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Abstract

Reconstruction of palaco groundwater redox chemistry is essential to enable a forecast of future
groundwater conditions. This is particularly important at sites proposed for nuclear waste
repositories, which will experience glaciations within the future 10° years. A record of ancient
palaeo-water is held in the growth layering of calcite crystals which have formed during the last
2 Ma. Modern oxidised groundwaters frequently show Ce depletion anomalies in REE profiles.
In this study at Sellafield (UK), we use detailed SIMS analyses examine the REE-geochemistry
of geologically young fracture-fill calcite as an indicator of palaeo-redox conditions. At
Sellafield, the shallowest fracture-fill calcites, show Ce depletion anomalies (by a factor of 100)
within crystal growth zone micro-stratigraphy. These record shifts of +120mV in Eh. Ce
depletion also coincides with independent evidence: 1) Calcites at shallow depth have low Mn
and Fe contents, with fluctuating Mn:Fe ratios between 0.1 and 100 (oxidised); contrasting with
deeper high Mn and Fe contents and a Mn:Fe ratios of 2 (reduced). 2) Shallow Fe-Mn
(hydr)oxides co-precipitated with calcites to 450m, but (reduced) sulphides gradually become
associated with calcites from 850m depth. 3) Calcite crystals change from nailhead to dogtooth
shapes at 325-360m, because of a transition from freshwater to saline water (15g/1 chloride). 4)
Deep redox is calculated to be -100 to -240mV from equilibrium with pyrite. We interpret that
Ce depletion shows that very oxidised palaco-waters have certainly invaded sporadically to at
least 236m. These were probably sub-glacial. Brackish palaco-waters to 450m are more
reduced, and deep saline palaco-waters to 1527m are the most reduced. We demonstrate that the
fine resolution afforded by SIMS analysis permits the detailed unravelling of 10-50 micron
micro-stratigraphy held in zoned mineral cements. This is believed to be the first study of
palaeo-groundwater in the UK at this level of spatial resolution.
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Disposal of radioactive waste deep below ground requires a detailed understanding of past and
future states of groundwater hydrogeology, in order to predict rates and pathways of flowing
groundwater leachate that may be contaminated with radionuclides. Geochemical understanding
of individual sites is necessary, as the particular chemistry of groundwater and rock mass can
significantly affect radionuclide transport properties. In particular, changes in redox conditions
can be important, for example reducing conditions, negative Eh, provides a useful geochemical
constraint on the mobility of aqueous uranium complexes. Consequently, to enable a predictive
assessment of performance at an individual disposal site, information is required to reconstruct
past groundwater origins, chemistries and redox. Swedish measurements of groundwater
geochemistry in crystalline rocks using hydrogen and oxygen isotopes (Wikberg, 1993,
Laaksoharju et al., 1999) have shown that glacially derived water may infiltrate to 500-600 m.
Bath et al (2005a) show with salinities, stable isotopes and noble gases that that meteoric derived
freshwater recharged to 350-700 m at Sellafield UK. Zuber et al. (2004) has also demonstrated
isotopically that glacially derived waters occur in deep sedimentary aquifers in Poland.
However, evidence based on depleted 8O in groundwater does not necessarily indicate the
redox conditions which existed at the time of infiltration, since oxygen that was dissolved in
such water could have been consumed by reductive buffering by the host rocks, especially by
reactive Fe" minerals.. Rivas-Perez et al. (2003) explain that oxidative fronts in fractures
advance very slowly, some 4000 times slower than groundwater flow rates. Consequently,
additional evidence of ancient oxidation is needed to indicate whether large palaeo-fluxes of O,

(aq) have occurred.

One method of capturing such information is to seek natural geochemical tracers held in
diagenetic minerals that precipitated from ambient groundwater in the host formation during
glacial water infiltration. In understanding redox change, we need to examine elements that

appear to respond to such changes. In studies of groundwater, negative Ce anomalies in Rare
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Earth Element (REE) profiles (normalised to chondrite) are frequently considered to relate to the
decrease in solubility that accompanies the oxidation of Ce** to Ce*". Therefore Ce depletion has
been used to support interpretations of oxidizing conditions (e.g. Brookins, 1989; Braun et al.,
1990; Dia et al., 2000; Yan et al., 2001).

Figure 1 here

One common mineral that has been recognised as useful in providing information is calcite
(Vaniman and Chipera, 1996; Denniston et al., 1997; Wallin and Peterman, 1999; Bath et al., in
preparation). Calcite typically exhibits zoning on a tens of micron scale, which should record
changes in local groundwater. This micro-stratigraphy is readily observable by
cathodoluminescence, and sometimes contains fluid inclusions, which hold micro-samples of an
ancient porewater. Yet, in many cases, the fine-scaled nature of the mineral zoning present in
calcites (i.e. < 50 microns) and the low concentrations of many trace elements (< 50 ppm) mean
that it is difficult to measure the detailed record visible from microscopic stratigraphy. In this
study, we geochemically examine finely-zoned cathodoluminescent calcites by high-resolution
sampling (< 20 microns) using ion microprobe (SIMS) analysis. The calcites in this study form
volumetrically minor linings to fractures hosted in Ordovician meta-volcanic, to Triassic
sedimentary, rocks cored from boreholes located in the Sellafield area, on the Cumbria coast of
NW England (Fig. 1). Until 1997, the site was extensively investigated by United Kingdom
Nirex Limited as a potential location for a deep repository for the disposal of intermediate to
low-level radioactive waste (Bowden et al., 1998; Gillespie and Milodowski, 2003; Degnan et
al., 2003). We demonstrate that REE geochemistry of fracture-fill calcite can preserve detailed
information about the depth of penetration of oxidised waters into the subsurface within the past

few thousand years.
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Geological and Hydrological Settings

The calcite we have examined comes from the surfaces of open fractures in two adjacent
boreholes (PRZ2 and BH2) drilled in the “Proposed Repository Zone” (PRZ) at Sellafield (Fig.
1). The boreholes penetrate strata up to ~1500 m deep below sea level (b.o.d.). From base to
surface, these comprise the: Borrowdale Volcanic Group (Ordovician); Brockram conglomerates
of the Appleby Group (Permian); the Sherwood Sandstone Group (Triassic), and unlithified
Quaternary clay, sands and gravels. Further to the west, additional boreholes intersected the
same stratigraphy, with the inclusion of Dinantian age Carboniferous Limestone, and St Bees
Shale and Evaporites of the Cumbrian Coast Group (Permian). There are at least nine episodes
of fracture mineralization in the area, previously identified by Milodowski et al. (1998). The
most recent mineralization events (ME8 and ME9), are dominated by Mn oxy-hydroxides and
euhedral calcite respectively. These are considered to have a relationship to Quaternary and
present-day groundwater conditions. This study has analysed calcites by ion microprobe, to
produce unusually precise data on REE profiles at high resolution. This is believed to be the first
study of palaeo-groundwater in the UK at this level of resolution.

Figure 2 here

Hydrogeologically at the present day, three distinct groundwater domains have been identified in
the Sellafield area (Black and Brightman, 1996, McKeown et al., 1999). These include: 1) the
“Coastal Plain Regime” that consists of rapidly-flowing topographically-driven meteoric water;
2) the “Hills and Basement Regime” consisting of saline waters up to 30 g/l TDS, with slow
groundwater flow; and 3) the “Irish Sea Basin Regime” consisting of halite derived brines,
predominantly west of the current coastline and essentially stagnant. Using the most recent
calcite crystals which line the fractures, an association was identified by Milodowski et al.,
(1997), between crystal morphology and present-day groundwater salinity; this is observed in

many of the site investigation boreholes (Fig. 2). The crystals demonstrate: c-axis shortened

Palaeo-redox from calcite REE at Sellafield UK, England GL et al 2005 s.haszeldine@ed.ac.uk Chemical Geology pS



forms (referred to as “nailhead”) in the fresh groundwater zone; changing to more equant forms
as salinity increases in the ‘morphological transition zone’ (MTZ), observed in boreholes near
the present zone of mixing between fresh groundwater and saline basement water; to finally c-

axis elongate crystals (referred to as “dogtooth™) that occur in the more saline basement water.

The calcites also demonstrate differences in cathodoluminescence (CL), with the youngest
calcite growth zones above the MTZ being predominantly non-luminescent (with only minor
fine yellow growth bands). In contrast below the MTZ, the calcites demonstrate finely banded
yellow, orange and red luminescent zones (Milodowski et al., 1997). Luminescence in calcites is
predominantly controlled by variation in Mn®* that activates luminescence, and Fe’* that
quenches luminescence (Marshall, 1988). Changes in luminescence can therefore represent
changes in redox-potential, and therefore provide an indication of Eh redox conditions in past
groundwaters, from which the calcites precipitated (Machel and Burton, 1991). As well as this
change in luminescence, co-precipitating mineral phases at Sellafield also suggest a difference in
redox conditions with depth. Marcasite and pyrite (sulphides) are associated with calcites in the
deeper parts of the profile (~ below 850m), and are suggestive of reducing conditions. By
contrast, nearer to the surface, Fe and Mn oxyhydroxides have precipitated, indicative of more
oxidising conditions (Haszeldine et al., 1996, Milodowski et al., 1998). Present-day
groundwater regimes at Sellafield are considered to represent a slowly-adjusting dynamic
equilibrium between the pressures of elevated onshore topographically-driven fresh water, sea
water at the coast, and dense brine that occurs at depth in offshore formations. However during
glacial and especially de-glacial groundwater conditions, these equilibrium conditions readjust -
initially because of the topographic head of water in the ice sheet, and later due to the upwelling
of groundwater into eskers (Boulton et al., 1993). Sub-glacial water is typically highly
oxygenated, due to the air bubbles entrapped in ice, raising the possibility that deep penetration

of very oxidising groundwater could occur. This could have adverse consequences for the waste
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retention performance of a repository if the oxygenated water were to penetrate to repository

depth (Boulton and Curle, 1997).

The youngest fracture-filling calcites in the MTZ record changes of crystal morphology (relating
to salinity) and depict a complex CL zonation pattern. Milodowski et al. (1997, 1998) which
suggests that the MTZ (which can be at least 300m vertically) may represent a zone where the
groundwater regimes have shifted from fresh “meteoric” to saline “basement” conditions (and
vice-versa) over time. The present-day groundwater change from “fresh” to “saline” occurs over
a Saline Transition Zone (STZ) of only a few tens metres. Thus, the detailed zonation and
chemistry of these calcites may hold a record of changes in ancient groundwater — the challenge
is to access and interpret that record. To further examine this important geochemical attribute
within the profile, calcite samples were methodically selected from core at different depths in
two closely spaced boreholes adjacent to Borehole 2. Four samples were selected as representing
typical fracture-filling calcite morphologies present within the vertical profile at the Sellafield
site (Fig. 2) and are described in Table 1. Two of these samples are at the present-day zone of
salinity change. The largest crystals (1.0 to 0.5 mm) from within these samples were selected for
analysis to maximise the number of analyses that could be performed. Extensive petrographic
investigations were made before REE analyses, so that the CL growth zonation of crystals

analysed in detail is known to be typical of samples across the Sellafield Site.

Methodology

Minor and trace (REE) element analysis were performed by SIMS, on individual CL zones to
produce a profile across an individual crystal. Analyses were carried out using the CAMECA
IMS 4f instrument located at Edinburgh University, UK. Techniques and data corrections

applied are similar to those developed by Dawson and Hinton, (2003). The elements analysed

included Ca, Mn, Fe, Mg, Sr, Na, Y, Li, Ba, La, Ce, Nd, Sm, Eu, Dy, Er and Yb (although only
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Fe, Mn and REE are reported in this paper). The analytical conditions during two sessions were
10 nA '°O" measurements of positive secondary ions, with a 120 eV energy offset. Ten cycles
were performed (over ~ 25 minutes per analysis) with the first two cycles eliminated, to reduce
the possibility of surface contamination. Analyses were also corrected for background. The ion
microprobe spot diameter was 10 to 20 microns, enabling analyses to be performed within
individual CL zones in most cases, and at a spacing closer than 50 microns if required. The
laboratory standard used was the Oka calcite and statistical counting errors varied, but generally

were < 1% for concentrations above 100 ppm, while for concentrations below 10 ppm errors

were 10-15%.

Rare Earth Element analyses from the surrounding host rocks were made by Milodowski
(unpub) using standard ICP techniques. This enables comparison of fracture-fill calcite REE

profiles with host-rock REE profiles.

General Results: Mn, Fe ; REE
Full results of the ion microprobe analyses of calcites from Sellafield are listed in Table 2. Given
that this paper is concerned with elements that may provide an insight into redox conditions, we
will concentrate only on manganese, iron and the rare earth elements.

Figure 3 here

Figure 4 here

Manganese and Iron

Ion-microprobe analyses of calcites from Sellafield demonstrate an overall increase in
concentration of both Fe and Mn with depth (Fig. 3). This co-variant pattern is suggestive of
either: a decrease in calcite precipitation rate at deeper burial; an increase in water/rock

interaction; or an increase in temperature (Myers, 1991). As also observed in previous studies of
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calcite at Sellafield (Milodowski et al., 1997; Milodowski et al., 1998), Fe and Mn abundances
appear to fluctuate according to the degree of luminescence of individual zones. At Sellafield,
the range of this fluctuation appears to generally decrease with depth, which may also be
indicative of increasing geochemical stability of groundwaters with greater depth, particularly in
relation to perturbation of redox conditions by water influx (Milodowski et al., 1998). For
example, the deepest sample from 1527m (Fig. 4, and 5d) demonstrates only slight changes in
Mn to Fe ratios (~ 2 to 3), with only subtle variation in orange CL. By contrast, the youngest
zones of calcite in the shallowest sample at 236m (Fig 4 and 5a) (that occurs within the current
freshwater regime), have extreme variation of Mn to Fe ratios (~ 0.1 to 100), displaying
significant CL changes from yellow to dark orange and poorly luminescent burgundy
luminescent zones. These same outermost (youngest) growth zones in sample 236m also have
dull CL illumination, with minor brighter zones. Our petrographic studies of other samples
shows that this is typical of samples in the fresh water regime (Milodowski et al., 1998),
enabling us to use the 236 m sample as a ‘representative’ crystal.

Figure 5 here

REE elements

Unlike Mn and Fe concentrations, 2REE (total REE concentration) in calcite does not greatly
vary with depth. The main change is that the innermost part of samples at 1527m and 413 m
have lower ZREE than the outer zones. Individual crystal samples vary internally in XREE from
1-2 ppm to 350 ppm. In some cases, ZREE fluctuates according to luminescent zonation, in
other cases, the cause for changes in ZREE is less apparent. When ion-microprobe REE data of
calcite is chondrite-normalised (according to Anders and Grevasse, 1989), most profiles display
a flat or slight hump-like pattern, associated with Medium (M) REE enrichment, compared to
Light (L) REE or Heavy (H) REE. (Fig. 5a to 5d). Slight fluctuations in the chondrite-normalised

profiles are evident internally within each zoned crystals, as well as between sample depths.
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Partitioning behaviour between REE in natural aqueous solutions and precipitating calcite is
poorly understood (Zhong and Mucci, 1995). Consequently it is not clear whether the overall
chondrite-normalised profiles we observe in a calcite at Sellafield are the same as that of the
solution it precipitated from. However, the variation in chondrite-normalised patterns are most
likely influenced by fluctuations in: 1) groundwater Eh-pH-salinity conditions; 2) complexes by
which the REE are carried within the groundwater; 3) and the source of the REE elements
themselves, considered to be influences from the host rock. At this Sellafield site, geochemical
analyses of REE from the BVG host bedrock at Sellafield reveal no negative Ce anomalies (Fig.
6), and neither do REE analyses from the host St Bees Sandstone (Fig 7), consequently a host-
rock control in this setting is improbable. REE profiles from different calcites at Sellafield show
shallow samples with Ce depletion, and deep samples without Ce depletion (Fig 5).
Consequently, these effects are believed to result from changes in redox, which can be

considered on Eh-pH cross-plots.

REE results from each sample

In the deepest sample (1527m, Fig. 5d) within dogtooth crystals, the core displays a low-
abundance, irregular chondrite-distribution of REE. As the crystal zones become younger,
LREE and MREE become more enriched, but HREE concentrations remain relatively low. A
negative Eu anomaly is evident in the outer rim zones; this is strongest at the core / rim contact,
and becomes weaker as the crystal becomes younger. The calcite at this depth is hosted within
the Borrowdale Volcanic Group (BVG), which also displays a negative Eu anomaly (Fig. 6,
Table 3) with a depletion of HREE, similar to the outer calcite zones. It is possible therefore that
the Eu anomaly is a reflection of the local host rock influence, its signal becoming weaker as
calcites begin to coat the fracture walls and allowing less water interaction with the host BVG.

Similarly at the nuclear waste repository site at Yucca Mountain, Nevada, negative Eu anomalies
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are evident in both host volcanics and fracture fill calcites (Vaniman and Chipera, 1996;
Denniston et al., 1997). Although Eu is sometimes used as an indicator of redox conditions,
these changes between Eu** and Eu’* are generally restricted to higher temperatures associated
with igneous and hydrothermal activity (Henderson and Pankhurst, 1984). At temperatures and
redox conditions that are typical of normal groundwater systems, Eu’" is the stable oxidation
state. It is reduced to Eu** only in conditions more reducing than —0.35 volts and over the pH

range of about 6 to 9 (Fig. 7).

At 413 meters depth, the next deepest calcite crystal sampled (Fig. 5c) is also hosted within the
BVG, and is below the present-day groundwater STZ. This crystal also exhibits a zonation with
a profile LREE > MREE, and slight HREE depletion similar to the BVG host rock. The youngest
CL zones display slight MREE enrichment compared to LREE and HREE. All profiles
demonstrate a slight positive Eu anomaly. Although the reason for this is speculative, one
possibility is that this anomaly reflects local feldspar dissolution from the upper portions of
BVG. The breakdown of feldspars can be the source of Eu enrichment in groundwater (Yan et al.

2001).

At 310 meters depth (Fig. 5b) the sample is situated in Brockram sandstone host rock just above
the groundwater STZ at 325m, and calcite has equant crystals. A pronounced humped profile of
MREE enrichment is evident, particularly in the central portion of the crystal. Eu is part of this
positive enrichment, rather than individually enriched. The zoned rim surrounding the central
portion demonstrates several luminescent zones with a similar pattern, while other zones

demonstrate irregular profiles, with generally depleted REE.

At 236m, the shallowest sample is located within the current fresh water zone (Fig. 5a), and the

calcite has an equant / nailhead form. The central parts of the crystal display bright CL, and
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show a uniform profile with MREE enrichment, similar to the outer zones of 310m. Eu is
relatively slightly more enriched, and La and Yb are variable relative to chondrite. The dark CL
zones in the outer part of the crystal display a MREE profile enriched relative to chondrite,
similar to that seen in the outer zones of deeper crystals. A prominent difference is the presence
of a strong negative Ce anomaly relative to LREE in all analyses from the youngest (dark CL)

growth zones, this is about 10 x depleted. Eu is relatively enriched in only two of these analyses.

In summary, a strong Ce depletion, relative to LREE, exists in the outer zones of the shallowest
crystal, with Ce depletion absent in all deeper samples to 1527m. Eu enrichment, relative to
MREE, occurs in all samples, but at 1527m Eu is enriched relative to MREE. The whole REE
profile is similar to, but not identical to, the BVG in samples from 413m and 1527m, which are
hosted by BVG.

Figure 6 here

Figure 7 here

Previous applications of depleted Ce anomaly as redox indicator

Most authors consider that REEs from saline near-surface acid, neutral, or alkaline waters exist
as dicarbonate Ln(CO;)* complexes, particularly for HREE, and are effectively scavenged from
solution by Fe+Mn-oxyhydroxide phases which precipitate as the pH of the system rises towards
neutral. Thus the dominant (>90%) control on REE abundance in near surface water is pH,
although DOC, SO,, Fe and Al contribute significantly. Moller et al (1993) first observed Ce
enrichment in modern aerobic alkaline waters, due to Ce’* oxidation to Ce** with decreased
pentacarbonate complex solubility. Following this, Leybourne et al (2000) and Yan et al (2001)
proposed that in the weathered zone, rapid oxidation of Ce™ to Ce** occurs, with preferential
removal of Ce* from solution upon leaving the shallowest groundwater environment. This

depletes Ce concentration of waters, which can be carried to near-surface unweathered sediment
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— and so produces a negative Ce anomaly in precipitated minerals affected by aerobic water

Zones.

In the Carnmenellis area of SW England, the REE content of shallow groundwater derived from
metasediments and granite is controlled by pH, with higher levels in groundwaters of pH < 6.
Only REE in waters derived from metasediments display negative Ce and Eu anomalies, thought
by Smedley (1991) to reflect Ce and Eu depletions present in the host meta-sedimentary
bedrock. Alternatively, we suggest that the negative Ce anomaly in the Carnmenellis
groundwaters may reflect the consequences of aerobic surface waters migrating into deeper host
rock, given that isotopic evidence (Psyrillos et al 1998) suggests a meteoric influence throughout
the weathering history. Modern groundwaters derived from Sardinian Hercynian granodiorites
also show depletion of Ce (Biddau et al 2002), even though surface waters (presumably more
aerobic?) show no such anomaly. Shallow groundwaters in NE Canada metasediments analysed
by Leybourne et al (2000) show anomalies of Ce depletion. Again in this case, deeper
groundwaters have no Ce anomaly and are characterised by REE patterns that are similar to the

host lithologies.

Denniston et al. (1997) studied REE in fracture-fill calcites from Yucca mountain. They suggest
the presence or absence of a negative Ce anomaly in calcite may be: 1) related to local REE
source; 2) related to the effects of co- or pre- precipitating phases; or 3) associated with the pH
/Eh conditions of the groundwater. Ce depleted anomalies are observed within both luminescent
and non-luminescent zones of fracture-fill calcites in the “Upper Unsaturated Zone” (UUZ) at
Yucca Mountain (Vaniman and Chipera, 1996; Denniston et al., 1997). However, deeper (~1000
m subsurface) calcite samples in the saturated level at Yucca Mountain do not contain any Ce
anomaly. The interpretation for this observation is that Ce*" present within oxidised groundwater

is being preferentially scavenged by pre- and co-precipitating manganese oxide phases present in
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the fractures in the UUZ, leaving depleted Ce concentrations to form calcite. By contrast, deeper
saturated samples that have higher water to rock interaction dilute the effects of such Ce-
scavenging (Vaniman and Chipera, 1996; Denniston et al., 1997), and may be dominated by the
local composition of the rock, with more Ce.

Figure 8 here

Figure 9 here

Discussion of present and palaeo-redox

At the Sellafield site, we interpret the presence or absence of a negative Ce anomaly to be a
reflection of groundwater Eh, rather than the influence of Ce-scavenging by other phases. The
position with depth of the Ce anomaly determined in our work, appears to fit with previous
interpretations of redox boundaries within the Sellafield subsurface (Haszeldine, et al., 1996,

Milodowski et al., 1997, Milodowski, 1998, Bath et al., in press).

The analyses of Eu and Ce in zoned calcites can be used to constrain palaco-Eh. In the site
under investigation, we know that groundwater today (Nirex 1998) has measured of 6.2 to 7.8,
and that Ce above the STZ is < 0.3ug/l (2x 10”° Molar), and groundwater below the STZ has Ce
< 15 -20 ug/1 (1.8x 107 Molar). Both Eu and Ce can exist in two oxidation states. For Eu, this is
dependent on Eh, but for Ce there is a co-dependence on pH and on Eh. Firstly examining Eu
(Fig. 8), we can see from the analysed REE profiles (Fig. 5) that there is minimal Eu variation.
From this we can infer that Eh remained more oxidising than -360mV, and Eu concentration is
not sensitive to that. Secondly for Ce (Fig.9), we can see that profiles from the shallower
samples (Fig. 5) are depleted in Ce by a factor of 100 in some calcite zones. Assuming that the
pH range of present day waters is similar to that of palaco-waters, then this Ce variation can be

most simply explained by a variation in Eh. We illustrate this by using a mid-range present-day
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pH of 7.0, and the present-day measured water concentrations of Ce (Fig.8). A a paleo-Eh
variation of 120 mV would produce a Ce redox change from Ce’* to Ce*, and so enable the
aqueous solubility change by a factor of 100, which results in Ce depletion by a factor of 100
within the calcite crystal zone. This would occur if Eh varied between +40 and +160mV, at a
pH of 7.0. In the most alkaline pH measured (7.8), the same 120mV shift, from -150 to -30mV,
would produce a similar Ce solubility change by a factor of 100. The process is therefore
independent of the exact pH. The fact that Ce depletion of palaco-water is only recorded in the
uppermost sample, and occurs there in only discrete zones, suggests that Ce solubility was not
subject to small fluctuations in Eh. This means that that groundwater Eh did not normally lie on
the Ce redox boundary, but was sufficiently reduced that redox fluctuations did not cross over
into the field of Ce oxidation. We infer that palaco-waters at 236m usually had Eh more reduced

than +50mV, and could have been more reduced than -150mV.

Figure 10 here

At the Sellafield PRZ, a Ce depletion anomaly is only detected in the shallowest (236 m) sample,
whereas Mn and Fe oxyhydroxides are present to depths of 300 metres (Fig. 10). These minerals
are interpreted to have formed prior to, and during, the youngest non- luminenscent calcite
mineralisation, related to supergene alteration and weathering by near surface groundwaters.
Coeval with this mineralisation, in deeper groundwater conditions, pyrite and marcasite
precipitated in associations with luminescent calcite (Milodowski et al, 1998). In-situ
measurement of Eh in the BVG below 300m shows Eh as +50 to + 90mV. However calculated
Eh suggests that this could be substantially more reduced, with Eh being -100 to -240mV, based
on equilibrium mineral assemblages including iron pyrites. Our results suggest that in a profile
moving up the borehole, we begin to observe changes in palaco-redox conditions just below

where saline dogtooth calcite changes to C-axis flattened (nailhead) calcite, which starts to
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appear in the Morphological Transition Zone (Fig. 2). Unlike the calcite at UUZ Yucca
Mountain, only the non-luminescent calcite phase exhibits a Ce negative anomaly. Non-
luminescent calcite that formed in the Freshwater Zone and upper MTZ at Sellafield is
interpreted to have precipitated in paleo-oxidised conditions (Bath et al. 2005b in press). In the
shallowest (236 m) calcite crystal examined (located within the current freshwater zone), the Ce
anomaly begins to appear in the non-luminescent calcite near the outer edge of the dogtooth to
equant crystal, and then has a stronger signature associated with younger nailhead overgrowth
calcite when Mn decreases (Fig. 4a, 5a). We deduce that calcite morphology changes with
salinity change at 325m in the MTZ (as suggested by Milodowski, et al, 1998). Paleo-redox
conditions, as recorded by proxies such as Mn:Fe ratio, and abundance of Fe+Mn-oxy-
hydroxides, become systematically less-reduced towards shallower depth, and especially
shallower than 300m.

Figure 11 here

Paleo-redox conditions, as measured by CL colour, become more oxidised above 236m. Paleo-
redox conditions, as measured by Ce depletion become oxidised (Eh more than +100mV)
shallower than 236m. This change in conditions seems to record a shift in the boundary between
oxidised and the “reduced + freshwater zone” downwards, very late in the paragenetic sequence.
Such a downward shift may have resulted from deeper penetration of abnormally oxygenated
water derived from wet-based glaciers within the past 5,000 — 20,000 yr (Fig. 11). As yet, we
have no measured age-dates of resolution comparable to that of the CL calcite zones or the REE

analyses.

With similar fracture-fill calcite evident in other localities in Europe (e.g. Aspo Sweden;

Dounreay, Scotland), this micro-stratigraphy and REE micro-analysis technique could be
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potentially employed in site-specific paleohydrogeological investigations for future nuclear

waste depositories to test past redox changes.

Conclusions and Implications

1.

Multiple SIMS analysis of REE from Quaternary dated, zoned, fracture-fill calcite
crystals from 236 to 1527m subsurface at Sellafield (UK) reveal REE profiles which are
predominantly enriched relative to chondrite-normalised profiles. The majority of
profiles display relatively flat patterns with minor differences in some LREE and HREE
fractionation, or humped patterns rich in MREE. The profiles from deeply buried crystals
are similar to the host Borrowdale Volcanic Group meta-volcanics. Shallower depth
REE profiles are more erratic. Variations in individual REE profiles may reflect changes
in palaeo-hydrogeology, producing different mixes of water sources and ionic
compositions. The inter-bedding of different profile ‘fingerprints’ within individual
crystals forms a micro-stratigraphy of past water fluctuations.

Anomalies of Ce depletion by a factor of 100 are present in many of the outermost
(youngest) calcite zones from shallow depth, 236m. Ce depletion is interpreted to result
from oxidation of the palaco-water by +120mV, which occurred during growth of the
youngest calcite zones at 236m, and crossed the Ce** to Ce*" boundary. However the
outermost zones from deeper calcites show no Ce depletion. Such shifts of oxidised
water towards at deeper 310m to 1527m either did not occur, or were masked by more
reducing conditions.

Independent evidence of redox fluctuation at shallow depth is Mn:Fe ratios (0.1 — 1,000)
with zoned CL from orange (oldest) to dark (youngest). Progressively more reducing
conditions at greater depth are shown by constant ratios (Mn:Fe = 2) and uniform orange
CL, with no dark zones deeper than 410m, and the sporadic occurrence of sulphides

deeper than 850m. Mn-Fe (hydr)oxides occur as co-precipitated vein linings at depth

Palaeo-redox from calcite REE at Sellafield UK, England GL et al 2005 s.haszeldine@ed.ac.uk Chemical Geology pl7



shallower than 300m, which we interpret to indicate weakly +ve Eh, whereas deeper than
850m more reducing waters (-ve Eh) permitted gradual precipitation of Fe-sulphides.

4. Fracture-fill calcites at shallow depth are flattened ‘nail-head’ habit, whereas calcites at
deep depth are “dog-tooth” habit. The change in habit coincides with a present-day
change from shallow fresh water, to saline water below 325m. Sectional profiles across
calcite crystals at 236m show that the ancient change to nail-head habit, coincides with
darker CL, and coincides with Ce depletion. At the present day, the Fe oxide to sulphide
transition is deeper than the zone of salinity transition, which is deeper than the zone of
Ce depletion. These are incremental measures of decreasing Eh away from the surface.

5. We suggest that deepest waters at Sellafield have remained reduced (Eh <OmV) during
the Quaternary growth of these calcites. Any fluctuations of Eh deeper than 325m, are
not well recorded by REE measurements. An episode of strongly oxidising paleo-water
certainly penetrated down to at least 236m. This paleo-water would plausibly be sourced
from the beneath a wet-bed glacier, with dissolved air bubbles within the ice contributing

oxygen, and the topographic head of ice driving deeper water penetration.
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Table 1.
Short descriptions of calcites analysed from fracture-lining in core at Sellafield UK. Depths are
metres below Ordnance Datum (sea level).

Sample depth Position in current Calcite CL characteristics

(BoD) groundwater regime morphology

236m, Fig. 5a Fresh water Equant to dog Equant to dogtooth calcite consists of concentric zones of firstly
(borehole tooth, with nail intermediate-orange and yellow luminescent bands, followed by a
PRZ2) head overgrowth younger poorly luminescent dark orange-burgundy zone and

brightly luminescent yellow-orange outer band. The darker zones
show evidence of dissolution / reprecipitation. The nail-head
overgrowths also exhibit poorly luminescent dark orange-
burgundy calcite.

310m, Fig. 5b Fresh water, Equant to dog A texturally disturbed (possibly dissolved and re-precipitated) red
(borehole immediately above the  tooth and orange core, followed by concentric growth zones of light-
PRZ2) Saline Transition Zone intermediate-dark yellow, orange.

413m, Fig. 5¢ Saline Transition Zone  Dog tooth A relict core of earlier mineralised calcite, followed by concentric
(borehole growth zones of light-intermediate-dark yellow, orange and red
PRZ2) luminescent bands.

1527m, Fig. 5d  Saline Basement Dog tooth Two distinct zones: 1) outer rim, dark to intermediate orange
(borehole 2) luminescence, with faint micro-scaled concentric zonation; and 2)

a slightly brighter, non-zoned core, with orange / yellow mottled
patches reflecting possible dissolution — reprecipitation.
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Table 2
Fe, Mn and REE results of SIMS analyses of calcite, data in ppm units. BDL = below detection limit.
eg S326-1 is from 326 metres, analysis number 1.

Code is for sample depth and analysis number,

$2362- 15 14 20 19 2 13 12 1 1" 5 7 6 10 8 9 3 4 18 16 17
fe 115.8 254 494.71021.0 1543 11.7 8.1 0.1 0.1 42 204 617 231 414 169 211 0.10 286 156 3522
mn 23 6.1 327 26.42132.8 7157 0.3 0.3 0.4 336.22080.0 4627.5 1481.9 754.7 1247.9 133.9 227.1 4471 26.7 1049.3
la 670 263 352 295 180 007 026 BDL 008 131 177 247 021 098 050 11.77 068 319 118 4.36
ce 028 089 066 027 1131 003 BDL BDL BDL 498 1341 1825 4.19 10.39 861 26.66 6.50 13.17 5.68 20.16
pr 273 239 388 234 223 025 018 026 013 114 219 276 069 175 114 321 129 190 163 275
nd 13.99 18.89 28.10 1546 14.37 086 3.09 288 082 7.94 1204 15.01 545 1224 10.35 18.85 856 10.83 13.42 16.89
sm 423 6.75 1154 570 6.77 136 050 268 BDL 319 580 537 350 683 555 550 422 482 621 7.10
eu 196 225 423 217 267 061 150 147 050 144 251 306 167 336 373 249 211 211 3.04 293
gd 811 6.21 1092 802 949 191 326 448 160 531 631 780 513 1056 714 839 540 555 872 642
gd 685 520 1091 557 680 228 139 416 067 403 573 572 461 885 598 318 561 624 911 7.04
dy 356 354 713 3.06 572 307 273 498 278 342 316 465 347 7.05 544 409 285 382 521 466
er 112 127 172 141 230 042 204 153 012 061 1.09 073 044 250 146 184 066 1.04 094 142
yb 1.08 116 332 120 327 055 072 181 024 029 031 093 136 364 245 049 BDL 165 054 049
mn/fe 010 024 0.10 010 13.8 61.1 0.1 28 3.7 805 1021 751 642 182 740 6.32271.2 15.6 1.7 3.0
REE (total) 50.6 51.2 859 481 66.7 115 158 244 71 337 543 66.7 307 681 523 865 380 543 557 742
la/sm 0.0 0.2 1.3 0.1 0.2 0.3 0.2 0.1 0.1 0.0 5.0 0.3 00 0.2 0.9 0.1 0.4 0.4 0.3 0.2
Gdlyb 1.9 1.7 54 4637 11.6 51 151 20 20 2.8 23 1.6 34 37 53 138 11.9 3.1 3.8 27
lalyb 0.0 04 159 4438 3.0 1.7 3.7 0.2 0.1 0.1 0.2 0.2 0.1 1.5 4.1 1.4 5.9 1.3 1.6 0.7
S310- 4 5 1 2 3 6 7 8 9 10 1" 12
fe 1404.6 1275.0 3296.8 3186.8 3308.2 1347.0 1543.6 1496.4 1389.2 1838.7 1665.7 1608.5
mn 4159.8 4050.0 8013.8 7729.7 7956.8 6270.6 7169.2 7894.9 6690.8 6296.3 4514.2 6644.1
la 6.53 1222 343 446 506 025 0.01 000 055 054 018 558
ce 32.98 4939 17.81 23.00 26.18 186 0.12 021 146 295 120 26.44
pr 631 915 402 485 586 042 006 003 025 051 018 445
nd 4217 52.87 28.70 33.98 40.63 397 026 040 110 455 1.06 22.93
sm 19.99 20.88 18.85 17.35 22.22 220 0.07 062 067 275 057 833
eu 661 765 690 695 893 061 011 022 028 1.07 040 284
gd 19.71 19.46 19.78 20.53 2214 127 038 039 114 345 144 772
gd 20.15 20.80 20.61 19.00 24.15 145 060 047 095 320 0.76 6.76
dy 16.19 16.16 13.76 11.23 14.70 047 BDL 039 113 259 123 473
er 518 473 403 328 381 021 BDL BDL 011 055 0.01 0.76
yb 002 BDL BDL BDL BDL BDL 0.13 BDL BDL BDL BDL BDL
mn/fe 3.0 3.2 24 24 24 4.7 4.6 53 4.8 34 27 4.1
ree(total0  175.8 213.3 1379 1446 1737 127 1.7 27 76 222 7.0 90.5
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s413 1 2 3 4 5 6 7 8 9 10 1" 12 13 14 15 16 17 18 19 20 23 25 26 24 22 21
fe 47511 42334 2109.4 3833.0 3511.0 1502.4 2592.7 3024.5 3500.1 2561.3 2900.4 2865.6 2753.1 3205.7 2836.6 2027.7 3025.1 2494.6 2155.7 2664.7 3327.3 15724 1519.8 2426.0 733.8 2537.6
mn 15233.0 14631.0 6857.0 8885.6 9167.2 6127.1 7361.8 6620.2 6129.1 5957.3 7537.5 7363.9 7378.0 7614.9 7453.7 5847.4 6483.2 83224 9316.8 9835.111340.1 7743.7 5158.6 6800.7 2295.6 5738.8
la 2.07 115 21.02 956  0.99 5.07 4.04 4.87 3.34 6.79 0.20 1.82 0.06 0.46 0.11 6.39 0.91 1.31 3.30 2.90 8.86 0.08 52.63 0.06 62.12 30.60
ce 887 469 5508 3018 365 2421 1577 1958 1253 19.12 084 491 0.21 1.63 0.47 14.58 3.43 489 1037 10.39 22.20 0.32 110.24 0.14 131.75 77.35
pr 1.96 1.08 779 477 049 4.01 2.90 3.44 2.28 2.83 0.20 0.68 0.03 0.26 0.08 1.88 0.55 0.73 1.39 1.58 3.02 0.08 12.87 0.03 16.87 11.29
nd 12.87 834 37.01 2379 294 2053 012 17.02 1217 13.71 1.46 3.18 0.20 1.62 0.52 7.26 2.85 3.69 6.27 7.00 11.72 0.93 46.55 012 67.41 49.76
sm 4.94 348 11.11 7.00 1.26 7.49 6.48 6.38 427 498 1.08 1.21 0.09 0.60 0.21 1.47 1.48 1.59 2.07 2.7 3.37 0.97 8.70 0.06 13.71 12.82
eu 3.24 220 449 396 0.78 2.55 3.45 3.26 2.52 2.40 0.72 0.63 0.07 0.38 0.09 0.77 0.83 0.92 1.10 1.29 1.86 0.77  4.07 0.05 6.38 6.09
gd 9.41 479 1294 968 254 7.10 6.88 6.90 5.24 5.43 1.32 1.28 0.32 0.58 0.28 1.19 1.67 1.71 2.68 2.42 2.75 1.67 11.09 0.09 1759 14.27
gd 7.1 5.02 9.82 7.99 1.15 6.22 7.51 6.66 3.23 5.23 0.80 0.72 0.10 0.33 0.09 0.63 1.49 1.42 2.46 2.09 3.50 1.99 7.20 0.08 12.71 8.89
dy 4.49 3.19 8.32 646 066 4.32 6.33 5.48 3.03 3.78 0.91 0.59 0.10 0.30 0.06 0.67 1.40 1.51 1.98 1.98 2.81 1.21 5.05 0.13 10.87 8.05
er 1.54 1.61 2.66 145 0.20 0.71 1.49 1.32 0.51 0.99 0.04 0.19 0.07 0.10 0.06 0.24 0.42 0.43 0.60 0.53 0.79 0.37 1.23 0.05 3.51 2.09
yb 0.09 0.66 1.46 0.66 BDL BDL 1.14 1.20 0.05 1.00 0.21 BDL BDL 0.06 0.11 0.29 0.63 0.54 0.26 0.37 0.77 0.11 1.18 0.10 2.94 1.66
mn/fe 3.2 35 3.3 23 26 4.1 2.8 22 1.8 23 26 26 27 24 26 29 21 3.3 4.3 3.7 34 4.9 34 2.8 3.1 23
Ree (total) 56.6 36.2 171.7 1055 14.7 82.2 56.1 76.1 49.1 66.3 7.8 15.2 1.3 6.3 21 35.4 15.7 18.7 325 33.3 61.7 85 260.8 0.9 3459 2229
$15272-* 4 5 6 7 3 8 9 10 1" 12 13 14 15 16 17 18 19 22 23 2 1 20 21 24
fe 2780.4 4590.2 4427.0 4259.0 4430.4 4507.9 5454.2 4562.0 4857.0 5507.5 6070.5 6064.8 6372.4 5443.8 4440.3 83.0 4846.0 4189.0 4215.1 3637.7 3943.5 4027.6 2836.8 3537.8
mn 13958.8 11419.8 10044.8 9520.9 9629.0 9850.5 11242.8 9779.5 10538.8 11478.8 12198.8 10740.8 10722.8 15232.8 14027.8 3253.4 15757.8 12912.8 13897.8 11271.8 11907.8 12741.8 8044.3 11387.8
la 5.57 5.09 5.77 7.42 8.45 6.34 0.59 5.34 0.86 1.06 1.43 1.23 1.90 1.36  11.81 8.72 2.39 0.16 0.01 0.56 0.46 0.01 BDL 0.05
ce 16.77 1493 1645 20.51 20.17 16.97 214 1432 2.14 2.88 265 475 4.91 348 1449 4176 2.92 0.67 0.42 1.35 1.38 0.61 41.67 30.24
pr 2.81 2.53 2.45 291 3.24 2.66 0.25 2.53 0.31 0.32 0.44 0.80 0.61 0.47 2.26 6.06 0.33 BDL BDL 0.12 0.23 0.05 7.48 5.03
nd 1650 11.71 13.04 15.19 1568 10.57 1.53 10.49 0.35 3.56 1.25 3.48 5.22 1.89 1198 28.70 2.30 1.70 0.25 BDL 0.90 0.03 37.98 26.54
sm 6.31 4.96 6.86 6.04 750 6.28 1.06 5.28 0.69 0.75 278 1.67 2.18 1.18 570 10.17 1.08 BDL BDL 0.36 0.22 0.15 19.63 13.00
eu 1.50 1.50 1.48 1.65 1.95 1.28 0.21 1.28 0.10 0.11 0.10 0.19 0.39 0.34 130 4.28 0.17 0.18 BDL 0.16 0.15 0.04 473 3.12
gd 10.19 874 1152 1232 10.99 9.14 1.65 7.48 2.08 1.38 1.43 6.40 3.30 3.86 6.91 13.84 1.81 1.45 2.66 273 1.47 0.38 33.82 19.41
gd 8.61 7.29 8.45 845  9.86 9.51 2.48 7.08 0.99 1.31 1.52 3.59 4.44 2.58 9.97 10.40 217 0.93 1.12 1.29 1.91 0.23 29.06 21.25
dy 559  4.10 3.93 537 4.86 3.48 2.03 3.59 0.87 2.08 0.80 2.35 4.19 1.52 589 10.73 1.96 1.05 1.17 2.1 2.00 1.01 18.04 11.25
er 1.19 0.77 0.64 0.57 1.01 0.25 BDL 0.33 0.36 BDL 2.46 BDL BDL 0.62 1.36 5.41 0.06 1.57 BDL BDL 0.39 BDL 3.24 1.50
yb 0.46 0.64 1.09 119 057 0.91 BDL 0.18 0.12 BDL 1.30 BDL BDL 0.17 1.17 5.06 0.13 BDL 0.64 BDL 0.41 0.14 3.18 2.94
mn/fe 5.0 25 23 22 22 22 21 21 22 21 20 1.8 1.7 2.8 3.2 39.2 3.3 3.1 3.3 3.1 3.0 3.2 2.8 3.2
REE(total) 74.5 62.3 71.7 81.6 843 67.4 11.9 57.9 8.9 13.4 16.2 245 271 17.5 72.8 1451 15.3 7.7 6.3 8.7 9.5 27 198.8 1343
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