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Abstract: New calcite 87Sr/®*°Sr data for 47 limestones from the metamorphosed and deformed Neoproter-
ozoic—Cambrian Dalradian Supergroup of Scotland and Ireland are used to identify secular trends in seawater
879r/8Sr through the Dalradian succession and to constrain its depositional age. Dalradian limestones
commonly have Sr >1000 ppm, indicating primary aragonite and marine diagenesis. Low Mn, Mn/Sr <0.6,
880 and trace element data indicate that many %7Sr/%¢Sr ratios are unaltered since diagenesis despite
greenschist- to amphibolite-facies metamorphism, consistent with the documented behaviour of Sr and O
during metamorphic fluid—rock interaction. Thus, the 8”Sr/*Sr data are interpreted largely to reflect 87St/%¢Sr
of coeval seawater. Currently available data show that Neoproterozoic seawater 87Sr/3°Sr rose from c. 0.7052
at 850—900 Ma to c¢. 0.7085 or higher in the latest Neoproterozoic. Temporal changes at ¢. 800 Ma and c.
600 Ma bracket the range in Sr/%°Sr values of calcite in Grampian, Appin and lowest Argyll Group (c.
0.7064—0.7072) and middle and uppermost Argyll Group (c. 0.7082—0.7095) limestones, consistent with a
rise in seawater 87Sr/3°Sr around 600 Ma. 7Sr/%Sr data are consistent with the sedimentary affinity of the
Islay Subgroup with the underlying Appin Group, and with a possible time interval between deposition of

Islay and Easdale Subgroup rocks. They indicate that the Dalradian, as a whole, is younger than c. 800 Ma.

Keywords: Dalradian, Neoproterozoic, ¥’ Sr/*¢Sr, §'80, limestone.

The heterolithic Neoproterozoic to Cambrian Dalradian Super-
group of Scotland and Northern Ireland was deposited on the
eastern margin of Laurentia as it began to break out of Rodinia
(Dalziel 1992, 1994), and was deformed and metamorphosed
during the Ordovician Grampian orogeny (Harris et al. 1994).
Evidence for the maximum age of the Dalradian is ambiguous,
and interpretations differ markedly (e.g. Highton et al. 1999;
Smith ef al. 1999). However, this age is critically important in
constraining tectonic models for the Neoproterozoic evolution of
eastern Laurentia through the eastern North American to Ire-
land—Scotland—Greenland sector (e.g. Soper & England 1995;
Bluck & Rogers 1997; Highton et al. 1999; Prave 1999a; Smith
et al. 1999; Dalziel & Soper 2001). It also has wider implications
for the age of the Neoproterozoic glacigenic Port Askaig
Formation and the correlation of this important unit with other
Neoproterozoic tillites worldwide.

A key feature of Dalradian lithostratigraphy is the presence of
limestones in many parts of the succession. In this paper, we
present new %St/ Sr and 8'%0 data for 47 samples of Dalradian
limestones. We compare temporal variations in *7Sr/%°Sr with
those of carbonate rocks from undeformed and unmetamor-
phosed Neoproterozoic successions worldwide to constrain the
depositional age of the Dalradian Supergroup and units within it.
Temporal variations in seawater 37 Sr/%*Sr through the Neoproter-
ozoic are comparable in magnitude with those known to have
occurred during the Phanerozoic (e.g. Burke et al. 1982; Denison
et al. 1994a; Howarth & McArthur 1997). Because the age
ranges of most Neoproterozoic sedimentary successions are
poorly constrained by radiometric or biostratigraphical dating,
879r/%Sr data are widely used to constrain such ages and aid
correlation of Neoproterozoic sedimentary sequences in widely
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separated regions (e.g. Derry ef al. 1989; Narbonne et al. 1994;
Melezhik et al. 2001). Brasier & Shields (2000) recently used
the 7St/%Sr and 8'3C of carbonates beneath the Neoproterozoic
glacigenic Port Askaig Formation in the Dalradian of the SW
Scottish Highlands to propose a Sturtian (c. 720 Ma) age for this
unit. Here we report the isotope geochemistry of calcitic lime-
stones throughout the entire Neoproterozoic Dalradian Super-
group. We identify secular variations in 37Sr/%°Sr and use the
data to provide wider age constraints on Dalradian sedimentation,
focusing in particular on the age of onset of Dalradian deposition
and the evidence for prolonged and continuous sedimentation
and rifting.

Geology and age of the Dalradian Supergroup
Lithostratigraphy

The Dalradian Supergroup of Scotland and Ireland (Fig. 1)
comprises siliciclastic and carbonate rocks, together with sub-
ordinate volcanic and volcaniclastic rocks, deposited on conti-
nental crust on the eastern Laurentian margin during the
Neoproterozoic and up to at least the early Mid-Cambrian
(Harris et al. 1994; Stephenson & Gould 1995; Tanner 1995).
The Dalradian is divided into four Groups (oldest to youngest):
Grampian, Appin, Argyll and Southern Highland. The Grampian
Group is dominated by fluvial to marine siliciclastic rocks with
very rare limestone units (Glover et al. 1995). The base of the
Grampian Group beneath the oldest lithostratigraphical unit
(Glen Shirra Subgroup) is nowhere exposed and its relationship
to gneissose metasedimentary rocks that may constitute basement
is unknown (Smith et al. 1999).



230 C. W. THOMAS ET AL.

=z

KEY
Dalradian Supergroup

Southern Highland Group
Argyll Group

Appin Group

Grampian Group

l:l Sub-Grampian Group gneissose
metasedimentary rocks

|:| Colonsay Group
- Bowmore Sandstone, Islay
|:| Post-Dalradian sedimentary & volcanic rocks

|:| Intrusive igneous rocks, undivided

Faults and high strain zones

@ Sample location

Islay

Scotland

Aberdeen
1: Kincraig Limestone
2: Dufftown Limestone
3: Torulian Limestone
4: Inchrory Limestone
5: Storakaig Limestone
6: Water of Nochty Limestone
7,8: Badenyon Limestone
9: Boyne Limestone
10: Tayvallich Limestone
13: Leny Limestone

50 km

Torr Head

Sperrin
Mountains

11: Torr Head Limestone
12: Dungiven Limestone
a: Banagher Glen

Northern Ireland b: sutteriope Gien

Fig. 1. Summary geological map of the Dalradian geology of the Scottish Grampian Highlands and Northern Ireland and the location of samples from
limestone units discussed in the text. Details of specific sample locations are given in Table 1. Geology for the Grampian Highlands based on Stephenson
& Gould (1995, fig. 3), and for Northern Ireland and location inset based on Harris ez al. (1994, fig. 13).

The succeeding Appin Group comprises a cyclic succession of
arenites and quartzites, carbonates (chiefly limestones) and
semipelitic rocks deposited in generally shallow marine environ-
ments. This style of sedimentation continues into the lower part
of the overlying Argyll Group (Islay Subgroup), which is trad-
itionally separated from the Appin Group by the glacigenic Port
Askaig Formation. The middle to upper parts of the Argyll
Group are dominated by coarse siliciclastic and semipelitic to
pelitic rocks, with some limestones, deposited in rapidly subsid-
ing, relatively deep marine rift basins (Stephenson & Gould
1995, and references therein) related to the opening of the
lapetus Ocean. Volcanism at the top of the Argyll Group was
accompanied by the extensive intrusion of mafic sills into under-
lying sediments (Graham 1976).

Volcanic rocks in the SW Scottish Highlands overlie the
Tayvallich Limestone, whose lithostratigraphical equivalents in
northern Ireland and Scotland, (Culdaff, Dungiven, Torr Head,
Loch Tay and Boyne Limestones; Harris et al. 1994; Stephenson
& Gould 1995) form a laterally persistent and important
lithostratigraphical marker horizon across much of the Dalradian
outcrop. The Southern Highland Group is characterized by
coarse siliciclastic and pelitic units containing volcaniclastic
horizons (‘Green Beds’). Rare limestones include the graphitic
Leny Limestone near the top of the Group (Tanner 1995), which

contains an early Mid-Cambrian Pagetides trilobite fauna
(Pringle 1940; Cowie et al. 1972).

Arc collision in the late Cambrian and Ordovician resulted in
the Grampian (Taconic) Orogeny of Scotland and Ireland (e.g.
Dewey & Mange 1999). Polyphase deformation was accompa-
nied by greenschist- to upper amphibolite-facies metamorphism
with local anatexis (Harte 1988; Stephenson & Gould 1995),
during which temperatures ranged from c. 400 to 600 °C (e.g.
Graham et al. 1983; Beddoe-Stephens 1990; Skelton ef al. 1995).

Age of the Dalradian Supergroup

Only two dates constrain Dalradian deposition. U—Pb zircon ages
for mafic volcanic rocks in the Tayvallich Volcanic Formation
date volcanism and sedimentation at the top of the Argyll Group
at 595-600 Ma (Halliday er al. 1989; Dempster et al. 2002).
This date fixes the age of the immediately underlying Tayvallich
and lithostratigraphically related limestones at ¢. 600 Ma, provid-
ing a lower age limit for deposition of metasedimentary rocks of
the Argyll Group. At the exposed top of the overlying Southern
Highland Group, adjacent to the Highland Boundary, the Page-
tides trilobite fauna in the Leny Limestone dates deposition of
the limestone and its host pelites to about 510—-515 Ma (Cowie
et al. 1972).
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The glacigenic Port Askaig Formation has been correlated
with North Atlantic Varangerian tillite sequences (e.g. Hambrey
1983; Fairchild & Hambrey 1995), with estimated ages of 630—
560 Ma (Kaye & Zartman 1980; Benus 1988; Krogh et al. 1988;
Brasier & Mcllroy 1998). Although a 630 Ma age for the Port
Askaig Formation might provide enough time to deposit the
remainder of the overlying Argyll Group (c. 35 Ma), Varangerian
correlation has been considered by some to be difficult to
reconcile with the c¢. 600 Ma age of the Tayvallich Volcanic
Formation. Therefore the Port Askaig Formation has recently
been correlated with ‘Sturtian’ tillites (Brasier & Shields 2000;
Condon & Prave 2000; Prave 1999q, b), the latter dated by U—
Pb methods on igneous rocks at between c¢. 720 and 740 Ma
(Walter et al. 2000).

Dalradian sedimentation has been interpreted to result from
crustal extension and episodic rifting that occurred largely
uninterrupted over 300 Ma (e.g. Soper 1994; Dalziel & Soper
2001). Conversely, Prave (1999a) considered this model to be
geodynamically improbable, based on Dalradian facies character-
istics and problems of timing. He interpreted pre-Easdale
Subgroup rocks as flysch and subsequent molasse derived from a
Knoydartian (c. 800—730 Ma) orogen. Easdale and younger
Argyll Group rocks are interpreted as rift deposits arising from
lapetan ocean opening and as being unconformable on Islay
Subgroup and older units, whereas rocks of the overlying South-
ern Highland Group are interpreted as a rift to drift succession.

Current controversy over the maximum age of the Dalradian
arises from contrasting interpretations of structural and lithostra-
tigraphical relationships, and differing geological interpretation
of chronological data (Highton et al. 1999; Smith et al. 1999;
Tanner & Bluck 1999). In the Central Grampian Highlands of
Scotland, gneissose and locally migmatitic rocks underlying the
Grampian and Appin Groups (the Glen Banchor and Dava
successions; Fig. 1; Smith et al. 1999) have been interpreted as
basement upon which Grampian and Appin Group rocks were
deposited unconformably (e.g. Piasecki & Van Breeman 1979;
Piasecki 1980; Robertson & Smith 1999; Smith et al. 1999). This
interpretation is supported by evidence from regional mapping
(Robertson & Smith 1999; Smith e al. 1999) and the absence of
800—-900 Ma monazite ages in proven Grampian Group rocks
(Smith et al. 1999). Others have inferred that the Grampian
Group and possibly parts of the Appin Group were deformed and
metamorphosed along with the sub-Grampian Group rocks by
Neoproterozoic tectonothermal activity in the Scottish Central
Grampian Highlands dated at between c¢. 800 and c. 900 Ma
(Noble et al. 1996; Highton et al. 1999).

Limestone petrography and geochemistry
Sampled limestone units and localities

Forty-seven whole-rock samples of limestone were collected from the
main limestone lithostratigraphical units (e.g. Harris er al. 1994) at
localities across the Dalradian outcrop in Scotland and Northern Ireland
(Table 1, Figs 1 and 2). The limestones are mainly pale to very dark grey
with variable grain size, the purest limestones being the coarsest. Quartz,
feldspar and white mica are the chief siliciclastic impurities, occurring in
variable amounts; a number of limestones are graphitic. Only calcitic
limestones lacking significant dolomite and/or calc-silicate minerals were
analysed, as the presence of these phases can indicate interaction with
non-marine fluids that will significantly modify the isotopic composition
of the carbonate component. The lithological characteristics are sum-
marized in Table 2 (see Thomas 1989 for more details). Cathodolumines-
cence of samples shows that dolomite is entirely absent from the grey
calcitic limestones with high Sr and low whole-rock MgO (Thomas

1999). Minute traces of dolomite found during electron microprobe
analysis in a sample of the Torulian Limestone probably reflect primary
high-Mg calcite in the original sediment (Thomas 1999). The low Mg
content of the limestones generally precludes the presence of dolomite at
the observed metamorphic pressures and temperatures (Goldsmith &
Newton 1969; Thomas 1999). The indicative metamorphic grades for
sample localities are shown together with sample numbers, localities,
sampled units and additional features in Table 1.

Analytical techniques

Sample preparation. Whole-rock samples weighing 1-2 kg were col-
lected from fresh outcrops. Veins and weathered rock were removed.
Samples were cleaned and jaw-crushed, and homogeneous aliquots
ground in an agate mill. Aliquots were used for preparation of fused
beads and pressed powder pellets for major and trace element analysis by
standard XRF techniques, and for analysis of 37Sr/*°Sr and '80/'°0 of
the bulk calcite component.

Analysis of ¥7Sr/°Sr. Samples for ¥Sr/*°Sr analysis were leached in
2.5ml 0.15M ammonium acetate (NH4OAc) for 2 h prior to dissolution
of calcite in 1M acetic acid (HOAc) for a further 2 h at room temperature
(see Gorokhov ef al. 1995; Kuznetsov et al. 1997; Shields 1999; Bailey
et al. 2000). The pre-dissolution leach in NH4OAc was used to remove
non-stoichiometric Sr (Walls er al. 1977; Gao 1990), which has been
shown to be significantly more radiogenic than Sr bound in lattice sites in
carbonate and sufficiently abundant to contaminate the calcite 87Sr/*°Sr
signature (e.g. Gorokhov er al. 1995; Kuznetsov et al. 1997; Thomas
1999; Bailey et al. 2000). Differences in sampling, sample leach and
dissolution treatments reported by various workers in other studies of
Neoproterozoic carbonate rocks (compare Asmerom et al. 1991;
Gorokhov et al. 1995; Brasier & Shields 2000; Fairchild e al. 2001) will
yield measurable differences in Sr isotope ratios and need to be consid-
ered in any interpretation of carbonate *’Sr/%¢Sr data, particularly where
used comparatively and in the determination of temporal variations.

Strontium was separated from the supernatant by standard ion-
exchange techniques using resin columns and ®Sr/%6Sr analysed by
thermal ionization mass spectrometry on a VG 54E single collector or a
VG Sector 54-30 multiple-collector mass spectrometer. The 7Sr/*°Sr
ratio was corrected for mass fractionation using #°Sr/3¥Sr = 0.1194 and
an exponential law. Precision on the VG 54E was better than £0.00004
(2 SE) and repeat analysis of NBS 987 gave 87Sr/%Sr = 0.71024 £ 3 (1
SD, n=20). On the VG Sector 54-30, precision was better than
+0.00002 (2 SE) and repeat analysis of NBS 987 gave %7Sr/80Sr =
0.710243 £ 10 (1 SD, n = 88).

Analysis of '80/'°0. CO, was extracted from calcite in each sample by
reaction under vacuum of 10—15 mg of powder with 5 ml concentrated
H3PO, at 25 °C (McCrea 1950; Rosenbaum & Sheppard 1986). Samples
were reacted for 24 h, and extracted CO, was purified and analysed for
180/°0 in a VG Isogas SIRA 10 mass spectrometer. Errors on individual
analyses are +0.1%o. Results for '*0/'°O are quoted as 8'%0 %o relative
to V-SMOW and PDB.

Analysis of S, Rb, Mn and Al. Data for Inchrory, Dufftown, Torulian and
Boyne Limestone samples are taken from the whole-rock XRF dataset of
Thomas (1989). Data for the remaining limestones were determined by
XRF analysis by staff of the British Geological Survey Analytical
Geochemistry Laboratories. Trace element data are not available for the
Tayvallich Limestone (sensu stricto). Mn and Al data are converted to
ppm from wt% oxide data to facilitate comparison with Sr data.

Results

The®’Sr/30Sr, 8'30, Al, Sr and Mn compositions of the lime-
stones are presented in Table 2. The ¥7Sr/**Sr and 6'%0 data are
presented graphically with respect to a summary Dalradian
lithostratigraphy in Figure 2. Key characteristics of limestone
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Fig. 2. ¥7Sr/*°Sr and 6'30 data for Dalradian limestones, plotted relative to lithostratigraphical position (see also Tables 1 and 2).

geochemistry that help identify diagenetic or metamorphic
modification are given in Table 3.

Strontium isotope ratios

The ¥7Sr/%Sr data show systematic variations with lithostratigra-
phy (Fig. 2). The ¥7Sr/%°Sr values for the Kincraig limestones
(0.706905—-0.707414) are comparable with those for Appin
Group samples (c. 0.7064—0.7074; three altered samples ex-
cluded; see below) and the sample from the Water of Nochty
Semipelite and Limestone Formation (Islay Subgroup; Argyll
Group). The ¥Sr/%Sr values in the Dufftown Limestone are the
lowest in the study (0.706448—0.706667).

Our data for the Storakaig Limestone (0.706651-0.706902)
are lower than those reported by Brasier & Shields (2000;
878r /868t = 0.706911-0.707252; their ‘Ballygrant Limestone’).
This discrepancy may be due to differences in sample prepara-

tion, as Brasier and Shields did not pre-leach samples in
NH4OAC, or may reflect temporal variation because of sampling
at slightly different stratigraphical levels within the unit.

The values for the Inchrory Limestone samples are slightly
higher (0.706863-0.707213). #7Sr/®Sr is much more radiogenic
in three Appin Group samples, indicating that it has been
strongly modified (Fig. 2, Table 2). Limestone in sample HY43
was infiltrated by at least two metamorphic fluids (Thomas 1999)
and alteration of 87Sr/%°Sr is attributed to these events.

The ¥Sr/%Sr of middle and upper Argyll Group limestones (c.
0.7082—-0.7096) is significantly more radiogenic than that of the
Grampian and Appin Groups and lower Argyll Group. The
lowest 37Sr/%Sr values occur in the samples from the Torr Head
and Dungiven limestones (0.708220—0.708857), whereas those
from the Boyne and Tayvallich limestones range from 0.708851
to 0.709637. Three limestones from the Easdale Subgroup
(Badenyon Schist and Limestone Formation) have 37Sr/36Sr
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—14.2
—13.0

-9.5
-12.0
—11.0
—-11.2
—11.6
—10.2
—11.1
—11.7

16.2
17.4
21.1
18.5
19.5
19.3
19.0
20.4
19.5
18.8

2490
10200
53
9050
1590
5240
3020
3120
1430
2750

0.40
0.28
0.06
0.27
0.07
0.25
0.13
0.32
0.09
0.57

310
230

77
160
160
310
160
230
160
540

4
4

0.00206
0.00248
0.00330
0.00166
0.00546
0.00355
0.00321
0.00191
0.00451
0.00269

776
822
1316
593
2178
1253
1217
714
1712
950

0.000018
0.000017
0.000017
0.000016
0.000016
0.000017
0.000017
0.000018
0.000017
0.000016

0.710927
0.708813
0.707131
0.706986
0.707017
0.706667
0.706583
0.707884
0.706448
0.706576

Coarsely crystalline, white to very pale grey

limestone
‘Blue’ grey, medium- to coarse-grained

limestone

Torulian Limestone

HY43
Kincraig Limestone, Coire nan Laogh Semipelite Formation

Dufftown Limestone
Grampian Group

HY47
HY360
HY393
HY39%4
HY67
HY68
HY69
HY70
HY71

ranging from c. 0.7088 to 0.7093. The Leny Limestone (Southern
_ Highland Group) has the most radiogenic Sr of any limestones
(®¥"Sr/36Sr = 0.711859-0.712781).
Pty Oxygen isotope ratios
sl T '~T :" Qlal 8'80 values for calcite in the limestones vary from 46.3%o in
sample SMS448 (Kincraig Limestone) to +25.1%0 in HY1337
(Storakaig Limestone) (Table 2, Fig. 2). In general, Appin Group
o —<om limestones have the highest 8'®0 values and most consistent
= STfEvYE ‘within-sample group’ values. Within-sample group variation is
highest in the Kincraig limestones (+6.3—+21.1%o). Argyll and
Southern Highland Group limestones generally have &80
2 2328 <+420%o and the samples from the Boyne Limestone have the
5 aBBXE most consistent values (+18.2—+19.8%o).
2 gaxun |3 Diagenetic and metamorphic effects on geochemical
S Ssso % signatures in Dalradian limestones
s The lack of isotopic and trace element equilibrium between
a8 g § § 3 “: primary carbonate rocks and non-marine diagenetic and meta-
< morphic fluids results in modification of pre-metamorphic calcite
2 880 and ¥7Sr/%°Sr signatures by metamorphic reactions and
= fluid—rock interaction. This disequilibrium has been exploited to
AR f; quantify fluid flow during both diagenesis and metamorphism
T (Rye et al. 1976; Baker et al. 1989; Banner & Hanson 1990;
En Bickle & Baker 1990; Veizer 1992; Graham et al. 1997; Lewis
R et al. 1998). 8'%0 is commonly modified by metamorphic fluid
% % § 5 g 'gr i;; infiltration over tens of centimetres to metres in carbonate
S 22222 o boundary layers. In contrast, 37Sr/*°Sr is typically modified on
Y scales of <50 cm, even by high cross-layer fluid fluxes, consis-
- G | P tent with decoupling of 180/190 and 87Sr/3¢Sr during infiltration
& § § E E = s (Bickle 1992). Measurable diffusional exchange of Sr between
& silicates and carbonate sufficient to alter calcite 7 Sr/*Sr ratios
12 during metamorphism is prevented by very slow volume diffu-
© wvowon~ | F sion of cationic species. None of the samples in this study comes
g 88888 § from boundary layers on the scale over which metamorphic
S 223223 |s modification of ®7Sr/%°Sr has usually been observed. Internal
x domains that preserve pre-metamorphic geochemical signatures
N Lo e g can readily be identified and sampled. The corollary of this
g g S5 § g & limited and quantifiable response of carbonate rocks to meta-
S SSESSS )% morphic fluid—rock interaction is that various geochemical
—_— | E signatures in metamorphosed carbonate rocks can be interpreted
8 2 in terms of their sedimentary and diagenetic history (e.g.
g g Melezhik et al. 1997; Thomas 1999; Zachariah 1999).
3 g The limestones in this study are essentially unaffected by
= g decarbonation reactions, indicated by loss-on-ignition values
é’“ TE) consistent with virtually all Ca being sequestered in calcite. The
;" & formation of calc-silicates in all the limestones is limited by low
ER- 2 Mg and Al. At metamorphic temperatures (400—600 °C), calc-
"a;) % § silicate phases consistent with limestone bulk compositions are
° g c\i stable only in the presence of very water-rich fluids. Their
>3 E absence implies a lack of hydrous metamorphic fluid infiltration
Eo-g g consistent with the low permeability of calcite-rich matrices at
ERN %: most metamorphic temperatures, pressures and likely fluid
»Z < compositions (Holness & Graham 1995).
> 8 g Various geochemical criteria have been used to identify by
£ proxy post-depositional modification of 87Sr/*Sr in carbonate
% rocks (e.g. Derry et al. 1989; Asmerom et al. 1991; Kaufman
% et al. 1993; Denison et al. 1994b; McArthur 1994; Jacobsen &
- Kaufman 1999; Fairchild e al. 2000). These include low Mn/Sr
g g § § § %r E ratios, low carbonate Rb contents, carbonate Sr contents of 10—
S 589228 10 ppm and carbonate 8'®Ogpvow >+20%o. Published empirical
T Tununanl< limiting values for these criteria (Table 3) and their range in
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Table 3. Comparison of the geochemistry of Neoproterozoic and Phanerozoic limestones from selected studies with that of Dalradian limestones

Reference Sr (ppm) Rb* (ppm) Rb/Sr Mn (ppm) Mn/Sr 8" 0gpmow '
(%o0)
Asmerom et al. 1991 32-520 0.006—0897 =<0.01 - <2 >22
Brasier et al. 1996 >500 - - - <0.6 -
Denison et al. 1994 >900 - - <300 <0.5 -
Derry et al. 1989 201-2474 0.05-1.49 <5x 10%* - - -
Fairchild et al. 2000 >500 - - <100 <0.2 -
Gorokhov et al. 1995 - - - - c.2 -
Kaufman et al. 1993 52-3705 - <0.001* - <l.5 >20
Kaufman & Knoll 1995 - - - - <2-3 >21
Kennedy et al. 1998 >200 - - - <1 -
Kuznetsov et al. 160—-605 - - 10-50 <0.5 -
Misi & Veizer 1998 >250-300 - - - =<0.2 >23
Saylor et al. 1998 - - - - <2 >21
Dalradian limestones in this study
Range 265-4607 1-528 0.0005-0.0161 72-3890% 0.03-14.7 6-25
Median 1825 10 0.006 260 0.17 19

Where values are preceded by > or <, the values quoted are those deemed by the authors to be limiting values with regard to the state of preservation of primary or near-

primary ¥ Sr/*Sr values.

“Rb in dissolved carbonate fraction.
To nearest %o.

tAs 8Rb/Sr.

YFrom whole-rock XRF data.

Dalradian limestones are used together with petrographical and
other geochemical data to aid interpretation of the %7Sr/%°Sr
ratios in the Dalradian limestones.

Calcitic limestones rich in Sr (=10° ppm) are generally consid-
ered to have been originally aragonitic, as aragonite can accom-
modate up to 10* ppm Sr (Bathurst 1975). Conversely, calcitic
limestones containing <10? ppm Sr either had a primary low-
magnesian calcite mineralogy or have undergone extensive diag-
enesis (e.g. Tucker & Wright 1990). The high Sr content of most
Dalradian limestones demonstrates that the primary carbonate
mineralogy was chiefly aragonite. Preservation of high Sr values
in limestones that now contain only low-Mg calcite indicates that
diagenesis was primarily within the marine environment, and that
diagenetic fluids were dominated by coeval seawater.

Lack of correlation between Sr content and %7 Sr/*¢Sr (Fig. 3a)
suggests that reduction of Sr during diagenetic recrystallization
of aragonite to calcite is not associated with measurable
contamination of calcite Sr by more radiogenic Sr from external
diagenetic fluids. The effect of radiogenic Sr in any infiltrating
fluid phase, likely to have low Sr concentrations, will be
swamped by the isotopic signature of the abundant Sr released
from the recrystallizing aragonite, at least at low fluid fluxes.

Mn and the Mn/Sr ratio are important in interpreting 87 Sr/3¢Sr
ratios in carbonate rocks because Mn can act as a tracer for non-
marine diagenetic fluids (e.g. meteoric, continental and meta-
morphic fluids that are commonly enriched in Mn; e.g. Tucker &
Wright 1990, fig. 6.10) and radiogenic Sr. Mn/Sr <0.6 has been
widely used as a bounding value to identify ‘unaltered’ samples;
Mn/Sr <0.2 was considered by Fairchild et al. (2000) to be a
more stringent test of unaltered state (Table 2, Fig. 3b). Mn/Sr
ratios in our samples are, with one exception, <0.6 and 24
samples have Mn/Sr <0.2 (Fig. 3b).

Although 8'80 varies widely (Table 2), the relationship between
880 and ¥7Sr/%Sr (Fig. 4a) indicates that even where 6'30 has
been significantly modified (e.g. Kincraig Limestone samples), the
87Sr/86Sr values have been modified much less significantly.

Al acts as a proxy for radiogenic ¥’Sr contained in feldspars
and phyllosilicates, both of which occur in some limestones in
trace to small quantities. 87Sr/%0Sr in calcite covaries positively
with Al in some sample groups (Fig. 4b), suggesting limited

contamination of calcite 37Sr/3°Sr by radiogenic ®Sr from
feldspars and micas. However, although decay of 8’Rb will have
increased *7Sr/%°Sr in the silicates over time, incorporation into
the calcite of radiogenic Sr produced in the silicates will have
been limited because Sr is preferentially excluded from calcite
during recrystallization and the high calcite Sr concentrations
will buffer contaminant %7Sr.

Limited contamination of primary carbonate Sr by radiogenic
Sr from silicates in some samples results from incorporation of
more radiogenic Sr released from silicates into pore fluids during
diagenesis when the carbonate mineralogy was most reactive and
when there would have been a large and dynamic pore volume.

Discussion
Degree of preservation of primary ¥ Sr/% Sr signatures

Comparison of the geochemistry of Dalradian limestones with
the values of parameters listed in Table 3 considered to indicate
a ‘least altered’ state shows that Dalradian limestones lie well
within currently accepted limits in almost all cases. The secular
trends in %Sr/%Sr data presented here for metamorphosed
Dalradian limestones can therefore be reliably compared directly
with 87Sr/®0Sr data for unmetamorphosed limestones in other
studies, which have been used to establish temporal variation of
Neoproterozoic seawater 87Sr/%0Sr (as listed in Fig. 5). Neverthe-
less, covariation between ®7Sr/%°Sr and other elements shows
consistent shifts in 37Sr/*°Sr away from some primary value.
Most Grampian and Appin Group limestones have retained 7St/
86Qr close to their primary values and, by implication, that of
coeval seawater. The covariation of Sr/%Sr with Al suggests
approximate 87Sr/%°Sr values of coeval seawater of c. 0.7065 for
the Inchrory and Storakaig limestones and c. 0.7064 for the
Dufftown Limestone samples, excluding HY69 (Fig. 4b). 7St/
868r is slightly more radiogenic in the Inchrory Limestone than
in the Storakaig Limestone, reflecting more abundant phyllosili-
cate and feldspar. The data suggest that Dalradian seawater
during Appin Group times had ®’Sr/*°Sr of c. 0.7064—0.7065.
The single limestone sample from the Water of Nochty Semi-
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Fig. 3. (a) Variation of *7Sr/**Sr with Sr (ppm) for limestones from each
of the lithostratigraphical groups in the Dalradian. (b) Variation of *7St/
86Sr with Mn/Sr for Dalradian limestones. It should be noted that most
limestones have Mn/Sr <0.2 and all but one have Mn/Sr <0.6.

pelite Formation has 87Sr/%°Sr very similar to values for the
Inchrory samples (Figs 2 and 3a).

The state of preservation of primary %7Sr/%°Sr in middle and
upper Argyll Group limestones is less clear, mainly because the
wider ‘within-group® variation suggests that ’Sr/*¢Sr has been
more disturbed compared with 87St/%°Sr from the Grampian,
Appin and lower Argyll Groups. However, the relationships
between®” St/%°Sr, Sr, Mn, Al and 8'%0 differ little from those for
older Dalradian strata (Figs 3 and 4) and ®7Sr/3°Sr has a similar
relative range (Table 2). The Argyll Group limestone data are
consistent internally despite varying degrees of 8'*0 modifica-
tion, and are consistently in range with data from non-metamor-
phosed limestone units of ¢. 600 Ma age (see below). Thus, the
upper Argyll Group limestones indicate a temporal change to
significantly more radiogenic seawater 7Sr/%°Sr than in early
Argyll Group times. The Torr Head and Dungiven limestone
samples are considered to retain values closest to that of coeval
seawater and the best estimate for seawater 8’Sr/%°Sr from these
data at ¢. 600 Ma is ¢. 0.708.

The very radiogenic Sr isotope signature in the Leny Lime-
stone must result largely from diagenetic fluid—rock interaction,
despite the low Mn/Sr ratios (0.37, 0.20), as the 87Sr/%Sr ratios
of ¢. 0.712 are very high even for Cambrian limestones (c.
0.709; see Burke ef al. 1982). The limestone beds are very thin
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Fig. 4. (a) Variation of *7Sr/**Sr with 6'30 in Dalradian limestones. The
general increase in 37Sr/3°Sr with decreasing 8'8Ogyow in Appin and
Grampian Group limestones should be noted. (b) Variation of Al
with7Sr/30Sr.

(c. 0.3 m) and diagenetic fluids from the dominant host pelitic
units would have swamped the carbonate ®7Sr/%°Sr with more
radiogenic Sr.

Temporal variation of Neoproterozoic seawater % Sr/%0 Sr

The temporal variation of 37Sr/3%¢Sr in Neoproterozoic carbonate-
bearing successions from around the world has been used to
elucidate temporal variation in seawater 37Sr/30Sr for the period
from 1100 Ma to the early Cambrian (Derry et al. 1989;
Asmerom et al. 1991; Kaufman et al. 1993; Burns et al. 1994;
Narbonne et al. 1994; Gorokhov et al. 1995; Kuznetsov et al.
1997; Kennedy et al. 1998; Misi & Veizer 1998; Saylor et al.
1998; Yang et al. 1999; Fairchild et al. 2000; see also reviews by
Jacobsen & Kaufman 1999; Shields 1999; Walter et al. 2000;
Melezhik et al. 2001).

Results of the key studies are summarized in Figure 5, along
with recent interpretations of the 87Sr/30Sr seawater curve for the
Neoproterozoic (Kuznetsov 1998), given by Shields (1999),
Walter et al. (2000) and Melezhik et al. (2001). Age constraints
on these Sr isotope data are limited and rely on: (1) radiometric
age determinations of basement or intrusive rocks that uncon-
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excluding strongly altered values.
The data for ranges A, B are listed in Table 2 and shown in Figure 2.

1: Age of the Tayvallich Volcanic Formation (c. 600 Ma).

Sources of $7St/3¢Sr data shown in figure:
Burns et al. 1994

Buah Fmn = Shuram Fmn

Kaufman et al. 1993

Asmerom et al. 1991
+ Wynniatt Fmn = Minto Inlet Fmn ~ Reynolds Point Fmn
Derry et al. 1989

© Polarisbreen Gp a Akademikerbreen Gp

Kuznetsov et al. 1997

» Kulmas Section  + Minyar Section
© Blueflower

Gorokhov et al.1995

Tolbachan Fmn x Macha Fmn © Tinnaya Fmn

- Chencha Fmn + Nikolskaya Fmn = Turukhansk Fmn  a Shorika Fmn

» Burovaya Fmn * Derevnya Fmn ® Sukhaya Tunganska Fmn  + Linok Fmn

Estimated $7Sr/%0Sr seawater curves for the Neproterozoic

== @ms «=  Shields 1999, figure 4. - -

-— ™ © Kuznetsov 1998, given in Melezhik et al. 2001, figure 2.

formably underlie or cut the carbonate-bearing successions; (2)
assumed lithostratigraphical correlation (e.g. of tillites, etc.); (3)
the presence or absence of soft-bodied or microfaunal assem-
blages; (4) direct Pb/Pb and K—Ar dates of carbonates and
glauconites (Kuznetsov et al. 1997, and references therein;
Melezhik ef al. 2001). In some studies, ages for individual
samples are interpolated between bounding ages by using the
empirical subsidence rate equation of Sleep (1971) or by simple
linear interpolation (e.g. Walter et al. 2000). Clearly, the
accuracy of the estimated ages of individual samples is difficult
to assess, given the different methods and lack of independent
evidence. Different interpretations of the ages or correlations of
key lithostratigraphical units will lead to different age estimates,
as shown in Figure 5 by the difference in ages assigned to the

© Polarisbreen Gp  + Nama/Witvlei Gps

+ Redstone River Fmn  x Sheepbed

Walter et al. 2000, figure 28.

= Khufai Fmn = Abu Mahara Fmn

» Windermere SGp

Walter et al. 2000 and references therein
= Windermere SGp 4 Keele Fmn

* Tepee Fig. 5. Estimated limits on the maximum
age of the Dalradian, based on the
estimated secular variation in the %7Sr/%Sr
composition of seawater during the
Neoproterozoic and early Cambrian via
87Sr/%Sr in limestones. Data given in Table
2. The estimated seawater Sr/30Sr
evolution curves for the Neoproterozoic are
taken from Kuznetsov (1998, given by
Melezhik et al. 2001), Shields (1999) and
Walter et al. (2000).

Polarisbreen Group (Svalbard) by Derry et al. (1989) and
Kaufman et al. (1993). Nevertheless, there was an overall rise in
seawater %7Sr/%0Sr during the Neoproterozoic similar to that
which has occurred over a similar period of time through the
latter part of the Phanerozoic (e.g. Howarth & McArthur 1997).
Neoproterozoic seawater 7Sr/*°Sr values were significantly
lower than 0.7065 before ¢. 800 Ma (Fig. 5) increasing to values
between 0.7065 and 0.7075 at about 800 Ma (e.g. Jacobsen &
Kaufman 1999), although data reported by Kuznetsov (1998; see
Melezhik et al. 2001a, fig. 2) indicate that 87Sr/%°Sr values may
have remained below about 0.7060 until about 660 Ma, then
rapidly increased to values of c. 0.7065. Seawater 37Sr/3¢Sr
values further increased from c. 0.7070 to >0.7080 between
c. 600 Ma and the earliest Cambrian. The main shift from c.
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0.7070 to c. 0.7085 apparently occurred over a comparatively
short period of time (c. 30-50 Ma; Kaufman er al. 1993;
Jacobsen & Kaufman 1999, fig. 4). This contrasts with the
somewhat larger uncertainty attached to the increase in 87Sr/%Sr
that occurred at or after 800 Ma (Kuznetsov 1998, as reported by
Melezhik et al. 2001).

The depositional age of the Dalradian

We now map the relative secular variations in 87Sr/*°Sr of
Dalradian limestones onto the temporal variation of 7St/ Sr in
Neoproterozoic carbonate-bearing successions worldwide to pro-
vide new constraints on the age and rates of Dalradian sedimen-
tation. These constraints are only as reliable as the data against
which they are compared, but they provide hypotheses that may
be tested in future geochronological studies.

Maximum age. Accepting that seawater 87Sr/¢Sr was <0.7065
before ¢. 800 Ma, we conclude that the Dalradian cannot be older
than ¢. 800 Ma and, indeed, may be significantly younger. This
conclusion is consistent with recently published zircon age
spectra for Dalradian metasedimentary rocks, which show that
there are no detrital zircons younger than c¢. 900 Ma in any
Dalradian succession (Cawood et al. 2003). Kuznetsov’s Neopro-
terozoic seawater 3Sr/%°Sr curve implies that the Dalradian
could be as young as c. 700 Ma, allowing for the fact that the
Kincraig limestones lie above the lowest known Grampian Group
rocks (Smith er al. 1999, fig. 2). This is consistent with the
emerging evidence for early and mid-Neoproterozoic tectonother-
mal events between c. 800 and 730 Ma in the Moine Supergroup
of the Northern Highlands and the Dava and Glen Banchor
successions in the Central Highlands (Strachan et al. 2002;
Tanner & Evans 2003), as these events represent significant
crustal thickening and so are likely to be orogenic in origin.
Given the evidence for regional unconformity of Grampian
Group rocks on the gneissose rocks of the Dava and Glen
Banchor successions (Smith et al. 1999), the ‘Moinian’ meta-
morphic edifice must have been uplifted and significantly eroded
before the Grampian Group was deposited, implying a significant
time gap following the tectonothermal events.

Such a young age for the Dalradian has important implications
both for the interpretation of Dalradian lithostratigraphy and for
the wider tectonic history of the eastern Laurentian margin upon
which the Dalradian and Moine Supergroups were deposited
(Soper 1994; Prave 1999a; Dalziel & Soper 2001). The time
scale for all Dalradian sedimentation would have been c.
200 Ma; the Grampian, Appin and Argyll Groups would all have
been deposited within the period between c¢. 700 Ma and 600 Ma.
Noting, by way of comparison, that the whole of the Moine was
deposited in just 80 Ma (950-870 Ma; Friend et al. 2003), a
100 Ma time scale for deposition of the three lowermost
Dalradian groups is feasible and is consistent with the absence of
major orogenic unconformities within these lithostratigraphical
units (see Highton et al. 1999; Prave 1999a; Dempster et al.
2002).

The corollary of a maximum age for the Dalradian of no more
than 700 Ma is that there must have been a significant hiatus in
the Neoproterozoic sedimentary record of the Scottish—Irish
sector of the Laurentian margin, occupied by thermotectonic
events, uplift and erosion. This puts in doubt any model for the
development of the eastern Laurentian margin that invokes long-
lived, episodic lithospheric extension over the period of time
during which the Moine and Dalradian Supergroups were
deposited (e.g. Soper 1994; Dalziel & Soper 2001).

Recent arguments for a ‘Sturtian’ correlation for the Port
Askaig Formation (Brasier & Shields 2000; Condon & Prave
2000) are not precluded by a <800 Ma age for the Dalradian.
However, a c¢. 700 Ma age for the beginning of Dalradian
sedimentation would prohibit the possibility of the Port Askaig
Formation being a ‘Sturtian’ tillite correlative. The Port Askaig
Formation could be an ‘old’ (¢. 630 Ma) Varangerian ‘tillite’ (see
Gorokhov et al. 2001), implying very rapid deposition of all of
the Argyll Group between c. 630 and 600 Ma (see below). This
may not be unreasonable, given the character of middle to upper
Argyll Group facies. Alternatively, the Port Askaig Formation
may correlate with neither Varangerian nor Sturtian tillites, with
major implications for correlation of Neoproterozoic tillites
worldwide, their role in current extreme climatic models for the
Neoproterozoic, and the use of such tillites as a worldwide
lithostratigraphical correlative tool.

The deposition of the Argyll Group. Limestones from the
Grampian and Appin Groups and the Islay Subgroup (lower
Argyll Group) have 87Sr/%0Sr values distinct from those for
limestones of the middle to upper Argyll Group (Figs 2, 3 and
4). The lithostratigraphically sharp and large shift in 87Sr/3°Sr in
Dalradian limestones between the Islay and Easdale Subgroups
coincides with a significant change in Dalradian basin dynamics.
Sedimentologically, the Islay Subgroup can be considered as part
of the cyclic pelite—limestone—quartzite system that charac-
terizes the Appin Group, deposited on a gently subsiding
continental margin. In contrast, successions within the Easdale
Subgroup are generally much more restricted geographically
(Harris et al. 1994), indicating deposition within fault-bounded,
restricted basins. Deep-marine sediments, volcanic rocks and
synsedimentary mineralization arising from hydrothermal sys-
tems active in rift faults (Coats er al. 1980) all indicate basin
deepening in a rapidly developing rift setting. This instability
increases markedly in the Crinan Subgroup with the incoming of
pebbly and conglomeratic rocks and turbidites that then dominate
sedimentation through into the Southern Highland Group. The
apparent marked shift in 87Sr/*°Sr recorded in limestones be-
tween Appin and lowermost Argyll Groups and those in the
middle—upper Argyll Group may be an artefact of the absence of
a continuous chemostratigraphic record and/or may indicate a
very rapid rise in global seawater®’Sr/3°Sr. Alternatively, this
shift may indicate a significant time interval between deposition
of Islay and Easdale Subgroup rocks. The fact that the more
radiogenic seawater 87Sr/3°Sr values occur globally at c. 600 Ma
also strongly suggests that the middle and upper parts of the
Argyll Group were deposited very rapidly, perhaps no more than
20 Ma before the eruption of the Tayvallich lavas (Fig. 5). Thus
the sharp change in 37Sr/*Sr observed in Easdale limestones is
consistent with the presence of an erosional unconformity at the
base of the Easdale Subgroup (Pitcher & Berger 1972; Prave
1999a). The length of any such time interval is critical for the
interpretation of the age of the glaciation that produced the Port
Askaig Formation.

Summary and conclusions

Metamorphosed Dalradian limestones have high Sr concentra-
tions, typically >1000 ppm, wide-ranging calcite 6'*0 values, a
number of which exceed +20%o, and Mn/Sr ratios of =<0.6.
Comparison of limestone trace element and stable isotope data
with a number of geochemical criteria used to determine the
extent of alteration of %St/ Sr in carbonate rocks shows that the
87Sr/8%Sr ratios of calcite in many of the limestones can be
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considered to be close to that of coeval seawater. The §'%0, Mn
and Sr abundance data indicate that diagenesis occurred wholly
within the marine environment, with seawater dominating the
diagenetic fluid. We consider that any alteration of primary 87Sr/
86Sr values occurred essentially during diagenesis and that
contaminating 3’Sr was derived mainly from phyllosilicates and
feldspars in the limestone sediment.

Comparison of Dalradian limestone ®’Sr/3¢Sr data with data
from other, generally undeformed and unmetamorphosed Neo-
proterozoic carbonate-bearing successions shows that the Dalra-
dian limestones have similar calcite 37 Sr/*0Sr ratios, with similar
or lesser ranges of within-unit variation. Grampian, Appin and
lowermost Argyll group limestones have 37Sr/*Sr in the range
0.7064-0.7072, excluding three extreme values. Middle to upper
Argyll Group limestones have ®7Sr/0Sr in the range 0.7082—
0.7095. A general rise in seawater 37Sr/*°Sr from c. 0.7052 at
about 900 Ma to c. 0.7085 or more in the very latest Neoproter-
ozoic appears to have been punctuated by sharper increases at
c. 800 and c¢. 600 Ma that bracket the range in 87Sr/%Sr values in
Grampian and Appin Group limestones. °7Sr/3°Sr data for
Grampian, Appin and lowest Argyll Group limestones confirm
the sedimentary affinity of the Islay Subgroup with the under-
lying Appin Group, and are consistent with a rapid shift in
seawater ’Sr/%°Sr and/or a signficant time interval between
deposition of Islay and Easdale Subgroup rocks. The latter is
also consistent with a suggested erosional unconformity at the
base of the Easdale Subgroup. Data for middle and upper Argyll
Group limestones are consistent with Sr isotope data for other
Neoproterozoic limestones of around 600 Ma, and indicate rapid
deposition. The 37Sr/*°Sr data support field evidence from the
Scottish Central Highlands for these rocks having been deposited
unconformably on gneissose metasedimentary rocks affected by
tectonothermal events that occurred some time between c. 730
and 900 Ma. The 800-600 Ma bracket in seawater 7Sr/0Sr
indicates that the Grampian and Appin Groups (and, therefore,
the Dalradian as a whole) are younger than c¢. 800 Ma and may
be younger than c¢. 700 Ma. If the Grampian and Appin Groups
were younger than c. 700 Ma, the Port Askaig Formation could
not be a Sturtian tillite correlative. The duration of Dalradian
sedimentation may have been much shorter than has been
envisaged to date. Direct and more precise determination of the
age and duration of Dalradian sedimentation and the age of key
lithostratigraphical units, such as the Port Askaig Formation,
await the application of alternative dating techniques. The results
of this study provide broad discrimination between various
models for the time scale and age of Dalradian sedimentation,
and a focus for future geochronological studies to test competing
hypotheses.
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