NaCl-dominated fluids. The experiments 

were carried out in one of two similar hydrothermal pressure vessels constructed of different 

materials. Experiments 1-3 were conducted in a 316 stainless steel reactor (~110 cm3), whereas 

experiments 4-7 utilized a newly designed Ti-alloy reactor (~165 cm3) capable of temperatures 

exceeding 500 °C. The experimental design is similar to that described in Foustoukos and 

Seyfried [2007c] with modifications as shown in Figure 3.1. Capillary pressure tubing (316 ss or 

Ti, 1/16” O.D.) connected the reactors to all external valves/pumps. For the Ti-alloy cell, all 

wetted accessory tubing/valves (including the pump head) were also constructed of Ti with 

exception of the input check valve (Fig. 3.1-3, 316 ss) and the output back-pressure regulating 

valve (Fig. 3.1-9, 316 ss), both of which were at ambient temperature. Furthermore, the vapor 

output line (Fig. 3.1-7) was run through a cold water bath to assure warm fluid was not entering 

the back-pressure regulator. Cell temperature was maintained by three independent external 

heating coils using proportional control microprocessors. The temperature input signal for each 

controller was provided by thermocouples placed in 0.75 mm external wells drilled in the side of 

each vessel. The reactors were insulated in a 2” thick calcium-silicate cylinder packed with glass 

wool. Thermocouples were also used to directly monitor the internal fluid phase(s) where the 

temperature was typically 3 to 7 °C higher than the external set-point from 400 to 500 °C, 

respectively. Thermocouples were calibrated against the steam saturation pressure of pure H2O up 

to 360 °C and those used for internal solution monitoring were further calibrated up to 500 °C 

using a P-T isochore (ρ = 0.45 g/cm3) for a known mass of pure H2O in the fixed volume cell. 

Steel-sheathed (1/16”) mineral-insulated thermocouples (Type J, iron-constantan) were used with 

the exception that a Ti-sheathed Type E (chromel-constantan) thermocouple was used for internal 

monitoring of the Ti-alloy cell. All temperatures reported herein refer to those measured in direct 

contact with the internal fluid phase. Average, minimum and maximum interior temperatures  
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conditions), which is an air actuated (dome-loaded) valve connected to an ER3000™ electronic 

pressure controller (Tescom Industrial Controls, See Fig. 3.1). Valve response time is ~0.5 

seconds for the full pressure range, allowing decreases in pressure to be exacted without initially 

undershooting the set-point. Vapor samples were collected after having passed through the back-

pressure regulator to avoid any unnecessary decreases in pressure associated with opening a 

discrete sampling valve to the fully pressurized exit line. This is important due to the P-T 

sensitivity of vapor chlorinities at near-critical conditions. Though operating at ambient 

temperature, there was still concern of metal contamination for the most dilute and acidic vapors 

due to contact with 316ss in the valve. However, a test using 0.05 N HCl (trace-metal grade) for 

similar residence times showed only sub-μmolal quantities of Fe and Ni. In experiments 6 and 

7.2, a computer controlled Ti metering valve was utilized to completely eliminate possible 

contamination and in these cases pressure variability was ± 2-3 bars. With exception of sample 6-

B4, liquid samples were not acquired in these experiments due to the more sluggish valve 

response.  

All starting solutions were prepared with deionized H2O and ACS grade 

chloride/bromide salts with the exception that Ni (Exp. 6) was introduced by dissolving the native 

metal in HCl. In a few experiments the bulk concentrations of Fe and Ca were elevated in a 

manner consistent with that of natural hydrothermal fluids (10 and 20 mmol/kg, respectively). All 

solutions were titrated to a pH of ~ 3.0 with HCl prior to the addition of variably small amounts 

of formic acid (reducing pH to ~2.8-2.9). Upon heating, formic acid breaks down into equimolar 

amounts of CO2 and H2 and was thus used to assure the fH2 in the cell was more than adequate to 

maintain redox sensitive transition metals in the most reduced state. As such, measured H2 

concentrations in the single/vapor phases ranged 2.5 to 16 mmol/kg.  

Throughout the experiments (and for 24 hours prior), all starting solutions were 

continuously purged with either N2 or CO2 directly in the reservoir for the delivery pump (Fig. 

3.1-1) to remove dissolved oxygen. Prior to introduction of a different source fluid, the reactor 

was cooled and compressed N2 was used to push any remaining fluid out the bottom of the 

reactor that was then flushed with deionized H2O until the refractive index (RI) read zero 

(salinity) using a hand refractometer. This H2O was then similarly flushed out the bottom using 

compressed N2. The pre-purged experimental starting solution was then introduced into the 

bottom of the cell (liquid-sampling line, Fig. 3.1) at ambient pressure, which served to push the 

internal volume of N2 out the top of the reaction cell (vapor-sampling line, Fig. 3.1-7) and 

through the open back-pressure regulating valve. Once the N2 had been flushed out, fluid flow 
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was maintained until the pH and RI were equivalent to the source fluid. At this point the brine-

sampling valve was closed and the cell was heated to the desired temperature using the back-

pressure regulator to maintain pressure (while evacuating excess fluid) equivalent to ~15-20 bars 

above the associated critical pressure for the target temperature given also the bulk salinity of the 

starting solution. At this time, flow of the starting solution was resumed, now being pumped in 

through capillary tubing that terminated near the center of the internal cavity of the cell (Fig. 3.1-

6). High-temperature, single-phase flow was maintained until steady-state pH (25 °C) and 

dissolved gas concentrations (e.g. CO2, H2) were achieved. At this point a fluid sample was 

acquired (denoted S in data tables). The chemical composition of this sample was compared to 

the reservoir solution to assure the effect of dissolution/precipitation reactions occurring in the 

cell was negligible. For most elements/experiments, the %RSD (2σ) between the unreacted start 

solution and the reacted (single-phase) solution was always less than 4%, but in the case of 

experiment 4, Fe and Cu in the latter were elevated by 6% and 11%, respectively. Greater 

inconsistency was observed for Fe and Cu in experiment 7.2, which in this case may have been 

due to trace sulfide contamination. The chemistry of both the reacted fluid and the starting fluid 

are therefore given in Table 3.7.  

While flowing continuously, the two-phase region was typically approached by 

decreasing the set pressure on the back-pressure regulator along a given isotherm. Increasing 

temperature at constant pressure was also employed, especially when pushing the system into the 

halite stability field. At conditions in the two-phase region, flow rate of the source fluid was 

typically 0.1-0.3 cm3/min, which was more than sufficient to give steady-state vapor chlorinities 

in good agreement with those predicted for equilibrium in the NaCl-H2O system (Fig. 3.2), 

suggesting the concentration range of accessory species studied did not appreciably affect phase 

relations. When a new P-T set-point was imposed, the RI, pH (25 °C) and dissolved gas 

concentrations were monitored until the new steady-state vapor composition was established. 

Usually only 15-20 mins was required to achieve this steady-state, however, fluid was allowed to 

flow for at least 45 mins prior to acquiring samples for chemical analysis.  

Samples were collected in either sterile plastic syringes with gas-tight PTFE stopcocks 

(for gas analyses) or pre-weighed, acid-cleaned LDPE bottles for subsequent dilution with either 

a trace-metal grade HCl (for metal analyses) or deionized water (for Cl, Br analyses). Liquid-

phase samples were similarly acquired (after sufficient bleeding of the exit line) by opening a 

manual, flow-regulating valve (Ti). The sensitivity of the back-pressure regulator allowed this to 

occur with little to no pressure drop in the system and in some cases both vapor and liquid  
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Fig. 3.2. Isothermal representation of vapor-liquid phase relations for a portion of the NaCl-H2O 
system [Driesner and Heinrich, 2007] compared with the experimental data presented herein 
(Tables 3.1-3.8), including those of Berndt and Seyfried [1990]. Isotherms for the main target 
temperatures of this study (410, 425 and 440 °C) are shown (solid lines) in addition to those at 
430 and 445 °C for reference (dashed lines). The critical curve (dashed, shown from 390 to 450 
°C) separates the vapor/liquid limbs of the two-phase envelope. For the experimental data, 
concentrations were calculated as equivalent NaCl wt% based on total chloride. Vapor 
concentrations are reproducible at equivalent P/T and agree with predicted phase relations given 
experimental uncertainty in both the data and the (empirical) model. Dual data points (connected 
by tie-lines) are shown for the last three samples of experiment 6, where the left-hand (half-fill) 
circles do not include HCl (based on pH25°C) in the total charge balance calculation. This 
demonstrates the effects of hydrolysis (Equation 2) at/near halite saturation that contributes to 
HCl becoming the dominant (chloride) species in the vapor (see Fig. 3.5). Liquid phase 
chlorinities are higher than predicted in experiments 1-6, a limitation of the flow-through 
configuration (see text).  
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samples were acquired simultaneously. The amount of sample acquired and the associated 

dilution factors were scaled based on the RI such that accurate analysis of the accessory metals 

could easily be achieved. For example, large samples of the highly dilute vapors (~10-20 ml) 

were taken, which is a distinct advantage of the flow-through configuration.  

Cl and Br were analyzed by ion chromatography (2σ: ± 1% and 3%, respectively) and all 

cations were analyzed by inductively-coupled plasma optical emission spectroscopy (ICP-OES) 

with uncertainties of ± 4% (2σ). The vapors of experiment 7 (360 °C) were extremely dilute 

(especially for the alkaline earths) and were therefore measured by inductively-coupled plasma 

mass spectrometry (ICP-MS). For most metals the uncertainty in these analyses is ± 5% (2σ) 

except Mg and Ca for where reproducibility was considerably worse; but these data are still 

reported unless the error exceeds 25% Dissolved gas concentrations were immediately analyzed 

after head-space extraction by gas chromatography, where target species were separated using a 

carboxen 1010 plot column. The gas chromatograph is equipped with both a thermal conductivity 

detector and a flame ionization detector with a packed methanizer catalyst (Ni). pH (25 °C) was 

measured using a Thermo-Ross electrode that was continuously calibrated throughout each 

experimental session. We note that no effort has been made to correct for the effect of high 

salinity on the liquid junction potential of the electrode, which may be a source of error for some 

of the liquid phase samples [Knauss et al., 1990]. pH was measured on multiple discrete samples 

immediately after retrieval to avoid metal oxidation and attending acidification, which especially 

affected the liquid samples as suggested by decreasing pH measured on the same sample with 

increasing time. For example, some of the heavier brines showed visible precipitate and pH 

values lower than the vapor counterpart after less than 24 hrs.  

The full fluid chemistry of experiments 1-7 are given in Tables 3.1-3.7. For most samples 

of experiments 2-7, chloride is calculated based on charge balance of the suite of cations in 

solution. This includes HCl via pH measurement, which is an important constraint for the more 

dilute vapors (see section 3.1). Chloride was independently analyzed for several samples to verify 

agreement with the calculated values (Table 3.10).      

Vapor-phase chlorinities were reproducible for equivalent P-T conditions. However, 

there were changes in the internal fluid temperature with decreasing pressure in the two-phase 

region despite consistent external temperature control. This results, for example, in the difference 

in chlorinity trends between experiment 3 (425 °C), where T remained constant, and experiment 4 

(425 °C), where the T dropped over 6 °C attending decompression (Table 3.4, Fig. 3.2) and we 
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did not correct this by changing the external set-point. Thus, though technically precluded by the 

level of accuracy, temperatures of experiments 4, 6 and 7.1 are given to one tenth of a degree to 

better resolve these trends. In general, our vapor data agree with model (NaCl-H2O) isotherms 

~2-5 °C higher than the actual measured temperatures. We suggest this is likely within error of 

the vapor-liquid equilibria models [Bischoff and Pitzer, 1989; Driesner and Heinrich, 2007], 

which are simply empirical fits of data acquired using a variety of experimental methods. We do 

note that several thermodynamic equations of state have also been developed for the NaCl-H2O 

system [Anderko and Pitzer, 1993; Hovey et al., 1990; Liu et al., 2006; Oscarson et al., 2004; 

Pitzer and Jiang, 1996; Sedlbauer and Wood, 2004] but these too rely heavily on the 

experimental data. 

The apparent disadvantage of the flow-through configuration is that the liquid-phase 

samples have higher chlorinities than predicted for equilibrium (Fig. 3.2). It has long been 

recognized that agitation by either stirring [Khaibullin and Borisov, 1965] or rocking of 

experimental cells [Berndt and Seyfried, 1990; Bischoff and Rosenbauer, 1987; Shmulovich et al., 

1999] is beneficial when attempting to obtain the liquid phase at equilibrium. Unlike the vapor-

phase that must be salt-saturated, brine condensation can result in metastable density stratification 

at which point diffusion must be relied upon to reach equilibrium. This proved unattainable with 

the open system configuration of these experiments and explains the irreproducibility of the 

liquid phase chlorinities despite consistency for the vapor phase. An exercise conducted during 

experiment 5 serves to demonstrate the existence of stratification in the liquid phase (Fig. 3.3). 

Such phenomena may, however, also occur in natural hydrothermal systems, where open system 

behavior is inherent at hydrostatic pressures. Furthermore we will demonstrate that the majority 

of quantifiable fractionation of accessory metals is expressed in the vapor phase. 

2.2. Near-critical and two-phase basalt alteration experiment 

 An additional experiment (8) was conducted in order to assess vapor-liquid partitioning 

in the presence of a basalt-alteration mineral assemblage. This experiment was carried out using a 

(closed-system) flexible gold reaction cell apparatus [Seyfried et al., 1987] that allows fluid 

samples to be removed without changing pressure. Crystalline basalt, recovered from EPR, 21°N, 

was crushed in a tungsten-carbide ball mill and nylon mesh sieves were then used to obtain the 

37-150 micron grain size fraction used as the starting solids for the experiment. The chemical 

composition of this material was determined by both ICP-OES and ICP-MS where the method 

was checked against USGS rock standards G-2, AGV-1, BHVO-1, RGM-1, STM-1, and GSP-1  
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Fig. 3.3. One example of two instances during experiment 5 wherein the liquid phase was 
continuously drained to assess the extent/implications of brine stratification. Once the vapor 
composition stabilized (see section 2.1), the manual liquid sampling valve was slightly opened 
such that vapor and liquid were simultaneously flowing. Discrete (~1 ml) samples were 
sequentially removed by alternately filling pre-weighed syringes using a two-way stopcock. The 
change in the RI (NaCl wt%) of the samples with the total amount of liquid removed is thus 
shown. Eventually a steady-state chlorinity was achieved that does not represent equilibrium but 
is a function of the input/output flow rates. Four of the samples (see Table 3.5) were selected for 
complete chemical analysis (open circles, offset relative to RI is a function of refractometer 
calibration) and despite differing bulk chlorinities, the m/Cl ratios of the accessory metals agreed 
within less than 6% (2σ) with no observed trends. One bulk vapor of consistent chlorinity (sample 
5-V5 in this case) was acquired throughout the liquid sampling process for comparison of vapor-
liquid distribution trends (see Fig. 3.9). 

 



62 
 

 

(Table 3.9). The starting fluid composition is meant to represent seawater from which all sulfate 

has been removed by anhydrite precipitation and Mg metasomatism [Mottl, 1983; Seyfried, 1987; 

Seyfried and Janecky, 1985]. Accordingly, an amount of anhydrite (taken from the mineral 

collection at the Univ. of MN) equivalent to the complete removal of sulfate from seawater was 

added to the reaction cell in addition to the basalt and starting fluid, which were subsequently 

reacted at a fluid/rock (mass) ratio of 4.9. Introduction of mineral anhydrite was a means to avoid 

clogging of the exit tube via precipitation, which had plagued previous attempts when using 

standard seawater. The system was reacted at 410 °C and a near critical pressure (Fig. 3.2) of 314 

± 2 bars for nearly 4 months to assure fluid-mineral equilibration prior to phase-separation. 

Samples of the single phase fluid were acquired after 86, 102 and 110 days and the chemical 

compositions were generally equivalent within analytical uncertainties. These concentrations 

were thus averaged and the error (2σ) reported for the composite single-phase fluid (Table 3.8) is 

the greater of either reproducibility or analytical uncertainty. Phase separation was induced by 

decreasing the system pressure to 300 bars. The reaction furnace can be oriented/inverted to 

obtain either the vapor or liquid phase and also has the capability of autonomous rotation. Prior to 

sampling either the vapor or liquid, the reaction furnace was continuously rotated for 2 hrs to 

better promote equilibrium segregation [Berndt and Seyfried, 1990; Bischoff and Rosenbauer, 

1987]. Rotation was then stopped and the system was allowed another 2 hrs for the phases to 

settle before obtaining a sample. Subsequent to acquisition of the two-phase samples, a new 

aliquot of the starting solution was injected into the reaction cell and given sufficient time (80 

days) to re-equilibrate at the identical (near-critical) single-phase condition of 410 °C and 314 

bars to establish a better sense of which species reflect chemical versus steady-state equilibrium 

(see section 3.2). Temperature was then increased to 430 °C and the system equilibrated at a near-

critical pressure of 357 bars. Our intent was then to isothermally increase pressure to 500 bars and 

evaluate the effects on solubility, however, this condition proved detrimental to a welded portion 

of the Ti exit tube and development of a leak forced an end to the experiment.  

When acquiring fluid samples, a 0.5 ml aliquot was first taken to flush the exit line. 

Samples for analysis were subsequently drawn into sterile plastic syringes with gas-tight PTFE 

stopcocks. Analytical procedures are identical to those above with the addition that separate 

aliquots were taken for analysis of dissolved H2S by electrochemical titration (± 15% (2σ), see 

Pester et al. [2012] for further details). Due to low concentration, the elements Al, Ba, Co, Cr, Cu, 

Pb, Rb, Zn were analyzed with greater precision by ICP-MS using internal standard addition (± 
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5%, 2σ).  Complete chemical analysis of the experimental fluids and starting materials is given in 

Tables 3.8 and 3.9, respectively. 

3. RESULTS 

3.1. Flow-through experiments 

 Given charge balance must be conserved, the vapor-liquid partitioning of accessory 

metals is most simply demonstrated by a change in the (molal) metal/chloride ratio (m/Cl) with 

chlorinity relative to that of the starting solution (Fig. 3.4). It is contextually clear that drastic 

changes can take place in the vapor with decreasing chlorinity, whereas m/Cl is quite consistent 

in the higher chlorinity liquids. Similar to the observations of Foustoukos and Seyfried [2007c] 

for trace alkali elements (Li, Rb, Cs), all of the metals in this study exhibit an apparent volatility 

at/near halite saturation with an often abrupt increase in m/Cl, which constitutes a reversal in the 

prevailing vapor trends. Data of both experiments 4 and 6 further demonstrate Cu(I), Fe(II) and 

Zn(II) able to increase in concentration and achieve m/Cl ratios in excess of the starting fluid at 

such conditions. Sharp decreases in the Na/Cl ratio and pH (25 °C) are also associated with halite 

saturation (Figs. 3.1 and 3.5) and likely result from hydrolysis [Armellini and Tester, 1993; 

Fournier and Thompson, 1993] according to the reaction; 

NaCl(S) + H2O(V) = NaOH(S) + HCl0
(V)                                              (2.) 

and mass balance requires such in-situ acid generation for HCl to surpass NaCl as the dominant 

species in the vapor (Fig. 3.5b). These data further support the suggestion that vapor-halite 

coexistence is required for significant hydrolysis in NaCl dominated systems [Fournier and 

Thompson, 1993], contrasting with the system CaCl2-H2O wherein HCl is abundantly produced 

on the vapor-liquid solvus, well before saturation of crystalline CaCl2 [Bischoff et al., 1996]. The 

Ca (and other metal) concentrations in the presently described experiments, however, appear 

sufficiently low that any possible hydrolysis effects due to their presence is not resolved in the 

data. Furthermore, that vapor m/Cl generally increases with halite stability for all the accessory 

metals demonstrates the degree of sequestration in solid hydroxide phases is not as significant as 

it is for Na. The only notable exception is the Ca/Cl and Mg/Cl decrease of sample 6-V15 (see 

Fig. 3.19b). It therefore appears that Reaction 2 is able to buffer pH at values low enough to 

prevent hydrolysis of the coexisting divalent metals. 

There is a clear difference in the vapor Cl vs. pH trends of the experiments carried out in 

the 316ss cell relative to those in the Ti-alloy cell. While the Ti cell (expectedly) exhibits little  
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Fig. 3.4. Cl vs. metal/Cl ratio for the data of Exp. 4. The m/Cl was equivalent for all the 
accessory metals in the single-phase/start solution (star) but a clear pattern of partitioning appears 
with decreasing Cl in the vapor phase. All the divalent metals exhibit increasing affinity for the 
liquid phase until halite saturation is approached and apparent volatility is observed. Only the two 
lowest chlorinity samples represent vapor-halite coexistence. The relative degrees of volatility are 
consistent with the overall fractionation pattern except for Zn, which surpasses Fe in the vapor at 
halite saturation. There is little change in the m/Cl with increasing liquid chlorinity, though the 
values are slightly offset relative to that of the start solution in a manner consistent with the 
observed trends in the vapor. 
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Fig. 3.5. (a) Experimental values of Cl vs. pH (25 °C). Hatched area (pH ~ 2.8-3.0) represents pH 
values of starting solutions prior to having passed through the reactor at high temperature. For 
individual experiments, larger filled symbols of corresponding shape are the reacted single-phase 
fluids. Data from the basalt alteration experiment (8) is shown in addition to those of the flow 
experiments. Exps. 2 and 3 were carried out in the 316ss flow cell whereas Exps. 4 and 6 were 
carried out in the Ti alloy cell. The 316ss is initially able to buffer the pH of the single/vapor 
phase fluids to values higher than the incoming source fluid, though these effects decrease with 
vapor chlorinity (see section 3.1). pH was always much higher in the liquid samples, further 
demonstrating the gas-like behavior of HCl. Abrupt decreases in pH were observed at/near halite 
saturation due to hydrolysis. (b) Cl vs. the metal/Cl (and H+/Cl-) ratios for the vapors of Exp. 4 
(see also Fig. 3.4). All accessory metals are included in one charge balance calculation (denoted 
m2+/2Cl- though Cu(I) is also included) and compared to Na+/Cl- and H+/Cl- where total m/Cl 
always equals 1. Though accessory metal volatility is observed at halite saturation (two lowest 
chlorinities), only in-situ HCl generation due to hydrolysis can account for the concomitant 
decrease and increase in Na+/Cl- and H+/Cl-, respectively, resulting in HCl becoming the 
dominant species in the vapor (see section 3.1). 
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reactivity, it appears the 316ss cell buffered the pH to values higher than those of the starting 

solutions for the single-phase fluid and vapors of intermediate chlorinity (Fig. 3.5a). In these 

cases (cf, Exps. 2 and 3), the observed decrease in pH (25 °C) with chlorinity (and density) 

should result from a combination of the decreasing residence time of the vapor as well as 

decreasing activity of H+ due to the increasing association constant (Ka) of HCl [e.g. Ho et al., 

2001]. 

3.1.1. Vapor derived partition coefficients for accessory metals 

There is a broad region of vapor-liquid coexistence where, for each accessory element, 

the change in m/Cl with chlorinity in the vapor gives a nearly equivalent slope regardless of the 

m/Cl of the single-phase/start solution (Fig. 3.6). This slope can be defined as SV for the region of 

the vapor limb(s) that we will refer to as “non-volatile” (i.e. where SV remains consistent). Given 

this apparent consistency, we can thus normalize the vapor (and liquid) compositions from 

different experiments to that of the associated starting fluids (Figs. 3.7 and 3.8) and regress a 

partition constant defined as BV/S where; 

ln (mvap/mstart) = BV/S * ln (Clvap/Clstart)                                                   (3.) 

and mvap, Clvap and mstart, Clstart are the metal and Cl concentrations in the vapor and starting 

solutions, respectively. This relationship requires the regression of the non-volatile vapor data 

pass through the origin and the slope (BV/S) for each accessory metal is inherently normalized to 

Na (BV/S = 1), which dictates phase behavior in these systems (Fig. 3.8). Similar to our 

experiments, minerals were not present in the experiment of Berndt and Seyfried [1990] and these 

data were included in these regressions as well as those discussed below. The data of experiment 

7 (360 °C) were not included in any regressions for reasons discussed in section 4.1. The BV/S 

values given in Table 3.11 thus constitute relative partition coefficients in the order: Cu(I) < Na < 

Fe(II) < Zn < Ni(II) ≤ Mg ≤ Mn(II) < Co(II) < Ca < Sr < Ba, being statistically distinguished at 

the 95% confidence interval. As a result of this normalization, SV can also be more accurately 

defined as; 

SV = BV/S – 1                                                                         (4.) 

Not incorporated in BV/S regressions, the normalized liquid compositions again show little 

deviation or change in slope (Figs. 3.7 and 3.8). However, for metals with BV/S > 1, a slight 

parallel offset above the unity line is observed that generally increases with BV/S and the Cu(I) 

and Br data fall below unity in a similar manner. 
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Fig. 3.6. Cl vs. (a) Ca/Cl, and (b) Zn/Cl for Exps. 4, 5 and 6. The slope of regressions (SV) for the 
non-volatile vapor samples (see text) are nearly equivalent regardless of the m/Cl of the single-
phase fluid (stars). Corresponding liquid-phase samples and volatile vapor samples not included 
in the regressions are shown in grey-scale. 
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Fig. 3.7. An example of the normalization procedure described in section 3.1.1 applied to the well 
studied element Br. With exception of volatility at/near halite saturation, little change in the Br/Cl 
ratio (partitioning) is observed relative to that of the single-phase/start solution (star) as exhibited 
by minimal deviation from the unity line (short-dash, y = x). Additional experimental data taken 
from Berndt and Seyfried [1990], Berndt and Seyfried [1997], Liebscher et al. [2006] and 
Foustoukos and Seyfried [2007c]. 
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Fig. 3.8. Experimental data normalized for extraction of vapor-based partition coefficients (see 
Fig. 3.7, section 3.1.1) for (a) Sr, (b) Ca, (c) Mn(II), (d) Zn, (e) Fe(II) and (f) Cu(I), Mg and Ba. 
Panel (a) shows the corresponding Na data from all the experiments (including the data of Berndt 
and Seyfried [1990], incorporated in the regressions for available elements). Na expectedly shows 
no deviation from the unity line (short dash, y = x) except at/near halite saturation, likely due to 
hydrolysis (see text, Fig. 3.5). A curve fit to this deviation is shown for reference in the other 
panels. Non-volatile vapor data is regressed through the origin and the slope constitutes the 
partition coefficient BV/S. Regressions are represented by the 95% prediction limit for each metal 
and the reported error of BV/S is the 95% confidence interval. Regressions of Ni and Co not shown 
for clarity but all data are summarized in Table 3.11. Liquid-phase data and volatile vapor data 
not included in the regressions are shown in grey scale. BV/S of Cu(I) is more uncertain due to 
greater inconsistency at lower chlorinities, especially in the data of Exp. 6.  
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3.1.2. Chloride-based vapor-liquid partition coefficients for accessory metals 

 It is clear that with the fractionation of ionic solutes the majority of quantitative 

information is gained by analysis of the vapor phase, however, a vapor-liquid fractionation factor 

is desirable to describe the bulk system. This can be derived by treatment of the experimental data 

in the form of; 

ln (mvap/mliq) = BV/L * ln (Clvap/Clliq)                                                           (5.) 

that can be simplified to; 

ln Kd(m) = BV/L * ln Kd(Cl)                                                                     (6.) 

where mliq and Clliq are the metal and Cl concentrations in the liquid phase, respectively (Kd 

notation is as shown in Equation 1). This is essentially identical to Equation 3, resulting in a 

regression with slope BV/L that also equals unity for Na (Fig. 3.9, Table 3.12). The correlations for 

the BV/L coefficient, however, are not as tight as that of BV/S (Equation 3, Fig. 3.8). Aside from the 

fact that more data can be included in the BV/S regression, this may be related to the 

aforementioned stratification in the liquid phase during the experiments. Nonetheless, the BV/L 

trends generally agree with data from gold-cell experiments (e.g. Exp. 8), where the sampled 

liquid phase chlorinites are likely within error of the model (NaCl-H2O) predictions [Berndt and 

Seyfried, 1990; Bischoff and Rosenbauer, 1987]. Furthermore, the data points reflecting the 

multiple discrete liquids associated with samples V5 and V6 (vapors) from experiment 5, where 

the liquid was continuously drained at two P-T conditions (Fig. 3.3, Table 3.5), all exhibit slopes 

in keeping with the main trend (Fig. 3.9). 

An additional approach to the derivation of BV/L values is to calculate mvap/mliq from mass 

balance in a hypothetical NaCl-H2O dominated system using Equation 2 and the equations; 

mstart = Xvap*mvap + Xliq*mliq                                                                    (7.) 

 Clstart = Xvap*Clvap + Xliq*Clliq                                                                   (8.) 

Xvap + Xliq = 1                                                                            (9.) 

where Xvap and Xliq are the vapor and liquid mass fractions, respectively. For example, coexisting 

Clvap and Clliq pairs along the 425 °C isotherm of the model NaCl-H2O system, where Clstart is 

equal to the critical chlorinity (e.g. Fig. 3.2), can be taken as known constraints along with BV/S 

and mstart for a given accessory metal. This yields BV/L values ~ 5-7% higher than those regressed  
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Fig. 3.9. ln Kd(Cl) vs. ln Kd(m) regressions for derivation of vapor-liquid partition coefficients (BV/L, 
see Eqs. 5 and 6) for (a) Sr, (b) Mn(II), (c) Cu(I) and Ca, and (d) Fe(II). Panel (a) demonstrates 
Na falls on the unity line (short dash, y = x) for all data used in regressions where the star symbol 
is the origin. Only data from the flow experiments (1-5) and those of Berndt and Seyfried [1990] 
are used in the (BV/L) regressions and all additional data [Exp. 8; Bischoff and Rosenbauer, 1987; 
Foustoukos and Seyfried, 2007a; Pokrovski et al., 2005; Rempel et al., 2012; Simon et al., 2004] 
are shown only for comparison and are generally from systems coexisting with minerals. 
Regressions are represented by the 95% prediction limit for each metal and the reported error of 
BV/L is the 95% confidence interval. BV/L values for additional elements not shown are given in 
Table 3.12. We note that some of the data of Rempel et al. [2012] and Pokrovski et al. [2005] are 
off scale for clarity purposes. Only the 450 °C data of Pokrovski et al. [2005] are shown as these 
were the only experiments where the liquid phase was sampled rather than calculated.  
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from the experimental data (model 1, Fig. 3.10) and the difference is accounted for in observing 

that while the (experimental) liquid phase m/Cl ratios are quite consistent despite variable 

chlorinity, they do shift slightly relative to m/Cl in the start solution (Fig. 3.4). Conversely, there 

is no meaningful difference between the model 1 results and those obtained by fixing the liquid 

phase m/Cl ratio as equivalent to the single-phase fluid. In order to better demonstrate the effects 

of mass balance, a second model calculation was performed in which the corresponding liquid 

chlorinities were simulated to be higher in a manner observed in the experiments (Fig. 3.11a). 

The results show a much sharper initial increase in liquid m/Cl of accessory metals, relative to the 

single-phase solution, that is in better agreement with the experimental liquid data than model 1 

(Fig. 3.11b). In turn, BV/L values regressed using the model 2 isotherm are nearly identical to 

those directly regressed from the experimental data (Fig. 3.10). The exception to this is Cu(I) as 

both models 1and 2 fail to predict the observed decrease in liquid Cu/Cl. Cu(I) compares more 

closely to Br (for which a BV/S value was not regressed, see Fig. 3.7) in that the BV/L value 

demonstrates a more statically meaningful deviation from unity than BV/S (Tables 3.11 and 3.12). 

Thus, it appears incorporation of the subtle changes in liquid phase m/Cl aids in better elucidating 

partitioning for elements with lower (but nearly equivalent) liquid affinity to Na (or Cl). 

 Despite the generally elevated chlorinity of the experimental liquids, we see no reason to 

value more highly BV/L values obtained from model mass balance calculations, however, the 

model 1 coefficients are reported in Table 3.12  (denoted M1) in addition to those derived by 

direct regression of the experimental data (e.g. Fig. 3.9). As might be expected, there is a linear 

correlation between the BV/S and BV/L values (Fig. 3.10) that can be used to calculate BV/L with 

reasonable uncertainty for the divalent metals lacking sufficient liquid phase data for direct 

regression (e.g. Mg, Ni, Co). Due to agreement for the same elements in both data sets, BV/L 

values for additional species not included in our study (e.g. Li, K) were derived from the data of 

Berndt and Seyfried [1990] and are also given in Table 3.12. 

3.2. Basalt alteration experiment 

 The major chemistry of the fluids equilibrated at near-critical (single-phase) conditions 

(410-430 °C) is given in Table 3.8, denoted as Equilib. 1-3. These values are consistent with 

those expected from the alteration assemblage plagioclase-tremolite-chlorite-quartz-anhydrite-

magnetite-pyrite, believed representative of the minerals buffering hydrothermal reactions in 

basalt hosted systems [Pester et al., 2012; Seyfried et al., 1999; Seyfried et al., 2002]. For major 

elements controlled by phase equilibria, the data also compares well to that reported from the  
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Fig. 3.10. Vapor-derived (BV/S) vs. vapor-liquid-derived (BV/L) partition coefficients based on Cl 
charge balance (see Figs. 3.8 and 3.9, respectively). The star symbol represents Na (i.e. both 
coefficients are ~unity). BV/L values obtained via models 1 and 2 (see section 3.1.2) are shown in 
addition to those from direct regression of the experimental data. Error of experimental values is 
the 95% CI of regression. Error of model 1 values are propagated, inclusive of given BV/S 
uncertainties (Table 3.11) and variability in slopes obtained from different model isotherms. 
Model 2 errors are not given but would be larger than those of model 1. BV/L values for Mg, Ni(II) 
and Co(II) were calculated (Co(II) shown as an example) using the relationship: BV/L = 0.419 + 
0.569*BV/S regressed from the other experimental values (excluding Cu(I), dashed line). Though 
the regression is not shown for the model 1 data, the (M1)BV/L values reported in Table 3.12 were 
similarly derived for these three metals. 
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Fig. 3.11. a) Vapor vs. liquid chlorinity along the 425 °C isotherm in the NaCl-H2O system (see 
Fig. 3.2, star is the critical chlorinity) with also data from Exps. 3 and 4 at the same temperature. 
Clliq and Clvap used in the model 1 mass balance calculations (see section 3.1.2) correspond to 
those of the solid isotherm whereas Clliq used in the model 2 calculations were obtained by a 
simple linear regression of the experimental data (dashed line) for equivalent Clvap. b) Vapor 
chlorinity vs. the fractional difference (or change) in the m/Cl of the liquid phase relative to the 
single-phase fluid. The results of model 2 show an initial spike in the liquid m/Cl with decreasing 
Clvap that is in good agreement with the experimental data (compared to model 1) with Ca and Mn 
given as an example. The data of Exp. 4 agree better with model 2 than those of Exp. 3 for Mn. 
Model 1 calculation for Ca not shown for clarity. See text for further discussion. 
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well-studied vent structures P vent and Bio 9 at EPR 9°50’N from 1997-2004; a non-eruptive 

period where fluid chemistry varied by only 5-17% (2σ) (Table 3.8). The degree of phase 

equilibria control for a given element is demonstrated with the dilution performed subsequent to 

acquiring the two-phase samples. After the fluid was rehomogenized, a sample was analyzed and 

the fluid chemistry was consistent with the relative amounts of vapor and liquid previously 

removed from a mass balance standpoint. The fluid (of this chemical composition) remaining in 

the cell was then diluted attending injection of a fresh aliquot of the starting solution to give the 

new fluid composition reported as “injection” in Table 3.8. Upon re-equilibration (Equilb. 2) the 

injected Mg had again been completely titrated and, for example, Ca had returned to the same 

concentration as Equilb. 1.  Fe, Mn and Si and H2 clearly exhibit the same phase equilibria 

control. Interestingly, neither Fe or Mn return to concentrations as high as those in Equilib. 1 but 

they are in agreement with a fixed Fe/Mn ratio for a given temperature [Pester et al., 2011]. 

These metals are very acid sensitive [e.g. Seyfried and Janecky, 1985] and the lower 

concentrations are therefore consistent with the higher pH of Equilib. 2. Conversely, the trace 

alkalis Li and Rb do not appear buffered by the minerals present where, accounting for the 

effective fluid/rock mass ratio, 61% and nearly 100%, respectively, were leached from the basalt 

over the course of the experiment. These percentages agree well with observations from previous 

high-temperature alteration experiments [James et al., 2003; Seewald and Seyfried, 1990; 

Seyfried et al., 1984] as well as depletions observed in altered dikes from the EPR [Brant et al., 

2012].  

Basalt glass from EPR 21°N contains 580 ± 220 ppm of volatile carbon comprised of 

approximately 80% CO2, 17% CO and 3% CH4 [Byers et al., 1986]. This indicates that carbon 

was quantitatively removed from the rock in the experiment. For example, the total measured 

carbon (CO2 + CH4) for Equilb. 1 is 11.7 ± 2.4 mmol/kg compared with an expected 10 ± 3.6 

mmol/kg based on the basalt analyses. CO concentrations in the experiment were negligible but 

the average CO2/CH4 ratio is 4.2 suggesting the possibility that the basalt CO fraction was 

reduced to CH4 during incipient alteration. The reduction of CO2 to CH4 is extremely sluggish, 

even at temperatures of interest here, however, reduction of CO appears much more rapid 

[McCollom et al., 2010; Pester and Seyfried, 2011; Seewald et al., 2006]. While we cannot rule 

out a source of contamination for the CH4, we do note the basalt alteration experiments of 

Seewald and Seyfried [1990] gave a similar ratio of ~4.4 at 400 °C. 
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3.2.1. Vapor-liquid data 

 Kd values computed from the data of the basalt alteration experiment (Table 3.8) are 

generally in excellent agreement with those predicted using the BV/L partition coefficients (Fig. 

3.12). The only major inconsistencies are the values of Mg, Ba and Co, which are higher than 

predicted whereas Zn is lower. In the specific case of Mg we note the Kd falls on the same trend 

as data from the basalt alteration experiment of Bischoff and Rosenbauer [1987], which would 

give an appreciably different BV/L value of ~0.8 and a consequently higher vapor affinity than Na 

(Fig. 3.13). In this case we keep in mind the elements in disagreement are present in low bulk 

concentrations and are therefore susceptible to preferential interactions with ligands other than Cl 

in a more complex matrix. For example, though negligible in proportion to Cl, both Br and SO4 

are nonetheless present at concentrations exceeding that of the elements in question combined 

(Table 3.8). An equivalent BV/L (slope) is also observed in co-reported data for SO4, and Si 

[Bischoff and Rosenbauer, 1987], allowing preliminary BV/L coefficients to be derived for these 

species (Fig. 3.13). Given agreement between both SO4 and Mg it is possible the later forms a 

stronger complex with SO4 than other cations, which is consistent with the formation of 

metastable Mg-hydroxide-sulfate-hydrate under hydrothermal conditions [Janecky and Seyfried, 

1983]. That higher salinity enhances quartz solubility provides evidence that Si-complex 

formation may also be possible [Anderson and Burnham, 1983; Fournier et al., 1982]. Based on 

their respective (apparent) partition coefficients, complexation with any of these alternate ligands 

could result in higher Kd values but we are unable to explain the low Zn value other than to note 

that the presence of sulfide generally makes the acquisition of consistent Cu and Zn 

concentrations more arduous due to rapid precipitation [e.g. Seewald and Seyfried, 1990]. HCl 

expectedly partitions into to the vapor (i.e. ln Kd > 0) as well as H2S < CO2 < CH4 < H2 in the 

order noted in the introduction.   

4. DISCUSSION 

4.1. Density-based partition coefficients and general limitations 

 The “ray-diagram” approach to solute partitioning, recently summarized in Palmer et al. 

[2004], is similar in form to Eqs. 5 and 6 but relates Kd(m) to the densities of the coexisting vapor 

and liquid phases (ρvap and ρliq, respectively); 

ln Kd(m) = BρV/ρL * ln (ρvap/ρliq)                                                          (10.)        

 



77 
 

-4.0 -3.5 -3.0 -2.5 -2.0
-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

K

Fe

Cu

Br

Zn

LiCo

Sr

Ca

Mg

Mnln
 K

d (
m

ea
su

re
d)

ln Kd (calculated)

Exp. 8 (basalt)
410 oC, 300 bars

Ba

 

Fig. 3.12. Comparison of Kd values derived from the data of experiment 8 (two-phase + basalt, 
Table 3.8) and those calculated (based on Kd(Cl)) using the BV/L values derived from the flow 
experiments (Table 3.12). We note that the data of experiment 8 was not used in the extrapolation 
of BV/L values though shown for reference in Fig. 3.9. Please see section 3.2 for further 
discussion. 
 

where BρV/ρL is thus a density-based partition coefficient. The thermodynamic formulation of 

Japas and Levelt Sengers [1989] has shown that such a relationship appears valid at the infinite 

dilution limit (i.e. ρvap and ρliq are that of pure H2O at steam saturation) to temperatures very near 

the H2O critical point for a wealth of volatile non-electrolytes [e.g. Fernandez-Prini et al., 2003]; 

and reasonable agreement has also been suggested for the ionic solute NaCl [Alvarez et al., 1994; 

Fernandez-Prini et al., 1993]. Given the (empirically) well characterized PVTx properties of the  

NaCl-H2O system, readily allowing calculation of vapor-liquid densities, there has been a natural 

tendency to translate this concept such that the NaCl solution is the solvent and the partitioning of  
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Fig. 3.13. ln Kd(Cl) vs. the distribution constants (Kd(m)) of SO4, Si, Mg and Na from experiment 8 
(open symbols, see also Table 3.8) and the similar two-phase basalt alteration experiment of 
Bischoff and Rosenbauer [1987] (closed symbols). The unity line (solid) and the BV/L regression 
derived for Mg (dashed) from the flow experiments are given for reference. The Mg data from 
both basalt experiments are in agreement but they differ from the expected BV/L slope suggesting 
preferential complexation with an alternate ligand not present in the flow experiments such as 
SO4 (see section 3.2). Being ample enough in concentration, correlation between the two data sets 
for both Si and SO4 suggest it is appropriate to derive preliminary BV/L coefficients as noted 
above. Enhanced solubility in the vapor for these species (relative to Na) likely results from 
increased hydrogen bonding capability.  
 

additional infinitely dilute (relative to NaCl) solutes can be resolved in a simple manner. For 

example, Pokrovski et al. [2005] have reported density-based partition coefficients for the range 

350-450 °C, however, it is clear that a singular relationship (e.g. Eq. 10) cannot technically be 

obtained for NaCl, allowing only broad trends to be observed for accessory metals (Fig. 3.14). 

There is a fundamental thermodynamic anomaly in the NaCl-H2O coexistence curve near the 
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critical temperature of pure H2O [Anisimov et al., 2004; Harvey and Levelt Sengers, 1989; Levelt 

Sengers et al., 1986] that should make it difficult to extrapolate partition coefficients across this 

region. This is most simply demonstrated by the “bird’s beak” pattern in pressure-composition 

space for temperatures less than ~380 °C [Bischoff et al., 1986; Khaibullin and Borisov, 1966] 

that is also reproduced in our data from experiment 7 (Fig. 3.15). NaCl solubility in such vapors 

is so low that the densities, which decrease proportionally with pressure, are essentially 

equivalent to pure water at the same conditions. The implication is that for vapors of each 

isotherm there is a region where chlorinity actually increases with decreasing pressure/density. 

For electrolytic solutes, this not only conflicts with the concept of density-based partition 

coefficients but may by default mean that chloride (or charge-balance)-based coefficients will 

also be inconsistent as partitioning is inevitably a function of both parameters. Interpretation of 

the data from experiment 7 (360 °C) is therefore not straightforward because there is not a 

smooth/continuous decrease in chlorinity with decreasing pressure and the attending change in 

m/Cl is inherently non-linear. It is for this reason the data of experiment 7 were not used in the 

derivation of partition coefficients. When viewed in pressure-composition space, however, these 

data still show the general pattern of Fe > Zn > Mn in the vapor phase and the alkaline earths are 

very low in concentration (Fig. 3.16).   

Such difficulty is clearly not encountered for higher temperatures where the density 

difference between liquid and vapor is based on the relative solute concentrations in what would 

otherwise be homogenous supercritical H2O. The derivation of density-based partition 

coefficients requires a linear relationship with ln Kd for total chloride (Kd(Cl) or Kd(NaCl)) and due to 

a good relationship within our own data, we do report BρV/ρL values (calculation described in Fig. 

3.14) in Table 3.12 that should be reasonably accurate in the temperature region from which they 

were derived (~400-500 °C). However, we note that introducing the inherent uncertainty in 

calculating model densities seems unnecessary when total chloride can be determined much more 

accurately for a given experiment; and both phases must remain electrically neutral. Furthermore, 

the ideal generality of a density-based partition coefficient is not particularly meaningful when 

NaCl-H2O model calculations must be relied upon. For example, if another ligand (e.g. HS-) is 

present in the system at concentrations sufficient to significantly enhance vapor metal transport 

beyond that of chloride alone, the physical properties of the binary NaCl-H2O system may no 

longer be adequate to describe the vapor/liquid densities. In the specific case of sulfide, several 

recent instigations have concluded that vapor solubility of Fe and Zn is not appreciably enhanced  
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Fig. 3.14 (page 80). Translation of the “ray diagram” approach to solute partitioning based on 
calculated vapor/liquid densities in the NaCl-H2O system (see equation 10). Though adopted by 
several investigators, panel (a) depicts how a singular linear relationship is not realized for NaCl 
itself. Model isotherms for 500 °C and 380 °C are shown [Driesner and Heinrich, 2007] in 
addition to the relationship derived by Alvarez et al. [1994] at the infinite dilution limit in steam 
saturated H2O. Shown also are data from experiments 2-5 as well as those of several 
investigations (350 - 450 °C) having used density for correlation of accessory element 
partitioning in hydrothermal fluids. Associated values are reported for b) Zn and c) Cu(I) and 
open symbols represent systems having contained variable amounts of sulfur in addition to NaCl 
[Nagaseki and Hayashi, 2008; Pokrovski et al., 2008; Pokrovski et al., 2005; Rempel et al., 
2012]. Star symbols denote the origin. Isotherms depicted in panel (a) are retained for reference 
in (b) and (c). Vapor/liquid densities for experiments 2-5 (also given for all samples in Tables 
3.1-3.7) were calculated after Driesner and Heinrich [2007] as independent fluids using the 
experimental PTx values, which will reflect any disagreement with the model isotherms (e.g. Fig. 
3.2). In order to be internally consistent, BρL/ρV values for accessory metals reported in Table 3.12 
were calculated based on the relationship ln Kd(Cl) = 3.371 * ln (ρvap/ρliq) derived from the data of 
experiments 2-5 (dashed line panel (a)) and the resulting relationship BρL/ρV = 3.371 * BV/L. The 
dashed lines in panels (b) and (c) thus reflect these calculated slopes for Zn and Cu(I), 
respectively. Please see section 4.1 for further discussion. 
 

by its presence at geologically reasonable concentrations whereas Cu solubility can be more 

affected, but not to the extent that it actually partitions into the vapor [Etschmann et al., 2010; 

Lerchbaumer and Audetat, 2012; Nagaseki and Hayashi, 2008; Pokrovski et al., 2008; Rempel et 

al., 2012].   

4.2. Implications of speciation 

 The relative partitioning of metals will be inherently linked to their partial 

thermodynamic properties including the stability of complex aqueous species; and the extent of 

ion association for any electrolyte increases with both increasing temperature and decreasing 

density due mainly to the concomitant decrease in the relative permittivity (dielectric constant) of 

water. Unfortunately, a quantitative thermodynamic assessment of the partitioning behavior of 

electrolytes is not currently possible. Due to challenging conditions, experimental data for 

apparent molal properties at near-critical conditions are essentially only available for NaCl [e.g. 

Majer et al., 1991; White et al., 1988]; and even when available, extrapolation to infinite dilution 

in accordance with conventional asymmetric standard states and the Debye-Hückel limiting law 

can result in substantial error [Levelt Sengers et al., 1992]. Similarly,  thermodynamic 

formulations such as the revised HKF equation of state [Shock et al., 1992; Tanger and Helgeson, 

1988], which are reasonably successful at predicting the partial thermodynamic properties of 

electrolytes at superambient conditions, diverge anomalously in regions of high water 

compressibility (ρ < 0.6 g/cm3).  
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Fig. 3.15. Vapor chloride composition with decreasing pressure at a) 375.5 °C in the NaCl-H2O 
system [Bischoff et al., 1986] and b) 362 °C from experiment 7.1. Solid lines correspond to the 
model isotherms predicted by Driesner and Heinrich [2007]. For temperatures near and below 
that of critical H2O (373.9 °C) vapor chlorinity drops dramatically at the two phase boundary (P = 
H2O steam saturation for T < 374 °C) but subsequently increases before decreasing again with 
decreasing pressure; a phenomenon not observed at higher temperatures (see Fig. 3.2). This 
relationship likely complicates the derivation of partition coefficients for accessory metals at such 
temperatures (see section 4.1). An increase in total chloride resulting from hydrolysis (Reaction 
2) at/near halite saturation is also observed in both experiments 7.1 and 7.2. 
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Fig. 3.16. Vapor composition with decreasing pressure for experiment 7.2 conducted at 363 °C. 
Metal concentrations drop dramatically along with total chlorinity upon intersection of the two-
phase boundary (H2O steam saturation pressure, see Fig. 3.15). Though not used in the derivation 
of partition coefficients (see section 4.1), the general pattern observed in the higher temperature 
experiments (2-6) is evident with Fe > Zn > Mn > alkaline earths and increases in concentration 
associated with halite stability. These data show Ba > Sr and in some cases Ca, though Ca and 
Mg data are not shown here for clarity and also due to relatively high uncertainties in the 
analytical values (see Table 3.7). Relative to the source fluid the reacted single phase fluid 
showed an increase in Fe and a decrease in Cu that is possibly due to trace amounts of pyrite 
contamination from a previous synthesis experiment even though every effort was made to 
thoroughly clean the cell. Cu concentrations initially drop dramatically but continuously increase 
with decreasing pressure to levels comparable to Fe and Zn, a pattern not exhibited by the other 
metals. 
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Technological advances have recently allowed conductivity measurement in fluids 

sufficiently dilute (even at ρ ≈ 0.2 g/cm3) that application of activity coefficients is generally 

unnecessary for derivation of Ka values of 1:1 electrolytes [Chialvo et al., 2009; Gruszkiewicz 

and Wood, 1997; Ho et al., 2000a]. However, use of these constants in speciation calculations for 

natural/experimental hydrothermal fluids is nonetheless hindered by the lack of any reliable 

activity model at near-critical and (especially) two-phase conditions. While Ka values alone 

would be interesting for comparison to partitioning behavior, interpretation of conductivity data 

in solutions containing divalent cations (e.g. CaCl2) is appreciably more difficult as possibly 

unjustified a priori assumptions must be made about speciation [e.g. Frantz and Marshall, 1982; 

Sverjensky et al., 1997]. Thus, our interpretive discussion is only qualitative in nature. 

The charge/radius ratio of both the cation and the anion are important factors governing 

the degree of hydration and contact ion pair formation [Fulton et al., 2006] and is a good starting 

point for comparison. Davies [1951] has furthermore shown a strong linear relationship between 

this parameter and the log Ka of alkali and alkaline earth metal hydroxides in aqueous solution. 

Similarly, there is an excellent correlation between BV/S values and both the aqueous M-O 

internuclear distances (charge effects cancel out) and the dichloride (M-Cl) bond lengths for the 

alkaline earth metals (Fig. 3.17). Berndt and Seyfried [1990] note a similar correlation based on 

cation-anion electronegativity differences for both the alkalis and alkaline earths. Thus, for these 

metals the partition coefficients agree with the suggestion that as water is replaced by a ligand of 

formal negative charge (e.g. Cl-) the stability increment through purely electrostatic forces will 

increase with the reciprocal of the cationic radius [Irving and Williams, 1953]. In other words, the 

smaller radius of Mg should result in a more stable chloro-complex than that of Ca < Sr < Ba. We 

have found no such simple correlation for the transition metals as the ionic radii are all quite 

similar; and though they do vary, they appear to do so systematically regardless of the 

coordination structure (e.g. octahedral(Oh) or tetrahedral (Td), Fig. 3.17). The stability/speciation 

of and bonding in transition metal complexes, however, will be inherently different than for the 

alkalis or alkaline earths as the partially filled d orbitals of transition elements foster bonds that 

are partially covalent in nature [e.g. Figgis and Hitchman, 2000; Shadle et al., 1995]. Regardless, 

the generality of correlation based on ionic radii is still evident as the transition metals all behave 

broadly similar to Mg (Fig. 3.17). 

While systems of interest here have not yet been observed under two-phase conditions, 

spectroscopic studies have most certainly yielded the greatest insight into speciation in high-

temperature electrolyte solutions. In general, an increase in the extent of chloro-complexation  
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Fig. 3.17. BV/S partition coefficients vs. a) aqueous M-O bond distance and b) M-Cl bond distance 
for the divalent metals. M-O values are taken from Marcus [1988] where the ambient hydration 
shell consists of 6 water molecules for Mg and the transition metals (octahedral) and 
approximately 7, 8, 9 waters for Ca, Sr and Ba, respectively [Fulton et al., 2003; Marcus, 1988; 
Seward et al., 1999]. With exception of the transition metal data represented by the crossed 
circles, all other M-Cl values are vapor-phase dichloride bond lengths where the molecules 
(MCl2) are linear for Mg, Ca and the transitions but SrCl2 and BaCl2 are quasilinear and bent, 
respectively [Hargittai, 2000]. Crossed circles are the average M-Cl bond lengths in the 
tetrahedral [MCl4]2- complex of crystalline [N(CH3)4]2·[MCl4] taken from Wiesner et al. [1967] 
and Lauher and Ibers [1975]. An excellent linear correlation is derived for both the M-O and M-
Cl bond lengths of the alkaline earths. The transition metal data demonstrate the ionic radii vary 
systematically regardless of whether the coordination structure is octahedral, tetrahedral or linear. 
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under equivalent conditions can be described as; alkalis < alkaline earths < transition metals. 

Interestingly, though predicted by molecular dynamics simulations, contact ion pair formation 

was not resolved in 0.2-0.5 molal alkali-bromide solutions to temperatures as high as 450 °C and 

solution densities as low as ~0.4 g/cm3, though a decrease (~40%) in waters of hydration was 

observed [Ferlat et al., 2002; Fulton et al., 1996]. This contrasts with significant ion pair 

formation for the divalent metals. For example, ambient CaCl2 solutions exhibit complete 

dissociation (~ [Ca(OH2)7]2+) at concentrations up to 6 molal whereas a 1 molal solution at 400 

°C, 350 bars is almost completely associated, having a CaCl2
0/CaCl+ ratio of ~4 [Fulton et al., 

2006; Fulton et al., 2003]. Associational equilibria is more complicated for transition elements 

due to both heightened bonding ability and a change from octahedral to tetrahedral coordination 

with increasing temperature/chlorinity. Furthermore, in NaCl dominated solutions, Na acts as a 

ligand donor to the metal center [Fulton et al., 2006; Hoffmann et al., 1999; Susak and Crerar, 

1985]. Dehydration across the coordination transition can therefore be represented by two end-

members consisting of an ambient hexaaqua complex and a high-temperature tetrachloro 

complex; 

                           low-T, Oh                                        high-T, Td  

[M(OH2)6]2+ + 2 Na+ + 4 Cl- = 2 Na+ · [MCl4]2- + 6 H2O                                     (11.) 

 

where the Na+ ions may be closely associated with the chloro complex assuming favorability of 

neutral species if near criticality [Hoffmann et al., 1999]. This effectively demonstrates that 

transition metal speciation can be extremely complicated at moderate to high temperatures (~150-

350 °C) where both octahedral and tetrahedral species can coexist [Hoffmann et al., 1999; 

Migdisov et al., 2011; Susak and Crerar, 1985]. It is for this reason, for example, that 

interpretation of mineral solubility data in relation to the derivation of association constants is 

generally limited by the assumption of no higher order species than MCl2
0 [ca for Fe(II), Ding 

and Seyfried, 1992a; Fein et al., 1992]. While such bulk values do not necessarily hinder metal 

solubility calculations at conditions associated with the experiments, unconstrained extrapolation 

of constants derived in this region to higher/lower temperatures or, conversely, extrapolation into 

this region, is likely to be problematic. Therefore, so too may be the derivation of 

temperature/salinity independent partition coefficients for transition metals, further compounding 

issues related to the aforementioned thermodynamic anomaly for T < 380 °C (section 4.1, Fig. 

3.15).   
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Intercomparison of high-temperature speciation is difficult given the scarcity of 

spectroscopic data for the different metals at identical PTx conditions. However, numerous 

individual studies are available [Chen et al., 2005; Hoffmann et al., 1999; Liu et al., 2011; 

Mayanovic et al., 1999; Mayanovic et al., 2001; Mibe et al., 2009; Testemale et al., 2009] from 

which we can generally conclude that octahedral coordination does not subsist above 400 °C for 

the transition metals. More specifically, in fluids of excess chloride near the two-phase boundary 

the species [MCl3(OH2)]1- and/or [MCl4]2- are dominant. The exception is Cu(I) for which CuCl2
- 

(linear) appears most stable [Brugger et al., 2007; Fulton et al., 2000]. For alkaline earths, excess 

chloride does not appear to significantly change the coordination structure or increase the extent 

of association [Fulton et al., 2006] and the predominant species should therefore be 

~[MCl2(OH2)x]0. While isothermally increasing salinity or decreasing pressure (of a single-phase 

solution) will have opposite effects on density, both will increase the extent of ion association 

[e.g. Mesmer et al., 1988; Oscarson et al., 2004]. It then seems straightforward to propose that 

upon phase separation the drive for association will be maximized for all electrolytes in the 

resulting liquid; and changes in speciation might be represented as a continuum of water loss 

from the first shell of the metal cations. Under such low-pressure, high-chlorinity conditions 

suggestions of more complex species (ionic clusters), though possible, become rather arbitrary 

[Anderko and Pitzer, 1993; Oelkers and Helgeson, 1993; Sedlbauer and Wood, 2004]. What is 

more uncertain, especially for the transition metals, is whether or not the dominant species in the 

vapor is equivalent to that in the liquid. That alkali-halide contact ion pairs have not clearly been 

demonstrated agrees with the observation that excess chloride as NaCl allows the formation of 

tetrachloro transition metal complexes. What has not been sufficiently explored is how this effect 

of excess chloride relates to the m/Cl ratio or the Cl/H2O ratio given that all spectroscopic studies 

have been carried out in solutions > 1 molal Cl/Br and pressures higher than those associated with 

vapor-liquid coexistence. It is intuitive, due to charge balance constraints, that high-temperature 

(T > 400 °C) transition metal solutions lacking excess chloride form only [MCl2(OH2)2]0; and a 

relevant portion of the equilibria in Equation 11 can be represented as; 

2 Na+ · [MCl4]2- + 2 H2O = [MCl2(OH2)2]0 + 2 NaCl0                                    (12.) 

where formation of the dichloro species may be favored with the increasing H2O/NaCl ratio in the 

vapor even though the bulk vapor NaCl/MCl2 is greater than or equal to that in the coexisting 

liquid. For example, Liu et al. [2011] used their spectral data to derive association constants (Ka) 

for both [CoCl2(OH2)2]0 and [CoCl4]2-; and we have used these values to calculate the distribution 

of aqueous species attending dilution of a 1 molal NaCl + 1 mmolal CoCl2 solution with H2O at 
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450 °C and 500 bars. In this case the results show that [CoCl2(OH2)2]0  becomes the dominant 

Co(II) complex for Cltot < 0.7 molal. Though near the limit of reliability for activity/concentration 

models, this condition is still far removed from the low density vapors of interest here and the 

diminished permittivity of H2O may far outweigh any increase in H2O/NaCl ratios. Testemale et 

al. [2009] have similarly derived Ka values for [FeCl4]2- and at the specific T-P noted above the 

log Ka for the Fe(II) species is ~30% higher than that of [CoCl4]2-.  Assuming the tetrachloro 

complex is dominant in both the vapor and liquid, this is consistent with the much lower BV/S 

value of Fe(II) and the more stable chloro-complex having a higher vapor affinity. 

4.2.1. Apparent volatility at/near halite saturation 

 The volatility exhibited by all the divalent metals at/near halite saturation (section 3.1, 

Figs. 3.4, 3.7, 3.8, 3.16 and 3.19) is indeed quite surprising given their consistently low relative 

vapor solubility in the presence of the liquid phase. Foustoukos and Seyfried [2007c], upon 

observation of this phenomena with trace alkalis and Br (cf Fig. Br) suggested in explanation the 

preferential exclusion of these elements from the halite lattice structure. While this may certainly 

be a contributing factor it is clear that approximately 99% of the dissolved chloride salt in the 

starting solution precipitates attending halite saturation and it may be appropriate to simply treat 

the halite as a solid solution. It is of interest to note that for well constrained temperatures (~700-

1200 °C) the equilibrium vapor pressure of pure NaCl is lower than all the other chloride salts of 

interest here except those of Ca, Sr and Ba [Yaws, 2007]. This includes LiCl, KCl, RbCl and even 

NaBr. Furthermore, it is possible that hydrolysis (Reaction 2) contributes to the increase in vapor 

m/Cl ratios by increasing the activity of the accessory metals in the halite solid solution. For 

example, as the hydrolysis product (NaOH) appears insoluble, this sequestration of Na effectively 

increases the m/Na ratio in the (sparingly) soluble halite. For a starting solution comparable to our 

experiments (Na/m ~100) and the observed decrease in pH attending hydrolysis we estimate the 

bulk activity of the accessory metals in the halite (assuming an ideal solid solution) would 

increase on the order of 1-2%. Effusion/transpiration experiments in the NaCl-ZnCl2 system (in 

Ar, 300-600 °C) suggest the transition metals should crystallize in unit cells of Na2MCl4 (plus 

excess NaCl), but these data showed only a small fraction (~1 %) of the vaporized Zn existed as a 

Na-complex (NaZnCl3(g) and/or Na2ZnCl4(g)), the rest being ZnCl2(g) [Rice and Gregory, 1968]. 

However, the Na-Zn complex represented over 90% of the Na in the vapor (Fig. 3.18). This 

clearly differs in the presence of supercritical steam as our data show, despite the increasing m/Na 

ratios attending hydrolysis, that Na is still much greater in concentration than the accessory 

metals for the conditions studied (Fig. 3.5b).  
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Fig. 3.18. Temperature vs. vapor pressure for pure anhydrous chloride salts as well as NaCl-
ZnCl2 mixtures. Pure ZnCl2/CuCl and FeCl2 curves are after Yaws [2007] and Bardi et al. [1996], 
respectively. The melting temperature (TM) of CuCl is noted by the star symbol and the off scale 
TM values for ZnCl2, FeCl2 and NaCl are also given. Pressures for the later two thus represent 
sublimation at the temperatures shown. The data (open symbols) of Rice and Gregory [1968] 
show the partial pressures of ZnCl2(g) and a Na-bearing complex represented as NaZnCl3(g) over 
a mixture of liquid Na2ZnCl4 (TM = 410 °C) and solid NaCl. In this case pNaCl is equal to the 
vapor pressure of the pure solid. This demonstrates how excess NaCl will react with pure ZnCl2 
to form Na2ZnCl4, which has a higher TM and total pNa but lower overall pZn. See text for further 
discussion. 
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Fig. 3.19. Cl vs. m/Cl for the vapors of experiment 6 where the two lowest chlorinity points 
correspond to halite saturation and stars correspond to the single-phase/start fluid (note different 
scale of y-axes for panels (a) and (b)). Dashed lines correspond to predicted trends using BV/S 
values (Fig. 3.8, Table 3.11). Please see text for discussion.   
 

 

The dominant species in the vapor for transition metals is therefore still unclear but what 

is interesting is that Fe(II), Zn and Cu(I) exhibit unusual and unique patterns of volatility. For 

example, the m/Cl ratios of most studied metals do not begin to increase until at or near halite 

saturation. Those of Zn and especially Fe begin increasing well before this point where Fe shows 

earlier volatility, but once halite is stable Zn begins dramatically increasing at a rate that outpaces 

Fe (Figs. 3.4, 3.16 and 3.19a). We do not yet postulate a mechanism for the behavior of Zn at 

halite saturation, but it may be influenced by the unusually low melting points of both ZnCl2 (283 

°C) and Na2ZnCl4 (410 °C, Fig. 3.18). The simple explanation for the early volatility of Fe(II) is 

its unique ability to form abnormally strong complexes relative to the other first-row transition 
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metals [Gruen and McBeth, 1963; Irving and Williams, 1953]. In addition to this, however, the 

data from experiments 2-6 demonstrate the trigger for Fe volatility is related to what we might 

define as the onset of “infinite dilution”, or where the vapor density becomes essentially 

equivalent to pure H2O (Fig. 3.20). It therefore may be likely this volatility coincides with a 

change of the dominant Fe(II) species in the vapor (e.g. Eq. 12). More work is necessary to 

possibly quantify such volatility, which, as we will discuss further, appears to be an important 

mechanism for enhanced Fe transport in natural hydrothermal systems. 

4.3.   Disequilibria and Fe volatility associated with eruptions at 9°50’N, EPR 

 Integrated study efforts between 1991 and 2008 at EPR 9-10°N have provided a unique 

time-series data set of fluid chemistry from two vent structures (P vent and Bio 9) that includes 

disturbances in the apparent steady-state associated with two eruptive cycles (1991-92 and 2006, 

Figs. 3.21 and 3.22). Steady-state heat extraction from subseafloor axial magma chambers (AMC) 

can result in consistent fluid chemistry on decadal time scales such as that of P vent between 

1996 and 2004 (see Table 3.8). That associated chlorinities tend to remain only mildly depleted 

(relative to seawater) during these periods suggests once circulating fluids encounter the two-

phase boundary, as a result of proximity to the magmatic heat source, they penetrate no deeper 

and begin rising to the seafloor [Pester et al., 2012]. Fe and Mn comprise greater than 90% of the 

transition metal content of deep-sea hydrothermal fluids; and the fluid Fe/Mn ratio exhibits a 

reproducible temperature dependence in equilibrium with basalt alteration minerals [Pester et al., 

2011]. This ratio can therefore be used to estimate the temperature of last equilibration for 

hydrothermal fluids sampled at the seafloor. For example, the steady-state Fe/Mn ratio of P vent 

yields ~410 °C between 1996 and 2004 (Fig. 3.22). Under the assumption the fluids were also in 

equilibrium with quartz [Fontaine et al., 2009; Foustoukos and Seyfried, 2007b; Pester et al., 

2011; Von Damm et al., 1991] a pressure constraint of ~320 bars may be derived based on the 

steady-state dissolved Si concentrations (Fig. 3.23). Similar estimates for Bio 9 are essentially 

within error of the P vent P and T, which is, in turn, directly on the two-phase boundary in 

agreement with the slightly depleted chloride values for both vents. While appearing substantial 

on a percentage scale, the difference in steady-state chloride depletion between P vent and Bio 9 

(Fig. 3.21a) is negligible because at equivalent temperatures a pressure change of only two bars is 

sufficient to exact the lower chlorinity of Bio 9. Given such sensitivity, it is interesting that the 

relative values are not more variable. Seismic studies provide additional constraints suggesting 

the fluids are equilibrating just above the expectedly lower permeability region associated with 

seismic activity above the AMC [Detrick et al., 1987; Sohn et al., 1998]. Such steady-state  
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Fig. 3.20. Density vs. Fe/Cl of the vapors in a) experiments 2-4 and b) experiments 5-6 (note 
different y-axis scales). Filled symbols are the NaCl-H2O densities at the measured PTx for the 
vapors [Driesner and Heinrich, 2007; values given in Tables 3.2-3.6] whereas the open symbols 
are the density of pure H2O at the same P and T (IAPWS-95). Fe was not actually included in the 
source fluid of experiment 5, reflecting a low background. These data were therefore not used in 
deriving the partition coefficient. All experiments show the onset of Fe(II) volatility coincides 
with where the vapors have become sufficiently dilute that the density is essentially equivalent to 
pure H2O (infinitely dilute). Please see text for further discussion. 
 

 

 



93 
 

0

100

200

300

400

500

600

700

5

10

15

20

25

30

35

1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010
5

10

15

20

25

30

C
l, 

m
m

ol
/k

g

SW

a)

b)pH ~3.6

steady-state pH ~3.1

 P vent  Bio 9  A vent

Fe
/C

l*1
03

pH ~2.5

c)

M
n/

C
l*1

04

Year  

Fig. 3.21. Time-series fluid chemistry from vent structures P vent, Bio 9 and A vent at EPR, 
9°50’N including a) dissolved chloride (seawater shown for reference, dashed line), b) Fe/Cl 
ratios and c) Mn/Cl ratios. Eruptions having occurred in 1991-92 and 2006 have marked effect on 
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discussion. Time series chemistry: [Prado et al., 2012, Univ. of MN unpublished data; Rubin et 
al., 2012; Von Damm, 2000; , 2004] 
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Fig. 3.22 (page 94). Fe/Mn equilibria in relation to geothermometry [Pester et al., 2011] of the 
EPR vent fluids noted in Fig. 3.21. Panel (a) demonstrates that fluids associated with the eruption 
fall well below the threshold predicted for basalt equilibrium. The data from the basalt alteration 
experiment (Table 3.8) show good agreement with the departure from apparent equilibrium 
associated with phase separation (filled symbol is single phase, open symbols are the 
vapor/liquid). The basalt alteration experiment itself appears to have Fe/Mn ratios higher than 
would be predicted by the geothermometer for the associated temperature. The single phase data 
from 410 and 430 °C, however, give a temperature dependence of equivalent slope, suggesting 
that Fe/Mn ratios may be elevated with equilibration near the fluid critical point (also consistent 
with the increased stability of Fe relative to Mn apparent in the partition coefficients). The 
derived partition coefficients reported herein are used to model (1) the effect of phase separation 
on the steady state fluid chemistry of P vent and (2) extrapolate back to equilibrium the chemistry 
of the eruptive fluids with the highest Fe/Mn ratios. This predicts an equilibration temperature of 
~470 °C and a mother liquid of ~3.6 molal NaCl and ~ 0.3 molal Fe. Both model calculations 
inherently assume the single phase fluid was not able to re-equilibrate at the changing conditions 
affecting the phase separation. Time-series depiction of the same data in panel (b) more clearly 
depict the heightened Fe/Mn ratios associated with the eruptions. Following the 1991-92 
eruptions equilibration temperatures were as low as ~390 °C when a seismic cracking event [Sohn 
et al., 1998] appears associated with the onset of steady-state fluid chemistry and an average 
equilibration temperature of ~410 °C. See Fig. 3.21 for data references. See text for further 
discussion. 
 

 

chemistry is, however, dramatically affected by eruptions/magmatic events, exhibiting 10-100x 

increases and decreases in dissolved volatiles (e.g. CO2, H2, H2S) and electrolytes, respectively 

[Lilley et al., 2003; Seewald et al., 2003; Seyfried et al., 2003; Von Damm, 2000].  

Disequilibrium resulting from the eruptions is readily apparent with departure from the 

basalt field and the extremely low associated fluid chlorinities (Figs. 3.22a and 3.21a). The 

chemical composition of hydrothermal fluids is always to a first order controlled/buffered by P-T 

dependent fluid-mineral reactions; but the extremely low pH associated with the 1991 eruptions 

[~2.5, Von Damm, 2000] suggests phase separation is out-pacing this process. Data from the 

basalt alteration experiment (8) is in general agreement with the field data relating to the 

trajectory of Fe/Mn disequilibria associated with phase separation (Fig. 3.22a); and the partition 

coefficients derived herein allow simulation of effects (trajectory) on the Fe/Mn concentrations if, 

for example, an advancing heat source resulted in extreme phase separation of the steady-state 

composition of P vent (Cl being the independent variable). In this case we must assume the fluid 

does not have time to re-equilibrate with the changing temperature condition (Fig. 3.22(1)). While 

consistent with some of the data this clearly fails to reproduce the much higher Fe/Mn ratio of 

others. For these data we can use the coefficients and discrete chemistry to reverse the effects of  
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Fig. 3.23. Subseafloor schematic of P-T constraints on fluid-mineral phase equilibria at EPR 
9°50’N. A steady-state magma chamber is located ~1.5 km below the seafloor [Detrick et al., 
1987] and a region of seismic cracking [Sohn et al., 1998] allows inference of the thickness of the 
conductive boundary layer. Fluids will penetrate into the region of cracking but permeability may 
be sufficiently low that fluid circulation is limited and heat transport may still be more conductive 
than advective [Driesner and Geiger, 2007]. The steady state (1996-2004) Fe/Mn ratio in 
conjunction with dissolved Si for P vent (Fig. 3.22, Table 3.8) allow estimation of P and T of last 
equilibration [Pester et al., 2011], which coincides with the NaCl-H2O critical curve/two-phase 
boundary. A Fe volatility isochore (~0.25 g/cc) derived from the density relationship in Fig. 3.20 
is also shown, constraining temperature minima associated with the eruptive fluids (see Figs, 21, 
22 and text for discussion). 
 

phase separation and extrapolate back to the edge of the basalt equilibrium field assuming the 

mother liquid had in fact been in equilibrium prior to undergoing phase separation (Fig. 3.22(2)). 

Inherent in this exercise are also the assumptions noted in the last example. This results in a 

source fluid of ~3.6 molal Cl including ~ 0.3 molal Fe in equilibrium with basalt alteration phases 

at ~470 °C. Assumptions aside, such a chemical composition is certainly reasonable given not 

only the evidence from fluid inclusions noted in the introduction but the requirement of a residual 

high salinity phase with continued phase separation under open system conditions. 470 °C is thus 
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our best estimate of the maximum effective equilibration temperature associated with the 

eruptions, but temperatures experienced by the fluids were likely much higher. Following the 

1991-92 eruptions, lower equilibration temperatures and higher pH values are indicated (1993-94) 

due to cooling of the magmatic intrusions and then a seismic cracking event in March of 1995 

[Sohn et al., 1998] appears to have brought about the onset of steady-state, wherein the fluids 

gained access to the persistent heat of the AMC (Figs. 3.22b and 3.23). 

Having demonstrated the Fe/Mn ratio can be increased by both partitioning as a result of 

phase separation and/or increasing the temperature of equilibration, we note the eruptive data of 

both P vent and Bio 9 unequivocally show concomitant decreases in the Mn/Cl ratio attending 

increases in the Fe/Cl ratio (Figs. 3.21b and c). Increasing temperature, however, will result in an 

increase in both chloride ratios and, conversely, despite effectively increasing the Fe/Mn ratio, 

non-volatile phase separation results in a decrease in both chloride ratios. This therefore suggests 

that Fe is behaving in the volatile manner exhibited in the flow experiments (Fig. 3.19 and 20); 

and this is entirely consistent with the extremely low chlorinities. Using the density relationship 

shown in Fig. 3.20, a Fe volatility isochore may be derived and implemented as an additional 

constraint on the P-T conditions associated with the eruptive fluids (Fig. 3.23). This requires 

minimum temperatures between 10 and 40 °C higher than those associated with the two-phase 

boundary (NaCl-H2O). Unfortunately no additional constraint is available at this time because the 

location of the heat source during the eruptions will be variable and the (potential) volatility of 

species such as silica, for example, are not yet known. However, in the specific case of A vent, 

the high Mn/Cl ratios indicate halite saturation may have at some point been attained (Fig. 3.21c). 

Interestingly, these A vent fluids have very low Br/Cl ratios [Oosting and Von Damm, 1996], 

which is counterintuitive to the demonstrated volatility of Br [Fig. 3.7 herein, Foustoukos and 

Seyfried, 2007c]. It is therefore possible that re-dissolution of previously precipitated halite can 

account for these observations [Berndt and Seyfried, 1997; Foustoukos and Seyfried, 2007c], 

making it clear that more work is required to better quantify the volatility of key hydrothermal 

species as well as the highly important potential effects of acid generation on metal solubility 

under conditions of extreme phase separation.   

5. CONCLUSIONS 

 We have derived both chloride and density dependent vapor-liquid partition coefficients 

for accessory metals in NaCl dominated fluids where elements are normalized to Na = 1, this 

being the cation that dictates phase behavior in natural hydrothermal systems. Coefficients > 1 
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represent increasing affinity for the liquid phase and the relationship Cu(I) < Na < Fe(II) < Zn < 

Ni(II) ≤ Mg ≤ Mn(II) < Co(II) < Ca < Sr < Ba is resolved with 95% confidence. The values 

should be applicable between ~400 and 500 °C and show good agreement with previous 

investigations [Berndt and Seyfried, 1990; Bischoff and Rosenbauer, 1987] as well as a two-phase 

basalt alteration experiment described herein for dominant chemical species. Data from 

experiments conducted at 360 °C did not give reproducible results, which might be expected 

given the known thermodynamic anomalies in the NaCl-H2O coexistence curves for temperatures 

near and below the critical temperature of pure H2O. The relative partition coefficients for the 

alkaline earths show an excellent linear relationship based on ionic radius; and the divalent 

transition metals are also generally consistent with this observation given they all have similar 

coefficients and ionic radii to Mg. Since the metals at these conditions are mostly associated in 

the form of chloro-complexes, those that form complexes of higher stability will have lower 

relative partition coefficients.  

The partition coefficients will no longer be representative for P-T conditions at/near 

halite saturation where the vapor metal/Cl ratios and in some cases the concentrations (e.g. Fe(II), 

Zn, Cu(I)) will increase relative to those at less extreme conditions. This volatility is concomitant 

with decreasing Na/Cl ratios and the hydrolysis of halite, which generates new acidity (HCl) 

wherein HCl eventually becomes the dominant species in the vapor. Fe appears unique in that it 

becomes volatile well before halite saturation. There appears to be a correlation between the onset 

of Fe volatility and where the density difference between the vapor and that of pure water (at the 

same P and T) becomes negligible. In fluids of excess NaCl at high-temperature, Na will act as a 

ligand donor to the divalent transition metals resulting in the species [MCl4]2-. We interpret this 

Fe volatility may result from a change in the dominant species from this tetrachloro complex to a 

dichloro-dihydrate species ([MCl2(OH2)2]0) due to the sufficiently decreased NaCl/H2O ratio. 

The fluid chemical composition from a near-critical basalt alteration experiment 

performed at 410-430 °C agrees well with steady state time-series fluid chemistry from the vents 

Bio 9 and P vent at EPR 9°50’N for pH and species concentrations dictated by the buffer 

assemblage plagioclase-tremolite-chlorite-quartz-anhydrite-magnetite-pyrite. Based on Fe/Mn, Si 

and Cl, the steady state fluid chemistry suggests that fluids are equilibrating near the two-phase 

boundary at a temperature of ~410 °C and depths associated with a seismic cracking front (i.e. a 

change in permeability). Data from these same vents show large deviations from apparent 

equilibrium attending eruptions/magmatic events in 1991-92 and 2006; and the increase in Fe/Mn 

ratios is consistent with partitioning due to phase separation. These data demonstrate it may take 
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several years for hydrothermal systems to return to steady-state following a significant magmatic 

event. The eruptive data also exhibit that P-T conditions were sufficiently extreme that Fe is 

behaving in the volatile manner observed in our experiments and in some instances subseafloor 

halite saturation may have occurred. This permits an additional P-T constraint of a Fe volatility 

isochore when interpreting the physical conditions encountered by circulating fluids associated 

with magmatic intrusions.  
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Chapter 3: Tables 3.1 through 3.12 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.1. Data from flow experiment 1
sample T, (°C) P (bars) ρ (g/cc) Cl (mm)* Br (μm)

1-S 609 852
1-V1 410 307.4 0.386 307 475
1-L1 410 307.4 0.631 1682 2293
1-V2 410 302.5 0.310 143 223
1-L2 410 302.5 0.675 2155 2938
1-V3 410 298.2 0.278 96 144
1-L3 410 298.2 0.711 2587 3508
1-V4 410 288.6 0.234 51 77
1-L4 410 288.6 0.763 3290 4488
1-V5 410 283.1 0.216 38 57
1-L5 410 283.1 0.780 3532 4807
1-V6 440 392.6 0.386 453 674
1-L6 440 392.6 0.629 2155 2822
1-V7 440 387.8 0.351 318 511
1-L7 440 387.8 0.662 2531 3308
1-V8 440 382.3 0.324 233 377
1-L8 440 382.3 0.688 2843 3738
1-V9 440 375.4 0.299 168 278
1-L9 440 375.4 0.714 3171 4178
1-V10 440 365.0 0.270 111 179
1-L10 440 365.0 0.748 3640 4801
1-V11 447 400.0 0.317 227 369
1-L11 447 400.0 0.696 3067 3994
1-V12 452 400.0 0.283 146 248
1-L12 452 400.0 0.748 3836 5030
1-V13 457 400.0 0.261 107 182
1-L13 457 400.0 0.789 4483 5888
1-V14 482 400.0 0.202 44 88

* mm and μm are mmol and umol per kg solution, respectively
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Table 3.2. Data from flow experiment 2
sample T, (°C) P (bars) ρ (g/cc) Cl (mm)* Na (mm) Mn (um) Fe (um) pH
2-S1 410 341.3 573 551 1017 10343 3.72
2-V1 410 309.1 0.408 376 363 579 6224 3.36
2-L1 410 309.1 0.640 1751 1674 3725 34945
2-V2 410 307.4 0.363 261 253 337 3871 3.28
2-L2 410 307.4 0.701 2433 2329 5049 47425
2-V3 410 304.9 0.325 182 177 196 2405 3.22
2-L3 410 304.9 0.744 2995 2868 6081 57440
2-V4 410 302.5 0.300 140 136 130 1665 3.17
2-L4 410 302.5 0.783 3536 3388 7013 67065
2-V5 410 298.3 0.270 95 93 70 958 3.20
2-L5 410 298.3 0.824 4039 3870 8255 76735
2-V6 410 293.5 0.246 66 65 43 616 3.13

* mm and μm are mmol and umol per kg solution, respectively

Table 3.3. Data from flow experiment 3
sample T, (°C) P (bars) ρ (g/cc) Cl (mm)* Na (mm) Fe (um) Mn (um) pH
3-S1 425 372.0 0.521 924 902 10090 1064 3.93
3-V1 425 356.0 0.490 832 812 8960 904 3.64
3-L1 425 356.0 0.586 1507 1467 17408 1873 3.98
3-V2 425 353.9 0.444 612 599 6083 572 3.45
3-L2 425 353.9 0.667 2327 2264 27830 2988 4.12
3-V3 425 349.8 0.371 340 333 3032 249 3.32
3-L3 425 349.8 0.735 3147 3063 37448 3992 4.56
3-V4 425 345.6 0.333 234 229 1805 142 3.25
3-L4 425 345.6 0.778 3732 3635 43498 4643 4.73
3-V5 425 336.4 0.285 132 129 836 58 3.19
3-L5 425 336.4 0.841 4645 4527 53343 5660 4.55
3-V6 440 395.0 0.398 510 499 4654 410 3.33
3-L6 440 395.0 0.669 2603 2535 30365 3308 4.19
3-V7 440 392.7 0.377 422 414 3704 314 3.24
3-L7 440 392.7 0.712 3124 3042 36840 4028 4.26
3-V8 440 389.3 0.353 333 327 2735 232 3.26
3-L8 440 389.3 0.765 3819 3718 44783 5235 4.57
3-V9 440 380.8 0.314 212 208 1533 119 3.16
3-V10 439 375.2 0.295 167 164 1121 82 3.12
3-V11 439 364.6 0.269 114 112 759 49 3.08
3-V12 439 344.5 0.226 58 56 320 18 3.01
3-V13 439 304.3 0.168 22 20 125 6.2 2.80

* mm and μm are mmol and umol per kg solution, respectively
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Table 3.4. Data from flow experiment 4
sample T, (°C) P (bars) ρ (g/cc) Cl (mm)* Na (mm) Ca (um) Cu (um) Fe (um) Mn (um) Sr (um) Zn (um) pH, 25C
4-S1 425.9 370.5 0.514 910 885 1963 2124 2114 1907 1917 1880 2.84
4-V1 425.0 356.6 0.492 839 815 1750 1960 1851 1735 1705 1724 2.75
4-L1 425.0 356.6 0.634 1948 1891 5254 3836 4849 4746 5366 4340 4.20
4-V2 424.5 354.5 0.484 795 774 1602 1810 1756 1617 1549 1611 2.77
4-L2 424.5 354.5 0.658 2189 2123 6223 4257 5479 5490 6276 5004 4.08
4-V3 423.8 351.8 0.458 662 645 1165 1503 1361 1231 1099 1249 2.76
4-L3 423.8 351.8 0.702 2686 2605 7489 5118 6767 6804 7663 6296 4.40
4-V4 422.7 346.9 0.417 481 470 670 1140 928 770 603 810 2.79
4-L4 422.7 346.9 0.750 3269 3173 8700 6016 8224 8101 9232 7727 4.60
4-V5 422.0 342.1 0.374 332 324 349 832 573 441 294 482 2.76
4-L5 422.0 342.1 0.772 3565 3461 9291 6595 9434 8786 9737 8342 5.24
4-V6 421.2 335.8 0.331 212 207 169 551 330 232 135 265 2.74
4-L6 421.2 335.8 0.797 3901 3791 9670 7437 9633 9295 10110 8995 5.12
4-V7 420.4 327.2 0.292 131 128 80 346 180 116 59 137 2.73
4-V8 419.9 315.0 0.248 69 67 29 176 79 42 18 54 2.72
4-V9 419.6 297.7 0.204 36 33 11.1 80 37 18 7.3 23 2.69
4-V10 463.8 297.7 0.135 13 10.2 2.5 30 21 5.6 1.34 9.2 2.57
4-V11 465.1 267.9 0.113 9.5 5.4 4.7 117 28 13 1.8 48 2.43
4-V12 466.0 247.4 0.100 9.1 3.5 5.0 131 33 15 1.6 67 2.30

* mm and μm are mmol and umol per kg solution, respectively

Table 3.5. Data from flow experiment 5
sample T, (°C) P (bars) ρ (g/cc) Cl (mm)* Na (mm) Ca (um) Fe (um) Mn (um) Sr (um) Zn (um) pH
5-S1 410 320 634 582 19573 164 2020 1928 1932
5-V1 410 308.3 0.445 501 465 13804 99 1576 1294 1476
5-L1 410 308.3 0.692 2328 2080 96494 892 8962 9722 8120
5-V2 410 308.2 0.441 488 452 13301 93 1528 1239 1441
5-L2 410 308.2 0.658 1956 1762 74773 652 7536 7466 6513
5-V3 410 308.2 0.406 371 347 8783 43 1084 778 1039
5-L3 410 308.2 0.602 1422 1289 50952 574 5266 5069 4668
5-V4 410 305.3 0.340 224 214 3521 28 464 285 511
5-V5 410 304.9 0.325 183 175 2592 16 350 201 390

5-L5.1 410 304.9 0.753 3103 2816 110845 672 10605 11106 10102
5-L5.2 410 304.9 0.739 2930 2661 103765 576 10134 10382 9525
5-L5.3 410 304.9 0.726 2761 2519 93182 517 9301 9377 8850
5-L5.4 410 304.9 0.695 2382 2171 81656 460 8002 8157 7606
5-V6 411 299.5 0.264 84 82 681 6.5 106 44 130

5-L6.1a 411 299.5 0.738 2966 2711 98394 247 9827 9723 9332
5-L6.2 411 299.5 0.797 3738 3413 125251 601 12263 12442 11946
5-L6.3 411 299.5 0.717 2694 2471 86151 216 8582 8679 8196
5-L6.4 411 299.5 0.696 2449 2242 79994 172 7795 8006 7586
5-V7 409 288.8 0.231 52.64 51 318 5.3 52 19 65 3.22
5-V8 409 250.0 0.148 12.71 11.8 39.3 3.2 7.8 1.70 10.8 3.11
5-V9 431 250.0 0.122 8.20 6.9 16 3.3 4.3 0.61 6.9 2.92
5-V10 453 250.0 0.108 6.45 4.5 12.5 3.3 4.9 0.37 11.0 2.74

* mm and μm are mmol and umol per kg solution, respectively

a) bulk analysis of all liquids acquired during an exercise equivalent to describe in Fig. 3
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Table 3.6. Data from flow experiment 6
sample T, (°C) P (bars) ρ (g/cc) Cl (mm)* Na (mm) Ba (um) Ca (um) Co (um)
6-S2 439.8 400 0.485 953 932 955 974 939
6-V1 439.8 398 0.479 930 910 917 936 913
6-V2 438.8 394 0.460 816 799 745 782 782
6-V3 438.5 392 0.431 661 647 477 533 566
6-B4 438.4 390 0.728 3258 3181 4561 4302 3902
6-V5 438.1 387 0.402 541 531 316 390 413
6-V6 437.9 384 0.363 370 364 138 186 228
6-V7 437.5 379 0.338 287 282 81 121 150
6-V8 437.0 368 0.296 173 170 29 51 69
6-V9 436.7 361 0.277 130 126 16 33 43
6-V10 436.6 351 0.252 95 92 8.3 20 23
6-V11 436.2 323 0.200 42 40 1.8 5.6 9.7
6-V12 436.9 282 0.146 15 12.6 0.17 1.55 2.6
6-V13 437.3 255 0.122 10.2 7.1 0.069 3.0 2.2
6-V14 438.1 237 0.107 8.1 4.1 0.086 5.6 2.6
6-V15 438.6 220 0.095 8.5 1.9 0.088 1.3 3.4

* mm and μm are mmol and umol per kg solution, respectively

Table 3.6. continued
sample Cu (um) Fe (um) Mg (um) Mn (um) Ni (um) Sr (um) Zn (um) pH
6-S2 953 1175 911 984 912 965 963 2.78
6-V1 869 1180 870 955 909 927 945 2.72
6-V2 732 1062 739 823 785 764 817 2.70
6-V3 662 798 531 602 572 505 616 2.67
6-B4 2820 4656 3700 4074 3784 4446 3768 3.84
6-V5 576 635 396 444 422 341 462 2.67
6-V6 434 378 217 247 238 160 271 2.66
6-V7 344 277 147 168 163 98 192 2.65
6-V8 200 147 72 79 78 38 95 2.63
6-V9 181 103 49 51 49 22 62 2.62
6-V10 193 82 32 32 24 12.8 45 2.63
6-V11 12.1 49 11.4 10.0 11.8 3.0 12.6 2.61
6-V12 4.5 22 2.6 2.5 2.8 0.37 4.6 2.55
6-V13 0.71 21 1.68 1.51 2.0 0.15 2.9 2.52
6-V14 0.87 18 2.0 2.8 1.26 0.25 5.3 2.41
6-V15 4.6 21 0.96 5.5 1.15 0.32 13.2 2.19
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Table 3.7.1. Data from flow experiment 7.1
sample T, (°C) P (bars) Cl (mm)* Na (mm) Ba (um) Ca (um) Mg (um) Sr (um) pH
7.1-S 361.8 199.0 197 195 238 256 267 243 3.56
7.1-V1 361.5 188.6 196 194 242 242 250 243 3.45
7.1-V2 361.5 186.3 192 189 233 238 235 237 3.32
7.1-V3 361.5 186.3 179 177 217 224 221 222 3.35
7.1-V4 363.2 186.3 148 146 179 191 190 184 3.46
7.1-V5 364.2 186.3 2.78 2.43 2.14 2.11 2.88 2.11 3.49
7.1-V6 363.4 186.3 1.44 1.22 0.27 0.36 1.05 0.27 3.66
7.1-V7 362.4 183.2 3.28 3.12 0.18 0.20 0.40 0.19 3.8
7.1-V8 362.3 180.8 4.27 4.05 0.19 0.27 0.46 0.24 3.66
7.1-V9 362.4 178.5 4.37 4.19 0.19 0.25 0.53 0.26 3.76
7.1-V10 362.4 176.6 4.11 3.97 0.17 0.26 0.56 0.23 3.85
7.1-V11 362.5 171.2 2.45 2.29 0.06 0.12 0.07 3.81
7.1-V12 362.7 160.6 1.03 0.80 0.02 0.02 3.64
7.1-V13 363.1 149.6 0.76 0.55 0.02 0.02 3.68
7.1-V14 366.9 104 1.86 0.44 0.40 0.36 0.60 0.34 2.85
7.1-V15 367.9 70 6.07 0.04 0.07 0.12 0.06 2.22

* mm and μm are mmol and umol per kg solution, respectively
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Table 3.7.2. Data from flow experiment 7.2
sample T, (°C) P (bars) Cl (mm)* Na (mm) Ba (um) Ca (um) Co (um)
source 200 195 243 251 240
7.2-S1 363 200 199 194 254 246 236
7.2-V1 363 185 1.98 1.71 0.70 0.50 3.20
7.2-V2 363 177 2.21 1.94 0.47 0.27 7.21
7.2-V3 363 168 1.28 0.91 0.09 0.06 1.16
7.2-V4 363 155 0.54 0.10 0.08 0.03 0.70
7.2-V5 363 137 0.79 0.17 0.05 0.33
7.2-V6 363 125 1.00 0.19 0.04 0.22
7.2-V7 363 112 2.56 0.14 0.04 0.04 0.27
7.2-V8 363 94 4.28 0.08 0.09 0.13 0.41
7.2-V9 363 65 8.22 0.40 0.92 0.82 0.96

* mm and μm are mmol and umol per kg solution, respectively

Table 3.7.2. continued
sample Cu (um) Fe (um) Mg (um) Mn (um) Sr (um) Zn (um) pH
source 237 246 239 242 246 250 2.90
7.2-S1 148 399 284 257 246 273 3.79
7.2-V1 0.05 23.21 0.81 2.75 0.52 1.11 3.71
7.2-V2 0.17 21.19 0.36 1.35 0.26 1.92 3.70
7.2-V3 0.01 12.34 0.58 0.04 0.94 3.47
7.2-V4 0.04 8.07 0.30 0.02 0.74 3.38
7.2-V5 0.10 5.64 0.18 0.01 0.41 3.22
7.2-V6 0.14 4.16 0.14 0.01 0.35 3.10
7.2-V7 1.04 5.29 0.17 0.22 0.01 0.73 2.62
7.2-V8 4.51 6.85 0.22 0.44 0.05 2.81 2.38
7.2-V9 4.69 8.63 0.45 1.39 0.85 8.56 2.11
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Table 3.8: Basalt alteration experiment and comparison to steady state chemical composition of P vent, EPR 9°50'N (1997-2004)
start equilib. 1 2σ vapor 2σ liquid 2σ ln Kd 2σ injection equilib. 2 2σ equilib. 3 2σ P ventb 2σ

T, °C 410 410 410 410 430
P, bars 314 300 300 314 357
t, days 110 80e 72e

eff. W/Ra 4.86 3.95 3.23
Al (μm)* 29 9 13 7 106 31 -2.08 0.70 29 6 31 20
B (μm) 406 400 22 445 18 598 96 -0.30 0.17 407 410 26 387 20
Ba (μm) 4.0 0.2 1.0 0.1 16 2 -2.81 0.18 1.5 2.6 0.2 3.8 0.3
Ca (mm) 25.8 1.0 2.7 0.1 96 5 -3.57 0.07 9.2 24.7 1.0 22.0 0.9 22.9 3.0
Co (μm) 6.3 0.3 1.6 0.1 19 1 -2.46 0.08 2.3 6.3 0.3 14.5 0.6
Cr (μm) 1.1 0.1 6.3 0.5 1.2 0.5 1.64 0.47 1.9 0.2 0.3 0.2
Cu (μm) 2.0 0.2 0.7 0.1 5.2 0.7 -2.05 0.21 1.0 1.7 0.1 4.9 0.2
Fe (mm) 10.1 0.4 1.83 0.07 36 2 -2.97 0.07 4.3 7.2 0.3 14.1 0.6 6.43 1.1
K (mm) 10.3 11.1 0.4 2.6 0.1 36 1 -2.64 0.05 10.2 10.6 0.4 10.3 0.4 16.9 1.3
Li (μm) 77 3 21 1 255 30 -2.51 0.12 31 42 3 42 2 514 30
Mg (μm) 34.5d 115 5 40 22 400 58 -2.16 0.15 25.2d 178 85 117 20 0
Mn (μm) 1071 43 147 6 3871 256 -3.27 0.08 509 803 32 1042 42 1220 134
Na (mm) 470 450 29 112 4 1404 56 -2.53 0.06 454 445 18 450 18 443 20
Pb (μm) 0.68 0.03 0.25 0.02 2.7 0.1 -2.36 0.09 0.71 0.03 0.54 0.03
Rb (μm) 1.9 0.1 0.4 0.1 5.9 0.7 -2.65 0.19 0.6 1.1 0.1 0.9 0.2
Si (mm) 11.4 0.4 6.0 0.2 18.8 0.9 -1.15 0.06 4.1 13.7 0.5 12.0 0.5 14.5 2.0
Sr (μm) 25.8 1.4 2.2 0.1 100 4 -3.80 0.05 10.2 18.2 0.7 20.2 0.8 96.0 9.3
Zn (μm) 29.7 1.5 6.0 0.3 227 11 -3.63 0.07 8.5 40.6 1.6 43.3 1.7
Cl (mm) 555 547 5 124 1 1675 22 -2.60 0.02 541 549 5 513 5 522 30
Br (μm) 937 902 27 229 12 2747 84 -2.49 0.06 905 923 28 851 26 841 51

SO4 (μm) 836 114 574 56 909 79 -0.46 0.13 427 664 209 654 65

H2 (μm) 474 142 1258 315 144 36 2.17 0.37 317 395 242 908 717 350C

H2S (mm) 6.7 1.8 8.0 2.0 na 3.3 3.2 x 4.5 x 7.3 3.1

CO2 (mm) 9.6 2.0 14.9 3.7 3.6 0.9 1.43 0.37 4.1 3.3 2.3 4.7 0.1 120c

CH4 (mm) 2.1 0.4 4.3 1.1 0.59 0.15 1.98 0.37 1.1 0.9 0.2 1.0 0.1 0.1C

pH(25°C) 3.1 0.1 3.0 3.18 0.53 as H+ 3.5 0.1 3.1 0.1 3.1 0.1
* mm and μm are mmol and umol per kg solution, respectively a) effective water/rock mass ratio b) avg. chemistry between 1997 and 2004 (see text) c) from Bio 9 vent (same time period)

d) in mmol/kg solution e) time after injection (equilb. 2) and P-T change (equilib. 3)

Table 3.9: EPR, 21°N basalt composition
wt% ppm

Al2O3 15.3 Li 4.7

CaO 12.1 Cr 363
Fe2O3 10.3 Co 89
K2O 0.10 Ni 94
MgO 8.2 Cu 78
MnO 0.18 Zn 74
Na2O 2.7 Rb 0.9
P2O5 0.10 Sr 105
SiO2 49.1 Ba 14
TiO2 1.3 Pb 1.6
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Table 3.10. Cl meas. vs. charge balance
comparison for selected data (Exps. 2, 5)

sample C.B. (mm) Cl (mm) %RSD (2σ)
2-S1 573 582 2.1
2-V1 376 379 1.2
2-L1 1751 1776 2.0
2-V2 261 265 1.9
2-L2 2433 2452 1.1
2-V3 182 185 2.4
2-L3 2995 2994 0.0
2-V4 140 142 2.1
2-L4 3536 3514 0.9
2-V5 95 97 2.6
2-L5 4039 4105 2.3
2-V6 66 68 4.8
5-V7 84 84 1.0
5-V9 13 13 1.9
5-V10 8.2 8.5 5.6
5-V11 6.4 6.8 8.0

Table 3.11. BV/S partiton coefficients

n BV/S 95% CI
Cu 17 0.961 0.033
Na 48 1.000 0.004
Fe 34 1.264 0.013
Zn 26 1.356 0.013
Ni 10 1.442 0.053
Mg 10 1.448 0.028
Mn 44 1.467 0.010
Co 10 1.528 0.043
Ca 28 1.677 0.019
Sr 28 1.858 0.020
Ba 13 2.040 0.026
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Table 3.12. BV/L and BρV/ρL partition coefficients

n BV/L 95% CI (M1)BV/L BρV/ρL*
Cu 6 0.876 0.023 2.95
Na 33 0.990 0.003 1 3.34
Fe 19 1.152 0.007 1.185 3.88
Zn 13 1.177 0.016 1.250 3.97
Ni x 1.240 0.109 1.309 4.18
Mg x 1.243 0.095 1.313 4.19
Mn 26 1.248 0.012 1.327 4.21
Co x 1.289 0.106 1.369 4.34
Ca 16 1.368 0.019 1.473 4.61
Sr 16 1.472 0.026 1.599 4.96
Br 16 0.945 0.013 3.19
Li 3 0.962 0.016 3.24
K 3 1.027 0.032 3.46
Ba 3 1.582 0.017 1.725 5.33
* error ~10%, italicized values calculated from BV/S (see Fig. 3.10)
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