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Massive sulfide deposlts and hydrothermal solutions: Incremental reaction modelmg of mineral
: precrprtatlon and sulfur |sotoprc evolution

D. R. Janecky
 Los Alamos National Laboratory, Los Alamos, NM 87545 (USA)

with 4 figures

Abstract: Incremental reaction path modeling of chemical and sulfur isotopic reactions occurring in
active hydrothermal vents on the seafloor. in combination with chemical and petrographic data from
sulfide samples from the seafloor and massive sulfide ore deposits, allows a detailed examination of
the processes involved. This paper presents theoretical models of reactions of two types: (1) adiabatic
~ mixing between hydrothermal solution and seawater, and (2) reaction of hydrothermal solution with
sulfide deposit materials. In addition, reaction of hydrothermal solutlon with sulfide deposit minerals
and basalt in feeder zones is discussed..

Active hydrother‘mal -vents‘depositing sulfide structures on the seafloor provide a unique view of the
dynamic processes involved during precipitation of seafloor massive sulfide deposits. Comprehensive
“characterization of the components of these systems has been provided by detailed investigation of
hydrothermal solution_composition. precipitated mineral assemblages. and precipitated mineral chemi-
- cal and sulfur isotopic compositions from active hydrothermal vents on the seafloor (Von Damm et al..
1985; Michard et al., 1984; Haymon, 1983; Oudin, 1983; and therein). in combination with informa-
tion from massive sulfide ore deposrts (Franklin et al., 1981: Ohmoto et al.. 1983: Sawkins. 1984: and
references therein). : : :
The primary process observed in active high temperature vents is mixing between hydrothermal
“solution and seawater (Figure 1). Massive sulfide ore deposits and active chimney samples, however,
exhibit several features which can be ascribed to more complex pathways than simple mixing between

- hydrothermal' solution and seawater (Figure 1), including Cu and Zn zoning of deposits, variable

bulk sulfur isotopic compositions within districts (or samples), decreasing trends in sulfur .isotopic

- composition upwards, and zones. of wall-rock alteration and sulfide veins below the massive sulfide -
lenses, (Franklm et al., 1981, Ohmoto et al. 1983; Sawkins, 1984; Haymon 1983 and. references

- therein). . Reactions within the seafloor and sulfide deposrts associated with actlve venting must also ‘

be important, but are more difficult to identify. For ‘example, Ca and Sr solution composmon data

 indicate differences between vents or vent fields which are difficult to ascribe to water-rock reactions

- at the source of the hydrothermal solutions and may be due to-dissolution of anhydrite within the

- growing massive sulfide deposit (Seyfried and Janecky, 1985). Similarly, variation in sulfide sulfur
~_ isotopic composition of solutron samples with respect to time |mp|y more complex processes (Shanks,

" unpublished data; Janecky and Shanks, in prep).

" Incremental reactlon path modeling allows examination of chemrcal processes durmg formatron of
: 'masswe sulfide deposrts including mineral precipitation, solution composition evolution and varrabrllty
and sulfur isotopic distribution. Two types of reactions have been modeled to examine formation of
massive sulfide deposits and their features. These are (1) mixing between hydrothermal solution and
seawater, erther approxrmately adlabatrcally or with conductlve heating or coollng and (2) reaction
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‘ 2 DRAFT — D. R. Janecky

of hydrothermal solution with- previously precipitated sulfide/sulfate mineral products (Figure 1). An
additional type of reaction (3) which has not been modeled. but will be discussed briefly involves inter-
action between hydrothermal solution and basalt wall-rock below the seafloor interface and formation
of stockwork zones (Figure 1). Involvement of seawater (4) in the latter two types of reactions must be
variable and. although important to our understandmg of these processes remains difficult to rdentrfy
and quantify.

Reaction path modeling codes and data sets

Chemical reaction pathways have been calculated using the EQ3/6 reaction pathway modeling codes
~ (Wolery, 1978, 1979.-1983). Dissociation constants for aqueous species used in this work were from

- the 250 bar data base of Janecky and Seyfried (1983), Janecky (1982). and Janecky and Seyfried
 (1984). Mineral dissolution constants, redox reaction constants, and gas fugacity relations were
calculated using SUPCRT and data from Helgeson et al. (1978). Helgeson and Kirkham (1974ab;
1976). Helgeson et al. (1981). and Helgeson (personal communication of updates and corrections to
the data). Sulfate and sulfide aqueous species and minerals were treated either as being in total
equilibrium. or as two separate sets of independent chemical components (see Janecky and Seyfried.
- 1984). : :

Sulfur isotopic distribution between solution components and sulfide minerals were calculated
using the EQPS code (Janecky and Shanks. in prep) and data for sulfu_r isotopic fractionation factors
from Ohmoto and Rye (1979). The EQPS code operates as a post processor to EQ6 and allows sulfur
isotopic distribution to be calculated according to a variety of constraints. including: total isotopic
equilibrium, sulfate-sulfide isotopic disequilibrium, and open or closed isotopic system where minerals
may or may not continuously reequilibrate with solution as the reactions proceed. These isotopic
constraints are selected in EQPS, independent of chemical equilibrium or disequilibrium constraints
imposed during the EQ6 calculation. ‘ '

Adiabatic mixing between hydrothermal solution and seawater

Calculation of the simple case of ~350°C hydrothermal solutions mixing with ambient seawater ap-
_ proxrmately adiabatically, results in prediction of temperatures . of mineral precipitation, paragenetic
* sequence of minerals, and chemical composition of the deposits consistent with active vent and mas-
sive sulfide ore deposits (Janecky and Seyfrled 1984). For the end-member case of total sulfate-sulf' de
chemical drsequxllbrwm during mixing, the paragenetlc sequence with respect to decreasing tempera-
~ ture of precipitation is: chalcopyrlte anhydrite, pyrrhotite, (pyrite,) sphalerite, (anhydnte drssolutron) ‘
‘and barite (Figure 2a). When sulfate-sulfi ide equilibria is permitted during mixing. however, reduction
of small amonnis of sulfate r'esultvs in early precipitation of pyrite and replacement of chalcopyrite with

Ca seQuence of Cu-rich sulfide minerals (bornite-chalcocite-covellite) as temperature decreases (Figure
~2b). This latter sequence is analogous to that observed in thin chimney walls (Haymon, 1983), while
the former is most typical of the chlmneys and massive Ienses as a whole The calculations indicate
" that sulfide mineral precrp:tatlon occurs in response to both cooling and change in composition of the

- hydrothermal solutions as a result of mixing. Varying the amount of mixing with respect to decreasmg
temperature, simulating conductive heating of seawater prior to mixing or conductive cooling of the
~“hydrothermal solution, results in only minor variations in the sequence and abundance of precipitated
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phases, particularly for sulfide minerals (Janecky and Seyfned 1984; Janecky and Shanks, in prep).
Quartz is super—saturated throughout the mixing process, but does not precipitate in most active
~ vent systems and thus its precipitation was suppressed in these models. However, amorphous silica
precipitates with sufficient conductive cooling of hydrothermal solution — at “170°C for undiluted
~ hydrothermal solution (Janecky and Seyfried. 1984).

Sulfur isotopic compositions have been calculated for models of hydrothermal solution mlxmg
adiabatically with seawater, for both equilibrium and disequilibrium sulfate-sulfide reactions and a
variety of isotopic constraints (Figure 3). Sulfate-sulfide chemical and isotopic disequilibrium. for an
_ isotopically closed system, in general accurately models sulfur isotopic data for minerals from both
. active seafloor hydrothermal sulfide deposits and massive sulfide ore deposits (Figure 3a) {Shanks,
unpublished data; Styrt et al. 1981; Kerridge et al.. 1983; Zierenberg et al.. 1984; Franklin et af.,
1981 and references therein). However, sulfur isotopic compositions of dissolved HyS (Kerridge et al.,
- 1983) are significantly higher than those calculated and not in equilibrium with associated chimney
materials. Calculations for a sulfate-sulfide chemical equilibrium mixing reaction pathway (Figure 2b).
under similar constraints as for Figure 3a, indicate that solution and sulfide mineral sulfur isotopic -
compositions can be increased by sulfate reduction associated with venting (Figure 3b). Thus, the
solutions analyzed by Kerridge et al. (1983) may have been affected by sulfate reduction, while most
sulfide minerals analyzed reflect previous precipitation of minerals from more pristine end-member
~ hydrothermal solution. In contrast to the behavior of pyrite, chalcopyrite. and sphalerite, the decreasing
' 63%S trend for bornite. chalcocite, and covellite inferred by these models is exactly the opposite of the
compositional trends observed (Shanks, unpublished data). Formation of these latter three minerals,
however, apparently involves secondary feplacerhent of chalcopyrite in thin chimney walls (Haymon,
11983) and requires addition of sulfur and overall oxidation as illustrated in the following reaction:

CuFeS; + 4S04 + 12H; + 8H* = 2 CusFeSy + .8 FeS; + 1.6 H,0.

Cllalcopynte Bornite - Pyrite

* If reduction of sulfate goes to completion and the reduced sulfate is totally incorporated into the
v sulfide minerals, such a reaction will result in increases of approximately 3 ppt 534S of the Cu-bearing
minerals, while insignificantly changing the pynte composntlon Such results are conslstent with the
data of Shanks (unpublxshed) ” '

Hydrothermal solutlon reaction with sulfide depos:t matenals

The results above for sulfur isotopes indicate that reaction of prevnously formed anhydnte and sul-
fide minerals with hydrothermal end-member solution and/or seawater can change, through sulfate
reduction. change the sulfur isotopic composition of sulfide in solution and precipitated minerals. In
addition, such reactions may affect the amounts of metals carried by hydrothermal solutions as they
vent to seawater and metal distributions within sulfide deposuts Petrographlc mvestugatlons of active
vent deposnts are consistent with such reactions, indicating replacement of initial low to moderate
temperature assemblages of anhydrlte+pynte+sphalente by high temperature assemblages of pyrite-
+pynhotlte+chalcopyr|te:l:anhydnte:l:sphalente as chimneys develop (Haymon, 1983; Haymon and
Kastner 1981; Styrt et a/., 1981; Oudin, 1983; Zierenberg et al., 1984). Even very simple calculated
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reaction pathway models show that Zn in particular may be significantly increased in the high tem-
perature solutions by reaction with massive sulfide materials (Figure 4a). Thus, such reactions can
have a significant effect on the local bulk composition of sulfide materials (Figure 4b) and must be
important in the development of large scale zoning of deposits from Cu rich cores to Zn rich margins
(Franklin et al., 1981; Ohmoto et al., 1983). These models indicate that where sphalerite is absent.
ophiolitic massive sulfide materials have reacted with hydrothermal solution at >275°C (Figure 2a)
and a bulk solution to rock mass ratio >25 (Figure 4b). These calculations also indicate that only
~minor dissolution of anhydrite in necessary to saturate the hydrothermal solution, limiting the extent of
sulfate reduction within the massive sulfide deposit and resulting shifts in mineral and solution sulfur
isotopic compositions. Thus, the observation of generally decreasing bulk sulfur isotopic compositions
. upwards in massive sulfi de ore deposits (Franklin et al.. 1981) may result from a combination of fim-
- ited reducing potential of the hydrothermal solution and sulf de deposit and progressive exclusion of
seawater as the deposit grows . R '

Hydrothermal solutlon reactlon wuth basalt

Reactions between basalt and hydrothermal solution (iseawater) just below the seafloor in massive
sulﬁde ore deposits are relatively obvious due to resulting alteration assemblages, have long been
descrlbed and their significance recognlzed (Franklin et al., 1981; Ohmoto et al., 1983; Sawkins, 1984:
~ and references therein). The nature of the plumbing system near the seafloor may significantly influence
the extent of such reactions, deposit characteristics.,‘and venting soluti6n'composition. For example,
“highly distributed permeability within the hydrothermal flow zone can increase contact between solution
and basalt, and thus reaction rates and extent. enhancing Fe. Na. and Ca metasomatism within
- the flow zone. Similarly. high permeability surrounding the hydrothermal flow zone could increase
seawater ingres, allowing Mg metasomatism and sulfate reduetion.‘ Reaction of basalt minerals with
hydrothermal solution resulting in Fe metasomatism may result in enhanced reducing potential of the
solution as in the following reaction: o ’

" Na4Ca 6Aly ¢Sin, 403 +17.68 Fett + 1.02 s.oz(aq, + 128 Hzo

La bradonte

.64 Fe12Al2 5Sl55020(0H)16 + 4 Na+ + 6Ca"’+ + 13 76 H+ + 8 H2(aq)

; ; Daphmte ‘
whlle reactlon between seaWater Mg and basalt results in slgmﬁcant chemlcal changes in rock compo—
sition, but lxttle change in the composition of the resultmg hydmthermal solutlon. as follows

: Na 4Ca, 5Al1 6Si, 403 +4 Mg""" + 6 4 H0

s Ltbradonte.

4 MgmAhSleOzo(OH)“ + 4 Na+ + 6Catt +64HF
Cl‘nocMore
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Reaction pathway models of the type discussed above may provide significant insight into the chemical
processes occurring within stockwork zones, however, they will require further collection and integration
of a variety of mformatron including relative mineral reaction rates and compositional changes for
 basalts and extent of involvement of previously precipitated sulf‘ ide products on local scales..
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Figure Captions

Figdre 1. Diagram of a hypothetical massive sulfide deposit in a fault zone showing locations of
dynamic chemical reaction processes involving hydrothermal solution reaction with (1) seawater. (2)
 sulfide deposit minerals, and (3) basalt+sulfide minerals. Seawater addition to the latter two processes

s also possible (4)

Figure 2. Mmeral preap:tate amounts and distribution relative to temperature for approximately
adiabatic mixing ‘reactions between 1 kg of 21°N. EPR, hydrothermal solution and ambient seawater
(after Janecky and Seyfried. 1984). representative of process (1) in Figure 1. For the sulfate-sulfide
chemical disequilibrium model (a), precipitation of pyrite and silicate phases was suppressed and
stability of sphalerite calculated for. various Fe contents with and without (shaded area) pyrrhotite
precipitation. For the sulfate-sulfide chemical equlhbnum model (b). only precipitation of silicate
" phases was suppressed.

Figure 3. Sulfur isotopic composition pathways for 1 kg of 21°N, EPR, hydrothermal solution (initial
84S of 1 ppt) mixing with seawater (63*S of 20 ppt) (Figure 2). The models were calculated assuming
an open isotopic system and sulfate-sulfide isotopicdivsequilibrium for pathways corresponding to (a)
the sulfate-sulfide chemical disequilibrium mixing pathway with pyrrhotite present (Figure 2a). and
(b) the sulfate-sulfide chemical equilibrium mixing pathway (Figure 2b). In the latter case, seawater
sulfate contnbuted to the sulfide lsotoplc composition only as it was chemically reduced.

Figure 4. Calculated |sotherma| reaction pathway of 0.73 Kg of bulk chimney materials (Figure 2a and
Janecky and Seyfried, 1984) with 1 kg of hydrothermal solution for (a) solution composition of selected
metals, sulfide. and fo,. (b) mineral assemblage, and (c) corresponding sulfur isotopic pathway using
initial solution 53%4s of 1 ppt and mineral isotopic composntlons from Figure 3a. In (b) and (c) saturated
minerals and unsaturated reactant minerals are indicated by solid and dashed hnes respectively. The
calculation was stopped when sphalerite saturated
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