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and 880 of pore waters during diagenesis and to define diagenetic zones in clastic rocks. However,
the 580 value of the carbonate is dependent on precipitation temperature and the §'80 value of
the pore fluid from which it precipitated. Interpretations must assume one of these parameters, both
of which are highly variable through time in diagenetic settings. Carbonate clumped isotopes of the

Keywords: cement can provide independent estimates of temperature of precipitation, allowing the pore-water 5§80

clumped isotopes to be back-calculated. Here, we use this technique on carbonate concretions and fracture fills of the

concretion Upper Cretaceous Prairie Canyon Member, Mancos Shale, Colorado. We sampled concretions from two

septarian permeable horizons separated by a 5 m shale layer, with one permeable horizon containing concretions

(le,isgtei;es's with septarian fractures. We show cores precipitated at cooler temperatures (31 °C, ~660 m burial depth)
1 1

than the rims (68°C (~1980 m burial depth) and relate that to the §'3Ceaponate Values to suggest the
concretion core precipitated in the methanogenic zone, with increasing input from thermogenically
produced CO,. The two concretion-bearing horizons have different back-calculated Blsoporewater values
(mean —2.65%0 and 1.13%oc VSMOW) for cements formed at the same temperature and similar §13C
values, suggesting the shale layer present between the two horizons acted as a barrier to fluid mixing.
Additionally, the §'8Ocarponate Of the septarian fractures (—13.8%o VPBD) are due to precipitation at high
temperatures (102 to 115°C) from a fluid with a mean (S”‘Opore\,\,ater of 0.32%o (VSMOW). Therefore, we

can tie in the cementation history of the formation to temporal and spatial variations in Slgopmewater.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).

1. Introduction One outstanding question concerns the cause of the §'80 de-
pletion (relative to carbonate in equilibrium with coeval seawater
Carbonate concretions and their internal septarian fracture fills 5180) commonly observed in concretions and their septarian frac-
have played an essential role in developing our understanding of  tures fills. There are three principal hypotheses explaining low
clastic rock diagenesis. They can act as ‘time-capsules’, recording  §180 within concretions; precipitation of the carbonate at higher
change in the geochemical environment and temperature through temperatures during burial (Mozley, 1996; Klein et al, 1999;
progressive carbonate precipitation during burial (e.g. Irwin et al,  Rajswell and Fisher, 2000), an influx of 130-depleted fluid at shal-
1977; Mozley and Burns, 1993; Coniglio et al., 2000; Raiswell and low depths (Machemer and Hutcheon, 1988; Thyne and Boles,
Fisher, 2000; Hudson et al., 2001; Scasso and Kiessling, 2001; 1989; Coniglio et al., 2000; Hudson et al., 2001; Balsamo et al.,
McBride et al, 2003; Mozley and Davis, 2005). As such, they  5015) o 2 combination of both. The solution to this problem has
are valqable indicators of the “mmfé of dlag.enet.m processes d?“‘ significant implications for interpretations of the growth environ-
ing burial and are often used to infer fluid histories in ba;1r_15 ment of concretions, and therefore any interpretations concerning
(Machemer and Hutcheon, 1988; Thyne and Boles, 1989; Coniglio R . . . . . . .
et al,, 2000: Hudson et al, 2001 Balsamo et al,, 2012). the fluid history in the b_asm. Using standard isotopic ]tgchmques it
has been almost impossible to separate whether the '°0O-depleted
values are due to the involvement of meteoric fluids or precipita-
* Corresponding author. Tel.: +44 207 594713. tion at elevated temperatures, because §'8Ocaponate is dependent
E-mail address: annabel.dale07@imperial.ac.uk (A. Dale). on both temperature and the parent §'80qyig.
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Another outstanding question concerns the transition from mi-
crobial to thermal decomposition of organic matter and how this
can be determined from geochemical studies of clastic-hosted car-
bonate concretions (Irwin et al., 1977). If the temperature and by
extension relative timing of the concretion precipitation can be
constrained, the §'3C can be correlated with mechanisms of or-
ganic matter decomposition in different clastic diagenetic regimes.

Here, we apply a relatively new technique, carbonate clumped
isotope thermometry, to derive the temperature, §'80 and §'3C
isotopic compositions of the precipitating fluid. Recent work
has shown the effectiveness of using clumped isotopes to con-
strain diagenetic processes in carbonates and fault cementation
(Huntington et al., 2011; Swanson et al., 2012; Bergman et al,,
2013; Budd et al., 2013). Additionally, Loyd et al. (2012) demon-
strated for the first time the application to concretions in order to
calculate the parent fluid 8180, proving the use of the technique
on concretions and back-calculating the §'80qiq they precipitated
from. We build on these previous works by examining the tem-
poral variation in 83C, §'80 and temperature during diagenesis
as recorded by concretions in the Upper Cretaceous Prairie Canyon
Member of the Mancos Shale, Colorado. We also investigate the
parent fluid 8180 of septarian fracture fills found within the con-
cretions themselves, the relative timing of which is poorly under-
stood (Mozley, 1996). Our work demonstrates that this approach
greatly reduces uncertainties in interpreting the record of carbon-
ate concretions, and increases our ability to accurately constrain
timing and mechanisms of chemical changes occurring during dia-
genesis in clastic rocks.

2. Background
2.1. Geological setting

The samples used in this study came from concretions in
the Prairie Canyon Member of the Mancos Shale, which crops
out on the southern edge of the Piceance Basin (39°19.062'N;
—108°59.011’"W). The Prairie Canyon Member is 306 m thick and
interpreted as a proximal shoreface deposit, consisting of four
coarsening upwards sequences capped by flooding surfaces below
which concretionary horizons occur (Cole et al., 1997; Hampson
et al., 1999). These concretions are formed of two phases of ma-
trix cement, a Ferroan dolomite and smaller amounts of a Fe-poor
dolomite (Klein et al., 1999). They contain calcite septarian frac-
tures that are concentrated at the concretion center and taper off
towards the edge forming ‘septa’ cross cutting the concretion ma-
trix (Astin, 1986).

The concretions and their associated septarian fractures have
already been the subject of extensive stratigraphic, carbon and
oxygen isotopic and petrographic studies (described in Cole et al.,
1997; Hampson et al., 1999; Klein et al., 1999) but their burial
history, the source of the pore water from which the cements
precipitated and the temperature of formation are still uncer-
tain. Vitrinite reflectance values from Mancos Shale outcrops in
the same area range from Rm = 0.42 to 0.68 (Johnson and Nuc-
cio, 1993) and constrain the outcrop to peak burial temperatures
of approximately 107 °C using the equation of Barker and Gold-
stein (1990). However, vitrinite reflectance values are dependent
on sample preservation, and the temperature estimates are very
sensitive to the specific equation used (Johnson and Nuccio, 1993).
The 8"80carponate Values of the concretions in the Prairie Canyon
Member were interpreted as potentially either being precipitated
at burial temperatures up to ~92°C from marine fluids, or in a
low-temperature mixed meteoric-marine fluid system (Klein et al.,
1999).

2.2. Carbonate clumped isotope thermometry

The carbonate clumped isotope thermometer is based on the
abundance of “clumped” '3C-180 bonds within the crystal lattice
of a carbonate mineral (Ghosh et al., 2006; Schauble et al., 2006;
Eiler, 2007). A sample of the carbonate is reacted with phosphoric
acid to produce CO,, of which the doubly-substituted isotopologue
of mass 47 (160-13C-180) is of interest. The degree of “clumping”
is denoted using the parameter ‘A47’. A47 is defined as:

where R’ = mass i/mass 44 and R is the ratio of a gas with the
same bulk isotope composition but a stochastic distribution of iso-
topologues (Eiler, 2007).

The clumping is thermodynamically controlled with an in-
verse relationship between temperature and abundance of 13C-180
bonds. Furthermore, A47 does not require any assumptions about
the bulk stable isotope composition of the parent fluid (Schauble
et al.,, 2006; Eiler, 2007). With an independent temperature con-
straint and the §'80carponate, the parent §'¥0porewater can be back-
calculated and the meteoric-marine mixing vs. temperature hy-
pothesis can be resolved.

3. Material and methods

A total of eight calcite samples from septarian fracture fills
and nine dolomite concretion matrix samples were collected from
the outcrop (Fig. 1). We used the same two sites, located 1.5 km
apart, as Klein et al. (1999). The samples were taken from two ce-
mented horizons, both of which occur at the top of sequence D
as described by Cole et al. (1997). The upper horizon has rounded
dolomite concretions between 2-3 m in length, and one concre-
tion was sampled here, PC10. The lower horizon, is ~2 m below
and more laterally extensive with cement bodies >4 m in length,
of which one concretion, PC13 was sampled.

Six septarian fractures were sampled from three separate con-
cretions along the upper horizon in the first area. The other two
septarian fracture samples were taken from one concretion (PC12)
in the equivalent upper horizon at the second site (Fig. 1). Chips
of the fracture fill were collected from six septarian fractures along
with two complete fracture fills.

Dolomite matrix samples were taken from two concretions.
Three samples were taken from one concretion (PC10) in the up-
per horizon at the first site. Six dolomite matrix samples were also
taken from one larger concretion (PC13) in the lower horizon at
the second site (Fig. 1). Klein et al. (1999) mapped out the high
resolution spatial distribution of §'3C and §'80 for PC10 and PC13,
and we reoccupied the same spatial grids (Fig. 2). Hand samples
were subsequently powdered using a dental drill prior to analy-
sis.

Two septarian fracture samples were examined in thin section
by cathodoluminescence (CL) using a CITL Cathodoluminescence
MKk5-2 stage and a Nikon Eclipse 50i microscope with a Nikon
DS-Filc camera (see Supplementary material). The CL stage was
operated at 15 kV. Thin sections were examined for evidence of
alteration through weathering, and none was observed. Five septar-
ian fracture fills were analyzed for phase identification by powder
X-ray diffraction at the Natural History Museum, London. This was
carried out on a Phillips PW 1830 diffractometer system using Cu
Ko radiation at 45 kV and 40 mA. The resulting diffraction pattern
was then overlaid with known mineral XRD patterns from the In-
ternational Centre Diffraction Database (ICDD) for qualitative phase
analysis by peak matching.

Isotopic analyses were carried out in the Qatar Stable Isotope
Laboratory at Imperial College London. Between 5-8 mg of calcite
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Fig. 1. (A) Upper and lower horizons at Area 4. Septarian fracture samples were taken from PC12. (B) Matrix transect at grid PC13, stars represent drill holes. (C) Matrix

transect at Grid PC10. (D) Septarian fractures from concretion PC12.
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Fig. 2. Grids for PC10 and PC13 used by Klein et al. (1999). Measurements by Klein et al. (1999) are non-bold, isotope values obtained in this study are bold and samples
denoted by a star. Contouring is every 1%, as per Klein et al. (1999). 8'3C and §'80 values of re-occupied sites fell within 1%o of those measured by Klein et al. (1999).

from fracture fills were reacted in 104% phosphoric acid at 70°C
for 15 min and the resulting CO, gas was purified in a manual
vacuum line following Dennis and Schrag (2010). Dolomite ma-
trix samples were first treated with cold 3% H;O, and distilled
water rinses to remove organic material (Ferry et al., 2011), and
9-10 mg of sample were reacted at 90 °C for 45 min before being
passed through the vacuum line. All samples are reacted online
with the CO, produced being continually trapped during the reac-
tion. Resultant CO, was measured on one of two Thermo Fisher
MAT 253 isotope ratio mass spectrometers with an integration
time of 2 h (see Huntington et al., 2009). To monitor for contami-
nation, only samples with 848 and Agg values that fell within 2%

of the appropriate heated gas line were accepted (Huntington et
al., 2011).

The acid fractionation factor of Kim et al. (2007) and the
dolomite fractionation factor of Rosenbaum and Sheppard (1986)
were used to correct the §'80ccie and §'80ggiomite respectively.
Rosenbaum and Sheppard (1986) was used as it was used in a
previous study of these cements (Klein et al., 1999). Acid fraction-
ation factors for A47 are taken from Guo et al. (2009) (equation
23). This was used as it can be adjusted for 70°C and 90°C for
calcite and dolomite respectively. At 90°C it gives a fractiona-
tion factor of 0.069%o, comparable with recently published empir-
ical fractionation factors for 90°C of 0.07%0 and 0.076 + 0.007%0
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Table 1
Concretion and septarian fracture §'3C, §180, A47 and 6'8Oporewater-
Sample Mineralogy Type? n s13¢ 8'80carbonate A47¢ T 818 0porewater
(VPDB)" (VPDB)° (°C) (VsSMow)¢
PC10C1SC1 Calcite F 4 —3.35 (0.04) —14.35 (0.18) 0.511£0.014 102+8 0.63+1
PC10C1SC2 Calcite F 3 —3.03 (0.09) —14.10 (0.03) 0.497 £ 0.004 111+£3 0.29+0.33
PC10C1SC3 Calcite F 4 —3.03 (0.01) —13.44 (0.05) 0.490 £0.010 101+9 —0.09+1.04
PC10C2SC1 Calcite F 4 —3.03 (0.02) —13.77 (0.09) 0.512£0.016 115+6 0.91+£0.67
PC10C2SC2 Calcite F 3 —3.08 (0.01) —13.82 (0.09) 0.499 £0.012 110+8 0.38+0.9
PC12SC1 (area 2) Calcite F 3 —2.89 (0.01) —13.72 (0.04) 0.499 £ 0.03 109+2 0.49+0.24
PC12SC3 (area 2) Calcite F 3 —3.13 (0.03) —13.56 (0.08) 0.499 £0.012 109+7 0.58+0.79
PC10C55C2 Calcite F 3 —2.10 (0.02) —13.21 (0.25) 0.502 £0.013 107 +8 0.96 +1.09
PC10B6 Dolomite M 2 6.81 (0.12) —2.35 (0.12) 0.631+£0.009 4343 0.63 +0.65
PC10D5 Dolomite M 3 9.33 (0.15) —1.47 (0.27) 0.620 £ 0.005 4842 2.09£0.59
PC10G5 Dolomite M 3 3.83 (0.15) —4.06 (0.48) 0.608 £0.012 53+5 0.66 +1.28
PC13 B2 Dolomite M 3 —4.54 (0.21) —8.7 (0.41) 0.595 £+ 0.004 58+1 —3.76 £0.55
PC13 B3 Dolomite M 2 0.90 (0.08) —6.29 (0.66) 0.612 £0.001 51+0 —2.574+0.55
PC13 B4 Dolomite M 2 4.54 (0.2) —3.59 (0.19) 0.664 £0.015 31+£5 —3.15+1.18
PC13 B6 Dolomite M 3 0.97 (0.04) —5.76 (0.05) 0.626 £0.012 45+4 —2.10+0.89
PC13 E1 Dolomite M 2 —7.5 (0.07) —9.1 (0) 0.573 £0.011 68+5 —-2.5+£0.73
PC13 E4 Dolomite M 3 6.86 (0.05) —2.28 (0.05) 0.666 £ 0.004 30£1 —-1.86+0.3
2 F = fracture, M = matrix.
b Error is 10 for 8'3C and §'80carponate-
; Error for A4y is given as standard error, calculated by the replicate standard deviation divided by square root of n.

10 of §'®0carhonate and temperature standard error.

(Wacker et al., 2013; Henkes et al., 2013). For the dolomite sam-
ples reacted at 90 °C, the maximum temperature change caused by
different fractionation factors is ~3 °C, which falls within the stan-
dard error of many of the samples (Table 1).

The Ag47 values were converted into temperature using Passey
and Henkes (2012) (Eq. 5), adjusted to take into account that
an acid fractionation factor of 0.081%0 was used by Passey and
Henkes (2012). Parent Slsoporewater values were calculated us-
ing calcite-water fractionation factors from Friedman and O’Neil
(1977) for calcite and Vasconcelos et al. (2005) for dolomite.
The Vasconcelos et al. (2005) was used as it is a low temper-
ature calibration for dolomite, and the concretions can form at
low temperatures. Using the higher temperature calibration of
Land (1980) to back-calculate 8'®Oporewater shifts all the back-
calculated pore-water compositions to ~ 1%, more negative, but
this does not have a major impact on the interpretation of the re-
sults.

All A47 values are reported in the absolute reference frame
with the methodology described in Dennis et al. (2011), using
standards, including Carrara Marble, an externally verified carbon-
ate standard (ETH-3), heated gases and CO; gases equilibrated with
water at 25°C, 50°C and 80 °C. During the period of measurement
on each machine the Carrara Marble standard had a mean Ag47 (in
the universal reference frame) of 0.391 (16 0.034n = 42) for one
machine and 0.410 (16 0.02n = 13) for the other. Both §!80 and
813C values are reported against Vienna PeeDee Belemnite (VPDB),
and the 8180p0rewater is reported against Vienna Standard Mean
Ocean Water (VSMOW).

4. Results

All results are shown in Table 1. Mean §'3C and §'80¢abonate
values for the septarian fracture fills are —2.96 (0.37% 10) and
—12.22 (0.36%0 10'), respectively. The mean 8“"Opore_\\,\mter composi-
tion for the septarian fills is 0.32%o £ 0.5%0 (10'). Matrix dolomite
cement §'3C values are increasingly depleted towards the edges
of the concretions, and range from positive §13C up to 9.33%
in the core of PC10, to —7.5%0 towards the edge in PC13. The
5180carbonate has a similar trend, becoming increasingly depleted
towards the edges of the concretions, ranging from —1.47%c at
the center of PC10 to —9.1%o at the edge of PC13. Results for the

Back-calculated using fractionation factors of Vasconcelos et al. (2005) for dolomite and Friedman and O’Neil (1977) for calcite. Error for Blsoporewater is calculated using
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Fig. 3. Burial depth (km) and clumped isotope temperatures (°C) vs. calculated
(SISOPU,-ewater. Septarian fractures (triangles) and matrix cements (squares) are plot-
ted. Burial depth assuming a geothermal gradient of 30°C/km and a sea-floor tem-
perature of 15°C. Error bars are 1 standard error (S.E.).

matrix samples can be shown overlying those obtained by Klein
et al. (1999) in Fig. 2. Back-calculated Slsoporewater compositions
are shown in Fig. 3. The standard deviation reported for the ma-
trix samples (Table 1) likely represents a combination of analytical
error and the heterogeneity of the samples, as they are mixed car-
bonate phases.

The mean Ag47 for the septarian fracture infills is 0.501 4-0.02%
(10). For the matrix dolomite there is a core to rind trend in Ay
that corresponds to the changes in 8'3Cearponate and 8'8Ocarbonate-
They range from 0.573%o to 0.666Y%o. This translates to tempera-
tures of 107-115°C for the fracture fill, and between 30 £+ 1°C to
68 £+ 5°C for the matrix samples (Table 1).
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5. Discussion
5.1. Assessing the integrity of the clumped isotope results

Two main complications can arise when interpreting the §180
and Ay values of the samples. First, the cements may have un-
dergone recrystallization during burial, which could cause an al-
teration of both the 8'®Ocaponate and the A4; signatures. Sec-
ond, the A47 could have been reset in a closed system during
burial through solid-state diffusion, a process which can occur
whilst the 8'8Ocarponate Temains unaffected (see Ferry et al.,, 2011;
Quade et al., 2013).

Although we cannot completely rule out recrystallization, we
deem it unlikely as (1) we found no petrographic textural evi-
dence of recrystallization in the fracture calcite in thin sections
and under cathodoluminescence (see appendix), (2) at least in the
dolomite matrix, cooler temperatures are preserved in the center
of the concretions (~30°C), and 3) there is a range of different
8180 values in the surrounding dolomite matrix, which may have
been expected to homogenize with recrystallization. Furthermore,
with regards to understanding the basin fluid history, even if re-
crystallization had occurred, the back-calculated pore fluid should
represent the (Slsopore\,\mter composition at the temperature of re-
crystallization and has less impact on our interpretation.

It also seems unlikely that the dolomite concretion matrix has
been reset, given the preservation of low temperatures at the
cores of the concretions. For the calcite fracture fills, the likeli-
hood of resetting is a function of the temperatures the Prairie
Canyon reached during burial, and the length of time is was held
at these temperatures (Dennis and Schrag, 2010; Huntington et al.,
2011; Passey and Henkes, 2012). However, previous works on the
clumped isotope signatures of diagenetic calcite samples have been
show to preserve potentially original, low precipitation tempera-
tures (~24°C) next to high temperature calcite (137°C) in fault
zones (Swanson et al., 2012), dike intrusion settings (Finnegan et
al., 2011), and low temperature 14-19 °C calcite next to 94-123°C
calcite in Eocene gastropod shells (Huntington et al., 2011).

It is difficult to constrain the temperature history of the out-
crop independently of the clumped isotope data, and especially
the duration of exposure of the concretions to burial tempera-
tures. Vitrinite reflectance data imply a maximum temperature of
~107°C, although this is likely associated with large uncertain-
ties that are difficult to constrain (Johnson and Nuccio, 1993). The
Prairie Canyon Member also appears in wells to the north of the
outcrop studied (Nuccio and Roberts, 2003). In these wells it has
been exposed to temperatures >100°C for ~80 million years, so
the length of burial of the outcrop examples used in this study
is likely to be significantly less than this. Despite the lack of
control of the timing, the fracture fills also have back-calculated
8180porewater cOmpositions within error of the §'80porewater for ma-
trix dolomite cements in the concretion PC10. This is significant, as
the fractures are taken from the same horizon as PC10 and had re-
setting of the Ay47 signature occurred, the back-calculated fluids of
the fractures and matrix may be expected to be different.

5.2. Growth of the concretions

A simple model of concretion formation is based on ‘concen-
tric growth’, with progressively younger cement phases growing
outwards from the center to the edge of the concretion. However,
many concretions form in a pervasive manner, in which early and
late stage cements precipitated throughout the concretion body.
This can occur where early cementation is incomplete and pre-
serves residual porosity that is protected against compaction (Moz-
ley 1989, 1996; Raiswell and Fisher, 2000). The spatial distribution

of §13C and §'80 in the Prairie Canyon concretions could be in-
terpreted as either consistent with the concentric growth model
(Mozley et al. 1996; Klein et al., 1999), or a pervasive growth
mechanism, where intermediate between the edge and core rep-
resent mixtures of early and late cements, with greater amounts
of late cements present near the outer edge (Mozley, 1989, 2002)
(Fig. 2). In this case it may be difficult to determine whether ce-
ments occurring at intermediate locations between a concretion
centre and edge are be due to (a) successive generations of cement
growing concentrically from the centre, or (b) mixtures of early
and late cements where the percent ratio of centre: edge cements
in a sample varies according to its relative position. In these con-
cretions, it is difficult to distinguish any core to edge relationship
in matrix cement mineralogy (Klein et al., 1999). In scenario (a) the
temperatures inferred from A47 values are the actual temperatures
that occurred during the formation of those cements. In scenario
(b) the temperatures inferred from Ag47 values are not those that
occurred during cement formation.

It is not possible to distinguish discrete layers in the concretions
in the Prairie Canyon outcrop or thin sections from those con-
cretions. Previous work suggests that although a Fe-poor dolomite
preceded a more ferroan dolomite, there is no center-to-edge rela-
tionship in abundance of the two (Klein et al., 1999). It is possible
that precipitation of a relatively small amount of an early ferroan
dolomite phase stabilized the sediment framework and prevented
compaction in areas of the concretions (Spinelli et al., 2007), al-
lowing a later, higher temperature ferroan dolomite to precipitate
throughout. Thus, there is no way to be certain that the ferroan
cement all represents one phase of precipitation. It is likely, how-
ever, that even in the case of mixed cements the concretion centre
is predominantly early cement and the edge is predominantly late
(Mozley 1989, 1996). In this case we assume here that the concre-
tion centre is predominantly early cement and the edge is late. We
can determine that in concretion PC13 the cement in the concre-
tion center precipitated at lower temperatures (31 £ 5°C), whilst
cement at the edge precipitated at higher temperatures (68 4 5°C)
(Fig. 3). Concretion PC10 is significantly smaller than PC13 and
shows less variation from core to edge in §'3C and §'80 (Fig. 2).
However, as the cements most depleted in 5§80 and §'3C were
not sampled to measure A47, we cannot be certain of the range in
temperature nor when the concretion finished forming.

5.3. Relative timing of burial processes compared to §13C

By reference to a burial curve estimated for this area for subsur-
face wells containing the Mancos Shale (Govt. 31-10 well, page 15
in Nuccio and Roberts, 2003) the data from PC13 relates to a depth
of approximately ~660 m and age of 75 m.y. for the formation of
the concretion centre and a depth of ~1980 m and age of 65 m.y.
for the formation of the edge cement, assuming a geothermal gra-
dient of 30°C/km and seafloor temperature of 15°C (see Klein et
al., 1999 for a discussion of sea-floor temperatures). This would in-
dicate concretion growth lasted 10 million years and occurred over
a depth range of ~1400 m. The timing of septarian fracture for-
mation would have been at approximately ~35 m.y. and ~3500 m
depth.

These data can be used to help constrain the timing of organic
decomposition processes (Fig. 4) as reflected in the §'3C of the
cement. The core of concretion PC13 has a heavy §'3C signature
(6.8%0); such enrichment of pore waters in 13C is typically at-
tributed to methanogenesis (Irwin et al.,, 1977). The edge cements
are more depleted in 13C (513C = —9.1%¢) probably reflecting the
onset of thermocatalytic decarboxylation (Irwin et al., 1977; Klein
et al, 1999). The temperature of the concretion core (31 + 5°C)
is compatible with temperatures (~30°C) at which methanogenic
bacteria have been used to experimentally precipitate stoichiomet-



A. Dale et al. / Earth and Planetary Science Letters 394 (2014) 30-37 35

Mixed Cements Methanogenic Zone
20 SRR 300

600
A0 (TR 900

1200
1500

60 |
1800

80 b - 2100

2400
2700

Clumped temperature (°C)
(w) yidsp [eung pajewns3y

-
o
o

3000

3300
120

3600

3900
-10 -5 0 5 10

5'3C carbonate %o (VPDB)
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ing a geothermal gradient of 30°C/km and a sea-floor temperature of 15°C. Black
squares are PC13, half white half black are PC10, triangles are septarian fills. Error
bars are standard error (1 S.E.) for temperature and 1o for §3C.

ric dolomite (Kenward et al., 2009). The upper temperature limit
of bacterial methanogenesis in the Prairie Canyon must be lower
than temperatures recorded by cements at the outer rim of the
concretion, where §13C values of —7.5%c imply thermocatalytic
decarboxylation at a temperature of at least 68 + 5°C based on
clumped isotopes results (Fig. 3).

The final cementation event to occur is the infill of the sep-
tarian fractures, of which the mean precipitation temperature is
108 °C (Fig. 3), corresponding to burial depths of ~2.7 to 3.5 km.
The mean §!3C value of the calcite is —3.3 & 0.3%o (VPDB), and
may reflect thermocatalytic decarboxylation processes, similar to
the concretion edge cements of PC13. The texture of the calcite in-
fill does not imply growth during fracture opening, as the crystals
show no preferential elongation perpendicular to fracture opening,
and as such it is impossible to infer the timing of fracturing except
that it is later than the concretion edge cements.

Additionally, this shows that the cooler carbonate clumped iso-
tope temperatures of early dolomite concretion cores are pre-
served, even when in close spatial proximity to higher tempera-
ture dolomite and calcite phases and subjected to burial depths
>3.8 km. This implies that the dolomite phase can withstand re-
setting up to ~115°C for at least ~40 m.y.

5.4. Parent fluid §'80 of the concretion matrices

For the matrix dolomite cement, the back-calculated
8180p0rewater values for the core and edge of concretion PC13 are
anomalously depleted with values of —2.5%0 and —1.86%0 re-
spectively. The first of these values is similar to those obtained
by Loyd et al. (2012) for concretions in the Holz Shale, which
they interpreted to represent meteoric-marine mixing. Given the
near-shore geological setting of portions of the Prairie Canyon
(Hampson et al., 1999) and the fact that §'8Oporewater values for
the edge of PC13 are slightly more negative than the inferred Cre-
taceous seawater value of —1.2%o (Shackleton and Kennett, 1975;
Klein et al., 1999) these data could also suggest a degree of me-
teoric water influx. The Prairie Canyon Member is sandier and
a more permeable horizon than the surrounding Mancos Shale.

It may have acted as a coastal aquifer for meteoric water, in a sim-
ilar manner to the New Jersey Margin off the eastern seaboard of
the USA today (Malone et al., 2002). Siliciclastic carbonate concre-
tions are also found in these settings (Malone et al., 2002). There
does not appear to be a large difference between the core and edge
cement 8'8Oporewater, implying little change in the §'80 values of
the parent fluid during burial and formation of PC13.

The back-calculated (Slsoporewater of matrix cements from PC10
is up to 2%o heavier that that of PC13 (Fig. 3). Additionally, al-
though the precipitation of the septarian fracture fills is a much
later event in the burial history as demonstrated by higher tem-
peratures of precipitation, the Slsoporewater is still within the range
of error of the earlier concretion matrix cements, with a mean
8180porewater Of 0.32 £ 0.5%q (1) (Fig. 3). This is significant as
the matrix cements of PC10 concretions may have precipitated
from pore fluids with a heavier 8'8Oporewater than PC13, at simi-
lar temperatures and §'3C values. If this were the case, it implies
the type of porewater (meteoric/marine) is not an essential control
on the precipitation of the carbonate cements and that the septar-
ian fracture fills did not precipitate from meteoric-marine mixed
water. Secondly, it may suggest that the two porefluids were not
in communication with each other across the 2 m shale layer be-
tween them. Finally, the 8'8Oporewater Within the PC10 layer does
not exhibit a major (> 1%¢) change between the early matrix ce-
mentation and the later and deeper fracture fill precipitation.

There are several potential causes of the differences in
8'80porewater between PC13 horizon and the PC10 concretionary
horizon. There may have been an inherent heterogeneity in the
original porefluid at time of deposition, potentially due to changes
in sedimentation. This hypothesis is supported by a previous sedi-
mentological study by Hampson et al. (1999), who interpreted the
shale horizon between the PC10 and PC13 to represent the dis-
tal toe of another parasequence. Alternatively, the horizon of PC13
may have been a preferential flow pathway for meteoric-marine
mixed fluids to travel through. This is supported by the observa-
tion that the extent of cementation in the PC13 horizon is much
greater than PC10. An influx of Ca?*, Mg?*, Fe?* and CO3™ ions
from fluids along the horizon could replenish the ion gradient and
explain the cementation (Bjorkum and Walderhaug, 1993).

It is also possible that difference in §'8Oporewater between the
two horizons is caused by diagenetic processes, such as extended
water-rock interaction, or clay dewatering during burial (Clayton
et al., 1966). However, the difference is observable at temperatures
of 31-40°C so many higher temperature diagenetic processes, such
as clay transformation (temperatures in excess of 100°C) can be
ruled out (Aoyagi and Kazama, 1980). However, volcanic ash, which
is present in the Mancos Shale, alters at low temperatures and
has been suggested as a mechanism for significant depletion in
180porewater (Lawrence et al., 1979; Lawrence and Gieskes, 1981;
Lawrence and Taviani, 1988). Finally, another possible solution may
be shale hyperfiltration, which could cause fractionations in 80,
and a §'80porewater up to 0.8% lighter on the lower pressure side
of the shale layer (Coplen and Hanshaw, 1973).

6. Conclusions

Clumped isotope analysis has been used to analyse the ma-
trix cements of two concretions from two different horizons and
septarian fracture fills from four concretions within one of those
horizons in the Mancos Shale found in the Prairie Canyon out-
crop. Analyses reveal that the concretion matrix in the core of
the concretions formed at shallow burial depths (<1 km burial),
before later cements at the edge of the concretions precipitated
at depths of ~1.5 km. Subsequently, septarian fracture infills
formed at depths of ~3 km. The spatial juxtaposition of low
temperature dolomite cements and high temperature cements



36 A. Dale et al. / Earth and Planetary Science Letters 394 (2014) 30-37

suggests that it is resistant to at least complete resetting up to
~115°C over a timescale of at least 40 myrs. The various cement
phases record the history of changes in organic matter decompo-
sition via changes in 8'3Carponate indicating a change from the
methanogenic zone at <1 km burial to one influenced by the
temperature-driven breakdown of organic matter at >2 km burial.
The 8'8Oporewater Shows that the matrix cements for horizon PC13
precipitated from a porewater with a marine-meteoric mixed sig-
nature, whilst horizon PC10 and the associated septarian fracture
fills formed from porewaters isotopically enriched in '80 relative
to Cretaceous seawater. This may reflect original porewater hetero-
geneities, differences in horizon permeability or be caused by an
early diagenetic process such as alteration of volcanic ash or shale
hyperfiltration.

Our data showing high temperature precipitation for the sep-
tarian infill from a non-meteoric parent porewater should caution
others when using septarian calcite to infer meteoric input through
time based only on light oxygen isotopes. Independent verification
from other palaeothermometers, such as carbonate clumped iso-
tope thermometry is essential.

Using carbonate clumped isotope thermometry, we demon-
strate that septarian (and non-septarian) concretions formed over
a wide range of depths and temperatures, constraining the diage-
netic processes and pore fluid compositions in formation. This is
achieved by providing an independent temperature axis to deter-
mine relative timing of cement phases (related to burial temper-
atures), and by distinguishing between meteoric-mixing or high
temperature precipitation of carbonate cements. This warrants a
broader use of this technique to further our understanding of pro-
cesses occurring during clastic diagenesis.
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