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Abstract Nd and Sr isotope analyses are presented for
gangue mineral samples from the giant carbonate-hosted
Navan Zn-Pb deposit, Ireland, and for rocks from which
Navan metals may have been derived. Analysis of gangue
minerals spanning the Navan paragenetic sequence reveals
systematic evolution in the composition of the mineralising
fluid. Early fluid represented by replacive dolomite exhibits
the lowest initial ®’St/*°Sr ratio (0.7083—0.7086), closest to
that of the host limestone and to Lower Carboniferous
seawater, and the highest '"Nd/'**Nd ratio (0.51161—
0.51176). Later generations of dolomite, barite and calcite,
which encompass sulphide precipitation, have higher initial
87Sr/%Sr ratios (maximum 0.7105) and lower initial
13Nd/"*Nd ratios (minimum 0.51157). All samples have
initial Nd isotope ratios that are too low to have been
acquired only from the host limestone. Drill core samples
of presumed Ordovician volcanic and sedimentary rocks
from beneath the Navan orebody have '**Nd/'"**Nd and
87Sr/%6Sr ratios at the time of mineralisation of 0.51184—
0.51217 and 0.7086-0.7138, respectively. The data are
interpreted to indicate mixing of sulphide-rich, limestone-
buffered brine, with a metal-bearing hydrothermal fluid,
which had passed through sub-Carboniferous rocks, con-
sistent with published fluid inclusion and S isotope data.
The "**Nd/"**Nd ratio of this basement-derived fluid is too
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low to have been imparted by flow through the Devonian
Old Red Sandstone, as required in models of regional fluid
flow in response to Hercynian uplift. Irrespective of
whether such regional fluid flow occurred, the hydrother-
mal Nd must have been derived from sub-Devonian rocks.
These conclusions broadly support the hydrothermal con-
vection cell model in which brines, ultimately of surface
origin, penetrated to a depth of several kilometres, leaching
metals from the rocks through which they passed. The data
also support increasing depth of penetration of convection
cells with time. Metals were subsequently precipitated in
carbonate rocks at sites of mixing with cooler, sulphide-rich
fluids. However, comparison of the Navan hydrothermal
gangue Nd-Sr isotope data with data from Lower Palaeo-
zoic rocks strongly suggests that the latter cannot alone
account for the “basement” signature. As the Navan deposit
lies immediately north of the lapetus Suture, this suggests
that the Laurentian margin includes Precambrian basement.

Keywords Zn—Pb mineralisation - Irish-type -
Nd-Sr isotopes - Navan - Ireland

Introduction

Irish-type ore deposits (Hitzman 1995a; Hitzman and Large
1986) represent a distinct style of hydrothermal mineralisa-
tion characterised by base metal sulphide precipitation
relatively soon after deposition of the host carbonate
sediments. They share many features in common with both
the sedimentary exhalative and Mississippi Valley-type
classes of deposit. They may be broadly subdivided into
“stratabound” and “cross-cutting”, types where the former
are hosted within Courceyan limestones, and the latter
hosted partially within supra-Waulsortian facies of Chadian
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to Arundian age, although both subdivisions display strata-
bound and crosscutting elements in their mineralisation.
Mineralisation is spatially and temporally associated with
extensional faulting, though the exact relationship between
faulting and mineralisation remains contentious and may
vary between deposits (e.g. Blakeman et al. 2002; Bonson
et al. 2005; Peace and Wallace 2000).

Three types of genetic model have been proposed for the
formation of the Irish-type deposits. These are the convec-
tion cell model (Russell 1978, 1986), the topography-driven
fluid flow model (Garven and Freeze 1984a,b; Hitzman
1995a,b; Hitzman and Large 1986) and the stratal aquifer
model (Lydon 1986). An understanding of the origin of the
mineralising fluids, including their waters, metallic and
non-metallic solutes, is essential to test any metallogenetic
model. Fluid inclusion data for the Irish orefield define a
negative correlation between temperature and salinity
(Banks and Russell 1992; Everett et al. 1999; Eyre et al.
1996; Samson and Russell 1987) and have been interpreted
by most workers as representing the mixing of two
geochemically discrete fluids. The two proposed end
members to this array are a high temperature (170-230°C),
moderate salinity (8—12 wt% NaCl equiv.) fluid and a lower
temperature (70-120°C), high salinity (17-28 wt% NaCl
equiv.) fluid. Ore deposition in the Irish-type deposits
appears to have been brought about predominantly by
mixing of these two fluids.

The cool, high salinity fluid has been interpreted as a
hypersaline brine immediately originating within the
Lower Carboniferous carbonates (Samson and Russell
1987). It is often found as primary inclusions in paragenet-
ically late minerals and as secondary inclusions in earlier
minerals although both fluids are found throughout the
mineral paragenesis on a regional scale. Low dD values in
barite fluid inclusion leachates have been interpreted as
either a meteoric fluid reacted with evaporites or a
bacteriogenically altered seawater (Banks et al. 2002;
Samson and Russell 1987). Evaporitic rocks, including
halite pseudomorphs, have recently been reported in a mid-
to late Chadian carbonate succession in County Carlow
(Nagy et al. 2005). The combined C and O isotope study of
Boast et al. (1981) identified Lower Carboniferous carbon-
ate as one of the end members in an array displayed by ore-
stage carbonate minerals. This end member could have
been supplied by either the host rock or contemporaneous
marine bicarbonate. A move towards 0'°0- and §'°C-
depleted values late in the paragenesis (post-ore carbonate)
is interpreted as both mixing with bacterially oxidised
carbon and the increasing influence of a deep-seated end
member. Gleeson et al. (1999), working on samples from
Tynagh, Silvermines and Lower Palacozoic-hosted veins,
have shown the halogen characteristics of fluid inclusion
leachates to resemble evaporated seawater. Deviation of
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some samples away from the seawater evaporation trajec-
tory suggests various mixtures of seawater, bittern waters
and meteoric water.

The origin of the hotter, less saline fluid is less well-
understood. It has been suggested in the past to be a
magmatic fluid (Samson and Russell 1987), a metamorphic
formation water (Phillips 1983; Russell 1973) and a deeply
circulated seawater (Russell 1978; Samson and Russell
1987). Due to the lack of any spatial association between
any of the major base metal deposits and contemporaneous
igneous activity, a magmatic source is very unlikely.
Samson and Russell (1987) suggested that fluid inclusion
homogenisation temperatures were incompatible with a
magmatic model as was the major fluid inclusion cationic
chemistry obtained via crush-leach analysis. These analyses
showed that the fluid was similar to a fluid experimentally
reacted with Irish Lower Palacozoic greywacke by Bischoff
et al. (1981); Ca/Na and K/Na ratios suggest that reaction
with Lower Carboniferous carbonate or Old Red Sandstone
feldspar was not significant. The fluid was also found by
Samson and Russell (1987) to be in H and O isotopic
equilibrium with Lower Palacozoic basement lithologies.
The question of whether this was a primary metamorphic
formation water or a deeply circulated Lower Carbonifer-
ous seawater could not be resolved isotopically due to the
possible loss of the original isotope composition of this
fluid by interaction with the basement. However, they were
able to rule out metamorphic formation waters on structural
and volumetric grounds.

This paper presents Nd and Sr isotope analyses of the
carbonate and barite gangue, which accompany hydrother-
mal Zn-Pb-Fe sulphide mineralisation in the Navan ore
deposit and of whole-rock samples of the Lower Palacozoic
rocks forming the basement to the orebody. Supported by
new and published Nd and Sr isotope data from regional
pre-Carboniferous basement rocks, these data are used to
constrain the origin of the base metals and, hence, the
pathways followed by the hotter, metal-rich hydrothermal
fluid.

Previous studies of the Navan deposit

The Navan Zn—Pb deposit of County Meath, hosted in
Lower Carboniferous carbonate sedimentary rocks (Fig. 1),
is the largest carbonate-hosted base metal deposit in Ireland
and is currently the largest Zn producer in Europe (Ashton
et al. 2003). Mined ore, proven reserves and resources
amount to about 95 Mt, grading 8.3% Zn and 2.1% Pb.
Almost continuous mining since 1977, coupled with
extensive exploration drill core, have allowed the stratigra-
phy, structure and mineralisation of the orebody to be
described in considerable detail (Ashton et al. 2003).
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Fig. 1 Simplified geological
map of Ireland, showing active
and closed mines of base metal
deposits hosted in Lower Car-
boniferous carbonate sedimenta-
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In the Navan area, Lower Carboniferous sedimentary rocks
lie unconformably on deformed Lower Palacozoic rocks, both
lying within a complex, faulted, SW-plunging antiform. The
Lower Palacozoic rocks form part of the Longford-Down
Inlier. A NE-trending Ordovician succession includes sedi-
mentary and basic to intermediate volcanic rocks and is
enclosed to the NW and SE by Silurian greywackes,
sandstones, siltstones and mudrocks (Vaughan 1991). Faunal,
structural, isotopic and geophysical evidence suggests that
the Lower Palaecozoic rocks lie just above the northward-
dipping Iapetus Suture (Phillips 2001). A Precambrian
gneissic basement at 3—4 km depth has been proposed on
geophysical evidence (Williams and Brown 1986), but there
are no exposures of Precambrian rocks.

The Lower Carboniferous succession (Philcox 1984;
Strogen et al. 1996) has been ascribed to a northerly marine
transgression. The Courceyan Navan Group comprises thin
red beds, succeeded in turn by a variety of thin carbonate
and argillaceous beds known as the Pale Beds and the
Shaley Pales. The orebody (Fig. 2) is hosted primarily in
the Pale Beds, which comprise pale to medium grey
micrites, oolitic and bioclastic calcarenites, dolomite,
calcareous sandstones and minor shale—silt layers. The
main orebody consists of a series of stratabound lenses
divided into several zones by major NE to ENE-trending
faults (Ashton et al. 2003). The ore is generally thickest
adjacent to faults and dolomitised/argillaceous horizons,
which appear to have acted as conduits and barriers,
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respectively. Ore appears to have formed primarily by
replacement of host limestones, with minor open space and
late fracture-filling mineralisation. The Pale Beds are
overlain successively by the Courceyan Shaley Pales,
which contain minor economic mineralisation, and the
Courceyan to Chadian Argillaceous Bioclastic Limestone
(ABL) and Waulsortian Limestones. This succession has
been truncated by a Chadian erosion surface on which was
deposited the Boulder Conglomerate, a Chadian debris
flow. Subordinate economic mineralisation occurs in the
Boulder Conglomerate and is known as Conglomerate
Group Ore (CGO).

The economic mineralogy is simple, consisting over-
whelmingly of sphalerite and galena as ore with a Zn/Pb
ratio of 5, occasionally with minor Ag sulphosalts. Pyrite
and marcasite accompany the economic minerals, abun-
dantly in the CGO and in subordinate quantities elsewhere.
Gangue minerals include barite, calcite and dolomite.

The timing of mineralisation continues to be the subject
of debate (Wilkinson 2003). Based on the relationship
between mineralisation and faulting, which was active in
Courceyan to Chadian times, most workers have argued
that mineralisation began no later than during the Chadian
(e.g. Blakeman et al. 2002; Coller et al. 2005). Mineralised
clasts of Pale Beds in the CGO have been cited in support
of this conclusion (Ashton et al. 2003). Other workers have
concluded from a diagenetic study that all ore is post-
Arundian in age (Peace and Wallace 2000) and it has been
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Fig. 2 Cross section of the
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et al. (1986)

Q _— Zone 1 Zone 2 Zone 3
pper Dark )
[Limestone Arundian
(Lucan Fm)
Shaley | 0 200
Pales —_—
° Metres
Boulder Conglomerate
g sk =
UDM f— -
NOD = )
3 Lens LSM .
4 Lens . - .
LDM = o Mineralisation [
Muddy Limestone
Laminated Beds ®
Red Beds =

Lower Palacozoic

proposed on palaeomagnetic grounds that the ores are late
Arundian to early Asbian (Symons et al. 2002). However, a
Lower Carboniferous age for the mineralisation is not in
doubt, and the age uncertainty is not significant in the
context of the present isotope study.

Published fluid inclusion data indicate fluids with
homogenisation temperatures (7;) ranging from 75 to
220°C, broadly anti-correlated with salinity of 6-18 wt%
NaCl equiv. (Everett et al. 1999). Sulphur in the Navan ore
deposit can be interpreted as being of two origins
(Anderson et al. 1998; Fallick et al. 2001). A seawater
end member is manifested as both the isotopically light,
bacteriogenically reduced sulphur found in sulphide miner-
als (having a 6°*S of ca. —20%o) and the heaviest (ca.
+20%o) sulphur found as sulphate, exclusively in late barite.
A second source of sulphur with §°*S values clustering
around +10 is proposed to have originated in the basement
and travelled in solution with dissolved metals. This
sulphur is isotopically very similar to that in diagenetic
pyrite found in a variety of Lower Palaeozoic rocks and is
dominant early in the paragenesis (Anderson et al. 1998;
Fallick et al. 2001; Blakeman et al. 2002). Compared with
the bacteriogenic sulphur component, the basement-derived
sulphur is volumetrically minor, and it seems that a
continuous source of bacteriogenic sulphur was an essential
requirement for the development of a large orebody at
Navan (Anderson et al. 1998; Fallick et al. 2001). Pb
isotope analysis of Navan galena is also consistent with
derivation of the Pb and presumably the other ore metals,
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from local Silurian and Ordovician sedimentary and
volcanic rocks (O’Keeffe 1986).

Sample collection and analytical methods

Rb-Sr and/or Sm—Nd isotopes were determined on mineral
and whole-rock samples. The procedures employed for
mineral separation, dissolution, chemical separation and
thermal ionisation mass spectrometry varied according to
sample type. Procedures for Rb—Sr analysis of sphalerite
leachates were developed specifically for this project and
are described in detail; brief accounts are given for the other
procedures, which are variants on published techniques.

Sample collection and mineral separation
Hydrothermal mineralisation

Gangue mineral and sphalerite samples spanning the parage-
netic sequence were collected from mineralisation hosted in
the Pale Beds in the main Navan orebody. Sampling locations
are shown on the cross-section of the deposit (Fig. 2). A
paragenetic sequence for the Navan deposit has been
assembled from Hitzman (1995a), Braithwaite and Rizzi
(1997) and petrography carried out during this study. Using
cathodoluminescence, Braithwaite and Rizzi (1997) identi-
fied three stages of dolomitisation at Navan, the latest of
which overlaps with sulphide precipitation. Late-stage
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honeyblende overgrows late dolomite and is in turn
overgrown by calcite and barite; calcite and barite also
commonly overgrow colloform sphalerite, in some cases
with an intervening or contemporaneous episode of sulphide
dissolution. The length of time over which sphalerite was
being precipitated is unconstrained and was possibly quite
prolonged. All calcites have a similar orange cathodolumi-
nescence and are indistinguishable. For the purposes of
expressing isotope compositions through time, this paragen-
esis is split into seven stages as follows:

0 Host rock

1 Replacive dolomite (stage 1 of Braithwaite and Rizzi
1997)

2 Dolomite (stage 2 of Braithwaite and Rizzi 1997)

3 Sulphides (generally typified by massive/replacive
forms)

4 Saddle dolomite (+ bitumen; Stage 3 of Braithwaite and
Rizzi 1997)

5 Sulphides (typically fine—coarse honeyblende)

Barite/calcite

7 Later calcite

o)

Making clear distinctions between the paragenetic stages
in different hand specimens is sometimes difficult, and it is
quite likely that variable degrees of temporal overlap
existed between the different stages. The paragenetic stage
for each mineral sample is shown in Table 1.

It has been shown by a number of studies, reviewed by
Walshaw and Menuge (1998), that sphalerite fluid inclu-
sions in carbonate-hosted base metal deposits have very
low Rb/Sr ratios. Consequently, sphalerite fluid inclusion
contents retain the initial *’Sr/**Sr ratios from which they
crystallised and can be liberated by crushing and leaching.
Sphalerites for crush-leach Rb—Sr isotope analysis were
prepared either by roughly crushing selected hand speci-
mens in a steel pestle and mortar or by cutting from thick
sections using a scalpel and then crushing. These samples
were then handpicked under a binocular microscope to
exclude solid inclusions of exotic material from the sample.
All other mineral samples were extracted by handpicking
from crushed and sieved rock samples.

Whole-rock samples

Localities at which whole-rock samples were collected are
given in Table 2, along with brief lithological descriptions
and stratigraphic positions. Two samples of unmineralised
Lower Carboniferous Waulsortian micritic limestones and a
single sample of argillaceous limestone from the Argilla-
ceous Bioclastic Limestone were collected. Ten samples
collected from the Upper Devonian Old Red Sandstone of
the Munster basin cover most of the stratigraphic range.
Five samples of Silurian sedimentary rocks were collected

from the Irish midlands. Six drill core samples of presumed
Ordovician volcanic and sedimentary rocks from beneath
the main Navan orebody were sampled from drill core
U9555 as examples of its local basement. The core was
extracted from beneath Zone 2 (Ashton et al. 1986) of the
orebody and the sample numbers are the depth in meters
beneath the top of the hole at which the sample was
collected; the samples analysed were taken from below
Zone 1. The volcanic and volcanogenic rocks exhibit
secondary alteration probably developed during seafloor
metamorphism. However, none of the samples contain
significant quantities of sulphide minerals or other hydro-
thermal minerals related to Navan mineralisation.

Dissolution and ion chromatographic separation procedures

In all cases, mixed 87Rb-34Sr and/or mixed *’Sm-'>Nd
spike solutions were added to samples before dissolution
and separation. Two types of ion chromatographic
material were used: Dowex Bio-Rad AG50W-X12 200-
400 mesh ion exchange resin and the ion-specific resins
SrSPEC™, TruSPEC™ and LN resin™ supplied by
Eichrom Technologies.

Sphalerites

Samples were leached with 10% acetic acid overnight at
80°C, including agitation in an ultrasonic bath to remove
any adhering fine-grained carbonate, and then rinsed in
distilled water. The clean sphalerite residue was then
crushed to powder using a boron carbide mortar and pestle.
The powder was slurried with distilled water and leached
overnight, centrifuged and the leachate retained. The
residue was leached again overnight with distilled water,
centrifuged and the second leachate mixed with the first and
spiked with a dilute mixed Rb—Sr spike solution.

The very small amounts of Sr in sphalerite leachates
were separated via a single pass through very small StfSPEC
columns (containing 55 ul resin when wet). These columns
were constructed by slurrying StfSPEC in water, washing it
in 3 M HNOj before loading it into polytetrafluoroethylene
(PTFE) microcolumns with a pipette, taking care to avoid
introduction of air bubbles to the resin bed. Columns were
then cleaned with three reservoir volumes of 3 M HNO;3
followed by two reservoir volumes of distilled H,O. Sr
elution was carried out using a total volume of 1.066 ml
distilled 3 M HNO; to load and wash on the sample,
followed by 200 ul of distilled H,O to release the Sr from
the resin.

A Rb fraction was also collected from the SrSPEC
columns and then purified by passing twice dissolved in
HCI through a larger column packed with 3 g of Dowex
cation exchange resin. The Dowex resin in these columns

@ Springer



Miner Deposita (2006) 41:803—-819

808

BN 0S€= 10J sonfeA [eniut are (05¢) PN3 pue “(0SEIPN 4y /PN ¢y (0SENS 4o/IS o (07) UOISIOAId [eUIB)UL SJOUSP SJoxORIq Ul SAINTL]

mﬁﬂ ¢—C
0¥80L°0  1€00°0 TS8L 10200 [ve] Tv80L0 ¢ yoes| dg ‘66T SIET  EN-V6/SM
(©)
LI80L'0  TH100 T9L'S 28200 [0Z] ¥T80L 0 S yoesy dg IN-Y6/TTM
(]
6LLOL'0  L8PI'0 TO6'T LL600 [ST] €580L°0 S yoed| dg IN-76/TTM
Sud[ [~ tvd (N
9€80L°0  TITO0 €9L'1 62100 [€1]9¥80L°0 ¢ yoes| dg ‘TIT 00€T  IN-V6/TTM
€¥80L°0 90000 TT8v 0001 [€] €¥80L0 9 eg GSTSIEL  TN-P6/EM
mﬁﬂ 1-C
TH80L°0 90000 L£ZS 00001  [€] €¥80L°0 9 eq ‘STET LN-P6/SM
mﬁﬂ W\N
LL8OL'O 01000 S10€ 0001 [€] 8280L°0 9 eg ‘197 0671 6N—H6/SM
S680L°0 80000 L6601 LI€0'0 [€] S680L0 9 ©) Sud[ ¢—¢ 0
€¥80L°0  LT61'0 TTTS 8LvE  [9] 6€60L0 9 e} SUJ[ ¢~ 1D
[o]
801 Y€9115°0 0EP1'0  ObL'S €S88°0  T961IS0  LTOEOL'O 90000 9'SIT 1sz00 [€] Lz60L 0 9 ©) Iney 974 9Z4
[z1]
66— €89115°0 STOI'0  S90'8  89¢'I 8I611S0  €780L°0  €0000 8479 85S0°0 [L] €z80L0 9 e) 110Z 6STT  SN-Y6/SM
[81]
v'8— 9GL11S°0 L8IT'0  961°€ 6LT9°0  8TOTISO  9S80L°0  TLOOO L'8€E Ovb80  [S] 6580L0 I el TSTSIEL  IN-P6/EM
[o1]
86— L8911S°0 T9S1°0  8I¥'L LI6T  SPOTISO  TSOIL'O #0000 0SL6 LTlo0 [zel zso1L0 9 ©) dIv1IN
[z€] quoz jneq
1= 0291150 8ST°0 ShPy 91 €8611S°0  ¥IOIL0  LZ000 PTTE €0€0°0 [ov] #101L°0 14 o d ‘w9g¢ ‘1y11 HAdA VIFTIN
[sc]
901- €P911S°0 TTTI0 S66'C SLOSO  €TOIISO  TSSOL'0  8€200 +'€SI €971  [€] ¥980L°0 I o SUS[ G-I PN-Y6/SM
9Z01L°0 86000 ¢TSI 0L1S0 [9] 1€01L°0 9 e) DSST6601N
[81]
601— Y19115°0 YITI'0  0SP'T 8T6Y'0  OI6IIS0  0€80L°0 L8500 1109 98v'1 [+] #£80L°0 I 1oa 4SSt'6601N
(1] (spag o[ed ur duoz jney)
L6~ 76911570 0810 1€S°9  #8€T  98611S0  0v60L'0 #6000 LT9Z 15800 [v1] sv60L0 4 1od W Sy ‘6601 HAA VSST6601N
[o1]
- S9SI1S°0 0SE1°0  1T9°S  9STT  ¥LSIISO  6T60L°0 00000 +T8E 87000 [8] 6260L°0 9 ®) d6TS 6V 1IN
[81] SUA-N
I'el- 89511570 00Z1°0  ¥091  981°¢  €¥SIISO  0001L°0 80000 6+0I +6200 [l 0001270 L ©) ‘w 6zS ‘6v11 HAA V6TS6¥IIN
(0s€) (0s¢©) (wdd)  (wdd) (0s¢) (wdd)  (wdd) o3e)s 9JEUIPIO0d
PNZ PN,y /PNy PNGp /WS, 4 PN WS PNy /PNgyr  1S9/1S,5 1S9g/¥ g IS QA ISge/1S, o OnoudSeIRd  [BIOUIAL  OUIL/UONEDO] JoI iy  ou ofdueg

Sajeyoed] uoisnjdoul pinfy Ouﬁvﬂnﬂ.&m pue sjersur angued UeAeN I0J ejep QQOuOmm PN-WS pue IS—q¥Y [ 9dlqel

pringer

A's



809

Miner Deposita (2006) 41:803—-819

BN 0S€=/ 10J sonjeA [enrur dxe (0g¢) PN3 pue (0SEIPN 4y /PN ¢y (0SENS go/IS o "(07) UOISIORNd [eUIdIUI 2}0UdD §)OYORIG UT SAINTI]

Jrerowo[33e

10— I8ITIS0 €bCI0 IS1T IThd [21] 992150 0v€L0L'0  LvP0 T689 +901 [9€] 9S60L°0 SSS6M 9100 SSUIA eIl OIUEJJOA 3SIBOD) 6'6CC
¥'0— 991TIS0 12210 ¥L9T 66€°S [P1] svvzis0  +9L0L°0 STI'T 8L0€ 9611 [0€] STEIL'O SSS6M 9100 SIUIA eIe], 9jeIoWo[3Te JIULI[0A $'80T
89— TH8IIS0 TLET0 LI'THF €006 [81] ¥¥1216°0  8TEIL'0 088°¢ L €T 68LT [$9] 19TEL'0  SSS6MN 9100 SIUIA eIe], QUOIS)IS UIDID) 0881
¥'0— L9ITISO 99600 +#v91 $T9T [0z] 88€215°0  €980L°0 89¢'T +'8F1 60°0L [0¥] #¥SIL'O SSS6MN 2100 SIUIA ere], J0) OLIA IS0 CLLT
6'L— SSLIIS0 6SIT°0 SOLE €0T°L [o1] 1502150  0981L0 L6SL $696 ¢€€5T [T€]l 9¥9SL°0 SSS6MN 9100 SQUIA eIe], QUOISYIS POy 0°0t1
0'b— ¥8611S°0 THCI'0 06'ST 88LYV [91] 6922150  0TITL0 929°S 06C1 00ST [0S] €T6EL'0  SSS6M 9100 SAUIA eIR], JUSWIPAS JIUSTOUBI[OA SII1
JBIIAl 0D ‘UBABN ‘SQUIIN BIB], ‘GGGH[) 9100 WOIJ JUIWASR] UBIJIAOPIO
T8LIT SELT USUWL)ISUIS]
8L~ 68LIISO €811°0 tbLT 1LES [L1] 090z1S0 €v91L0 65L¢ ¢€¢€01 Teel  [9] 90s€L0 oy} JO soAeID)  wl YSeusdq oARI[S ‘O[S YINV-86/V M
0LLT OELT USWI)SUIST w ySeurog
0'L— T€811S0 09110 €LLT TTIES [81] L60TIS'0 +TOIL0O 09TF0 998C 81ty [zl occiLo oY) JO SIARID QAQI[S “D3orMADID TINV-86/ M
SPLI
9'L— 96LTIS0 S9IT'0 T86S €S'I1 [91] €90z150  8061L°0 #€ST°0 TTIT 8I'TT  [€] ¥861L°0  OTLI SUIBIUNOIA BIIY W] PIOJPOIF “QUOISPNIA TINV-86/v M
S'9— GSBIISO 0TIT'0 €80T 1S8°E [P1] 1112150 L960L°0 6ST80 L°L81 SS'€S [Pl 6LEIL0 0T pTT 189104 Kruury]  w pIoJA[[OH ‘oyoemAa1n TdS-86/SM
['8— YLLIISO TOIT'0 SS'LT S6T'S [61] ovozISO ST91L0 116S #9'T9 <Ll [L10LSyLO 691 €LT I1upng w,f pIOJA[[OH ‘e[S SOg-86/FM
Areroddiy, "o) ‘ueunig
9'L— 96LI1S0 16110 SE€9T T6I'S [80] 6902150 00L1L0 L8¢€€ TT06 €501  [S]L8€EL'0  #0S 990 ssed louuo) spag o[3uIq 7dD-86/9M
8L— LSLIISO TOTI'0 €0°LT OLES [z1] zoozis0  csviLo 988 898y TTel  [L] 186SL°0  #0S 990 ssed louuo) spag 9[3uI(q 1dD-86/9M
T6— SILIISO +¥TI'0 6861 T60¥ [+1] o00ZI1S 0 0S0€0 STSOT drowneg UONEULIO{ USABUD[ISED) LOELS
€8— T9LTIS0 60€1°0 T9TI 1€LT [81] 190Z15°0 $6570 S6S0T 1owmeg UOIJRULIO,] UIIYS 90¢LS
787£0
L'9— €¥8I1IS0 19010 vI'6y +T9'8 [oz] 980z15°0 TLSE1 PEAH A9[eD SuOISpues pesH 90], €IELS
1€2€0
¥'L— 90811S°0 €EIT0 ¥v'8¢ TOT'L [z1] 990z1s0 sz80L0 L6Tl +9T8 189¢  [6] L8TLLO 99%¢1 PedH A9[[eD souojspues peoH 0], TI1¢LS
99— 0S8IIS0 TIST0 6VTH 7901 [o1] 9612150 SE€LTO OSHIT PESH Q0L SOUOISPUES PEIH 0L, 01¢LS
LTLTO SHHIT
0'L— LTSIISO OEITO0 9999 9¥CI [o1] 9802150 Aeq 19)EMBULIBOY SUOISpUES PESH 907, €0€LS
71920 S6501
$'8— PSLIISO LO9T'0O €819 €491 [81] zzizis0 Aeq 10)EMBULIBOY SOUOISPUES PEOH 90, 10€LS
¥'9— 6S8I1S0 S80T°0 SOvE €119 [¥1] 8012150  €260L°0 €8°€T 1¥9S LL9T  [¥] €18LL°0 LTLTO Sty1T drownjeq souojspueg pesH PIO 80€LS
AmvcowwﬁCMm :mv uiseq J9)Sunjy dcoawﬁ:mm P PIO ueluoAdg
L'6— 169110 SEET0 €69°S LSTT [¥€] L6611S0  1S80L0 91200 997 0691  [€] 1980L°0 Kemen 0D ‘Y3euy, UBILIOS[NEAN “OJLIOLIA] WL
6'L— YSLIIS0 00TI°0 9LL°0 +SI°0 [92] 6502150  9820L°0 95000 8'SLT THEO  [S] 68L0L°0  UIESIN "0D ‘UMOIPOOM UBTLIOS[NBA\ “QJLIDIIA] WMLM
ﬁm>.mz ﬁ\hvmm\ﬁo DﬁOummEE oﬁmﬁoomﬁ
I'€1— SISTIS0 68600 91'1C +9¥°¢ [81] cvL11S0  T980L0 TS9T TedT Te6sT  [S]¢€81TL0 sr0y [ STOQVB[[1BIY “ON[[1B1Y LYEEM
mﬂOu@.ﬁQOn—HmO JOMOT
(0s¢)
(0S€) PNy, PN,y (wdd) (wdd) (05€) 1Sy, (wdd) (wdd)
PN3 PN, /S, PN WS #PNL /PNy ISee/iS,e /A, IS QY +1Sgg/1S,,  9OUAIOJAI PLIT/KI[eo0] uoneutioy ‘KSo[oyiry Toqumnu o[dureg

sojdures yo01-o[oyM judweseq pue jsoy J10j eyep adojost pN—wS pue IS-qY ¢ dqEL

pringer

A



810

Miner Deposita (2006) 41:803—-819

was carefully cleaned before use by two cycles of different
concentrations of HCI, beginning with distilled H,O
progressing through 1, 2, 3 and finally 6 M HCI. This
process expands and contracts the resin, thus aiding the
removal of blank Rb.

Other minerals and whole rocks

Powdered barite samples were dissolved using the method
established by O’Keeffe (1987). Fifty-milligram samples
were dissolved in 1.5 ml of hot concentrated H,SO,4; 15 ml
of 1 M Na,CO; was added and the solution was boiled for
1 h to convert SrSO, to SrCO;. Twenty millilitres of
deionised water was then added to dissolve the highly
soluble Na,SO4. The solution was decanted and another
20 ml deionised water was added. This too was decanted
and the decanted solution was discarded. The SrCO;
residue was then dissolved in 3 ml of 2.5 M HCI. Carbonate
mineral and rock samples were dissolved in 1 M HCI rather
than HF to minimise the risk of contamination via
dissolution of silicate impurities. Silicate whole-rock
powders were dissolved conventionally using concentrated
HF, HNO; and HCI (Menuge 1988).

Two ion chromatography protocols were employed at
different times. Under the earlier protocol, columns
containing 5 g of Dowex AG50W-X12 resin and HCI and
HNO; eluents were used to separate Rb, Sr, and rare earth
elements (REE; Sm and Nd). The Rb and Sr fractions
collected were passed again through the same columns with
HCl to produce Rb and Sr pure enough for mass
spectrometry. Separation of Sm and Nd from the REE
fraction from the Dowex column was effected by a single
pass through a second column filled with Voltalef 300 LD
PL micro PTFE powder coated with di-(2-ethylhexyl)
phosphate. Elution was carried out using dilute HCl of
variable concentrations. This yielded Sm and Nd of
sufficient purity for mass spectrometry.

The later protocol used small SfSPEC columns piggy-
backed over small TruSPEC columns, based on the method
of Pin et al. (1994). These are ion-specific “resins”, which
extract Sr and REE, respectively, from HNO; solutions by
complexation. One hundred milligrams of the resin was
used in both columns. Rb passes through both columns and
was purified as in the old protocol by two passes through a
5-g Dowex column after conversion to chloride. Sr and
REE were eluted from the ion-specific resins by 0.05 M
HNOj;. In the case of the REE fraction, the TruSPEC
columns were piggybacked above columns containing LN
resin; the REE, through the addition of 0.05 M HNO;, were
washed directly onto the LN columns. Sm and Nd were
then separated from each other and from other REE on the
LN columns by elution with HCI. In the case of silicate
whole rocks, the Sr fraction required only a second pass
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through the same SrSPEC column before it was sufficiently
pure for mass spectrometry. In the case of carbonate rock
and mineral samples, after two passes through SrSPEC
columns, the Sr fractions were passed once through the 5-g
Dowex columns to further purify the Sr before mass
spectrometry. This was necessary due to the inability of
SrSPEC to completely remove Ca from the Sr fraction in
high Ca samples; Ca within the Sr fraction inhibits the
ionisation of Sr within the mass spectrometer leading to
unsatisfactory analysis.

Mass spectrometry

All samples were analysed on a partially automated VG
Micromass 30 thermal ionisation mass spectrometer
equipped with a single Faraday collector. The sample
loading and running conditions for all samples except
sphalerite leachates are as outlined in Menuge (1988). All
87Sr/%Sr ratios were corrected to an SRM987 *7Sr/*°Sr
value of 0.710300. External reproducibility of *’Sr/*Sr
ratios, based on replicate analyses of SRM 987, is estimated
to be £0.00010 or the internal precision quoted (Tables 1
and 2), whichever is the greater. All '*Nd/'"**Nd isotope
ratios were corrected to a La Jolla "*Nd/"**Nd ratio of
0.511850. External reproducibility of "**Nd/'**Nd ratios,
based on replicate analyses of La Jolla Nd, is estimated to be
+0.000025 or the internal precision quoted (Tables | and 2),
whichever is greater. Rb, Sr, Sm and Nd concentrations
were determined by isotope dilution. Total procedural
blanks for analyses other than of sphalerite were <3 ng Sr
and <<1 ng Nd and are negligible.

The very low quantities of Rb and Sr extracted from
sphalerite leachates were loaded onto single zone-refined
rhenium filaments with 1 M H;PO, and a Ta,O5 emitter
solution. Rhenium was used instead of the more conven-
tional tungsten, as experiments with tungsten ribbon
revealed the stock tungsten in the UCD laboratory to be
releasing organic material with atomic masses falling in the
range of 80—90. Total procedural blanks for sphalerite Rb—
Sr work were <1 ng Sr and ~200 pg Rb.

Results

Rb-Sr and Sm—Nd isotope data are given for Navan gangue
minerals and sphalerite in Table 1 and for host Lower
Carboniferous sedimentary rocks and sub-Carboniferous
basement rocks in Table 2. Initial isotope ratios and &yq
values have been calculated for 350 Ma, the estimated age
of mineralisation, in all data tables and figures. Recalcula-
tion to different geologically reasonable ages does not
significantly alter the isotopic relationships between sam-
ples nor the interpretations presented.
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Carboniferous whole rocks and Navan sphalerite
and gangue minerals

Within the carbonate gangue minerals, a rise in *’St/*°Sr
ratio with time (paragenetic stage) is apparent from the
unaltered host rock value of less than 0.7080 to the
paragenetically latest calcite value of ~0.7100 (Fig. 3a).
The fluid inclusion leachates of four sphalerite samples are
relatively unradiogenic (0.7082—0.7085) and can be viewed
as a deviation away from the trend defined by the
carbonates. Similarly barite, which is always relatively late
in the paragenesis, falls outside this trend and possesses low
87Sr/%Sr values marginally above those of unaltered host
rock. The opposite relationship is seen for the carbonates in
a plot of "Nd/"**Nd vs paragenetic stage (Fig. 3b), in
which a trend toward progressively lower '“*Nd/'"**Nd
values over time is evident. Here, unaltered host rock has a
13N d/"**Nd ratio of ~0.51180, whilst paragenetically latest
calcite possesses a '**Nd/'**Nd ratio of ~0.51156.

There is also a correlation between initial Sr—Nd ratios
and spatial position in the orebody for the gangue minerals
analysed. There is a crude pattern in which more radiogenic
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Fig. 3 a Initial *’Sr/*°Sr ratios of Navan gangue minerals and
sphalerite fluid inclusions (leachates) plotted against paragenetic stage
(mean and range are shown where more than one sample analysed).
Stippled area represents the composition of Lower Carboniferous
carbonate host rocks. Carbonates display a rising trend in ®’Sr/*°Sr
over time. Sphalerite leachates and barites do not conform to this
trend. b Initial '**Nd/"**Nd ratios of Navan gangue minerals plotted
against paragenetic stage (mean and range are shown where more than
one sample analysed)

initial ®’Sr/%°Sr ratios (Fig. 4a) and less radiogenic
"Nd/'**Nd ratios (Fig. 4b) are concentrated in the higher
levels of the ore deposit, typically in veins and cavity fills.
The least radiogenic of the Sr isotope ratios are found in the
lowermost 2—5 ore lens where massive ore is some of the
richest in the body.

Two samples of unmineralised Lower Carboniferous
limestone have been analysed. One (BFL7/95 from Navan)
lies within the ®’St/*°Sr range expected for seawater, the
other (WTwm from Tynagh) at a slightly higher value of
0.7085. Although the "*Nd/***Nd ratio of seawater varies
at any time on Earth due to the lower residence time of Nd
(Piepgras et al. 1979), the Navan and Tynagh limestones
may be taken as representative. They have initial
"SNd/"*Nd ratios of 0.51178 and 0.51169, respectively.

Other whole-rock samples

Ten Old Red Sandstone samples from the Munster Basin in
counties Cork and Kerry display a remarkably small range
of initial '**Nd/'**Nd ratios, from 0.51172 to 0.51186. Two
(ST301 and ST310) have '*’Sm/'**Nd ratios >0.15,
unusually high compared to typical clastic sedimentary
rocks. This may be due to the presence of enough zircon to
dominate their Sm—Nd budgets. There is no discernible
variation related to stratigraphic or geographic position of
the analysed samples. Initial ®’Sr/*°Sr ratios were also
determined for four samples and range from 0.7083 to
0.7170. All have ®’Rb/**Sr ratios greater than 3, consistent
with their derivation largely from rocks of broadly granitic
composition.

Five samples of sedimentary and metasedimentary
samples from Silurian inliers in County Tipperary display
initial "**Nd/'**Nd ratios of 0.51177 to 0.51186 and initial
87Sr/*Sr ratios of 0.7097 to 0.7191. These values are
similar to those determined for the Old Red Sandstone
samples, though slightly higher in terms of mean ®’Sr/*®Sr
ratio. All have typical crustal '*’Sm/"**Nd ratios in the
range 0.112 to 0.118. ¥’Rb/*°Sr ratios range from 0.15 to
5.9, suggesting a varied provenance.

Drill core samples of presumed Ordovician volcanic and
sedimentary rocks from beneath the main Navan orebody
have initial '**Nd/'**Nd and *’Sr/*Sr ratios of 0.51178 to
0.51217 and 0.7073 to 0.7186, respectively. The initial
3N d/"**Nd ratios are notably higher than those recorded
in both the Old Red Sandstone and Silurian samples
analysed, though their *’Sr/*®Sr ratios are similar.

Isotopic characteristics of hydrothermal fluids

Published values for Courceyan to Arundian seawater and
Courceyan Limestone ®’Sr/*®Sr ratios (Bruckschen et al.
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Fig. 4 Cross section of the Navan deposit after Ashton et al. (1986),
showing a schematic representation of the geometrical distribution of
initial ®’Sr/*’Sr (second line of labels) and initial '**Nd/"**Nd and &yq

1995; Douthitt et al. 1993; Popp et al. 1986) define a range
from ~0.7075 to ~0.7082. Accepting that the bulk of Lower
Carboniferous limestones possess ®’Sr/*°Sr ratios of less
than 0.7082 but that the potential for higher values exists in
the early Courceyan, measured ®’Sr/*°Sr ratios for gangue
minerals in excess of 0.7085 require introduction of Sr from
another more radiogenic reservoir. Similarly, the lower
initial '**Nd/'**Nd ratios of nearly all the Navan gangue
minerals compared to likely seawater compositions, as
shown by local limestone samples, requires another less
radiogenic source of Nd. These data may thus be
interpreted as showing the mixing of two fluids to create
the Navan ore deposit, one with ¥’Sr/**Sr and '**Nd/'**Nd
ratios similar to seawater, the other with higher ®’Sr/*°Sr
ratio and lower '**Nd/'**Nd ratio.

There appears to be no potential source for the high
87Sr/%°Sr—low '**Nd/'**Nd ratio fluid within the post-Old
Red Sandstone Lower Carboniferous succession. Most are
carbonate rocks of measured or presumed seawater isotopic
composition. A single sample of argillite from the Argilla-
ceous Bioclastic Limestone (W3347) has an initial
" Nd/'*Nd ratio of 0.51152 and an initial *’Sr/**Sr ratio
of 0.7086. Although the former is low enough to be the
source of less radiogenic Nd required, it cannot supply the
more radiogenic Sr. Furthermore, this unit lies above
the ore-bearing horizons and is not significantly hydrother-
mally altered, so it is highly unlikely to be a reservoir from
which a hot hydrothermal fluid leached metals. During
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(third line of labels, exqin parentheses) values around the ore deposit.
There is a general increase in ®’Sr/*°Sr and decrease in "**Nd/"**Nd
ratios toward the higher levels of the orebody

Lower Carboniferous times the only feasible reservoirs for
more radiogenic Sr and less radiogenic Nd comprise the
underlying siliciclastic or metamorphic rocks, namely
Lower Carboniferous clastic horizons, the Devonian Old
Red Sandstone, Lower Palacozoic and Precambrian base-
ment rocks.

Fluid—rock isotopic equilibrium

The isotope data are interpreted in terms of the two
principal fluids identified in the Irish orefield, namely a
high-temperature, metal-rich brine, here called EM1, and a
cooler, more saline but metal-poor brine, here called EM2.
To interpret the Sr and Nd isotope compositions of EM1, an
understanding is required of the extent of isotopic equilib-
rium between EM1 and the rocks from which it acquired Sr
and Nd. The controlling factors are fluid chemistry and the
solubility of Sr- and Nd-bearing minerals in the source
rocks. In addition, the possibility of differences in solubility
between Sr and/or Nd and Zn and/or Pb must be considered
in order to constrain base metal sources.

EM1 is considered to have been reducing, at least
slightly acidic and chloride dominated (Everett et al. 1999;
Russell 1986). Haas et al. (1995) and Gammons et al. (1996)
concluded that under acidic conditions REE speciation is
most likely to be as chloride complexes. A decrease in pH
and an increase in Cl concentration, significantly increase
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REE solubility in hydrothermal systems (Gammons et al.
1996). EM1, at >200°C, represents a good solvent for Nd
and the more soluble Sr.

The potential basement lithologies are mainly granitic
gneisses and various sedimentary rocks, metasediments and
metavolcanics. In granitic gneiss, and most other ortho-
gneisses, the dominant hosts of Sr are likely to be the
feldspars, principally plagioclase. Whilst biotite and mus-
covite are likely to contain radiogenic Sr with very high
87Sr/%Sr ratios, their Sr concentrations are up to two orders
of magnitude lower than plagioclase (Seimbille et al. 1998).
It is reasonable to assume that the ®’Sr/*°Sr ratio of the
whole rock will be dominated by plagioclase and K-
feldspar. As these minerals are the more soluble compo-
nents within granitic rocks, they will impart an ®’Sr/*°Sr
ratio to the hydrothermal fluid, which is similar to that of
the whole rock. The likelihood of a fluid acquiring an
87S1/%Sr ratio substantially different to the bulk rock
therefore seems low. Similar considerations apply to acid
metavolcanics. In sedimentary rocks and metasediments,
the major Sr hosting minerals will be feldspars, carbonates
and clay minerals. These minerals are all sufficiently
soluble (Bischoff et al. 1981) to render unlikely the
formation of an exotic fluid *’Sr/**Sr ratio by differential
leaching. The Sr budget of basic and intermediate meta-
volcanics will also be overwhelmingly dominated by
soluble minerals, principally plagioclase, with subordinate
amounts in pyroxenes and amphiboles.

In the case of Nd, some of the REE-hosting minerals in
granitic rocks, acid metavolcanics and clastic metasedi-
ments are less soluble, principally zircon and monazite
(Poitrasson et al. 1995). In clastic sedimentary and
metasedimentary rocks, the Nd in detrital zircon is not
sufficient to produce a bias in fluid '"*Nd/"**Nd ratio
through its failure to dissolve, except in some very quartz-
rich sedimentary and metasedimentary rocks whose Nd
concentrations are, however, very low. In acid igneous
rocks, the REE budget is usually dominated by the
relatively soluble apatite and titanite (e.g. Condie et al.
1995). Monazite may dominate the REE budget of
sedimentary and metasedimentary rocks. However, petro-
graphic examination revealed no visible monazite in any of
the Irish sedimentary or metasedimentary samples analysed.
Furthermore, Read et al. (1987) report Lower Palacozoic
rocks in northern Britain to have no significant monazite
REE budgets. Due to its approximately average crustal Sm/
Nd ratio, monazite, even if it were present, is not likely to
be out of isotopic equilibrium with its host rocks unless it
had a separate provenance.

It is concluded that the Sr and Nd isotope compositions
of EM1 are unlikely to be significantly different from those
of the whole rocks which it has leached. Thus the
composition of EM1 provides a means of constraining the

lithologies of its Sr and Nd sources. Since Zn and Pb are
also likely to be overwhelmingly hosted in minerals soluble
in EM1 hydrothermal fluid, principally feldspars, clay
minerals and ferromagnesian silicates, these elements are
very likely to have been derived from the same sources as
Sr and Nd.

Origin and mixing of fluids

A plot of *'Sr/*®Sr vs 1/Sr concentration (Fig. 5a) is
suggestive of mixing within a ternary system in which one
end member possesses high Sr concentration and low
87Sr/*°Sr ratio, and two end members each possess lower
Sr concentration but high *’Sr/*°Sr ratio. Whilst the
existence of three components cannot be ruled out and is
permitted by fluid inclusion data, it is thought much more
likely that the apparent three-end-member relationship in
Fig. 5a is an artifact of Sr having a higher mineral/fluid
distribution coefficient in calcite than in dolomite. The
Navan data are therefore interpreted as indicating a binary
mixing system. A similar plot of "*Nd/'*Nd vs 1/Nd
concentration defines a cluster of points from which no
significant trend is discernible (Fig. 5b).
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Fig. 5 a Plot of initial ®’Sr/**Sr vs 1/Sr concentration for Navan
carbonates. Calcite and dolomite data sets each suggest binary mixing
between low 37Sr/5°Sr, high Sr concentration, and high 87Sr/%Sr, low
Sr concentration end members. b Plot of initial '**Nd/'**Nd vs 1/Nd
concentration for Navan carbonates
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The observed range in Sr isotope compositions of the
Navan gangue minerals can be explained in terms of simple
mixing between two end members. The same cannot be
immediately said for the range in Nd isotope compositions.
Nevertheless, it is reasonable to assume that the radiogenic
Sr and unradiogenic Nd detected in late gangue samples
had a common source. The paragenetic anticorrelation
between Sr and Nd displayed in Fig. 3 is consistent with
this. The lack of a binary mixing trend for Nd in Fig. 5b
may result from substantial hosting of gangue mineral Nd
budgets in fluid inclusions, whose abundance varies from
sample to sample. Alternatively, it may be the case that
more than two fluid components are present. However, at
this point an assumption is made, namely that Nd and Sr
share a common source and that the Nd isotope system
possesses two end members, one of relatively high
Nd/"**Nd and low Nd concentration and one having
lower '**Nd/'**Nd and higher Nd concentration.

Assuming that Sr and Nd in each of the end members in
this binary system have a common source, then the first of
these end members (EM1) possesses high *’St/*°Sr ratio
and low "**Nd/***Nd ratio combined with relatively low Sr
concentration and relatively high Nd concentration. The
second of these end members (EM2) is characterised by
low ¥’Sr/*®Sr ratio and high '"**Nd/"**Nd ratio combined
with a high Sr concentration and a low Nd concentration.
Exactly these geochemical characteristics are possessed by
Lower Carboniferous limestone and would also be pos-
sessed by any fluid that reached equilibrium with it. As no
other geological unit within the Irish midlands fits the
necessary criteria and because of the fact that this is the
host lithology for the ore deposits, EM2 is proposed to be a
fluid equilibrated with Lower Carboniferous limestone. The
geochemical and isotope characteristics of EM1 might have
been supplied by a number of clastic and metamorphic
lithologies underlying, or potentially interbedded with, the
Lower Carboniferous sequence. Identification of the source
of EMI is considered in the next section.

The anomalously low *’St/*°Sr ratio of sphalerite in the
paragenetic sequence (Fig. 3a) may be due to the need for
an influx of EM2 fluid to bring about sulphide precipita-
tion. Since this fluid is a much more concentrated brine
than EM1, it would probably contain a higher Sr concen-
tration and, therefore, dominate the Sr budget of minerals
precipitating from the fluid mixture.

Recalling the spatial variation in initial Sr and Nd
isotope ratios (Fig. 4), the upper areas of the ore deposit
are therefore those which experienced a higher basement to
host (or EM1 to EM2) fluid ratio. As these higher EM1/
EM2 ratios have been shown to occur in the later
paragenetic stages, it might follow that the upper parts of
the orebody formed later in the life of the hydrothermal
system. If this is the case, then the lowermost sections of
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the orebody in which Sr and Nd isotope ratios are
unradiogenic and radiogenic, respectively, can be seen as
having formed earlier in an environment in which the
buffering effect of EM2 was strong. However, it must be
stressed that this spatial trend in the isotope composition of
gangue minerals might be more indicative of differences in
fluid flow regimes rather than a difference in age of
mineralisation within the orebody.

The sources of base metals

The Nd isotope evolution of Navan gangue minerals is
compared to that of Devonian Old Red Sandstones of the
Munster Basin in Fig. 6. At the time of mineralisation
(~350 Ma), there is little overlap between the Navan
gangue and the Old Red Sandstone. Assuming again that
the range of Navan gangue &yq values results from mixing
of a Carboniferous limestone-equilibrated fluid of high &yg
(EM2) with another fluid of lower £yq (EM1), the Old Red
Sandstone can be ruled out as the source of EMI1. This
conclusion accords with that reached by Everett et al.
(2003) through comparison of the Pb isotope compositions
in the Old Red Sandstone with those of Irish ore field
galenas.

The Silurian metasediments of the County Tipperary
inliers have &yq values of —6.5 to —8.1 (Table 2), within the
range of the Old Red Sandstone, and can also be ruled out
as a source of EM1. The Cambro-Ordovician metasedi-
mentary rocks of the Ribband Group of southeast Ireland
also possess Nd too radiogenic to have been the source of
EM1 (Mohr 1991). Radiogenic isotope data therefore
appear to rule out derivation of a significant proportion of
metals by regional fluid flow from the south.

Exa-104 0

Approximate age of
Navan mineralization

-20

0 500 1000

Age (Ma)
Fig. 6 &ny vs time showing evolution of Navan gangue and Old Red
Sandstone samples. Shaded area shows range of &€yg evolution of
samples from the Old Red Sandstone of the Munster basin. Lines
indicate &£yq evolution of individual samples of Navan gangue
minerals
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Although Sr isotopes are less reliable discriminants than
Nd isotopes, further constraints on the source of EM1 can
be imposed by considering Nd and Sr isotope compositions
in combination. Figure 7 compares the Navan gangue Nd
and Sr isotope compositions with those of a variety of sub-
Carboniferous rocks. It is again apparent that the Old Red
Sandstone and midlands Silurian are not feasible sources of
EMI1, nor are the presumed Ordovician sedimentary and
volcanic rocks, which underlie the Navan deposit. A single
analysis of relatively pure argillite from the Argillaceous
Bioclastic Limestone overlying the Navan deposit has a low
enough &yq value (—13.1) but too low a *’Sr/*®Sr ratio
(0.7086) to be a source of EM1. Since the bulk of the ABL
is marine carbonate rather than argillite, it is most likely
that the mean ®’Sr/**Sr ratio of this unit is lower than in the
analysed sample. Even if analysis of more samples
demonstrated a range to much higher %’St/*¢Sr ratios, it is
hard to envisage a significant fluid contribution from the
ABL as it exhibits little hydrothermal alteration in the
Navan area.
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Fig. 7 Initial £yq vs ¥’Sr/*°Sr for Navan carbonate gangue minerals
(crosses) relative to Mullet Gneisses of the Annagh Gneiss Complex
(MG), Old Red Sandstone of the Munster Basin (ORS), Lower
Palacozoic sedimentary and volcanic rocks from beneath the Navan
deposit (NLP), Southern Uplands Lower Palacozoic rocks (SUP)
(Davies 1983; Stone and Evans 1995), Irish midlands Lower Palaeo-
zoic sedimentary rocks (MPL), argillite from the Argillaceous
Bioclastic Limestone and Lower Carboniferous carbonate sedimentary
rocks (LCC)

However, the range of Nd and Sr isotope compositions
of Lower Palaeozoic sedimentary rocks from the Southern
Uplands of Scotland and of the Palacoproterozoic Mullet
Gneisses could, in principle, account for EM1. The Scottish
Southern Uplands are the equivalent, along strike, of the
Lower Palacozoic rocks of the Longford-Down inlier of
Ireland, whose southeast margin underlies the Navan
deposit. Therefore, they may contain rocks of comparable
Nd and Sr isotope composition. The Mullet Gneisses are
the oldest component of the Annagh Gneiss Complex,
which outcrops only in north County Mayo (Fig. 1), and are
the oldest rocks known in mainland Ireland.

Binary mixing of materials with fixed isotope composi-
tions and concentrations in the coupled St—Nd isotope system
produces hyperbolic curves on plots of *’Sr/*°Sr ratio
against "*Nd/'**Nd ratio. The curvature of such mixing
lines depends on R, where R=(St/Nd)gm2/(St/Nd)gm;.
When R=1, the mixing curve is a straight line. The greater
the deviation of R from 1, the more strongly curved is the
mixing trend. In the present study, the Sr and Nd
concentrations and Sr/Nd ratios of the fluid end members
EM1 and EM2 are unknown. Controlling factors include the
Sr and Nd concentrations of the rocks leached by the fluid,
Sr and Nd partition coefficients between fluid and rock, and
the possibility of prior precipitation of part of the load of
these elements. However, since EM2 is taken to be a
limestone-equilibrated fluid, it is likely to have a higher St/
Nd ratio than EM1, which must have passed primarily
through silicate rocks of much lower Sr/Nd ratio. This
conclusion is supported by a St/Nd ratio of ~93 obtained by
a single crush-leach analysis of calcite gangue from the
Lisheen Zn-Pb deposit (Walshaw, unpublished data).
Consequently, R values for EM1-EM2 mixtures will exceed
1, and plausible mixing curves are restricted to those, which
are convex downwards in diagrams such as Fig. 7 and
where EM1 lies below and to the right of the Navan gangue
data. Rocks of the Scottish Southern Uplands and the
Mullet Gneisses of north Mayo are now examined as
possible sources of EMI.

Scottish Southern Uplands

Figure 7 demonstrates that most Lower Palacozoic rocks of
the Southern Uplands are too radiogenic in terms of Nd
(Stone and Evans 1995) to represent EM1 alone. This
argues against the involvement of a fluid that has
pervasively scavenged the Lower Palacozoic succession of
the Longford-Down Inlier, because such involvement
would be expected to introduce much more radiogenic Nd
to the system than is seen. This is especially so because the
Lower Palaeozoic rocks immediately beneath Navan are at
the upper end of the range seen in the Southern Uplands
(Fig. 7). Nevertheless, the least radiogenic Southern
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Uplands sample, from the Ordovician Kirkolm Formation,
could theoretically represent EM1 in terms of both Sr and
Nd. Figure 8a illustrates an analysis of the relationships
between Navan gangue data and binary mixing lines drawn
at different R values between EM2 and Southern Uplands
material with the lowest initial '**Nd/'**Nd ratio. It is
evident that all Sr and Nd isotope compositions observed in
the Navan gangue mineral data set could be created if the
minerals precipitated from bulk hydrothermal fluids that
had fluctuating R values. In this instance, the R values of
the mixing lines, which create an envelope around the
Navan data, range from ~30 to ~1.

Mullet Gneiss, Annagh Gneiss Complex, north Mayo

The mean Sr and Nd isotope compositions of the Mullet
Gneiss may plausibly create the observed array of Navan
gangue samples through mixing with EM2. Figure 8b
shows that mixing lines for R=~0.5 to ~10 accommodate
the Navan data. With mean Mullet Gneiss being plotted as

0.708 0.710 0.712 0.714 0.716
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Fig. 8 Isotopic mixing between fluids deriving their Nd and Sr from
the sub-Carboniferous basement (fluid EM1) and from Carboniferous
limestone (EM2). Mixing curves are labelled with the value of R,
where R=(St/Nd)gni/(St/Nd)gpamp. Crosses show analyses of Navan
gangue minerals. a EM1 is represented by Southern Uplands Palaco-
zoic shale with lowest initial '**Nd/'**Nd ratio. b EMI is represented
by Mullet Gneiss of mean initial "**Nd/'**Nd ratio

@ Springer

EM1, one Navan sample falls above the line of R=1. For
the parent fluid to develop an R value of less than 1, then
the St/Nd of EM2 must be dramatically reduced. This
would best be done via the influx into the mixture of a large
amount of fluid with a low Sr/Nd ratio into the system. As
EM?2, with an estimated Sr/Nd ratio in the order of 500—
1,000, is the principal buffer in the system and EM1 most
likely has a Sr/Nd ratio greater than 1, it is difficult to
envisage this happening. This suggests that, although
Mullet Gneiss-derived EM1 can explain the bulk of the
Navan gangue data, a contribution from material of more
radiogenic Nd is also required. Suitable rocks occur within
the Annagh Gneiss Complex and in the Lower Palaeozoic
rocks already discussed.

The Mullet Gneiss is not the only possible Proterozoic
source lithology for EM1. Mullet Gneiss possesses a
suitable Nd and Sr isotope character due principally to its
age. Other geological units containing Nd of similar crustal
residence age could equally well represent a source for
EMI. These would include the Neoproterozoic Dalradian
Supergroup, whose £ng(350 Ma) values range from —6.7 to
—21.3 (Daly and Menuge 1989; Daly and Menuge,
unpublished data). It is not known whether either the
Annagh Gneiss Complex or the Dalradian Supergroup
extend as basement beneath the Navan area.

Hydrothermal fluid pathways

The '**Nd/***Nd ratio of fluid EMI is too low to have been
imparted by flow through the Devonian Old Red Sandstone
of the Munster Basin of southern Ireland as required in
models of regional fluid flow in response to Hercynian
uplift (Hitzman 1995a,b; Figs 6 and 7). Silurian rocks of the
midland inliers also have Nd that are too radiogenic to
account for the composition of EM1 (Fig. 7). Irrespective of
whether such regional fluid flow occurred, the hydrother-
mal Nd must have been derived from sub-Devonian rocks.
Since older rocks are most unlikely to have been permeable
enough to permit large-scale lateral fluid flow, the data
require that the source of EMI is in the sub-Devonian
basement in the Navan area.

As argued in the previous section, it is doubtful in terms
of mass balance that Ordovician rocks of the Longford-
Down Inlier could supply sufficient Nd of this isotopic type
to EM1. Two main possibilities remain regarding the source
of EM1 solutes:

(a) EMI fluids were derived from a mixture of the
Ordovician rocks of the Longford-Down Inlier and
the underlying basement, be it Mullet Gneiss, Dalra-
dian or an unexposed unit of similar Nd isotope
composition.
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(b) EMI fluids were supplied solely by the sub-Palaeo-
zoic basement and the isotope compositions observed
in the Navan deposit were created by binary mixtures
of this and EM2.

The isotope data above do not discriminate between
these two processes. However, with a view to genetic
models, both processes are consistent with what would be
expected from a downward excavating convection cell
mechanism. The gradual growth in size and volume of such
a fluid flow system, as described by Russell (1986), would
produce exactly the increased flux of fluid from the
basement over time, which is observed in the Navan
deposit (Fig. 3). Such a mechanism is also envisaged as
the only one capable of accessing the deep, sub-Palaeozoic
basement rocks. It equally well explains any mixing of
solutes gained from these rocks with solutes gained from
the overlying Ordovician rocks.

The conclusion that EM1 derived metals from Lower
Palacozoic and older rocks does not rule out the possibility
that fluids that had passed through Old Red Sandstone
strata ultimately made their way to the site of Navan
mineralisation. It has been proposed that diagenesis of the
Old Red Sandstone of the Irish midlands was due to
Devonian or Lower Carboniferous meteoric water, probably
driven by topographic gravity-induced flow (Hitzman et al.
2004). The possibility that such fluids later chemically and
isotopically equilibrated with Lower Palacozoic or older
rocks before taking part in Navan mineralisation cannot be
ruled out (LH Chapman, personal communication 2005).

Summary

Radiogenic isotope data are interpreted primarily to indicate
the mixing of two fluids: a cool, sulphide-rich, limestone-
buffered brine of low ¥’Sr/**Sr ratio and high "**Nd/"**Nd
ratio (EM2); and a hotter, metal-bearing hydrothermal fluid
of high ¥’Sr/*®Sr ratio and low '**Nd/'**Nd ratio, which
had passed through sub-Carboniferous rocks (EM1),
consistent with fluid inclusion and published S isotope
data (Anderson et al. 1998). The '**Nd/"**Nd ratio of
EMI is too low to have been imparted by flow through
the Devonian Old Red Sandstone of the Munster Basin of
southern Ireland as required in models of regional fluid
flow in response to Hercynian uplift (Hitzman 1995a,b).
EMI1 Nd and most of the base metals in the Navan ore
deposit must have been derived from sub-Devonian rocks.

Comparison of the Navan hydrothermal gangue Nd—Sr
isotope ratios with those of Lower Palacozoic rocks
strongly suggests that the latter cannot alone account for
EMI. A similar conclusion was reached using Pb isotope
data (O’Keeffe 1986). The only known rocks occurring

NW of the Iapetus Suture in Ireland, which might supply
this very unradiogenic Nd, are the Palaeoproterozoic
Mullet Gneisses of the Annagh Gneiss Complex of north
Mayo (Menuge and Daly 1990) and the metasedimentary
rocks of the Neoproterozoic Dalradian Supergroup (Daly
and Menuge 1989).

In broad terms, the convection cell model (Russell
1986) is supported, consistent with the Pb isotope compo-
sitions of Irish orefield galenas (Everett et al. 2003). Fluid
flow through the largely impermeable sub-Devonian rocks
beneath Navan must have been overwhelmingly along
faults and fractures, but details of fluid pathways and of
the source lithologies of specific metals remain to be
determined. As the Navan deposit lies immediately north
of the Iapetus Suture, the implication is that the
Laurentian margin here includes Proterozoic basement in
addition to the volcanosedimentary rocks exposed in the
Longford—Down massif.
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