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Abstract

Vein formation occurred throughout a deformation sequence which involved early transpressive
ductile deformation through to late-kinematic transpressive brittle structures which host a series of
gold prospects. Fluid inclusion data from (S1) fabric parallel veins associated with early deformation
suggest that a low-salinity aqueous fluid, with a mean salinity of 6.4 wt.%, was present during peak
metamorphism. Pelite mineralogy and isochores constrain peak metamorphism to the lowermost part
of the upper greenschist facies at 325 to 425 °C and 1.4 to 3.4 kbar.

Fluid inclusion data from auriferous and barren late-kinematic quartz veins, both containing
unmixing assemblages of aqueo-carbonic inclusions with low salinities of =2.7 wt.% NaCl equiv.,
indicate unmixing occurred at 300 °C and 1.5 kbar.

Volatiles (CO,, N,, CH,) are observed in all the late-kinematic veins. The N, contents of veins with
elevated gold grades are typically higher than those with low gold grades. N reaches 8.7 mole% in a
vein with 0.49-4.6 p.p.m. Au compared to <1 mole% in a vein with <0.05 p.p.m. Au. The CH,
content of late kinematic veins is generally less than 1 mole% and shows no relative enrichment in
mineralised veins. The generation of N; in the mineralising fluid most likely results from interaction of
fluid with the ammonium ion, NH,*, in micas and feldspars. This interaction could take place either at
source, due to metamorphic devolatisation reactions, or along those structures which acted as fluid

conduits due to fluid-rock interaction.

KEYwoRrDs: gold mineralisation, nitrogen, Spain, fluid inclusions.

Introduction

By establishing the vein chronology and fluid
chemisiry of a mineralised terrane, important
constraints can be placed on the timing, source
and precipitation mechanisms involved during the
mineralising process. This paper describes the
fluid chemistry of late-kinematic auriferous
quartz veins within part of the Hercynian crust of
the Iberian Peninsula around the village of La
Codosera, West Spain. Data from early veins
associated with the peak metamorphism are
compared with those developed during the late-
Hercynian fracturing which contain the mineral-
isation. This enables constraints to be placed on
the timing and P/T regime of vein formation. In
addition, a significant nitrogen anomaly within
the mineralised structures is outlined.

The study area lies at the southern margin of
the Central Iberian Zone, just to the north of the

Badajoz Shear Zone (Fig. 1). The shear zone is a
complex structural lineament along which move-
ments were focused during the Hercynian oro-
geny (Arthaud and Matte, 1974; Lefort and
Ribeiro, 1980; Burg etal., 1981) and which
played an important role in the amalgamation of
Iberian terranes.

A dominantly Precambrian sequence, known
locally as the Complejo-Esquisto Grauvaquico
(CEG), comprises a monotonous sequence of
slates and greywackes which crop out mainly to
the north of the La Codosera syncline. A series of
Lower Palacozoic quartzites and slates uncon-
formably overlie the Complejo—Esquisto Grauva-
quico and occupy three WNW-ESE trending
ridges: the Southern Ridge, which also includes
highly sheared Precambrian to Devonian sedi-
ments, Central Ridge and Northern -Ridge.
Between the Central and Southern Ridges lies the
La Codosera Syncline cored by Devonian slates,
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Fig. 1. Location map and geological outline of the La Codosera area. Inset shows the locations of terrain

boundaries: South Portuguese Zone (1); Ossa-Morena Zone (2); Central Iberian Zone (3); B.S.Z. Badajoz Shear

Zone (4 on inset). Central Ridge Prospects: A = Chirriato; B = Pefion; C = the 100 m E-W Vein. Los Algarbes
area prospects: D = Perla de Anibal; E = Portilla Larga; F = Los Algarbes; G = Portilla Arriba.

with some thin sandstone and limestone units
(Fig. 1). The late Hercynian Albuquerque batho-
lith is intruded mainly into the CEG but further
west, in Portugal, cross-cuts the La Codosera
syncline.

Sanderson ez al. (1991) considered the whole
La Codosera area to have been subject to a
prolonged period of transpression during the
Hercynian orogeny with the greatest strike-slip
component localised within the Badajoz shear
zone. They recognised early folding and thrusting
in response to NE-SW shortening within the
Central Iberian Zone, which became increasingly
transpressive towards the southern margin. This
resulted in a progressive change from thrust
to strike-slip tectonics towards the Badajoz—
Cordoba shear zone. Late Hercynian fracturing
was characterised by a domino style rotation of
fault blocks, induced by continued left-lateral
transpression (Sanderson ef al., op. cit.)
(Table 1). The strike of the domino faults rotates
progressively counterclockwise towards the east
(Fig. 1).

The most significant gold prospects of the area

are related to the late Hercynian domino-style
faulting described by Sanderson et al. (op. cit.).
The geographical location of the Au veins, within
the Central Ridge and the Los Algarbes area of
the Southern Ridge, are indicated on the location
map (Fig. 1). Individual prospects are described
in Table 2. The principle sulphide assemblage
within the veins is pyrite and arsenopyrite with
gold occurring principally within arsenopyrite and
pyrite. Visible gold is rarely seen. Three styles of
mineralised vein occur (Roberts etal., 1991)
which post-date the early ductile deformation in
the area (Table 1):

(i) High-angle veins—a series of milky quartz
veins which trend between 020° to 060°;

(ii) Strike fault-related prospects—these veins
occur along small detachment surfaces parallel to
strike which dip gently to the SW and show
oblique-reverse separation (oblique thrusts);
(iii) East-west-trending veins—within the core of
the Central Ridge anticline a series of east—west
trending quartz veins are developed, forming an
en echelon array with a sinistral sense of shear.



GOLD MINERALISATION

Table 1. Deformation chronology in the La Codosera area.
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Age Structure Symbol
Brittle transpressive deformation with a
left lateral component leading to domino-
style rotation of fault blocks and extensive
Late late faulting and fracturing. Gold
Hercynian. | mineralisation associated with this
deformation.
Regiona! kink bands and late cleavages. KB, S, &S,
Asymmetric folding with sinistral / F,
northerly vergence.
D2
Early Crenulation cleavage associated with F, S,
Hercynian. folds.
(2™ Phase)
Thrusting with northerly-directed reverse T,
separation and oblique left-lateral
movement.
Steeply-inclined, sub-horizontal folds. F,
D1
Early Steep slaty cleavage (Main Hercynian S,
Hercynian. cleavage).
(1% Phase)
Original bedding foliation. S,

The obliquely reactivated thrusts and high-
angle faults appear to accommodate the bulk
transpressive strain within the zone and their
contemporaneity (Dee, 1992) suggests that the
late-brittle transpressive deformation is the fun-
damental control on the localisation of the
mineralisation. The major series of prospects
within the Los Algarbes area is located in the
region where late domino faulting changes from
low-displacement N-S to high-displacement NW-
SE orientations (Roberts et al., 1991). This indi-
cates the fundamental control of these large faults
on the localisation of the mineralisation.

Analytical techniques

Microthermometric analyses were performed
on polished wafers using a LINKAM THM600
heating-freezing stage (Shepherd, 1981). Cali-
bration was performed using a synthetic fluid
inclusion standard and chemical standards (as
outlined in Shepherd ez al., 1985), and perfor-
mance was monitored using an internal standard.
Accuracy is calibration-dependent and is esti-
mated at +0.5°C between —60 and —20°C,
+0.2°C between —20 and 30°C, =1 °C between

30 and 200 °C and +5 °C between 200 and 500 °C.
The precision of the instrument is £0.2 °C for
clearly observed phase changes.

Raman analyses were completed on a Jobin
Raman Microprobe MOLE 83000 fitted with an
Astromed CCD Multichannel detector cooled to
132°K. Typical integration times were 600
seconds with a single readout. The exciting
radiation used the 514.5nm (green line) of a
Coherent 4W Argon laser with a typical source
output of 600 mw. Molar calculations were de-
rived using the cross-sections and equations of
Dubessy et al. (1982) and Romboz et al. (1985)
respectively. Nitrogen scattering was verified by
recording host mineral spectra under the same
operating conditions.

Constraints on peak metamorphic conditions

Low-grade regional metamorphism of the
pelites, coincident with S1 fabric development,
yielded an assemblage of quartz—chlorite—musco-
vite—albite—(+K-feldspar *+ dolomite), typical of
the lower greenschist facies. Incipient biotite is
developed within microfold hinges related to the
primary phase of folding D1 and within porphyr-
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Table 2. Description of the mineralised prospects studied.

Prospect (Sample) Structural Setting and Timing Vein Length Vein Width Au Grade (gt")
Central Ridge
Chirriato (1076) Extension vein due to sinistral shear 100m minimum, 0.6m 0.965.1
on the Central Ridge. possibly > 200m.

Peiion (289:001 & 289:007) | Reactivated strike-paraile thrust. 180m 0.4m 0.05-1.15
100m E-W Vein (289:056) Extension vein due to sinistral shear | 95m 0.5m (quartzite) 1.5m 0.49-4.6
on the Central Ridge. (slate)

Los Algarbes Area

Perla de Anibal (289:173) Late high-angle faulting. 45m minimum i 0.05-0.25m 0.15-7.2

H

Portilla Larga (289:010) Late high-angle faulting. 50m 1m maximum. 0.09-22.8

Los Algarbes (390:006, Reactivated strike-parallel thrust and detachments 1-6m detachments 0.05-0.5m 0.11-3.7

390:007 & 289:236) late high-angle faulting.

Portilla Arriba (289:235) Reactivated strike-parallel thrust and detachments 1m detachments 0.1m 1.2-26.7
late high-angle faulting.

oblasts parallel to S1 cleavage. XRD analyses
indicate that 2M-micas are present which con-
strains the lower thermal limit to 280 °C, above
the illite field (Hoffman and Hower, 1979).
Biotite forms an upper thermal limit at between
400 and 425°C (Nitsch, 1970), marking the
transition from lower to upper greenschist facies.
Vitrinite reflectance data from organic matter in
the pelites show an Rvyean 0f 5.5% (Dee, 1992)
with a resulting temperature estimate of 325°C
(Barker and Pawlewicz, 1986) or 410 °C using the
temperature index of Price (1983).

These data combine to delineate a temperature
window for the metamorphism of between 325 °C
and 425°C (Fig.2). The coincidence of the
vitrinite geothermometer of Price (1983) and the
onset of biotite formation suggests that the true
peak conditions are towards the higher end of the
indicated temperature range.

To constrain the P-T regime of the peak
metamorphism, fluid inclusions from early veins
were studied. These veins relate to the 15 phase of
Hercynian deformation and the veins parallel the
S, fabric. A population of two-phase (Ly,o + V)
inclusions (Egp;) occur within short trails which
terminate on crystal boundaries, and as isolated
clusters or spaced trails parallel to solid wallrock
inclusion bands. These are interpreted as a
primary population related to vein growth by a

crack-seal mechanism (Fig. 3). A second type of
inclusion, Egp,, occurs along grain boundaries
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Fi. 2. P-T bivariate plot showing the positions of the
relative geothermometers and isochores constructed for
early fluid inclusions. 1. P-T field defined by the
vitrinite geothermometers. 2. P-T field defined by the
Price (1983) vitrinite geothermometer and the incoming
of biotite. Isochore A is for the system H,O-NaCl and
isochores B and C are for the system H,O-CO,—NaCl
(1 and 5 mole% CO, respectively).
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Fie. 3. Schematic illustration of inclusions from fabric-parallel veins. Egp, inclusions occur as short trails terminating

at crystal boundaries, as small isolated clusters or parallel to inclusion bands indicating vein growth by crack-seal

mechanisms. Egp, inclusions are small, and occur along grain boundaries associated with the development of
subgrains.

where crystal plastic deformation and recovery
have led to recrystallisation of the quartz. Egp,
inclusions are too small for microthermometric
analysis and their compositions are unknown.

Egp; inclusions show a degree of fill (volume of
liquid estimated by comparison with standard
volumetric charts, Shepherd et al., 1985) between
0.7 and 0.95 with a mean value of 0.87 and a
standard deviation of 0.05 (Fig.4A). During
freezing-warming runs, ice melting (Tmlce)
varied between —2 and —7°C. A frequency
histogram of salinity, based on the data regression
of Potter et al. (1978), shows a positively skewed
salinity with a mean value of 6.4 wt.% NaCl
equiv. (Fig. 4B). Eutectic melting around —21 °C
was observed in some inclusions, indicating NaCl
is probably the dominant dissolved salt. Some
inclusions developed clathrate on cooling which
melted between 4 and 9.1 °C. This indicates the
presence of a minor component of CO,(+CH,
+ Ny).

On heating, the inclusions homogenise by the
disappearance of the vapour bubble (L + V—L).

The recorded temperatures of total homogenisa-
tion (ThTOT) show a normal distribution with a
mean value of 220°C (Fig. 4C). The tightly
defined range of temperatures of total homogen-
isation (ThTOT) for Egp, inclusions suggests that
they represent a single fluid population.

Isochores were calculated with the equations of
Zhang and Frantz (1987) for the system H,O-
NaCl and Brown and Lamb (1989) for the system
H,O-CO,-NaCl; these equations are incorpor-
ated in a computer program FLINCOR (Brown,
1989). Isochore A shows the calculated isochore
for Egp; inclusions (Fig. 2). Addition of small
amounts of CO,, modelled using the Brown and
Lamb (1989) equation—1 mole% CO, for iso-
chore B and 5mole% CO, for isochore C
(Fig. 2)—indicates that isochores are shifted to
lower pressures, at a given temperature, with
increased CO,. However, these shifts are minimal
with respect to the uncertainties constraining the
peak metamorphic temperature.

Combination of the petrographic and micro-
thermometric data enables P-T estimates to be
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Fi1G. 4. Microthermometric data Egp inclusions: (A) Degree of fill (n = 101); (B) Salinity (wt.% equiv. NaCl; n =
85); (C) ThTOT (°C; 101); (D) Salinity vs. Th'TOT (n = 85).

made. The field defined by the vitrinite geother-
mometers (Dee, 1992) provides a wide estimate
of 325°C to 410°C, 1.4 kbar to 3.1 kbar. A
temperature range based on the coincidence of
incipient biotite formation and the Price (1983)
geothermometer of 410-425°C yields pressure
estimates of 3.1 kbar to 3.4 kbar. This is the
maximum P-T estimate that is used in the
following sections.

Fhiid characteristics of the late kinematic veins

Fluid inclusions have also been studied from a
variety of late-kinematic veins which post-date
the main S1 fabric and often show sulphide and
gold mineralisation (Roberts ez al., 1991). Veins

sampled from the mineralised prospects are
outlined in Table 2. Fluid inclusions from these
samples were studied in quartz with simple
interlocking textures and with primary sulphide
minerals (pyrite and arsenopyrite).

In addition, barren late veins associated with
the late domino faults were studied: 1SD5 and
1SD19 from 040° trending faults; 1SD18 from an
048° trending fracture; 1014c and 1014r from a
034° trending sinistral en echelon array. Fluid
inclusions were studied in fibrous and drusy
quartz from these veins.

The most abundant inclusion types within late
vein samples (Lac) contain 3 phases at room
temperature (Ly,0 + Lco, + V) and occur as
discrete inclusions in clusters or in short trails
which show negative crystal to irregular shapes.
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The optical characteristics of these late inclusions
are summarised in Fig. 5. These inclusions are
interpreted as primary and representative of the
fluid present at the time of vein formation. A
second two phase aqueous inclusion population
(L 1) is observed and is restricted to trails which
clearly post-date the aqueo-carbonic inclusions.
In two samples, these inclusions coexist with
monophase carbonic inclusions (Lc) suggesting
possibly that fluid immiscibility occurred at a late
stage within the vein system (Dee, 1992).

The degree of fill of the Lac aqueo-carbonic
inclusions (defined here as the relative volume of
the aqueous phase measured at the homogenisa-
tion temperature of CO,) varies from <0.2 to 0.9
(Fig. 6A). During freezing-warming cycles the
carbonic phase in the inclusions freezes at around
—120°C and, on heating, melting of the solid CO,
occurs between —61 and —56.6°C (Fig. 6B).
Inclusions were held a few degrees below their
melting temperatures to allow the solid CQO, to
form a single solid mass. There is often a
temperature interval of around 0.2 °C over which
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CO, melts, indicative of additional volatile
components.

Ice melting is difficult to observe in these
inclusions and the next reported phase change,
clathrate melting, occurs between 5.5 to 12°C
(Fig. 6C). Clathrate decomposition temperatures
of >10°C, TmCO, values below —56.6°C and
melting of solid CO, over a temperature interval,
all indicate the presence of additional volatiles.
An average salinity for the inclusions has been
calculated from the data for all inclusions which
appeared to be representative of the system H,O—
CO,-NaCl (i.e. inclusions whose TmCOQO, was
close to that for pure CO, at —56.6 °C). A mean
clathrate melting temperature of 8.6°C yields a
value of 2.7 wt.% NaCl equiv. Carbonic homo-
genisation of the liquid, vapour or critical states
occurs in the temperature range 15 to 31.1°C
(Fig. 6D). This phase transition always occurs
above the temperature of clathrate melting and
the measured density of the carbonic phase (from
ThCQ,) is not affected by the retention of CO, in
clathrates.

FIG. 5. Schematic illustration of inclusions from late veins. Aqueous L4, inclusions occur in secondary trails which
cross-cut crystal boundaries. ‘Aqueo-carbonic L,¢ inclusions, of differing degrees of fill, co-exist within small
clusters. Aqueous L4, inclusions occur as late trails which cross-cut crystal boundaries.
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FiG. 6. Summary plots for all 3 phase carbonic(Ls¢) inclusions: (A) histogram of the degree of fill (n = 439); (B)
histogram of TmCO, (°C; n = 419); (C) histogram of TmCLATH (°C; n = 362); (D) histogram of ThCO, (°C; n =
391); (E) histogram of ThTOT (°C; 388); (F) histogram of the mole fraction of CO; (n = 390).

Total homogenisation occurs to the liquid, following an homogenisation run. The tempera-
vapour and critical states. Decrepitation of inclu-  ture of total homogenisation (ThTOT) varies
sions is common and partial decrepitation may be  from 200 to 335 °C with a clearly defined peak at
recognised by a change in the degree of fill 290°C (Fig. 6E).
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The degree of fill varies with the mode of total
homogenisation and corresponds to the different
amounts of CO, present within the inclusion.
Inclusions which homogenise to the vapour state
(Leo, + Li,o = Leo,) have a Xco, > 0.25, to the
liquid state (Lco, + Lo — Lu,0)Xco, =~ 0.15
and those inclusions which homogenise critically
(LC02 + LH;O — C) have a XC02 =~ (0.2 (Flg 7)
The similar total homogenisation temperatures
for the aqueous-carbonic inclusions, despite their
differing mode of occurrence and the co-existence
of the variable inclusion types, is consistent with
the trapping of a fluid at a solvus, with critical
total homogenisation (ThTOT — Critical) corres-
ponding to the top of the solvus. Comparison of
the data set with the 7-X sections of Bowers and
Helgeson (1983) indicates that the data set are
consistent with the unmixing of a low salinity fluid
(2.7 wt.% equiv. NaCl) (Fig. 7). However, addi-
tion of N, + CH, probably changes the position of
the solvus.

The combined petrographic and fluid inclusion
data from the pelitic host rocks and early veins, in
association with data from the late kinematic
veins, allow the P-T evolution of the area to be
constrained. Peak metamorphism occurred
around 3.1 to 3.4 kbar and 410-425°C, giving a
maximum burial of ¢. 12.5 km. The late kinematic
veins were developed post-peak metamorphism
during uplift. The unmixing H,0-CO, fluid
inclusion population indicates fluid entrapment at
1.5 kbar and 300°C at a level of <6 km in the
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crust. These values are in accord with the post-
kinematic setting of auriferous veins in mesother-
mal gold systems, commonly observed in meta-
morphic and mineralised terranes (Groves and
Foster, 1991; Nesbitt, 1991). This pressure~
temperature—time evolution for the La Codosera
area is illustrated in Fig. 8.

Additional volatiles in barren and mineralised
late veins

The aqueo-carbonic inclusions of the late-
kinematic veins show evidence of unmixing. The
TmCO, values are often depressed below
~56.6°C, with the mineralised late-kinematic
veins in particular showing significant depressions
in TmCO, (Fig. 9A). The volatile composition
of fluid inclusions from four samples of late-
kinematic veins were determined by laser Raman
spectroscopy. The samples from the mineralised
localities are described in Table 2. Two samples
(samples 1076 and 289:056) were from prospects
where reported gold grades range from 0.96 to
5.1 p.p.m. One sample was from a poorly miner-
alised prospect where the gold grade ranges from
0.05 to 1.15 p.p.m. Au (Sample 001). A fourth
sample was from a barren vein with <0:05 p.p.m.
Au (Sample 1014C). The data are presented in
Table 3 and are summarised in a ternary CO,—
N,-CH, plot (Fig. 9).

The volatile phase in all samples is dominantly
CO; (volatile mole fraction of CO,, Z¢o, > 0.80)

400 —

200 —
(Thcoz)

ThTOT (C)

(thcoz2L)

(ThcozV)

{ThCO2C)

(mcozy

1 1

« Vapour Homogenisation
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Fi6. 7. T-Xco, plot for the system H,O—CO,-NaCl showing the modes of homogenisation (ThCO, and ThTOT) of

the late aqueo-carbonic (Lac) inclusions. The positions of the solvus for 0 and 6 wt.% NaCl at a pressure of

1500 bars (from the data of Bowers and Helgeson, 1983) are also plotted. The range of data for L ¢ inclusions for
and average salinity of 2.7 wt.% NaCl equivalent, fits the theoretical solvus well.
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showing the evolution from early veins associated with

peak metamorphism through to late kinematic veins
which host the gold mineralisation.

in all cases, with variable amounts of N, and CHj,.
The additional volatile constituents, in particular
N, clearly increase from the barren vein (1014c;
7y, 0.02-0.06) through the weakly mineralised
vein, 289:001, to the mineralised samples 1076
and 289:056 (Zy, 0.14-0.17) (Fig. 9B). The
increase in additional volatiles is apparently
restricted to N, with the CH, values remaining
more or less constant (Zc¢y, = 0.01). In terms of
the total inclusion, N reaches 8.7 mole% (or Zy,
of 0.17) in mineralised veins and compares with
values of Xy, < 1 mole% in barren veins.

Examination of the microthermometric charac-
teristics of inclusions within late-kinematic veins
shows that the highest concentrations of N, are
within inclusions with ThCO, — L and ThTOT —
V (Zn, = 0.140 to 0.172) and the lowest within
inclusions with ThCO, — L and ThTOT — L (Zy,
== 0.018 to 0.060). Inclusions with ThCO, —» V &
ThTOT — L have an intermediate concentration
of N> (Zn, = 0.030 to 0.116). As noted earlier,
mineralised veins generally show greater
depressions in TmCO, than non-mineralised
veins (Fig. 9A). This is consistent with the
observation of inclusion abundances within the
samples. Samples with elevated gold grades
contain a greater abundance of inclusions with
ThCO; — L and ThTOT — V.

Discussion

Origin of anomalous nitrogen in mineralised
veins. All the aqueo-carbonic inclusions from the
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late-kinematic veins contain measurable quanti-
ties of nitrogen, and clearly, inclusion populations
from both the mineralised and barren veins
contain a nitrogen signature.

Pelitic schists are the dominant lithology of the
La Codosera area. Micas in pelitic rocks can
contain over 2000 p.p.m. NH,* which can be
released into a fluid during prograde metamor-
phism (Halam and Eugster, 1976). The nitrogen
is probably of biogenic origin which, during
diagenesis and metamorphism, is stored as the
ammonium ion, NH,*, within phyllosilicates or
feldspars (substituting for K* in muscovite and
Na* in albite, for example). Indeed, NH,"
abundances were found to decrease with increas-
ing metamorphic grade in the Dome de L’ Agout,
France (Duit et al., 1986), accounting for the high
N, content observed in the fluid inclusions of the
area. Isotopic data for N, fixed as NH,* in
metamorphic rocks, can increase from mean N
values of +5.3%. in low grade rocks to +9.6% in
high-grade rocks (Haendel eral., 1979). This
fractionation was interpreted either as evidence
for exchange reactions or kinetically controlled
N, loss with increasing temperature.

A correlation between the N,/CO; ratio of fluid
inclusions in gold-bearing quartz veins and the
style of the mineralisation in the Escadia Grande
schist terrain of northern Portugal was described
by Naden and Shepherd (1991). Fluids derived
within the schists are characterised by high N,/
CH, ratios, whereas in the Jales grante terrain the
veins are characterised by low N,/CH, ratios.
These data are consistent with the production of
N, from NH," within the schists, as granites are
characterised by relatively low NH;* contents
and pelites by relatively high NH,* contents.

Wilkinson (1991) monitored the C-O-H-N-S
mass balance of pelites during contact metamor-
phism in SW England and demonstrated that,
given fluid—rock interaction and concomitant loss
of nitrogen from the pelites to the fluid, the
predicted metamorphic fluid composition showed
remarkable similarities to the observed fluids
trapped in fluid inclusions in syn-granite meta-
morphic aureole veins. Bottrell ef al. (19884,5)
calculated that nitrogen, trapped in fluid inclu-
sions in quartz veins from the Llanbedr formation
North Wales, was released into the fluid during
metamorphism of a  dominantly pelitic
assemblage.

These data tend to support the generation of N,
into metamorphic fluids by fluid-rock interaction
within pelitic lithologies according to:

K(ag + NHy-mica = NHy,,, + K-mica. (1)

Reaction of the ammonium ion, NH," and fluid,
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decreases the pH of the fluid and consumes O,
thus acting as a powerful reducing agent accord-
ing to the reactions:

NH}(,q) + OHg, = NHspg + HoOpy (2)
4NH; + 30, = 2N, + 6H,0. 3)

The lack of thermodynamic data precludes
detailed modelling of the effects of N, produced
by fluid—rock interaction, on gold solubility.
However, a decrease in pH would decrease the

solubility of a AuHS® complex (Seward, 1989) but
increase the solubility of chloride complexes.

447

The data presented show that veins with
enhanced gold-grades correlate with increased
levels of N, within fluid inclusions. A viable
mechanism for the production of N, in the
mineralised veins from the La Codosera area is
fluid-rock interaction with the concomitant
reduction of the fluid promoting gold deposition.
This could explain the association of N, and
enhanced gold grades within late-kinematic post-
peak metamorphic veins.

One problem with this model is why the late-
kinematic fluids are enriched in N,, CO, and Au
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F16. 9. (A) TmCO, vs. ThCO, for the agueo-carbonic inclusions from mineralised and non-mineralised veins.
(B) Triangular plot of Ny-CH,~CO, for the aqueo-carbonic inclusions. Mineralised veins have higher Zy,-
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Table 3. Raman analyses of L, inclusions. Data are presented as mole fractions of

the volatile phase (eg. Z,,) and as mole fractions for the whole inclusion (eg.

Xc02)-
Sample Type Zeo2 Zy Zem Xiz20 Xcoz Xn2 XcHa Pbulk
1076 ThTOT=V;ThCO,~L 0.831 0.141 0.011 0.614 0.327 0.055 0.004 0.741
Chirriato * 0.823 0.152 0.012 0613 0.324 0.059 0.004 0.740
" 0.822 0.164 0.014 0.607 0.325 0.063 0.004 0.743
056 " 0.832 0.164 0.004 0.468 0.443 0.087 0.002 0711
100m E-W " 0.837 0.158 0.004 0.779 0.185 0.035 0.001 0.828
Vein " 0.825 0.172 0.003 0.600 0.330 0.069 0.001 0.749
ThTOT=L;ThCO -V 0.951 0.039 0.010 0.289 0.676 0.028 0.007 0.697
" 0.952 0.035 0.013 0.612 0.370 0.013 0.005 0.768
001 ‘ 0.941 0.049 0.010 0.750 0.236 0.012 0.002 0.821
Penon ThTOT=L; ThCO~L 0.957 0.037 0.006 0916 0.080 0.003 0.001 0.931
ThTOT=L; ThCO,~V 0.952 0.030 0.018 0.291 0.675 0.021 0.012 0.693
ThTOT=L;ThCO~L 0.967 0.018 0.015 0.787 0.206 0.004 0.003 0.841
ThTOT=L; ThCO,~V 0.866 0.116 0.018 0.844 0.135 0.018 0.003 0.866
ThTOT=L; ThCO,~L 0.961 0.031 0.008 0.612 0.373 0.012 0.003 0.770
1014¢ " 0.933 0.060 0.007 0.477 0.488 0.031 0.004 0.730
Barren Vein " 0.960 0.029 0.011 0.786 0.205 0.006 0.002 0.841
Au<0.05ppm " 0.957 0.038 0.005 0.845 0.148 0.006 0.001 0.878
" 0.965 0.027 0.008 0.612 0.375 0.01 0.003 0.772
" 0.952 0.049 0.001 0.608 0.372 0.019 0.000 0.772

and not the prograde metamorphic fluids.
Mesothermal gold deposits commonly have a
late-kinematic timing and formed from CO,-rich
fluids (Groves and Foster, 1991). One possible
model is that at relatively shallow levels in the
crust, the peak of metamorphism would be of a
deeper-later type due to erosion (Powell et al.,
1991). The P-T evolution of the La Codosera

area, determined by fluid inclusion studies, sug-
gests that uplift and erosion occurred between
peak metamorphism and the late-kinematic gold
mineralisation. A consequence of this model is
that fluids from rocks undergoing prograde meta-
morphism at depth would migrate to shallower
crustal levels where metamorphic dehydration
reactions had already terminated (Powell et al.,
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op. cit.). Field evidence indicates that the major-
ity of the mineralised veins lie along faults which
connect to the Badajoz—Cordoba shear zone
(Roberts et al., 1991). The location of mineralisa-
tion is apparently controlled by fluid focusing
along these major structures. Thus, Au could be
mobilised by the prograde metamorphism at
depth and nitrogen could be sourced either from
metamorphic devolatisation reactions at depth or
by fluid-rock interaction locally.

Conclusions

1. Pelite mineralogy, vitrinite data and fluid
inclusion data from early fabric-parallel veins,
constrain the peak metamorphism of the pelites
to the upper greenschist facies with pressures of
1.4-3.1 kbar and temperatures of 325-425 °C.

2. Mineralisation occurs within late-kinematic
post-peak metamorphism veins.

3. An unmixing low-salinity aqueo-carbonic fluid
inclusion population indicates a P-T of formation
for both the mineralised and barren late kin-
ematic veins of 300 °C at 1.5 kbar.

4. A nitrogen anomaly is developed within the
mineralised late-kinematic veins which results
from fluid-rock interaction and reflects the chan-
nelling of the mineralising fluid along structures
which have developed a connectivity to the
Badajoz shear-zone.
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