


pressures, and fluid compositions (Fournier, 1983; Fournier & Potter, 1982; Manning, 1994; Von Damm et al.,

1991; Xie & Walther, 1993).

Quartz is ubiquitous in in situ sections of altered oceanic crust (Alt et al., 2010), ophiolite outcrops on land

(Kelley et al., 1992; Richardson et al., 1987) and has recently been recovered from depth at the Reykjanes

geothermal system (Friðleifsson et al., 2017). As a result, quartz has been inferred to control SiO2(aq)

concentrations in coexisting aqueous fluids in active mafic-hosted hydrothermal systems. The pressure

and temperature dependent nature of quartz solubility lends itself to application as a geothermobarometer

in natural systems. Experimental quartz solubility data were first used to estimate the subsurface pressure-

temperature conditions encountered by MOR vents fluids that had not undergone phase separation (Von

Damm et al., 1991). However, phase separation of hydrothermal fluid is common in axial vent systems and

the large physical and chemical differences between vapor, liquid, and single phase fluids result in markedly

different quartz solubility in each fluid. Accordingly, Foustoukos and Seyfried (2007) measured quartz solubi-

lity in low-density vapors between 390 and 430 °C, 25.0–35.0 MPa, in keeping with apparent subsurface con-

ditions in many basalt-hosted MOR hydrothermal systems. Quartz solubility in the vapor was emphasized

since it is this low-density fluid that commonly vents at the seafloor, providing information on subsurface

conditions. When combined with dissolved Cl concentrations, vapor phase quartz solubility allows for estima-

tion of the subsurface pressure-temperature conditions encountered by fluids at basalt-hosted MOR hydro-

thermal vent systems (Fontaine et al., 2009). This method, known as the Si-Cl geothermobarometer, yields

important information regarding the physical conditions at which mass transfers from the oceanic crust to

hydrothermal fluids, with broader implications relevant to changes in the heat content of hydrothermal fluid

during ascent to the seafloor.

The recently discovered Piccard hydrothermal field lies at a depth of 4,960 m below sea level on the

Mid-Cayman Rise (Connelly et al., 2012) and is the deepest known high temperature hydrothermal vent sys-

tem (German, Bowen, et al., 2010). Due to the extreme depth, maximum vent fluid exit temperatures reach

398 °C (McDermott et al., 2018). Surprisingly, dissolved Cl concentrations are depleted relative to seawater,

indicating phase separation occurring in the subsurface, the high hydrostatic pressure notwithstanding.

Based on the depth of the vent field, fluids venting at Piccard must reach at least 483 °C in order to intersect

the two phase boundary for seawater (Bischoff & Pitzer, 1989; McDermott et al., 2018). The subsurface

pressure temperature conditions at the Piccard vent field are therefore well outside the current range

(390–430 °C) of calibrated vapor-phase quartz solubility.

In the present study, quartz solubility in low-chlorinity vapors was determined experimentally from

420 to 500 °C, 31.0–51.0 MPa. Samples of the coexisting liquid phase were also taken along the

420 °C isotherm to determine SiO2(aq) partitioning between fluid phases. Experiments were

performed in a newly constructed fixed volume titanium reactor that allows for excellent control of

pressure, temperature, and fluid composition. The experimental data are compared with equations

that express quartz solubility as a function of pressure, temperature, and fluid density. The good

agreement between density equations and experimental data allows the density equations to be

used in combination with Cl solubility to estimate the subsurface pressure-temperature conditions

at the Piccard hydrothermal site. Heat and mass transfer fluxes at Piccard show considerable

difference when calculated based on subsurface pressure–temperature conditions as compared to

those calculated using seafloor conditions.

2. Methods

2.1. Hydrothermal Reactor

Experiments were performed in a newly designed fixed volume hydrothermal reactor (Figure 1). The inter-

nal volume of the reactor is 150 mL. The body and closure piece are constructed from Ti-6Al-2Sn-4Zr-2Mo

(Ti6242), a high strength titanium alloy, while 1/16″ (all diameters reported are measurements of outer

diameter) capillary lines and high temperature adapters are made from grade 2 titanium. The angle of

the closure piece differs by 2° from that of the body of the reactor to form a cone seal. To our knowledge,

this is the first cone seal hydrothermal reactor capable of reaching 51.0 MPa at temperatures up to

500 °C. To reinforce the cone seal, a stainless steel thrust washer sits between the closure piece and main

nut. The greater thermal expansion of steel relative to titanium ensures evenly distributed force is applied
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to the cone seal from above (Shmulovich et al., 1995). The adapters also form cone seals with the reactor

and are larger (1/4″) than those used on previous fixed volume reactors constructed in our laboratory.

Extended periods at elevated temperature causes titanium to deform and seize to adjoining surfaces.

The cone seal and larger size of the adapters minimizes deformation and facilitates removal upon

completion of an experiment.

A 1/16″ Ti-sheathed type E (chromel-constantan) thermocouple monitors the fluid temperature inside the

reactor. The thermocouple communicates with three external heating bands through an EZ Zone PM

(Watlow Electric Manufacturing Co.) proportional-integral-derivative controller. The heating bands attach

to the outside of a steel cylinder that holds the reactor. The reactor, heating bands, and steel cylinder

are housed in a calcium-silicate furnace, and void space is filled with a ceramic fiber blanket (Pester

et al., 2015). The furnace is attached to a steel frame and can rotate to promote mixing (Seyfried

et al., 1987).

A Teledyne ISCO syringe pump controls the system pressure, up to a maximum of 51.7 MPa. The syringe

pump is particularly useful in that it can automatically inject or withdraw fluid to maintain constant pressure

during sampling, and move between any two pressure conditions. A titanium piston separator is positioned

between the syringe pump and reactor to prevent corrosive experimental solution from damaging the syr-

inge pump. To record any pressure differential across the piston, a digital pressure gauge (Heise® ST-2H) is

situated between the reactor and separator. A smaller piston separator protects the Heise gauge from

Figure 1. Drawings of the newly designed hydrothermal reactor and the experimental set up. (a) Main nut, (b) closure
piece, (c) stainless steel thrust washer, (d) capillary tubing for injecting fresh experimental solution, (e) thermocouple, (f)
titanium adapter, (g) Teledyne Isco syringe pump, (h) check valves, (i) titanium piston separators, (j) Heise pressure gauge,
(k) 1/16″ titanium tubing, (l) vapor sampling valve, (m) calc-silicate furnace, (n) liquid sampling valve, and (o) temperature
control panel.
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corrosive fluid. During the present experiments, the pressure difference

between the ISCO pump and Heise gauge never exceeded 0.5 MPa, with

the ISCO pump always recording the higher pressure.

At both ends of the reactor, the capillary lines connect to high pressure

titaniummetering valves (Parker Autoclave Engineers) through which fluid

samples are taken. Two additional titanium valves, between the reactor

and piston separator, allow the experimental solution in the separator to

be changed while maintaining elevated pressure within the reactor. The

bulk chemistry of the experiment can therefore be modified by injection

of new experimental solution.

2.2. Experimental Procedure

Before each experiment, the thermocouple was calibrated at experimental

temperatures using a dry block probe calibrator (Omega Hot Point®) and

always recorded within 3 °C of the calibrator set point. Blue Moly, an anti-

seize compound, was applied to all metal surfaces that do not come in

contact with the fluid. The main seal and four high temperature adapters

were closed with 180 and 20 ft·lb, respectively.

The quartz grains used in the experiments were approximately 200 μm

long and were placed in an open 5 × 3 cm gold capsule at the bottom

of the reactor. Visibly clear quartz crystals were obtained from the

University of Minnesota mineral collection. The purity of the crystals was confirmed by X-ray diffraction

and inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis. The starting experimental

solutions varied between 0.55–1 mol/kgsolution NaCl, acidified to pH25 °C 2.5–3.75 with concentrated, trace

metal grade HCl. Approximately 1 mmol HCl was required to acidify the starting solutions.

Experiments were performed isothermally and the pressure began at the lowest condition and was

increased after each sample extraction (Figure 2). The pressure reported for each sample is that recorded

by the Heise gauge. Once at the appropriate pressure and temperature, the entire system was allowed to

react for 48 hours at 420, 450, and 475 °C and 24 hours at 500 °C to achieve equilibrium, consistent with

previously determined time constraints on quartz-fluid equilibrium at similar temperature conditions (Xie

& Walther, 1993). These reaction times were also confirmed by reversing equilibrium through temperature

adjustment and measuring SiO2(aq) concentrations. Reproducible results were achievable without rocking

the autoclave, so for simplicity, the autoclave was positioned at a slight angle above horizontal. This angle

promoted segregation of vapor and liquid that were then sampled from opposite ends of the reactor. Prior

to sampling, approximately 0.3 g of fluid were removed to flush the capillary line. Each sample weighed

between 1–2 g and was collected in a clean luer lock syringe. Aliquots for SiO2(aq) were diluted at least

20-fold with 1 mL 1 M Optima HCl and sufficient 18.2 mΩ deionized water immediately after sampling

(Foustoukos & Seyfried, 2007; Von Damm et al., 1991). Additional aliquots were also taken to determine

Na and Cl concentrations and pH25 °C.

2.3. Analytical Methods

Na was measured by ICP-OES, while Cl was measured by ion chromatography (IC). Samples measured by ICP-

OES were analyzed three times and those measured by IC were run twice. The average of these values is

reported. Uncertainties for the ICP-OES and IC are 3% and 2%, respectively (2σ, Table 1). The concentration

of SiO2(aq) in all samples was measured using the molybdate blue method (Hansen & Koroleff, 1999), with

an associated uncertainty of 5% (2σ). Additionally, 10 samples were analyzed for SiO2(aq) using ICP-OES.

With one exception (sample 12), the difference between spectrophotometric and ICP-OES measurements

was less than 10%. pH25 °C was measured using a Thermo-Ross electrode that was calibrated with pH 4, 7,

and 10 buffers before each measurement.

2.4. Calculation of Quartz Solubility and Vapor-Liquid Partitioning

Quartz solubility was calculated using the density equations of Fournier (1983), Von Damm et al. (1991),

Foustoukos and Seyfried (2007), and Akinfiev and Diamond (2009). The density of NaCl-H2O fluids was

Figure 2. Pressure temperature conditions at which samples were taken dur-
ing the current study and Foustoukos and Seyfried (2007). Also shown for
reference are the NaCl-H2O critical curve (solid line) and the boiling curve of
seawater (dashed line), 3.2 wt% NaCl (Driesner, 2007).
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calculated using the equations of Driesner (2007) and the International Association for the Properties of

Water and Steam 1995 (IAPWS95) formulation for pure water (Wagner & Pruss, 2002). All calculations were

performed in MATLAB using WATER95 (Junglas, 2009).

In their contribution, Akinfiev and Diamond (2009) set the molar volume of liquid NaCl at 30.8 cm3/mol

regardless of the pressure and temperature condition. In the present study, no appreciable differences in

quartz solubility predictions were noticed between results using the fixed molar volume or when molar

volume was calculated as a function of pressure and temperature using the correlations of Driesner (2007).

When calculating quartz solubility using the equation of Fournier (1983) the density correction due to waters

of hydration was considered to be negligible. No changes were made to the equations of Von Damm et al.

(1991) or Foustoukos and Seyfried (2007).

In keeping with previous studies (Pokrovski et al., 2005; Styrikovich et al., 1955), SiO2(aq) partitioning between

coexisting vapor and liquid is defined as

KD ¼ mvap=mliq (2)

Log KD ¼ n� log ρvap=ρliq

� �

(3)

where m is the molar concentration (mmol/kgsolution), ρ is density (g/cm3), and n represents an empirical

regression coefficient that reflects the extent of vapor-phase hydration and species volatility (Palmer &

Simonson, 1996). Larger values of n indicate increased partitioning into the vapor phase (Palmer &

Simonson, 1996).

Table 1

Chemical Composition of Fluid Samples

Sample T (°C) Pressure (MPa) Phase SiO2 (Spec) SiO2 (ICP-OES) Na Cl pH25 °C

1 420 32.5 vapor 12.00 565 3.11
2 420 32.5 liquid 20.15 1,413 3.17
3 420 32.0 vapor 6.55 163 2.91
4 420 32.0 liquid 20.89 1,893 3.28
5 420 31.5 vapor 5.82 115 3.04
6 420 31.5 liquid 21.75 1,967 3.19
7 420 31.0 vapor 4.77 76 2.75
8 420 31.0 liquid 21.42 2,313 3.1
9 450 400 vapor 11.35 396 2.85
10 450 39.5 vapor 10.40 10.10 275 3.29
11 450 38.5 vapor 8.36 179 2.64
12 450 37.5 vapor 6.20 5.40 131 3.33
13 450 35.5 vapor 5.81 5.60 67 3.18
14 450 33.5 vapor 3.86 41 2.61
15 475 47.0 vapor 14.33 475 3.7
16 475 46.5 vapor 12.44 345
17 475 46.0 vapor 12.30 315 2.74
18 475 44.5 vapor 10.50 10.10 205 3.09
19 475 43.0 vapor 8.30 7.90 140 3.01
20 475 38.5 vapor 5.05 53 2.6
21 500 51.0 vapor 12.55 237 2.58
22 500 49.5 vapor 11.41 182 2.66
23 500 47.5 vapor 10.23 175 2.65
24 500 46.5 vapor 9.22 9.51 112 2.62
25 500 44.5 vapor 7.64 7.72 75 2.58
26 500 42.5 vapor 6.93 6.98 55 2.48
27 500 40.5 vapor 5.30 5.20 37 2.38
28 500 38.5 vapor 5.04 5.10 28 2.52

Note. All concentrations are mmol/kgsolution. %RSD for Na, Cl, and SiO2 are 3, 2, and 5 (2σ), respectively. SiO2 (spec) refers
to samples analyzed on a spectrophotometer using the molybdate blue method. SiO2 (ICP-OES) refers to samples
analyzed with ICP-OES. [Na] = [Cl], within error. ICP-OES = inductively coupled plasma optical emission spectroscopy.
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3. Results

NaCl concentrations from the present study (vapor-liquid coexistence)

agree well with predictions based on the numerical model of Driesner

(2007) and Driesner and Heinrich (2007) and indicate equilibrium condi-

tions for the NaCl-H2O system (Figure 3). The good agreement also

demonstrates that any pressure differentials across the smaller piston

separator were negligible.

SiO2(aq) concentrations in the vapor display a clear dependence on

temperature and Cl concentration (Figure 4a and Table 1). For a given

Cl concentration, SiO2(aq) increases with increasing temperature and

along each isotherm SiO2(aq) concentrations increase as a logarithmic

function of Cl concentration (i.e., density). In the liquid phase, quartz

solubility exhibits less of a dependence on Cl concentration

(Figure 4b). Liquid samples were not taken at 450, 475, and 500 °C

since the high dissolved NaCl concentrations at these temperatures

would have precipitated halite in the lower temperature capillary tube

upon sampling.

The value for n (equation (3)) regressed from the experimental data is

1.38 ± 0.1 (Figure 5). The density of each sample was calculated using

the equations discussed in section 2.4 and the measured temperature,

pressure, and dissolved Cl concentration. At similar pressure-tempera-

ture-composition conditions, other workers have calculated n to be 2.01 (Pokrovski et al., 2005) and

1.79 (Von Damm et al., 1991).

4. Discussion

4.1. Comparison of Measured and Calculated Quartz Solubility in Coexisting Vapor and Liquid

Experimental data from the current study are compared with the density equations for quartz solubility of

Fournier (1983), Von Damm et al. (1991), Akinfiev and Diamond (2009), and Foustoukos and Seyfried (2007;

Figure 6) to assess whether these equations are applicable to pressure-temperature conditions relevant to

MOR vent systems. Only a brief description of each model as it relates to the experimental data from the cur-

rent study is presented.

The good agreement between the equation of Von Damm et al. (1991) and the present experimental data in

the vapor stems from the generally similar pressure-temperature-composition conditions investigated. Von

Damm et al. (1991) regressed their equation based on 494 quartz solubility measurements in pure water,

0.5 M NaCl and 0.55 M NaCl, from 25 to 900 °C and 0.1–1,000 MPa. Statistical regression of such a large data

set can account for the effects of temperature, pressure, density, and NaCl concentration within the empiri-

cally derived coefficients. The empirical nature of the Von Damm et al. (1991) equation can be seen in the

poor agreement with the experimental data in the liquid phase, which contains much higher NaCl concen-

trations than used in the original regression (Figure 7).

Fournier (1983) modified an earlier regression of quartz solubility in pure water (Fournier & Potter, 1982) to

account for the effects of NaCl by substituting the effective density for the density of pure water. This substi-

tution assumes that the effective density approximates the activity of water, which plays an important role in

determining quartz solubility (equation (1); Fournier, 1983). The equation of Fournier (1983) reproduces

experimental data from both coexisting vapor and liquid phases well (Figures 6 and 7). While still empirically

derived, the success of the Fournier (1983) equation in reproducing the new experimental data suggests the

underlying assumptions are valid in the SiO2-H2O-NaCl system.

Akinfiev and Diamond (2009) expanded on the work of Fournier (1983) by expressing quartz solubility in

the NaCl-CO2-H2O system as a function of the effective molar volume of water and the mole fraction of

water. This equation slightly underestimates quartz solubility at all conditions in the current study, but

accurately reproduces the trends with fluid density in both the vapor and liquid (Figures 6 and 7). As

noted by the authors, small inaccuracies are acceptable if their equation reproduces well the overall

Figure 3. NaCl composition of all samples plotted against the predicted iso-
therms (solid lines) of Driesner (2007) and Driesner and Heinrich (2007). NaCl
concentrations are taken as equal to either Cl or Na. The good agreement
between experimental data and model isotherms suggest the bulk matrix
achieved chemical equilibrium and highlights the accuracy of the experi-
mental pressure-temperature system.

10.1029/2018GC007610Geochemistry, Geophysics, Geosystems

SCHEUERMANN ET AL. 3575



solubility trend allowing quartz solubility to be semiquantitatively

determined in regions beyond current experimental calibration

(Akinfiev & Diamond, 2009). Substitution of the n value calculated in

the present study, 1.38, results in only minor improvement in agreement

between the calculated and experimental quartz solubility. This result

indicates that the n value as determined here may have physical

meaning, but the waters of hydration do not play a significant role in

controlling quartz solubility at the experimental conditions

(Fournier, 1983).

All density equations described above are based on quartz solubility in sin-

gle phase fluid systems (i.e., no coexistence of vapor and liquid). The gen-

erally good agreement between these equations and quartz solubility

generated in the present study (two distinct fluid phases) confirms that

quartz solubility in either fluid can be treated individually; partitioning

between coexisting fluids need not be taken into account. Quartz sets

the activity of SiO2(aq) equal in both phases and differences in NaCl con-

centrations and density result in varying SiO2(aq) concentrations. While

there is currently no strong theoretical link between density and thermo-

dynamic properties of aqueous solutes, the correlation between the

dielectric constant and density of water (Dolejs, 2013) may explain the suc-

cess of the density models. Numerous studies have shown that the dielec-

tric constant of water plays a key role in the calculation of the

thermodynamic properties of aqueous solutes at a wide range of

pressure-temperature conditions (e.g., Helgeson & Kirkham, 1974;

Sverjensky et al., 2014).

Similar to the present study, the quartz solubility data of Foustoukos and

Seyfried (2007) were measured in low-density vapor between 390 and

430 °C. The two data sets show relatively good agreement at 420 °C

(Figure 6a). However, quartz solubility as determined by Foustoukos and

Seyfried (2007) does not increase as significantly with dissolved Cl concen-

tration as reported here. Additionally, due to the experimental design, it

was difficult for these authors to perform experiments at pressure condi-

tions far removed from the critical curve of the NaCl-H2O system

(Figure 2; Foustoukos & Seyfried, 2007). These issues result in regression

of an equation that overestimates quartz solubility outside the calibrated

range (Figure 6, 450 °C).

4.2. Si-Cl Geothermobarometry: Application to the Piccard Hydrothermal Field, Mid-Cayman Rise

The chemistry of the buoyant Piccard plume as well as the seafloor geology provide evidence that hydrother-

mal fluid circulation at Piccard involves interaction with mafic lithologies. German, Bowen, et al. (2010) report

CH4/Mn ratios in the Piccard plume that are similar to those found above well-studied mafic-hosted vent sys-

tems such as East Pacific Rise (9°500N) and TAG (26°N MAR) and are easily distinguishable from those emanat-

ing from the ultramafic hosted Rainbow vent site. Consistent with plume chemistry, Hayman et al. (2011) and

Elthon et al. (1995) collected predominantly basalt and gabbro along the bottom of the axial trough in which

the Piccard site is located. Along the walls of the axial trough other researchers have reported gabbro with

minor amounts (~15%) of ultramafic rocks (Ito & Anderson, 1983; Stroup & Fox, 1981). The presence of ultra-

mafic lithologies is manifest in the plume and fluid chemistry of the Europa and Walsh vent sites, both of

which are significantly different than at Piccard (German, Bowen, et al., 2010). Based on analysis of dredged

rock samples and magnetic data, Stroup and Fox (1981) and Hayman et al. (2011) proposed an oceanic core

complex model for the Mid-Cayman Rise. In this model a thin layer (several hundred meters) of diabase and

basalt are underlain by 1–2 km of gabbro. Ultramafic lithologies exist along crustal faults (Stroup & Fox, 1981).

In keeping with previous studies (Bowers et al., 1988; Fontaine et al., 2009; Von Damm et al., 1991), the

mafic crust at Piccard allows for application of the Si-Cl geothermobarometer. This method takes

Figure 4. (a) Quartz solubility in the vapor as a function of temperature and
dissolved Cl concentration. Greater Cl concentrations indicate higher pres-
sures along a given isotherm, as dictated by phase relations in the NaCl-H2O
system. (b) Quartz solubility in the liquid at 420 °C as a function of Cl con-
centration. In the liquid phase, greater Cl concentrations indicate decreasing
pressure.
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advantage of the pressure-temperature dependent solubility of both

quartz and Cl in the two phase region of the NaCl-H2O system

(Fontaine et al., 2009). At a given pressure-temperature condition within

the vapor-liquid region of the NaCl-H2O system, the NaCl composition,

and therefore density, of both the vapor and liquid are invariant

(Liebscher & Heinrich, 2007). The density, in turn, fixes quartz solubility.

Unique subsurface conditions can then be calculated using measured

concentrations of SiO2(aq) and Cl in vent fluid samples. In addition to

the presence of quartz, the Si-Cl method relies on the assumption that

SiO2(aq) and Cl concentrations equilibrate at the moment of fluid phase

separation and remain constant during ascent to the seafloor. Cl has

been shown to be conservative in MOR fluids (e.g., German & Seyfried,

2014). With respect to the Piccard field, measured concentrations of

Ca, H2(aq), H2S(aq), and Fe are notably different than measured at lower

temperature mafic-hosted systems (e.g., Foustoukos et al., 2009; Pester

et al., 2011; Von Damm, 1995) providing strong evidence that these

fluids record the chemical signature of extremely high temperature-

pressure reactions (McDermott et al., 2018).

End-member vent fluids from the Piccard Vent field demonstrate a narrow range of SiO2(aq) (18.9–20.3 mmol/

kgsolution) and Cl (342–352 mmol/kgsolution) concentrations (McDermott et al., 2018). Given the similarity in

composition between individual vents, an average end-member concentration for the entire site can be cal-

culated, 20 mmol/kgsolution SiO2(aq) and 350 mmol/kgsolution Cl (McDermott et al., 2018). The quartz solubility

equations of Von Damm et al. (1991) and Fournier (1983) are used with Cl solubility as calculated by Driesner

and Heinrich (2007).

Figure 6. Experimental quartz solubility in the vapor (circles, this study; triangles, Foustoukos & Seyfried, 2007) as com-
pared to the density equations of Von Damm et al. (1991), Fournier (1983), Akinfiev and Diamond (2009), and
Foustoukos and Seyfried (2007). The equations of Von Damm et al. (1991) and Fournier (1983) accurately recreate the
experimental data while the equations of Akinfiev and Diamond (2009) and Foustoukos and Seyfried (2007) underestimate
and overestimate, respectively, quartz solubility at the experimental conditions. See Table 1 for associated pressures.

Figure 5. Graphical representation of SiO2(aq) vapor-liquid partitioning. The
slope of the linear regression represents the n value, which describes the
volatility of SiO2(aq). See section 2.4.
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The Si-Cl geothermobarometer yields subsurface temperature and pres-

sure conditions of 540 ± 15 °C, 62.5 ± 3.0 MPa for fluids issuing from the

Piccard vent field (Figure 8). Uncertainties are based on the largest differ-

ence, 1.2 mmol/kgsolution SiO2(aq), between density equations and experi-

mental data. The estimated subsurface pressure-temperature conditions

at Piccard are the hottest and deepest reflected by any active MOR hydro-

thermal fluid. Assuming cold hydrostatic pressure, the calculated pressure

indicates fluids circulate to approximately 1,200 m below the seafloor.

Br/Cl ratios in the Piccard fluids indicate phase separation occurs between

555–573 °C, 60.0 MPa (McDermott et al., 2018), in good agreement with

the Si-Cl estimate presented here.

4.3. Heat and Mass Fluxes at Piccard

Quantification of the physical conditions at which hydrothermal alteration

occurs provides constraints necessary to interpret heat and mass transfer

fluxes at Piccard, with broader implications for the global MOR system.

Previous studies of individual vent sites have calculated hydrothermal heat

flux by measurement of temperature and flow rate directly at the vent ori-

fice or by measurement of the physical characteristics of the hydrothermal

plume (e.g., German, Thurnherr, et al., 2010; Germanovich et al., 2015). In

effect, these studies calculate the heat that reaches the overlying water

column but do not include heat lost by conductive cooling of source fluids in the ocean crust during ascent

to the seafloor. Conductive cooling of vent fluids has long been recognized at MOR vent sites (Berndt et al.,

1989), but without accurate estimates of subsurface pressure and temperature the amount of heat

transferred back to the crust is difficult to quantify. Here we calculate the hydrothermal heat flux at Piccard

as a combination of the heat lost to the overlying water column and, as a result of the Si-Cl results, we are

able to incorporate the heat lost during conductive cooling.

The height of the buoyant plume at Piccard can be used as a proxy to estimate heat flux entering the water

column (Little et al., 1987). Conductivity-temperature-depth data taken from the water column above the

Piccard site indicate that the buoyant plume rises to a water depth of at least 3,950 m, or 1,010 m above

the black smoker chimneys (German, Bowen, et al., 2010). However, as

emphasized by Rudnicki and German (2002), plume heights can vary with

time. Estapa et al. (2015) place the maximum plume height at approxi-

mately 4,100 m depth, 150 m below the value of German, Bowen, et al.

(2010), although it is possible that the plume rises higher than this given

the apparent uncertainties. To compensate for changes in the maximum

height, we use 3,950 ± 150m as the top of the Piccard plume. Using simple

plume theory (Fischer et al., 1979; Little et al., 1987), the heat flux entering

the ocean is estimated to be 75 ± 37 MW (supporting information).

The hydrothermal heat lost during conductive cooling can be calculated

as the difference in the enthalpy of the fluid at depth in the ocean crust

and the enthalpy when venting at the seafloor. Using equations from

Driesner (2007), the fluid enthalpy at depth is 2,775 J/g, while at the sea-

floor the enthalpy decreases to 1,818 J/g (Table 2). The fluid therefore loses

957 J/g, or approximately one third of the total heat extracted at depth.

Adding the proportion of heat lost during conductive cooling (one third

of 75 MW) into the plume calculated flux results in a total hydrothermal

heat flux of 100 ± 37 MW (supporting information).

Previous work has suggested that themajority of heat that leaves the ridge

axis is carried not by high-temperature fluids but instead by low tempera-

ture diffuse flow fluids (Elderfield & Schultz, 1996; Nielsen et al., 2006;

Schultz et al., 1992; Veirs et al., 2006). At Piccard, the chemistry of the

diffuse fluids represents a mix of cold seawater and end member

Figure 8. The Si-Cl geothermobarometer as applied to the Piccard vent field,
Mid-Cayman Rise. The end-member hydrothermal fluid at Piccard contains
350 mmol/kgsolution Cl and 20 mmol/kgsolution SiO2(aq). Cl concentration as
calculated by Driesner and Heinrich (2007), while SiO2(aq) is calculated using
the equations of Von Damm et al. (1991; dashed line) and Fournier (1983;
dash-dot). The intersection of the Cl and SiO2(aq) isoconcentration lines yield
the subsurface pressure–temperature conditions, 540 ± 15 °C, 62.5 ± 3.0 MPa.

Figure 7. Experimental quartz solubility in the liquid compared to density
based equations. The equation of Fournier (1983) best recreates the experi-
mental data, while the equation of Von Damm et al. (1991) significantly
overestimates quartz solubility. See section 4.1 for further discussion.
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hydrothermal fluid (McDermott, 2015). This implies that the heat carried

by diffuse flow fluids results from mixing with hot hydrothermal fluids.

By calculating the enthalpy of the end-member hydrothermal fluid at

depth, the heat flux presented here combines the two types of heat fluxes

(diffuse and focused) observed at the seafloor.

The Piccard heat flux is considerably less than the average hydrothermal

heat flux measured at individual sites along slow spreading ridges,

1,669 ± 1,354 MW, and is on the low end of heat fluxes measured along

fast spreading centers, 245 ± 170 MW (Baker, 2007). The apparent

discrepancy between the Piccard site and other slow spreading sites likely

results from the extremely thin crust, 2–3 km (ten Brink et al., 2002), and

relatively shallow subsurface fluid circulation at Piccard. Heat supply

increases with crustal thickness, while the depth of fluid circulation deter-

mines the amount of heat available to hydrothermal fluids (Mottl, 2003). At

slow spreading ridges, fluid circulation may reach to the base of the

oceanic crust, 6–8 km below the seafloor (de Martin et al., 2007). Fluid circulation at fast spreading centers

extends only 1–4 km below the seafloor due to shallow magma chambers that prevent deeper circulation

(Canales et al., 2005; Detrick et al., 1987; Kent et al., 1993). Given the similarity in heat fluxes and depth of fluid

circulation at Piccard and fast spreading vent sites it is likely a shallow magma chamber exists beneath

Piccard. Kinsey and German (2013) calculate that a relatively small amount of magma, 1.6 × 109 m3, is

necessary to sustain high temperature fluid flow at Piccard.

Heat flux is necessary in order to determine the flux of hydrothermal fluid and associated geochemical

components. The mass flux of hydrothermal fluid, F, can be calculated as

F ¼ H= CpΔT
� �

(4)

where H is the heat flux (W), Cp is the heat capacity (constant pressure) of seawater (J kg
�1 K�1), and ΔT is the

temperature difference between bottom seawater and hydrothermal temperatures (Elderfield & Schultz,

1996). Using a total heat output of 100 MW, a temperature averaged Cp (50 °C increments from 5 to

540 °C, 62.5 MPa) of 4.97 × 103 J kg�1 K�1, and 535 K (Table 2) yields a mass flux of water of 1.2 × 109 kg/year

at Piccard. Both terms in the denominator of equation (4) refer to subsurface conditions. Miscalculation of the

fluid flux would arise if the heat emanating from the diffuse flow sites at Piccard were incorporated into the

total heat flux without knowledge of subsurface conditions. In this case the total heat flux would approach

100 MW, yet Cp and ΔT would be calculated based on seafloor conditions. The fluid flux would then become

1.8 × 109 kg/year, or 50% greater than the original estimate of 1.2 × 109 kg/year.

In contrast to equation (4), heat flux can be calculated if fluid and geochemical fluxes are measured or

estimated. This approach commonly uses the 3He/heat ratio

3He=heat¼3He= CpDθ
� �

(5)

where 3He represents concentration and Dθ is the source temperature anomaly, analogous to ΔT (German,

Thurnherr, et al., 2010; Jean-Baptiste et al., 2004). It is clear that accurate values for Cp and Dθ are necessary

to calculate source fluid 3He/heat ratios. At Piccard, the 3He concentration is 3.99 × 10�5 μM (McDermott,

2015) and the 3He/heat ratio calculated using seafloor conditions is 50% greater than that calculated based

on subsurface conditions.

The calculations presented here highlight the importance of incorporating subsurface pressure–temperature

conditions when determining heat and mass fluxes at individual vent sites. Estimates of MOR hydrothermal

heat fluxes based solely on seafloor conditions likely underestimate the true heat flux, since the hydrothermal

heat budget of a vent system includes all heat that is available to drive fluid circulation (Mottl, 2003). How

much heat is lost due to conductive cooling at a specific vent site will vary, but the results from Piccard show

that the percentage of the total can be significant. It is important to remember that the Si-Cl method esti-

mates the pressure-temperature conditions of fluid-rock chemical equilibrium, but not necessarily the max-

imum temperature reached by the fluids. The amount of heat lost to conductive cooling as calculated by Si-Cl

Table 2

Values Used to Calculate Heat and Mass Fluxes

Seafloor Subsurface

Pressure (MPa) 49.6 62.5
Hydrothermal fluid temperature (°C) 398 540
ΔT

a 393 535
Cl concentration (mmol/kgsol’n) 350 350
Enthalpy (J/g) 1818 2,775
Cp (J kg�1 K�1) 4.47 × 103 4.97 × 103

Heat fluxb (MW) 75 100

Note. Bottom seawater temperature (5 °C) measured by McDermott et al.
(2018). Subsurface heat flux incorporates the heat lost during conductive
cooling into the overall hydrothermal heat budget.
aTemperature difference between hydrothermal fluid and bottom
seawater. bSeafloor heat flux refers to that calculated using only the
hydrothermal plume.
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should therefore be viewed as a minimum in some cases. At some vent sites, such as EPR 9°500N, the depth to

the magma chamber is well constrained and in good agreement with Si-Cl estimates (Fontaine et al., 2009).

Si-Cl pressure-temperature estimates at EPR 9°500N likely capture the hottest and deepest conditions since

fluid circulation below the magma chamber is unlikely. While Si-Cl pressure-temperature estimates do not

capture the entire hydrothermal heat budget at all vent sites, the newly calibrated Si-Cl geothermobarometer

provides an important improvement in quantifying heat and mass fluxes as compared to calculations based

on seafloor conditions.

5. Summary

A series of hydrothermal experiments have been conducted in order to determine quartz solubility in the

vapor-liquid region of the NaCl-H2O system between 420 and 500 °C, 31.0–51.0 MPa. The experiments were

performed in a newly designed fixed volume titanium reactor that proved extremely durable when exposed

to extreme physical conditions for extended periods. The good agreement between experimental quartz

solubility and the density equations of Von Damm et al. (1991) and Fournier (1983) significantly expands

the pressure range over which the density equations are valid. Application of the Si-Cl geothermobarometer

to the Piccard hydrothermal field, Mid-Cayman Rise indicates fluids encounter subsurface conditions of

540 ± 15 °C, 62.5 ± 3.0 MPa. These are the hottest and deepest conditions encountered by any MOR hydro-

thermal vent fluid. Using the Si-Cl results and the height of the Piccard plume, the overall heat flux is esti-

mated to be 100 ± 37 MW, with an associated fluid flux of 1.2 ± 0.4 × 109 kg/year. Incorporating the heat

lost during conductive cooling into the overall hydrothermal heat budget represents a novel approach

and provides a more accurate measure of heat, hydrothermal fluid, and geochemical fluxes as compared

to calculations based on measured conditions on the seafloor.
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