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ABSTRACT

We measured 5'%0 and 8°H values of muscovite and carbonate mineral separates from
metamorphosed carbonate-bearing mudstone layers in late Tonian to early Cryogenian strata,
including Sturtian glacial deposits, which were deposited in a coastal setting at an approximate
paleolatitude of 30-35°S and now crop-out on Islay and the Garvellach Islands, Scotland. From these
values, we calculated 8'0 and 8°H values of meteoric water that equilibrated with clay at diagenetic
conditions which we infer were reached shortly after deposition (i.e. before the end of the
Cryogenian Period) because sediment accumulation was rapid due to fast subsidence at that time.
This calculation required removal of the effects of exchange with reservoir rocks, metamorphic
volatilization and mixing with metamorphic fluids on 8'0 and &°H values. The values we calculated
for meteoric water fall within the 26 ranges §'°0 = -1 to -4 %o and &°H = 0 to -23 %o, respectively.
These ranges are similar to present day values at equivalent latitudes. This finding is consistent with
sediment accumulation in the Cryogenian Period having occurred in a climate similar to present day
(Ice Age) conditions. This conclusion is not at odds with the Snowball Earth hypothesis because one
of its predictions is that sediment accumulation occurred as the climate warmed at the end of
panglaciation, a prediction supported by sedimentological evidence of multiple glacial advances and

retreats in our study area and elsewhere.

1. Introduction



The 880 and 8°H values of meteoric water can be used as a proxy for latitude, altitude and
temperature (Craig, 1961; Dansgaard, 1964). This is because 80 and 8°H values of meteoric water
reflect condensation temperature and rainout of the airmass (Dansgaard, 1964). The 80 and 8°H
values of meteoric water in the past can be calculated from §'®0 and §”H values of minerals in rocks
using mineral-water isotope fractionation factors (Bindeman and Serevyakov, 2011). However,
unravelling original '0 and §”H values of meteoric water can be hampered by post-depositional
exchange with reservoir rocks (Sheppard, 1986), metamorphic volatilization (Valley, 1986) and
exchange with metamorphic fluids (Bickle and McKenzie, 1987). In this study, we sequentially
remove the effect of each of these processes on 5'0 and 8°H values measured on muscovite and
carbonate separates from rocks exposed on Islay and the Garvellach Islands, western Scotland
(Thomson, 1871; Spencer, 1971; Fairchild et al., 2018). These were deposited at an approximate
paleolatitude of 30-35°S (Li et al., 2013) before, during and after early Cryogenian (Sturtian)
glaciation and were subsequently metamorphosed at greenschist-facies conditions. In our study area,
metamorphic fluid flow has been shown to have been spatially restricted due to structural
channelization of the metamorphic fluids (Skelton et al., 2015). Those §'0 and 8”H values which
have been affected by metamorphic fluid flow can thus be identified and removed. The effect of
metamorphic volatilization can be calculated and removed by assuming that modification occurred
by Rayleigh isotope fractionation (Valley, 1986). The §'20 and §H values of pore water in equilibrium
with clay minerals can then be calculated using experimentally determined isotope fractionation
factors and following the approach outlined by Fallick et al. (1993). By applying this approach, we
revealed an array of '0 and §°H values which extended from the meteoric water line (Craig, 1961)
towards 5'®0 and &°H values characteristic of exchange with reservoir rocks. The intercept of this
array with this line gives the 8'%0 and 8°H values of meteoric water at the time when it equilibrated

with the clay minerals. Here we argue that this was during burial diagenesis.

2. Study area

We measured 5'®0 and 8°H values of muscovite (mu) and carbonate (carb) mineral separates
from metamorphosed carbonate-bearing mudstone layers from Islay and the Garvellach Islands,
western Scotland (Fig. 1). The studied sequence belongs to the Dalradian Supergroup and is
comprised of the Garbh Eileach and Port Askaig Tillite Formations on the Garvellachs, and the Lossit
Limestone, Port Askaig Tillite and Bonahaven Dolomite Formations on Islay (Fig. 1). The Garbh Eileach
Formation which underlies the Port Askaig Tillite Formation on the Garvellachs is missing on Islay

where the Port Askaig Tillite Formation overlies the older Lossit Limestone Formation. Both



formations contain shallow marine facies, including stromatolitic and dolomite horizons, interbedded
with sandstone and limestones with variable siliciclastic mud content. The limestones contain ooid
horizons indicative of a warm climate and, in the youngest beds, dolostones contain gypsum
pseudomorphs indicative of arid conditions (Fairchild et al., 2018). A negative carbon isotope (5'*C)
anomaly is preserved near the top of the Garbh Eileach Formation (Fairchild et al., 2018). This
formation is overlain by the ~1-km-thick Port Askaig Tillite Formation which comprises sections of
inferred glacial origin (Thomson 1871; Spencer, 1971; Fairchild et al., 2018; Ali et al., 2018). Forty-
seven diamictite horizons are interlayered with sandstones, mudstones and (sometimes
stromatolitic) dolostones (Spencer, 1971), from which 28 glacial advances and retreats are inferred
(Ali et al., 2018). Most diamictites are massive and lack sedimentary layering. However, a few
examples of finely layered marine or lacustrine sediments with dropstones have been reported
(Spencer, 1971). Frost-shattered clasts and polygonal sandstone wedges atop several diamictite
horizons as well as gypsum pseudomorphs in dolostone between some diamictites provide evidence
of subaerial exposure and arid conditions between some glacial advances (Spencer, 1971; Fairchild et
al., 2018; Ali et al., 2018), whereas cross-bedding, conglomerate beds and stromatolitic dolostones
between other diamictites provide evidence of tidal or marine conditions between other glacial
advances (Spencer, 1971). The age of the formation itself is not well constrained radiometrically.
However, chemostratigraphic considerations strongly support a correlation with Sturtian glaciation
(Prave et al., 2009; Ali et al., 2018). This formation is conformably overlain by mixed carbonate-
siliciclastic sediments of the 250m thick Bonahaven Dolomite Formation (Spencer and Spencer,
1972). This formation is'similar to a cap carbonate in that it preserves an extreme negative 8'°C
excursion and overlies a glacial succession, but it differs in that no sharp boundary is observed with
the underlying diamictites, the facies are peritidal (Fairchild, 1980), and its high content of clastic
material is atypical for cap carbonates (Prave et al., 2009). The formation comprises stromatolitic
dolostones, sandstones and variably dolomitic mudstones. The studied sequence is overlain by the
Jura Quartzite Formation. This is an up-to-5-km-thick sequence of cross-bedded and pebbly
guartzites which were deposited on a tidal shelf (Anderton, 1976) before the onset of late

Cryogenian (Marinoan) glaciation (Prave et al., 2009) at 650—-639 Ma (Hoffman et al., 2017).

This sequence of sedimentary rocks was deposited in fault-bounded basins during crustal
extension prior to the opening of the lapetus Ocean (Anderton, 1985) at low latitudes (Li et al.,
2013). Sediment accumulation was rapid because of fast subsidence (Stephenson et al., 2013)
associated with crustal extension. We thus infer that burial diagenesis occurred shortly after

deposition, i.e. before the end of the Cryogenian Period.



During the mid-Ordovician Grampian Orogeny, major fold systems were formed (Tanner et al.,
2013). One of these is a set of mostly NE-plunging en echelon anticlinal folds collectively referred to
as the Islay Anticline (Fig. 1). Metamorphism at this time was at greenschist facies conditions with
peak temperatures ranging from 400 to 500°C and maximum pressures of 1.0 + 0.2 GPa (Skelton et
al., 1995). The subsequent flow of metamorphic fluids affected parts of the study area, specifically

zones of structural weakness, such as the axial region of the Islay Anticline (Skelton et al., 2015).

3. Methods

Samples of unweathered carbonate-bearing mudstones were collected from Lossit (L), Caol lla
(CI), Bunnahabhainn (BH) and along a section from Bolsa to Ruvaal (B-R) on Islay and from Eileach an
Naoimh (EN), A’ Chuli (AC) and Garbh Eileach (GE) which belong to the Garvellach Islands (Fig. 1,
Table 1). The section from Bolsa to Ruvaal crosses the fold hinge of the Islay Anticline. Determination
of stratigraphic and structural positions was based on previous work (Spencer, 1971; Skelton et al.,
1995; Fairchild et al., 2018; Ali et al., 2018). Samples were used to make thin sections and powders
for petrographic and isotopic analysis. Petrographic analysis of thin sections revealed that samples
contained carbonates, quartz and muscovite. A few samples also contained small amounts of biotite,
pyrite or graphite. Carbonate was removed from sample aliquots intended for §°H analysis by
repeated washing with hydrochloric acid until the reaction ceased. Microscopic examination of these
samples confirmed that they consisted of quartz and muscovite. In most cases, muscovite content
was between 20 and 60 vol. %. Muscovite was concentrated by repeatedly shaking the sample on an
inclined frosted glass plate. Quartz grains rolled freely down the plate leaving “stickier” muscovite

flakes behind. The purity of the separate (>80 vol. %) was confirmed by microscopic examination.

Sample powders containing carbonates (calcite or dolomite, which were distinguished from
one another by chemical analysis of sample powders using a handheld X-ray fluorescence analyser,
see Table 1) were analysed for §°C and §'20 at the Stable Isotope Laboratory (SIL) of the Department
of Geological Sciences at Stockholm University (Table 1). Sample aliquots corresponding to 0.25 mg
carbonate were reacted with excess of 100-percent phosphoric acid at 100°C for 1 hour before
analysis of CO, using a Gasbench Il connected to a MAT253 isotope ratio mass spectrometer, both
from Thermo Scientific. Repeat analysis of NBS18, IAEA-CO-1 and IAEA-CO-8 standards and two
controls gave standard deviations better than 0.1 %o for §"*C and 0.15 %o for 6'%0. Replicate analyses
of randomly chosen samples ensured reproducibility. The reported 6'20 values were calculated
according to the approach of Rosenbaum and Sheppard (1986) which takes into account the different

temperature-dependent fractionation factors of calcite and dolomite when reacted with phosphoric



acid. Note that this was not accounted for by Skelton et al. (2015) which explains the slight shift
between their results and those reported here (Fig. 3e). Normalization of results was performed

using IAEA-CO-1 and NBS18 standards.

Acid-washed powders were analysed for §°H at the Scottish Universities Environmental
Research Centre (SUERC) at the University of Glasgow (Table 1). Samples were heated to 120°C
overnight under high vacuum to release labile volatiles after loading into thoroughly outgassed
platinum crucibles. Samples were then gradually heated by radiofrequency induction in an evacuated
quartz tube to >1200°C. The released water was then reduced to H, in a chromium furnace at 800°C
according to the method of Donnelly et al. (2001), with the evolved gas measured quantitatively in a
Hg manometer, then collected using a Toepler pump. The gas was subsequently analysed on a VG
Optima mass spectrometer mass spectrometer. Replicate analyses of water standards (international
standards V-SMOW and GISP, and internal standard Lt Std) gave a reproducibility of +2 %.. Replicate
analyses of international mineral standard NBS-30 (biotite) gave reproducibility around £3 %e.. The
effect of acid washing on measured &°H values, determined by analysing samples before and after
acid washing, was found to be negligible. Replicate analyses of randomly chosen samples ensured

reproducibility.

Values of 8'®0 for muscovite were calculated from 8'20 values for carbonate using
fractionation factors for calcite-water (O’Neil et al., 1969), muscovite-water (O’ Neil and Taylor,
1969) and dolomite-calcite (Sheppard and Schwarcz, 1970) at the metamorphic temperature (T)
estimated by Skelton et al. (1995). We calculated respective fractionation factors (A) for calcite-
muscovite and dolomite-muscovite of 1.7-1.9 and 2.0-2.5 at T = 400-500°C. Calculated 5**0 values
were compared with measured values of 8**0 for muscovite separates from five samples, obtained
as follows: O, was extracted from muscovite separates using a laser fluorination procedure, involving
total sample reaction with excess CIF; using a CO; laser as a heat source (>1500°C) following the
method of Sharp (1990). Oxygen was then converted to CO, by reaction with hot graphite, and
analysed on-line by a VG Isotech SIRA Il spectrometer. Reproducibility was around +£0.3%. (10), based
on repeat analyses of international and internal lab standards run during these analyses. Results are
reported in standard notation (6'20) as per mil (%o) deviations from the Standard Mean Ocean Water
(V-SMOW) standard. A plot of measured 8'®0 values for muscovite versus values calculated from
5'%0 values for calcite (Fig. 4) shows a good linear relationship (R> = 0.95) close to (within ~1 %o of)
1:1. This confirms isotopic equilibrium between calcite and muscovite, implying that our calculated

580 values are valid.



4. Results

Isotopic data from metamorphosed carbonate-bearing mudstones in the study area form an
elongated cluster on a 8°H-8'0 diagram with 8Hyn, ranging from -89 to -47 %o and 8'°0,,, ranging
from 10 to 24 %o (Fig. 2). These 8'%0 and &°H values represent the time-integrated result of several
processes each of which can cause isotopic modification since clay formation. These are post-
depositional exchange with reservoir rocks (Sheppard, 1986), metamorphic volatilization'(Valley,
1986) and exchange with metamorphic fluids (Bickle and McKenzie,1987). These processes will be

considered sequentially in reverse order.

5. Exchange with metamorphic fluids

Metamorphic fluid flow in the study area was strongly channelled along fold hinges,
particularly the Islay Anticline (Fig. 1), which acted as structural conduits for fluids escaping from
below (Skelton et al., 1995; 2015). Fluid fluxes were sufficient to modify ">C values (Skelton et al.,
2015) and therefore also §**0 and §’H values; because fluid (compared with rocks) tends to contain
more oxygen and hydrogen than carbon. Sections close to the Islay Anticline and affected by, and far
from the Islay Anticline and unaffected by, metamorphic fluid flow can be seen on stratigraphic
profiles of 8°C, 8'0 and &°H values (Fig. 3). The Garbh Eileach, Lossit Limestone and Port Askaig
Tillite Formations are largely unaffected by metamorphic fluid flow. The Garbh Eileach Formation
carbonates preserve a negative 8*C anomaly with minimum &'*C values of -6 %o. In this formation,
5'%0 values range from 20 to 25 %o and 8H values range from -65 to -55 %o. In the Port Askaig Tillite
Formation, 8"3C, 8'®0 and &°H values decrease up-sequence: 8'3C from ~0 to -5 %o, 820 from 20-25
to ~13 %o and &°H from ~-60 to ~-70 %o. The Bonahaven Dolomite Formation was sampled close to
the axis of the Islay Anticline and the effects of metamorphic fluid flow can be seen. Unravelling
these effects from the effects of stratigraphic position is made possible by repetition of parts of this
formation by faulting (Fig. 1). In one section, Members 3 and 4 of this formation straddle the fold axis
and are likely to have been affected by metamorphic fluid flow (Skelton et al., 2015). In the other
section, members 3 and 4 are far (1-2 km) from the fold axis and are less likely to have been affected
by metamorphic fluid flow. Member 3 preserves negative 8'°C values typical of cap carbonates (-8 to
-3 %0). These values are unaffected by metamorphic fluid flow along the fold axis (Fig. 3). This is,
however, expected because the 8'*C value of metamorphic fluid (-6.1 %o: Skelton et al., 2015) falls
within this range. In contrast, member 4 preserves extremely positive 5">C values and is strongly

affected by metamorphic fluid flow: §"3C ~10 %o far from the fold axis and §"3C ~5 %o close to the



fold axis (Fig. 3). Both 8'®0 and 8°H values are also much lower close to the fold hinge: 820 by ~5 %o
and 8”H by ~40 %o. This points to exchange with a metamorphic fluid which is isotopically light with
respect to carbon, oxygen and hydrogen. It is likely that the source of this fluid was the underlying
Ballygrant and Glenegadale Slate Formations (Fig. 1) because these consist of graphitic, formerly
organic-rich mudstones (Sheppard, 1986). We conclude that metamorphic fluid flow along the axis of
the Islay Anticline has modified stable isotope values, but this effect is spatially restricted to within

<200 m of the fold axis (Fig. 3). Thus samples from this region were excluded from further analysis

(Fig. 2).

6. Metamorphic volatilization

Metamorphic volatilization refers to the release of volatile species caused by metamorphic
reactions. Release of H,0 (metamorphic dehydration) can cause fractionation of H and O isotopes.
The isotopic shift (8,yqter — Orock) fOr either H or O caused by dehydration, assuming Rayleigh

isotope fractionation is given by:
Swater — Orock = 1000(}7(0(_1) — 1) (1)

where F is the mole fraction of the element of interest (H or O) remaining in the rock after
dehydration and o is the water-rock fractionation factor. The effect of dehydration on &'%0 values is
negligible and can therefore be ignored (Valley, 1986). This is because a maximum of ~5 wt. % H,0
(which contains 89 wt. % O) can be released by metamorphic dehydration whereas rocks contain ~50
wt. % O, which.gives F-> 0.9. In contrast, because rocks contain little or no H, values of F for H can
range down to zero and §°H values can therefore be strongly affected by dehydration (Valley, 1986).
Here, we assume that muscovite was produced by metamorphic dehydration of illite. This is
motivated by the fact that illite is the predominant clay mineral at diagenetic conditions in
mudstones (Huggett, 2005). For complete replacement of illite (which contains 1.38 wt. % H) by
muscovite (which contains 0.46 wt. % H), F = 0.33. The value of o, which is insensitive to temperature
(Sheppard and Gilg, 1986), is 1.025 + 0.005 for water-illite (O’ Neil and Kharaka, 1976) and ranges
from 1.030 at 400°C to 1.018 at 500°C for water-muscovite (Suzuoki and Epstein, 1976). From
equation (1) with F=0.33 and a ranging from 1.018 to 1.030, 8,qter — Srock ranges from -19.6 to -
32.4 %o. This is the 8°H depletion for replacement of illite by muscovite during metamorphism.
Subtraction of this depletion yields calculated §'®0 and 8°H values for illite before metamorphism

(Fig. 2).



7. Meteoric water

The "0 and 8°H values of pore water in equilibrium with illite at diagenetic conditions can be
calculated from water-illite isotope fractionation factors. These are 10—15 %o for oxygen and 20-30
%o for hydrogen (Sheppard and Gilg, 1986) for the temperature range of illite authigenesis (80=120°C
Glasmann et al., 1989; Eberl, 1993). Subtracting these factors reveals a '0 and §°H array for pore
waters which extends from the meteoric water line, MWL (8°H = 8 8®0 + 10: Craig, 1961) towards
higher of "0 and 8”H values (Fig. 2). This trend, which is typical for pore waters from sedimentary
basins, probably reflects exchange between meteoric water and reservoir rocks (Clayton et al., 1966).
Its intercept with the meteoric water line falls within the 26 ranges -34 + 10 %o = -1 to -4 %o and &°H
= 0to -23 %eo. This is the inferred isotopic composition of meteoric water in equilibrium with illite at
80-120°C. This was probably reached at an approximate burial depth of 3—4 km (by analogy with the
present day Gulf of Mexico: Eberl, 1993).

8. Implications

The 8'®0 and 8°H ranges we calculated for meteoric water are similar to present day values at
the latitude range (30-35°S) where the sediments in our study area were both deposited and buried
(Dansgaard, 1964; Jouzel-et al., 1994). Our 80 range differs from values attributed by previous
workers to Snowball Earth and its immediate aftermath. These range from -11 + 4 %o to -34 + 10 %o
(Fairchild et al.; 2016; Kennedy et al., 2008; Peng et al., 2013; Herwartz et al., 2015) and are similar to
meltwater from.subpolar to polar regions (Robinson et al., 2009; Schotterer et al., 1997). We infer
that the'less negative values we calculated reflect a climate similar to present day (lce Age)
conditions at the time when burial diagenesis occurred. This was most likely after Sturtian glaciation
but, we assume, before the end of the Cryogenian Period because of the rapidity of sediment
accumulation at that time (Stephenson et al., 2013). We thereby infer that our "0 and 8°H ranges
define a “baseline” for the Cryogenian Period, whereas previously reported more negative values
represent Snowball Earth episodes. The baseline we defined might be overrepresented in the
geological record because sediment accumulation was heavily biased towards (short-lived) warmer
episodes at the end of Snowball Earth episodes, which were themselves characterized by little or no

sediment accumulation (Hoffman et al., 2017).



Overall, our findings support the idea that a Snowball Earth episode is represented by a hiatus
in the geological record, whereas glacial rocks were deposited in its aftermath or later on (cf.
Hoffman et al., 2017). This idea is further supported by sedimentological evidence for multiple glacial
advances and retreats in our study area (Spencer, 1971; Ali et al., 2018) and other Cryogenian

deposits (e.g. Fairchild et al., 2016).

Finally, we note that the approach used here could be used to “remove” the effects of post-
depositional exchange with reservoir rocks, metamorphic volatilization and/or exchange with

metamorphic fluids in other isotopic studies of Precambrian rocks.

9. Sensitivity analysis

The validity of our calculated §**0 and 8”H values for Cryogenian meteoric water relies on
several of assumptions, each of which can be flawed. Itis therefore necessary to assess how sensitive

our calculated values are to each assumption.

We assumed that the effect of metamorphic fluid flow was spatially restricted. This
assumption is supported by 8'0 data (Skelton et al., 2015). Metamorphic fluid flow caused a shift
towards more negative 5'0 and 8°H values because of exchange with organic shales upstream of the
studied sequence (Skelton et al., 2015). If this was more extensive than assumed, calculated values of

5'®0 and &°H before metamorphic fluid flow would be less negative.

We assumed that muscovite in our samples was produced by metamorphism of illite, because
itis the predominant clay mineral at diagenetic conditions in mudstones (Huggett, 2005). Values of a
range from 1.024 at 100°C to 1.013 at 400°C for water-kaolinite and 1.015 + 0.005 for water-
montmorillonite (Glasmann et al., 1989). Also F = 0.29 for kaolinite and 0.11 for montmorillonite.
With these values of o and F, the calculated minimum values for 8,,4terr — O7ock are -15.3 to-36.1
%o for kaolinite and -21.6 to -63.4 %o for montmorillonite. This would extend our 5'°0 and &°H

ranges, but only towards less negative values.

We assumed that meteoric water and clay equilibrated at diagenetic conditions (80-120°C). If
this assumption were flawed and clay was formed by weathering, equilibration would have occurred
at lower temperature (Lawrence and Taylor, 1972). For the temperature range 0-25°C, water-illite
isotope fractionation factors would be ~13 %o higher for oxygen (Sheppard and Gilg, 1986). Meteoric

water compositions would then extend above MWL on Fig. 2, predicting deuterium excesses from 10



to 110 %o. These are unreasonably high, predicting negative relative humidities (Pfahl and Wernli,

2008).

We assumed that illite formed at a burial depth of 3—4 km by analogy with the Gulf of Mexico
(Eberl, 1993). We infer that this burial depth was reached in our study area before the onset of late
Cryogenian (Marinoan) glaciation based on lithostratigraphy (Stephenson et al., 1993; Prave et al.,
2009). If illite formed at 80—120°C (Glasman et al., 1989), a geothermal gradient of approximately
30°C/km is implied. Our conclusion still holds for geothermal gradients ranging from 20 to 60°C/km.
If the geothermal gradient was even lower, a burial depth greater than the thickness of Cryogenian
sediments on top of the studied sequence would be required to reach temperatures required for
illite authigenesis. However, we point out that extensive spilitisation of basaltic sills affected our
study area (Graham, 1976) at 595 + 4 Ma (Halliday et al., 1989), necessitating temperatures far
higher than are required for illite authigenesis. We thus conclude thatin the unlikely event that our
results relate to a time after the end of the Cryogenian Period, this must have been in the early

Ediacaran Period and prior to the Gaskiers glaciation at 580 Ma (Pu et al., 2016).

In summary, failure of any of the aforementioned assumptions can either be ruled out or has
only limited effect on the conclusions of our study. Finally, we note that the validity of the approach
we have used is supported by the fact that the "0 and 8’H array we obtained for pore water

extends from the meteoric water line in a manner that is expected from sedimentary basins.
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FIGURE CAPTIONS

Fig. 1. Geological map and stratigraphic column of Islay and the Garvellach Islands. The Lossit/Garbh
Eileach, Port Askaig Tillite and Bonahaven Dolomite Formations are shown on the stratigraphic
column. Samples were collected from the following areas: Lossit (L), Caol lla (Cl), Bunnahabhainn
(BH) and along a section from Bolsa to Ruvaal (B-R) on Islay and Eileach/an'Naoimh (EN), A’ Chuli (AC)
and Garbh Eileach (GE) on the Garvellach Islands (see Table 1 for sample locations). The en echelon

segments of the Islay Anticline are shown.

Fig. 2. 8°"H — 8"%0 plot showing measured 8°H and calculated 5'®0 values for muscovite (green
symbols), calculated 8°H and 80 values for illite before metamorphism (red symbols), and
calculated 8°H and 80 values for pore waterat the time of equilibration with illite (blue symbols).
Square, circular and triangular symbols represent samples from the Lossit/Garbh Eileach, Port Askaig
Tillite and Bonahaven Dolomite Formations, respectively. If not shown, analytical errors are smaller
than the symbols. The symbols which lack colour are from within 200 m of the axial plane of the Islay
Anticline. These are affected by metamorphic fluid flow and excluded from further analysis. The solid
blue line is the meteoric water line (MWL: Craig, 1961). The blue lines mark the 2 standard deviation

error envelope for the best fit linear trend through calculated pore water §°H and 820 values.

Fig. 3. Stratigraphic and structural plots of 8Cearb, 0 20car, and 8°H,,, values. These are plotted
against approximate stratigraphic position (Spencer, 1971; Fairchild et al., 2018; Ali et al., 2018) (a-c)
and on structural plots (d-f) as a function of distance from the Islay Anticline (red line) for the Bolsa
to Ruvaal section (B-R on Fig. 1). Green symbols are from this study. Open symbols show previously
published values from the Lossit/Garbh Eileach Formation (Prave et al., 2009) and the Bonahaven
Dolomite Formation (Skelton et al., 2015). Blue shading and square symbols represent the
Lossit/Garbh Eileach Formation. Brown shading and circular symbols represent the Port Askaig Tillite
Formation. Purple shading and triangular symbols represent the Bonahaven Dolomite Formation.
Repetition of members 3 and 4 of the Bonahaven Dolomite Formation by folding and faulting is seen

on the structural plots (d-f).



Fig. 4. Measured 820, values plotted against 8'20,,,* values which are calculated from 80, using
fractionation factors. The best fit linear regression (dashed line, R? = 0.95) is compared with the 1:1

line (solid line).



Table 1

Sample Mineral Local Latitude  Longitud Format Mem §°C. 8% &%0 &0 80y &H  &Hy  SHw
Ogy lty e ion ber arb carb mu mu* 20* mu te* O*
PS-16- mu, q, B-R 55° 6° BDF 4 4.9 13.6 11.4 -
01* dol 55.499' 11.332' 64.
N W 1
PS-16- mu, q, B-R 55° 6° BDF 4 5.4 13.8 11.6 -
02* dol 55.500' 11.331' 82.
N W 2
PS-16- mu, q, B-R 55° 6° BDF 4 6.2 14.4 12.2 -
10* dol 55.489' 11.184' 88.
N W 6
PS-16- mu, q, B-R 55° 6° BDF 3 -5.6 17.3 15.1 2.6 - -255 -0.5
11 dol 55.542' 10.769' 51.
N W 5
DD-16- mu, q, B-R 55° 6° BDF 3 -6.4 17.0 14.8 2.3 - -31.2  -6.2
04 dol 56.500' 09.425' 57.
N W 2
PS-16- mu, q, B-R 55° 6° BDF 3 -7.1 17.3 15.6 3.1 - 208 4.2
12 cc 55.539' 10.644' 46.
N W 8
DD-16- mu, q, B-R 55° 6° BDF 3 -6.9 16.9 14.7 2.2 - -31.7 -6.7
06 dol 56.200' 09.072' 57.
N w 7
BH-16- mu, q, BH 55° 6° BDF 1 -3.3 18.6 16.8 4.3 - -414 -16.4
03b cc 52.762' 07.177' 67.
N w 4
BH-16- mu, q, BH 55° 6° BDF 1 -3.4 17.3 155 3.0 - -346 -9.6
03 cc 52.763' 07.168' 60.
N '\ 6
BH-16- mu, q, BH 55° 6° BDF 1 -2.8 20.2 18.4 5.9 - -38.7 -13.7
02 cc 52.750' 07.156' 64.
N W 7
Cl-16- mu, q Cl 55° 6° BDF 1 - -41.8 -16.8
02 51.431' 06.555' 67.
N W 8
Cl-16- mu, bi, Cl 55° 6° BDF 1 - -43.8 -18.8
01 q 51.375' 06.570' 69.
N '\ 8
BH-16- mu, g, BH 55° 6° BDF 1 -7.7 13.0 11.2 -1.3 - -39.8 -14.8
01 cc 52.704' 07.118' 65.
N '\ 8
Cl-16- mu, g, Cl 55° 6° PATF 5 -4.0 13.9 12.2 11.7 -0.8 - -35.9 -10.9
03 dol 51.460' 06.531' 61.
N '\ 9
CL-16- mu, g, L 55° 6° PATF 3 -4.5 12.7 10.5 -2.0 - -38.2  -13.2
03 dol 49.353' 06.695' 64.
N W 2
GE-16- mu, q, GE 56° 5° PATF 2 -2.2 13.5 11.3 -1.2 - -44.0 -19.0
d32 dol 14.579' 45.236' 70.
N W 0
GE-16- mu, q, GE 56° 5° PATF 2 -1.5 16.5 16.4 14.2 1.7 - -34.7 9.7
00 dol 14.332' 46.645' 60.
N W 7
AC-16- mu, q, AC 56° 5° PATF 2 -1.6 18.3 16.1 3.6 - -41.2  -16.2
12 dol 13.988' 47.370' 67.
N W 2
LL-16-a mu, q, L 55° 6° PATF 2 -1.3 17.8 16.0 3.5 - -35.0 -10.0
cc 48.520' 07.553' 61.
N W 0
LL-16-e mu, q, L 55° 6° PATF 2 0.0 22.2 20.0 7.5 - -469 -21.9
dol 48.435' 07.823' 72.
N W 9
EN-16- mu, q, EN 56° 5° PATF 1 1.4 24.5 240 223 9.8 - -36.3 -11.3
02 dol 13.017' 49.900' 62.
N W 3
AC-16- mu, q, AC 56° 5° PATF 1 -0.4 22.3 20.6 8.1 - -376 -12.6
06 cc 14.264' 46.847' 63.
N W 6



LL-16-d mu,q, L 55° 6° PATF 1 19 25.7 235 11.0 - -29.8 4.8

dol 48.467' 07.698' 55,
N w 8

GE-16- mu,q,  GE 56° 5° PATF 1 1.0 212 190 65 - 372 -122
d11 dol 14.850' 45.019' 63.
N w 2

GE-16- mu,q, GE 56° 5° PATF 1 24 206 184 59 - 332  -82
d7 dol 14.889' 45.042' 59,
N w 2

GE-16- mu,q, GE 56° 5° PATF 1 02 227 205 8.0 - 32,0~ -7.0
d1 dol 14.941' 45.086' 58.
N w 0

GE-16- mu,q, GE 56° 5° GEF 02 232 210 85 - 294 -4.4
45 dol 14.947' 45.113' 55,
N w 4

GE-16- mu,q, GE 56° 5° GEF 1.6 218 196 7.1 - 337  -87
31 dol 14.956' 45.140' 59,
N w 7

GE-16- mu,q, GE 56° 5° GEF 50 218 195 = 7.0 - 303 5.3
23 dol 14.966' 45.158' 56.
N w 3

GE-16- mu,q, GE 56° 5° GEF 57 214 211 192 67 - 389 -13.9
08 dol 14.979' 45.280' 64.
N w 9

LL-16.g  mu,q, L 55° 6° LLF 1.3 183 162 166 4.1 - 326 7.6
ce 48.412' 07.732' 58.
N w 6

LL-16-h  mu, g L 55° 6° LLF - 363 -11.3
48.383' 07.655' 62.
N w 3

This table show sample names, mineralogy, locality, latitude and longitude, Formation and Member,
measured values of 8*Crp, 82 0car, 6-20m, and 8°Hm,, and calculated values of 8'20,,,*, 8040,
&?Huie* and 8*Hyo*. Values are reported per mil. (%o) relative to Vienna Pee Dee Belemnite (VPDB)
for carbon isotopes and Vienna'Standard Mean Ocean Water (VSMOW) for oxygen and hydrogen
isotopes. Sample names marked with an asterisk (*) were collected within 200 m of the axial plane of
the Islay Anticline and are consequently affected by metamorphic fluid flow. For this reason, values
of 0,*, 8"0120%, 8*Hiie* and 8°H,n0* Were not calculated for these samples. Muscovite, quartz,
dolomite and calcite-are abbreviated mu, g, dol and cc, respectively. Localities: Bolsa-Rhuvaal,
Bunnahabhainn, Caol'lla and Lossit (from Islay) and Garbh Eileach, A’ Chuli, and Eileach an Naoimh
(from the Garvellachs) are abbreviated B-R, BH, Cl, L, GE, AC and EN. The subscripts “carb” and “mu”
refer to carbonate (dolomite or calcite) and muscovite, respectively. Formations: Bonahaven
Dolomite Formation, Port Askaig Tillite Formation, Garbh Eileach Formation and Lossit Limestone
Formation are abbreviated BDF, PATF, GEF and LLF. The Garbh Eileach Formation was previously
considered part of the Lossit Limestone Formation, but was redefined by Fairchild et al. (2018).

The 8'80,,,* values were calculated from 80 by subtracting a fractionation factor (A) of 1.8 %o for
samples containing calcite and 2.2 %o for samples containing dolomite. The value of A..,, was
calculated by combining values of A0 and Anu-H20 from O’Neil et al. (1969) and O’Neil & Taylor
(1969), respectively, calculated at 450°C. The value of Ay,.my Was calculated by combining the value
of Acc.mu With Agorec from Sheppard & Schwarcz (1970) at 450°C. These values were compared with
measured values of 8*20,,, for five samples

The 8*Hyie* values were calculated from 8°Hpn, by subtracting a calculated isotopic shift for
metamorphic volatilization (8yyqter — Or0ck) Of -26.0 £ 6.4 %o. This value was calculated from the
equation: Sygter — Orock = 1OOO(F(°“1) - 1), from Valley (1986)*!, which assumes Rayleigh



fraction and where F is the mole fraction of hydrogen remaining in the rock after dehydration and o
is the water-rock fractionation factor. The value of F was set to 0.33 for complete replacement of
illite (which contains 1.38 wt. % H) by muscovite (which contains 0.46 wt. % H) and the value of
was set to 1.018-1.030 which corresponds to the full range of values for illite and muscovite in the
respective temperature ranges 100-400° C from O’Neil & Kharaka (1976) and 400-500° C from
Suzuoki & Epstein (1976).

The 8*Huao* values were calculated from 8”Hiwe® by subtracting a fractionation factor of 25+ 5 %o
from Sheppard & Gilg (1986).

The effect of dehydration on §'20 values was assumed to be negligible and was therefore ignored
(Valley, 1986). The 5'%0,,0* values were thus calculated directly from §'*0,,.* by subtracting a
fractionation factor of 12.5 + 2.5 %o from Sheppard & Gilg (1986).



Highlights

e Baseline "0 and 8”H of Cryogenian meteoric water are similar to the present day.
e Snowball Earth episodes are associated with negative excursions from this baseline.

e Effects of post-depositional exchange can be removed from §'®0 and 8°H records.
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