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SIDERITE CONCRETIONS FROM NONMARINE SHALES (WESTPHALIAN A) OF THE PENNINES,
ENGLAND: CONTROLS ON THEIR GROWTH AND COMPOSITION

Q.. FISHER', R, RAISWELL?, asn 1.ID. MARSHALL"
U Department of Earth Sciences, University of Leeds, Leeds 1.52 QT UK
2 Department of Earih Sciences, Liverpool University, 169 38X, UK

AusTracT:  Back-scattered electron microscopy has been used to ex-
amine the microstructure of nonmarine-shale-hosted siderite concre-
tions, The concretions are composed of 50-100 gem, zoned crystallites,
which exhibit no noticeable center-to-edge variation within any indi-
vidual concretion. This indicates that siderite crystallites nucleated at
virtuafly the same time across the entire concretion and that the con-
cretions did not grow by radial addition of siderite layers around a
central nucleus. Further siderite precipitation took place by erystal
growth onto the nuclei. The total proportion of siderite in any part of
the concretion bears no simple relationship to the poresity of the en-
closing shale at the time of precipitation, and growth by passive pre-
cipitation in pore space is unlikely. Integration of microprobe data with
bulk mineral-chemical and stable-isotope data suggests that the siderite
crystallites are composed of an Fe-Mn-rich end member with a §'3C
value of ~ +10%. and a Mg-Ca-rich end member with a §*C value
of ~ 0%c to —5%e. The minerai-chemical and stable-isotepe composi-
tions of these concretions resulted from microbially mediated processes
operating close (< 10 m) to the sediment-water interface, during meth-
anogenesis. Methanogenesis can generate low-8°C as well as high-
83C carbonate cements, hence deep-burial diagenetic reactions, such
as decarboxylation of organic matter, need not be invoked to generate
solutes for siderite precipitation.

INTRODUCTION

Intensive research over the last three decades has provided compeiling
evidence that most, if not all, mudrock-hosled carbonate concretions began
to form as a product of microbially mediated reactions, very similar to
those that occur close to the sediment—water interface in present-day sed-
iments (e.g,, Raiswell 1971; Curtis et al. 1975; Curtis ¢t al. 1986; Coleman
and Raiswell 1993). The results of geochemical and stable-isolope inves-
tigations of concretions (e.g., frwin et al. 1977) have been integrated with
studies of pore-water composition (e.g., Rosenfeld and Silverman 1959,
Claypool and Kaplan 1974; Froelich et al. 1979) and the bulk mincralogy
of fine-grained sediments (e.g.. Hower cf al. 1976} to obtain both a general
model for the growth of concretions (e.g., Irwin et al. 1977; Curlis et al.
1986} and a zonal scheme for the diagenctic evolution of organic-rich mud-
rocks {e.g., Curtis 1977),

Until recently, the most widely accepted model for the growth of mud-
stone-hosted concrelions requires that growth began close to the sediment-
water interface and occurred from the center outwards by the lateral ac-
cretion of successive generations of carbonate cement. It is frequently as-
sumed that the carbonate passively replaced pore water. Consequently, the
proportion of cement is often taken to be equivalent to the porosity of the
host sediment at the time of mineral precipitation (Lippmann 1955; Seibold
1962; Raiswell 1971; Oertel and Curtis 1972; Gautier and Claypool 1984,
Curtis ¢t al. 1986). These porosity cslimates have been combined with shale
compaction models, such as those of Baldwin and Butler (1985), to derive
an estimate for the depth of cement precipitation (Curtis et al. 1986). Vari-
ations in the amount of carbonate and its mincral-chemical and isotopic
composition between and across individual concretions are often remark-
ably consistent wilh this growth model (c.g., Raiswell 1971; Irwin et ai,
1977; Curlis et al. 1986).

The siderite concretions from the nonmarine shales of the Hepworth
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quartics, near Penistone, South Yorkshire, England, have been widely stud-
icd (c.g., Oertel and Curtis 1972; Pearson 1973, 19744, 1974b, 1977, 1979,
1985; Curtis et al. 1975; Curtis et al. 1986; Curtis and Coleman 1986) and
offer one of the best examples of bulk chemical, mineral-chemical, and
stable-isotope data that are consistent with the growth model cuilined
above. The concretions are usually present within gray shales and mudrocks
#s oblate nodules oriented parallel o bedding. Generally ranging in di-
ameter between ~ 3 and 40 cm, they are present in isolation or within
laterally persistent bands; sideritic sheets are also present that are laterally
conlinuous over the whole fength of quarry faces (> 100 m). The defor-
mation of bedding around the concretions provides unequivocal evidence
that they began to form during shallow burial.

The amount of siderite within the concretions usually decreases from a
maximun of ~ 70% in their center down 1o as low as 3% at their marging
{Custis ct al. 1986). This is equivalent 1o precipitation at burial depths of
several meters and scveral Kilometers, respectively, assuming that the
amount of carbonate reflects the porosity of the host sediment at the time
of cement precipitation. The siderite at the centers of the concretions is
frequently Mun-rich and enriched in '*C; Mn concentrations as high as 14
mole % and 8°C values as high as + 10%. have been yeported (Curtis et
al. 1986G). The siderite from the marging of concretions tends to be Mg-Ca-
rich and depleted in HC: Mg concentrations of up o 19 mole %, Ca con-
centrations of as high as 16 mole %, and 8'*C values as low as —3%s have
been repotted {Pearson 1983: Custis et al. 1986}, These results were inter-
preted as showing that the Mn-rich siderite, at the cemters of concretions,
precipitated soon after sediment deposition as a product of microbially
mediated iron reduction, manganese reduction, and methanogenesis. The
increase in the Mg-Ca content and decrease in 8°C values was believed
1o have occurred because clay-mineral transformation and thermal decar-
boxylation of organic matier became important sources of solutes for sid-
erite precipitation during decper burial (Pearson 1979, 1985; Curtis and
Coleman 1986).

The published results outlined above appear to suggest that concretions
have the potential to record changes in pore-water chemistry throughout
shale burial. However, this model for concretion growth is based on the
assumption that the amount of carbonate within any part of the concretion
reflects the porosity of the sediment at the time of cement precipitation,
yet this has never been supported by microstruclural data. This is an im-
portant omission, especially when recent work on other groups of conere-
tions suggests that carbonate may not always precipitate by passive infiil
of porosity (e.g., Mozley 1989, 1996; Feistner 1989). Furthermore, Mozley
{1996) noted that most of the evidence typically used to suppost the pas-
stve-infill model can be explained by other modes of growth, and concluded
that the passive-infill mechanism may be the exception rather than the rule,
al least for concretions in marine mudrocks,

The aim of this paper is to present new microstructural and microchem-
ical data, cbtained using back-scattered electron microscopy {BSEM) and
electron microprobe analysis (EMPA), which show that some aspects of
the previons models for the growtl of the Hepworth siderite concretions
are incorrect. These data are integrated with published results from modern
sediment studies 10 show that the stable-isotope and geochemical variations
across and between concretions can be explained in terms of processes that
operate close to the sediment-water interface rather than pore-water eve-
lution during sediment burial. In broader terms, this work suggests that
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zonal schemes for shale diagenesis that have been based on integration of
results from studies of concretions and modern pore waters should be re-
evaluated.

STUDY AREA

Material for this study was coliected from the Westphalian A, Bullhouse
Quarry {UK National grid reference SE 209023), which is owned by Hep-
worth Industrial Building Products Lid,

The lower part of the sequence (Fig. 1) is composed of mudrocks, root-
fet-rich siltstones, and bleached sandstones that probably represent non-
marine sediments that were emergent above the water table and chemically
madified by eogenetic processes (Curtis and Colemnan 1986). The sediments
were subsequently buried beneath a developing peat swamp (later (o be-
come the Halifax Hard Bed Coal). However, chemical leaching probably

Study area

FiG, |.-—The geological sequence in the
Bullhouse Quarry and ils location.

continued because of recharge of slightly acidic, anoxic waters within the
phreatic zone bencath the peat swamp (Curtis and Coleman [986).

Directly overlying the Halifax Hard Bed Coal is the Alton (G. listeri)
Marine Band. This comprises ~ 1 m of dark gray and black pyritiferous
mudrocks containing a Jow-diversity, but highly abundant, marine fauna.

The rest of the succession {up to 20 m} is composed predominantly of
dark-medium gray mudrocks; these conlain abundant sideritic concretions
and a limited fauna thought to indicate that the sediments were deposited
in a fresh to brackish-waler environment (Calver 1968a). This sequence of
nonmarine mudrocks is broken by a thin dark-gray shale that probably
represents the Parkhouse Marine Band (cf. Calver 1968b).

ANALYTICAL METHODS

Four concretions werc sampied from the Builhouse Quarry. BH2 and
BH4 were collected from ~ 2 m and ~ 4 m above the Halifax Hard Bed
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Coal, respectively, BHS was collected from ~ 1 m below the Parkhouse
Marine Band, and BH7 was collected from ~ 2 m above this horizon, A
20 mm thick slice was cut through the center of each concretion and was
subscctioned (Fig. 2). X-ray diffraction (XRD) analysis showed the samples
to be composed mainly of siderite, quartz, kaolin, mica, and chlorite.
Around 500 mg of cach powdered sample were accurately weighed, and
then the siderite was dissolved by reaction with 10% HCI for 24 hours at
room temperatuse. The solutions were analyzed by ICP-AES for P, Al, Fe,
Mg, Ca, and Mn. Carbonate-{ree shales from around each concretion were
leached in the same manner, and the leachates were analyzed for both major
and minor elements, allowing a correction for silicate dissolution within
the concretion samples (o be made. The ICP-AES was calibrated using

Tanws; |—-Stable-isotope data from selected subsamples of the BH2 and BH4 sid-
erific concretions.

Sample Number JC PDB Mean 54

4.23
420
4.2%
133
339
343
188
BIZ 4.5 191 1.88
184
0.89
0.56
072
3.67
BH2 2.5 T
354
4.86
4.87
4.54
B4 1.2 307
4.79
8.8t
8.5
8.20
8.95
§.82
6.06
6.02
6.0%
G.44
6.50

BHZ 12 4.24 0.81

BH2 1.4 339 0.05

003

BH2 22 0.73 018

364 0.0%

BH4 L1 4.76 019

493 020

BH4 1.9 8.33 0.31

BH# 1.10 8.89 0.09

BH4 113 606 0.04

BH4 2.5 647 0.04

standard solutions made in the same HCl matrix as the diluted leachates.
The residucs were anatyzed for organic carbon using a Carlo Erba 1106
elemental analyzer. Unleached samples were also anatyzed for total carbon
using the clemental analyzer, and the content of inorganic carbon was cal-
culated by subtracting organic carbon from total carbon.

The ICP-AES raw data were corrected, using the methods described in
Pearson (1974a), for apatite dissolution (ail phosphorus in solution was
assumed to be from dissolved francolite), blank composition, and silicate
dissolution in order to determine the bulk chemical composition of the
siderite in each subsample. For the latter correction, it was assumed that
Fe, Mn, Ca, and Mg were fcached from silicates in direct proportion to the
Al in soluticn and that this proportion was exactly the same in the leachates
from the concretion subsammples as in the leachate from the carbonate-free
shale surrounding the concretion.

A selected number of subsampics (BH2 1.2, 1.4, 1.5, 2.2, 2.5; BH4 1.1,
1.2, 1.9 1.10, 1.13, 2.5) were chosen for stable carbon isotopic analysis.
Approximately 50 mg of each catbonale powder was leached with 10%
chlorax solution overnight, in order lo oxidize labile organic matter. After
drying, the remaining organic matier was removed using a Bio-Rad E2000
low-temperature plasma asher. Approximately 3-3 mg of cach subsample
was then reacted with 2 ml of 100% orthophosphoric acid under high vac-
uam {typically <0 5 x 10~% atm), at 30°C, until all signs of reaction had
ceased (generally ~ 2 weeks). Purified CO, samples were analyzed using
an automated VG Isogas SIRA 12 triple-coliecter mass spectrometer by
comparisen with an internal standard calibraled to the NBS19 international
standard. The reproducibility of the stable carbon isotope analyses was
measured by conducling up to three repeat analyses of each sample (Table
1). Oxygen isolopes were also measured, but these had poor reproducibility
and so arc not presented. In addition, interpretation of oxygen-isolope data
from siderite concretions is often problematic, possibly because of the in-
fluence of microbial action on isotopic fractionation (Mortimer and Cole-
man 1997).

Samples from across the BH2, BH4, BHS, and BH7 concretions were
polished and carbon coated, and their microstructure was examined using
a CAMSCAN Series 4 scanning efectron microscope (SEM) equipped with
a Link Systems 1053s energy-dispersive X-ray spectrometry (EDX} system.
Quantitative microchemical data were oblained from each sample using a
Cameca $X-50 electron microprobe. Iron was calibrated using hematite,
Ca and Mg using dolomite, and Mn using rhodonite standards. Since two
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Tank 2—Butk chemistry of the siderite in the BH2, BH4, BH5, and BH7 concretion subsamples {see Fig. 2),

Mole TFracion

Sampie r CO, () COLB} Org.-C Siderite
Number Fe Mg Ca Mn (mgie) (wl.5¢) (wt.%) {(wL%) (w5}
BH2
] 0785 0.133 G048 0.034 103 8.4 290 33 2.8
2 0.796 0.119 6.043 0036 47 337 B30 4.3 85.3
13 0.789 0.127 6.049 0.033 64 39 323 41 833
td G.780 0.141 0.048 0032 117 297 292 40 750
13 0.761 0152 0.053 0034 22 21 218 23 557
ot 0.7 0.141 9451 0.033 24 200 195 24 504
2 0.764 0.155 0050 003 6.5 245 253 23 G018
23 0.774 0.4t 0053 0032 6.5 309 309 14 78.0
4 0.789 0.130 D047 0.0%4 59 N6 g 4.2 79.0
25 0.799 0120 0.045 0036 6.1 KR 323 432 80.7
B4
il 0,953 0.148 0.059 0038 4.2 39 7.4 29 25
iz 0.788 0133 0.045 0.031 0.9 24 n2 k) 573
1.3 0.792 0.2 0.049 0.030 16.0 M0 2113 38 6.2
1.4 0.803 0.127 0038 0.030 274 233 4.2 40 605
1.5 0.807 0422 0040 0.031 i1} 288 278 40 113
1.6 0809 0112 0.038 0.630 207 26.4 162 4.6 67.6
L7 0813 0is 0041 0.031 6.7 36 38 39 403
18 0848 L.081 0.012 0.039 51 na 326 4.5 239
L9 0871 0.053 0.030 0.047 6.6 EEN RkXy 54 86.7
L1 0.843 (1036 0015 0.054 37 330 313 62 §6.2
111 0.867 0.061 0029 ({44 41 342 M1 5.4 8493
L1z 03833 0.092 G.036 0036 40 336 EEA 1.6 860
113 0.790 0.136 040 4034 4.7 18.8 154 29 415
2] 0.801 0.117 0.045 0037 24 04 155 9 52.3
22 0.807 0116 (044 0033 6.7 28 2406 27 63.0
23 0816 {108 0.043 0.034 153 26.4 204 33 66.9
24 0827 0.102 0.037 0034 154 284 i 35 [EN
25 0.833 0096 0.038 0036 al 304 0.2 19 "y
BHS
I 0.834 04 0046 0.008 Rl M3 233 22 623
12 0.824 0121 0043 0007 13 258 59 0 £5.7
13 0.838 0.009 (045 0.00% 44 89 285 22 734
14 0.862 0.087 0041 0.009 32 98 00 24 76.3
13 0.841 0.106 0045 0.008 34 ng 2.5 21 783
1.6 0.840 0.107 0.045 G.008 KN 304 0.1 23 713
17 0.825 0.120 0.048 0007 4.3 236 221 1o 398
FA 0.827 0114 Q050 0009 2.2 210 02 L4 549
22 0.83 0118 0047 0008 32 23 3 19 71z
23 0.835 0110 0047 0.008 33 06 9.2 21 716
24 0.845 0,106 0.042 0.008 12 260 239 2.1 G6.3
235 0.855 0.096 0.041 0.008% A 16.6 374 22 GR.8
BH7
L 0.779 (.147 0.058 o.017 14 9.1 9.8 24 2.9
1.2 0.771 0.153 0.062 0.014 6.1 243 48 30 609
13 0.768 G151 0.069 0012 9.7 25.0 2500 40 4.9
14 0.780 0.131 C.078 0411 52 230 254 4.5 65.4
L5 0.803 4.125 G.060 0402 14.4 293 1.0 4.6 4.6
1.6 0.79% 0.125 0.063 0013 12.2 293 254 4.2 144
1.7 0.781 0.148 G060 012 19 159 155 iz 4.2
21 0.782 0148 6.052 0017 2.7 170 13 ip 428
2.2 0.797 0.144 0.046 0013 14.9 178 180 39 453
23 o810 0.434 9.042 0014 1610 255 5.5 46 85.8

CO,{A} is the amount of CO; within the siderite, calonlated on @ whale-rock basis from the TCP-AES raw data. CO,(B) is the amount of €O, within the siderile, raiculated on a whote rock basis frem elemental analyzer
results. Org.—C is the organic-carbon content measured by clemental analyzer. and caleulated as a percentage of the non carbonate material prescat. Siderite (wL%) is the welght % of siderite within cach subsample

cateutated from the ICP-AES data.

of the slandards were non-carborate, the accuracy of absolute elemental
concentrations will have been slightly reduced, but the pattern of relative
concentrations across and between siderile crystallites are realistic. A beam
size of ~ 1 pm was used, which gives an interaction volume of ~ 8 um®;
spol analyses must therefore be regarded as the average composition of
this volume (E. Condliffe, personal communication 1991).

RESULTS

Bulk Chemical Compositional Trends across Coneretions

The processed major- and minor-clement ICP-AES data are given in
Table 2. Calculation of siderite compositions required correcting the raw
analytical data for both silicate and francolite dissclution, which is likely
to have introduced ervors. For the major elements, Fe and Mg, corrections

are generally less than 5% of the total, but samples taken from the edges
of concretians coniain more insoluble residue and corrections of up to 2%
have been applied. The Mn data from the BH2 and BH4 concretion sub-
samples are correcied by less than 10%, except for the BH2 1.5 and BH4
1.1 subsamples, for which corrections of 13 and 189%, respectively, have
been applied. The Mn concentrations within the siderite in the BH5 and
BH7 conctetions are much lower, and hence the corrections become more
significant, but most are slill fess than 25%. The Ca cerrection is extremely
lacge (up 1o 80%), because of the large amounts of francolite within these
concretions, so the Ca content of the siderite is only approximate. Tt is
thought that these corrections are the largest source of errors, and the total
corrections applied, as outlined above, probably are a realislic upper limit
for the accuracy of the siderite compositions determined by the bulk-chem-
ical methods used in this study.
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The data on crganic and inorganic carbon are included in Table 2. Repeat
analysis of the internal rock standard and the MnCO; powder suggest that
C analyses are accurate Lo ~ 7%. The quantily of carbonate measured by
clemental analyzer and that calculated by recasting ICP-AES data were in
close agreement (generally within 2% absolute). Organic carbon is quoted
on a carbonate-free basis. The major cation compositicnal trends vertically
through each concretions are shewn in Figure 3.

All concretions show an increase in the amount of both siderite and
organic matter towards approximately the same central region (Table 2).
The radial decrease in the content of organic carbon may have resulted
from either depositional enrichment at the sile of concretionary growth or
preferential loss of organic carbon from the concrelion edges and host
sediment during diagenesis or weathering.

In the siderile, Fe is substituted by between 4 and 15 mole % Mg,
between 1.5 and 8§ mole % Ca, and between 0.7 and 5.4 mole % Mn. The
amount of substitution tends {o vary systematically across the concretions,
and the Fe/Mg and Fe/Ca ratios tend to increase concurrently with the
amousl of carbonate. The trend in Fe/Mg ratios is by [ar the most pro-
nounced, especially in the BH4 concretion. The Mg/Mn ratio of the siderite

Fig. 3.—Bulk variations in the carhonate
chemistry across (he BH2, BH4, BHS, and BH7
sideritic concretions. All cation compositions are
given as (he fraction of end-member carhonate
phase present.

within the BH2, BH4, and BHS concretions tends (o decrease towards their
centers. The Mn content of the siderite within the BHS aad BH7 concre-
lions remains very low (less than 2 mole %}, In the BHS concretion, the
actual Mn content remains relatively constant across the coneretion. In the
BH7 concretion, the Mn content of the siderite appears to decrease towards
its center, but this reay be an analytical artifact resulting from the large
corrections applied to the Ma data from the BH7 subsamples. There is no
convincing trend in the Mg/Mn ratio across the BH7 concretion. These
results are in good agreement with those reported by Curlis et al. {1986).

Electron Optical Study of the Sideritic Concretions

BSEM Observations.—The siderite in the BH2 and BH4 concretions is
present as 10-100 wm, lath-shaped crystallites, which are in some cases
jeined to form radiating aggregates (Fig. 4A}. The central regions of the
crystallites produce a far brighter back-scattered signal thas their margins
{Fig. 4A, B). EDAX analysis reveals that this is because the central regions
are Mn-rich (Mg-poor) and the margins are Mg-Ca-rich (Mn-poor). The
transition between the Mn-rich and Mg-rich siderite is graduval (Fig, 44,
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Fis. 4 —Back-scattered electron micrographs from siderite concretions. A) Gen-
eral microstructure of the BH2 concretion. B) High-magnification view of zoned
siderite crystallites from within the BH2 concretion, Note the late Fe-Mn-rich sid-
erite (arrow) thal overgrows the main body of the erystallite.

B). The main bodies of (he siderite crystallites, described above, have been
overgrown by two much thinner siderite zones; the first is Mn-rich and the
second Mg-Ca-rich (Fig. 4B). The boundary between the buik of the crys-
tatlite and overgrowths is sharper than the boundary between the inner
zones. The thickness of the overgrowths is usually ~ 1-2 wm, but in arcas
of the concretion where the crystallites are particularly densely packed the
two outer zones are less prominent and are in some cases absent, It is
interesling {0 note that these siderite crystallites have a morphology similar
to those from the concretions in the Barrow Sandstonc described by Mozley
(1989, Apart from these few subtic variations, there is no difference in
the size of the siderite crystallites, or the nature of their zoning, across
cither the BH2 or the BH4 concretions.

The siderite crystallites in the BH7 concretion are mote equant than those
described above and have a grain size of ~ 10-25 um (Fig. SA). The
cryslallites exhibit conspicuous compositienal zoning, superficially simifar
to that observed in the other concretions, 1.¢., Fe-Mn-rich siderite surround-
ed by a Mg-Ca-rich variety, but the boundary between these zones is far
less diffuse (Fig. 5A). In some cases the siderite crystallites form subspher-
ical aggregates up to 300 wm in diameter (Fig. 5B).

The BHS concretion contains crystailites whose size and shape resemble
those from BHY, but compositional zonation is very diffuse and individual
crystallites de not appear to exhibit the {ull solid-solution range observed
in the other concretions. In the BH5 and BH7 concretions, thin siderite
overgrowths, as observed in the BH2 and BH4 concretions, are not present.
No differences were observed in the size or natwe of the zoning of the
siderite crystaliites across the BHS and BH7 concretions.

Fig, 5.—Back-scatiered eleciron micrographs of siderite concretions. A) Euhedral
pyrite grain {very light region} surrounded by zoned siderite within the BH7 con-
cretion. Note (he siderite inclusions withir the pyrite. B) Zored siderite crystalfites
(tight grains) from within the BH7 concretion. Note the large aggregate in the center
of the frame. C) Organic matter (very dark arcas) and micas (m) wrapped around
siderite (s) crystailites in a sample taken from the edge of the BH2 concretion. Note
that the siderile crystallites are far larger than the grain size of the detrital phases,
The Black regions on the micrographs A and B contain detrital grains and micro-
poTosity.

Siderite cement has not filled the microporosily between detrital grains,
as previous models have implied (e.g., Curtis et al. 1986). Instead, it is
present as very large crystallites that have displaced the surrouading detrital
grains. This is well illustrated by the photomicrograph from the edge of
the BH2 concretion (Fig. 5C); here the vast majority of pores do not contain




1040

siderite, and where present the siderite crystallites are far larger than the
individual pores within the sediment would have been. The siderite crys-
tallites must have grown by either replacing, or more likely, displacing the
surrounding detrital grains. Overall, the amount of siderite and number of
crystallites per unil area decreases towards the ouler margin of cach con-
cretion. However, this is not a regular decline; the density of crystalile
packing is extremely helerogencous, and even towards (he edges of the
concretions there are small regions of densely packed siderite. Towards the
edges of the BH2 and BH4 concretions there is an increased tendency for
the lath-shaped siderite crystallites to be oriented parallel to the bedding
(e.g., Fig. 5C).

The grain size of detritat silicate phases differs greally between the con-
cretions. The average grain size of the silicates in the BH2 and BH4 con-
cretions is probably between 2 pm and 5 pm, while the BHS concretion
contains grains between 5 pm and 10 wm, and the average for the BH7
concretion is ~ 15 pem. The siderite crystalfites are far larger than the
detrital phases within these concretions. Only the silicate phases already
detected by XRD were identified using BSEM/EDX analysis, Le., quartz,
kaolin, mica, and chlorite. In samples from the centers of concretions, micas
show no strong preferred orientation, although in some cases they are bent
around siderite crystallites. Towards the edges of concretions micas are
frequently oriented paraliel to the bedding and, along with organic debris,
are in some cases wrapped around siderite crystallites (e.g., Fig. 5C).

EPMA Results—The electron microprobe was used (o trace chemical
varjations across individual siderite crystallites in each concretion, with
analyses faken at 1 pem intervals (Fig. 6). The chemical trends across in-
dividual crystallites are similar 10 the bulk mineral-chemical trends across
the individual concretions described above, i.e., the Fe/Mg, Fe/Ca, and Mn/
Mg ratios decreasc from the centers to the edges of crystaflites. However,
the local variation of chemical compositions across individual crystallites
far exceeds the variation in bulk mineral chemistry that exists across con-
cretions (compare Figure 3 and Figure 6).

The centers of crystallites from BH2 and BH4 show a pronounced en-
richment in Mn (27 mole % in the center of a crystallite {roms BH4}. Mn
is also enriched in the centers of crystallites in the BH7 concretion (reach-
ing 10 mole %), but not to the same cxtent as observed in BH2 and BH4.
Mn reaches only ~ 0.9 mole % in the siderite from the BHS concretion,
but a very slight enrichment towards the centers of the crystallites is still
apparent. The Mn content of all crystallites examined is between 0.5 and
1.5 mole % at their margins. Mg is present in concentrations of less than
.5 mole % in the centers of crystallites from the BH2, BH4, and BHY
concretions. On the other hand, he Mg content is ~ 7 mole % in the
centers of crystalliles from the BHS concretion. The Mg content increases
towards the margins of all crystallites in all of the concretions, reaching
ppwards of 25 mole %. Calcium increases across crystallites in a manner
similar to Mg, but the Ca content is between 2.5 and 4 mole % in their
centers, which is far higher than Mg concentrations. The Ca content of
most crystallites reaches a maximum of ~ 10 mole % at their margias,
which is far less thas Mg concentrations. Consequently, there is an increase
in the Mg/Ca ratio across the siderite crystallites. The same zanation was
found in all crystallites examined from each cencretion no matter if they
were taken from their margins or ceniers.

The variation in the Fe content of crystallites is ofter more complicated
because it is coupled to the changes in Mg, Mn, and (o a lesser extent Ca.
Fe concentrations tend to be relatively fow {68 mole %) in the centers of
erystallites in the BH2 and BH4 concretions {because of Mn enrichment)
but begin to increase towards their margins as Mn decreases. A maximum
Fe content (92 mole %) is reached before the effects of increasing Mg and
Ca cause a decrease (58 mole %) in Fe towards the margins (e.g., Fig. 6A,
B}. The Fe profile in the siderite from the BHS and BH7 concretions is
slightly different: the central Mn enrichment is not sufficient o cause any
noticeable depletion in Fe, so Fe concentralions are at & maximum in the
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centers of the crystailites and decrease gradually towards their margins (Fig.
6C, D).

Stable Carbon Isotope Results.—The results of the stable carbon iso-
topic study are given in Table 1. Siderile within subsamples from the edge
of the BH2 concretion has 8'°C values as low as +(.8%., whereas siderite
within the subsamples 1aken from the center of this concretion has §°C
values as high as +4.2%c. Siderile within subsamples from the edge of the
BH4 concretion has 6'*C values as high as +4.8%e., whercas that from the
center of this concretion has 8C values as high as +8.9%.. The carbon
isotopic results in both concretions show the same overall trend, i.e., '°C
decreases towards the edge of the coneretion. Plots of §'*C against Mg and
of &*C against Mn for the sideritc within the subsamples from the BH2
concretion are shown in Figures 7A and C, respectively. Equivalent plots
for the siderite within the subsamples from the BH4 concretion are shown
in Figures 7B and D, respectively. All plots reveal strong correlations, but
those for the 8'*C-Mn data are not quite as strong as for the §"C-Mg
data, probably because of the stightly higher errors associated with mea-
suring the bulk Mn content within the siderite. The Mn data for both con-
cretions had one outlier, therefore regressions have been calculated with
and without this poin for cach concretion. These results are similar to those
reported by Pearson (1979) and Curtis et al. (1986} and suggest mixing of
phases with different §'3C.

Extrapolation of the regression lines on the 8'*C-Mg plots (o the siderite
compositional values obtained by EPMA suggests that the early low-Mg
siderite within the BH2 concretion has a 8'*C value of ~ + 3%, whercas
the later Mg-rich siderite has a §°C value of ~ ~35%.. The same calcu-
fatiens for the data from the BH4 concretion suggests the early low-Mg
siderite has a 8"C value of ~ +10%o. and the later Mg-rich siderite has
a §"3C value of ~ - 1%e. Extrapolation of the resuits te the siderite com-
positional values obtained by EPMA produces 67°C values of ~ —10%.
and ~ —0%e for the low-Mn siderite in the BH2 and BH4 concretions,
respectively, and values of ~ +45%0 and ~ +25% for the Mn-rich sid-
erite in the BH2 and BH4 concretions, respectively. The extrapolations (o
the low-Mn siderite and the Mg-rich siderite are consistent and probably
realistic. However, the values obtained by extrapolating the regressions to
Mn-rich siderite produces 83C valucs thal are higher thar have been mea-
sured in nature. The reason for this is that carbonate with high 8'C values
is contained not only in the central zone of Mn-tich siderite but in the
surrounding zone of Fe-rick siderite. In other words, the isotopic results
are consistent with the siderite being composed of two end-member types,
a Fe-Mnerich variety with 8°C values of ~ +10%; and a Mg-Ca-rich
variety with 8°C values of ~ 0% to —5%.. Overali, il appears that the
true range of 8'C values of the siderite varies by atound 5%, either side
of that measured by bulk-chemical analysis.

DISCUSSEON
Implications of Electron Optical Studies for Growth Models

Previgus models for the growth of the Hepworth siderite concretions
have assumed that carbonate precipitated passively, filling all pore space.
Estimates of porosity and burial depth at the time of siderite precipitation
have been made on the basis of this assumption (e.g., Curtis et al. 1986).
However, the Jarge size of the siderite crystallites compared io the size of
detrital phases within these concretions demonstrates that the siderite pre-
cipitated by either replacing or, more likely, displacing the surrosnding
detrital grains, Also, it has been shown that siderite did not fill all available
pore space, indicating that the low propertion of carbonate cement al the
edges of concretions cannot be interpreted as providing evidence that pre-
cipitation occurred during deep burial. These petrographic data clearly sug-
gest that depth of precipitation cannot be estimated from the proportion of
carbonale in the Hepworth siderite concretions, and a reevaluation of the
processes responsible for the growth of the Hepworth concretions is re-
quired,
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If the concretions had grown slowly from the center outwards during
burial, the size and chemistry of the siderite crystallites would be expected
to exhibit a systematic variation across individuat concretions. In particalar,
it would be expected that the siderite crystailites in the centers of the con-
cretions would be large compared to those at the margins which precipi-
tated after sediment compaction. The observation (hat the siderite crystat-
lites are strikingly similar across individual concretions is more consistent
with their contemporanecus precipitation and with the decrease in the
amount of carbonate across each concretion simply reflecting a decrease in
the number of siderite crystallites. The quantity of siderite to precipitate at
the edges of the concretions was clearly never limited by the amount of
available pore space, as is implied by the porosity occlusion model of
Curtis et al. {1986).

Oertel and Curtis (1972) presented XRD work which showed that ka-
ofinite in the centers of the concretions is essentially randomly oriented
while that al the edges of concretions is aligned paralle] to the bedding.
These results were taken as evidence that concretions grew from the center
outwards and that the siderite precipitated by passively replacing all avail-
able pore space during burial. The petrographic data presented above sug-
gest that a more likely interpretation of the X-ray data is that the lower
proportion of siderite at the edges of the concretions allowed the kaolinite
to be reoriented during compaction. The large proportion of siderite in the

centers of the concretions prevented the kaolinite from being reoriented
during compaction.

Since the siderite crystallites appear virtually identical, both in chemistry
and morphology, everywhere within an individual concretion, it is not ini-
tiaily obvious why bulk chemical variations across the concrelions exist. It
was noted earlier, however, that the siderite overgrowths vary in thickness
depending on the density of crystallite packing. It seems likely that the
Mg-Ca-rich siderite also shows a simifar distribution. A simple calculation
based on the EPMA data indicates that the outer third of each crystallite
in the BH2 and BH4 concretions contains approximately 98% of the Mg,
and 90% of the Ca but only 25% of the Mn of the crystallite as a whole.
The small bulk chemical variations across concretions could therefore result
from very subtle variations in the proportion of the later Mg-Ca-rich sid-
erite to the earlier Fe-Mn-rich variety. Such differences need only be ex-
tremely small to produce the reporied bulk chemical variations and are
unlikely to be detectable using BSEM. For exampie, a 5% difference in
the ratio of the Mg-Ca-rich to Fe-Mn-rich siderite across the BH2 concre-
tien can accountt for the bulk chemical variations observed.

In terms of the growth history, the BSEM results suggest that Mu-rich
sideritc nuclei precipitated throughout the concretion at approximately the
same time. The change in pore-water composition during the siderite pre-
cipitation is therefore reflected more precisely by the vagiation in the chem-
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istry of individual crystailitcs than by the bulk changes in the chemistry
across the coneretions.

The zoned nature of the crystallites also has implications for the inter-
pretation of butk chemical and isotopic data, namely, any bulk composition
is merely the average of a whole chemical and isotopic continuum and the
fulf degree of isotopic variation may have been severely subdued (Feistner
1989).

Major-Cation Chemistry of Siderite

Curtis ¢t al. (1986) suggested that Mn-siderite, such as that present in
cores of siderile crystallites within the BH2 and BH4 concretions, precip-
itated close to the sediment-water interface, the Mn and Fe heing supplied
by reduction of manganese and fervic oxides. This explanation is consistent
with resuits of modern pore-water studies of both marine (Froelich et al,
1979; Sarensen and Jergensen [987; Shotkovitz et al, 1989) and nonmarine
environments (Robbins and Callender 1973; Emerson 1976), which show
that pore waters may become greatly entiched in Mn at very shallow depths
(<2 0.5 m below sediment-water interface). In all concretions analyzcd. the
Mn/Fe ratio decreases towards the edges of siderite crystallites, Curtis et
al. (1986) pointed out that the decrease in Mn/Fe ratios across concretions
is analogous with the results of modern pore-water studies, which have
established that the concentration of Fe2* frequently reaches a maximum
somewhat deeper than Mn?* (e.g., Emerson 1976; Froelich et al, 1979;
Aller et al. [986; Shaw ct al. 1990; Carignan and Lean 1991).

The siderite within the BHS and BH7 concretions is far less enriched in
Mn than in the other concretions, Curtis el al. (1986) termed this “late”
siderite and suggested that it formed after the Mn-rich vaticty when Mn
reduction was not so active. However, “late” need not imply ““at great
depth” because manganese reduction is usuaily very active only close to
the sediment-water interface.

Mg and Ca concentrations increase towards the margins of the siderite
crystallites within all of the conerctions studied, although this general pat-
lern is complicated by the growth of fatc Mn-rick overgrowths. The exact
controls on Mg and Ca substitution within siderite are poorly understood
(e.g., rate of precipitation, Mg/Fe and Ca/Fe ratios, salinity, etc.), However,
it seems fikely that increases in the ratio of Mg and Ca to Fe within pore
waters would cause an increase in the Mg and Ca substitution within sid-
erite {Curtis cf al. 1986).

The source of the Mg and Ca within the siderite from the Hepworth
concretions remains problematic. Pearson (1979 and 1985) favored release
of Mg by clay-mineral reaction. On the other hand, Curtis et al. (1986)
suggested that the overlying water column is a possible source of Mg and
Ca. Studies of modern sediments undergoing active siderite precipitation
have shown the Mg/Fe ratio of pore water may increase with depth very
close (within 3 m) to the sediment-water interface. For example, dissolved
Fe and Mn within the pore waters from sediments or the Amazon Shelf
decreasc rapidly after thejr maximum concentrations are reached (at ~ 20
cm and 50 em below the sediment-water inlerface, respectively; Aller et
al. 1986). However, Ca and Mg concentrations remain constant with depth,
50 al depths greater than ~ 50 cm below the sediment-water interface the
Mg/Fe and CafFe ratios increase. The increase in Mg/Fe and Ca/Fe ratios
within these pore walers is probably caused by precipitation of siderite
combined with a decrease in the rate of iron reduction with depth, as the
mest labile organic matter (c.g., Berner 1980; Middelburg 198%) and iron
minerals (e.g., Canficld 1989) become depleted with time.

It is therefore apparent that the depth-related changes in the Fe, Mn, Ca,
and Mg content of the pore waters within recently deposited sediments
resemble the chemical variations across individual siderite crystallites re-
ported in this study. Several lines of evidence suggest (hat processcs that
oceurred close to the sediment-water interface were far more important in
the formation of the Mg-Ca-rich siderite than the decper processes favored
by other workers (e.g., Pearson 1979, 1983: Curtis and Coleman 1986,
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Cortis et al. 1986). First, the BSEM study revealed that Mg-Ca-rich siderite
is well developed in the ceaters of the concretions, which suggests that it
precipitated before significant compaction. Second, the late Mn-rich over
growths within the BH2 and BH4 concretions (Fig. 4B) suggest that the
pore walers experienced a decrease in Mg/(Fe + Mn) and Ca/(Fe + Mg)
ratios late in their growth history. This is casily explained by carly dia-
genelic processes, such as diffusion of Fe and Mn from freshly deposited
sediments undergoing rapid rates of iron and manganese reduction. How-
ever, there is no obvicus reasen why the concentrations of Mn and Fe
within pore waters should suddenly increase as & result of deep burial
reactions, Third, the %81/%Sr ratio of the siderite (0.7094 to 0.7104) is
indistinguishable from that of the francelite, which is anequivocally an
carly diagenetic precipitate (Fisher 1992). Fourth, the clay-mincral assem-
blage within these sediments appears (o be composed of essentially detrital
minerals; analytical transmission clectron micrescopic (ATEM) analysis
failed (0 find any evidence of iflite authigenesis, suggesting that smectite-
t-illite transformation did act supply Mg and Ca for siderite precipitation
{Fisher 1992).

67C Variations across Sideritic Concretions

The carbon-isotope data presented above show that the 8'°C value of
the siderite decreases with increasing Mg substitution. These results are in
agreement with 8'*C measurernents made on sideritic concretions from this
arca in other studies (e.g., Curtis et al. 1975; Pearson 1979; Curtis and
Coleman 1986; Carlis cf al. 1986). Pearson (1979} suggested that the 8'°C
variations resuit from mixing of two distinct carbonate phases, a pure sid-
erite that has a very positive 8'°C composition and a pistomesite (Mg-rich
siderite), which has a negative §'°C signature. The electron optical results
have clearly shown that, instead of two distinct iron carbonate phases, each
concrelion contains a single phase of compositionally zoned siderite whose
central regions have 8*C compositions in excess of =+ 10%s, and whose
outer Mg-Ca-rich regions have 8"°C as fow as ~ —5%.

Previous studies have proposed that carhonate within the siderite was
derived principally from two sources: methanogenic reactions produced
carhonate with positive 8'*C, while the carbonate with negative 8'3C was
produced by thermal decarboxylation (Pearsor 1979; Curtis et al. [986).
The decrease in the 5'%C value across the concretions was attributed to the
increased importance of thermal decarboxylaticn as both burial and con-
cretionary growth progressed. There is certainly a strong justification for
implying that methanogenic reactions supplicd the cardly carbonate with
positive 8°C, namely, methanogenesis is the dominant organic-matter ox-
iizing process in all locations where dissolved inorganic carbon (DIC)
with 8'*C = 5% has been reported from inserstitial fluids of modern
siliciclastic sediments (e.g., Nissembaum et al. 1972; Claypool and Kaplan
1974; LaZerte 1981; Tumer and Fritz 1983; Kuivita and Murray 1984;
Whiticar ct al. 1986; Herczeg 1988). However, without the support of po-
rosity estimates derived from the proportion of carbonate within the con-
cretions, there seems to0 be no compeiling cvidence in favar of thermal
decarboxylation being the source of the later carbonate with negative 83C.
For this reason the controls on the §3C composition of DIC within meth-
ane producing sediments is discussed below.

The &"*C Composition of DIC in Methane-Producing Sediments

It has become commenplace (o interpret carbonates with positive §3C
compositions as products of methanogenesis, and carbonate with negative
vatues as being produced by other processes such as sulfate reduction or
decarboxylation. However, many studies have measured the isotopic com-
position of dissolved Inorganic carbon (DIC) within methane-preducing
sediments, and the resalts show enormous vasiation (8'°C values ranging
between —3( and +20%e; Whiticar st al. [986). Only a very small aumber
of sediments are known that contain DIC with a positive §'3C composition
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(Turner and Fritz. 1983 Whiticar et al. 1986). In other words, DIC with
positive 83C is the exception rather than the rule in methanogenic envi-
ronments. Not enly does the §'*C composition of DIC within methanogenic
sediments vary between locations, there is some cvidence to suggest that
it may vary during sediment burial. For example, Turner and Fritz {1983)
presented a depth profile of §°Cpy within methane-producing sediments
deposited in a freshwater lake, with 8'3Cyyc. first increasing with depth fo
a maximum (at ~ 3 m below the sediment-water interface}, then decreas-
ing towards the bottom of the core.

It is uncertain why 8"*Cpyy: would become more negative with depth in
1 methanogenic environment, because methanogenesis is a very poorly un-
derstood, complex multistage process. However, theve seems no reason why
the variation in the isotopic composition of the siderite examined during
this study could not have resulted from processes acting close to the sed-
iment-water interface i a methanogenic environment. Therefore the fact
that the &*C value of the siderite became more negative as it precipitated
does not place any constraints upon the depth to which precipilation con-
tinued. Furthermore, the §3C value of the sideritc does not conflict with
the saggestion presented in this paper that concretion growth may have
entirely occorred close 1o the sediment-water interface.

CONCLUSIONS

The siderite concretions from the Hepworth guarries are composed of
50-100 tem cempositionally zoned crystallites. The centers of these crys-
tallites tend to be enriched in Fe and Mn whereas their margins are Mg-
Ca-rich. The bulk mineral chemistry of the siderite across concretions var-
ies far less than composition across individual erystallites. The shape dis-
tribution and size of the crystaliites indicate that they did not grow by
passive replacement of ail available pore space. Instead, they displaced
detrital grains and did not fill all available pore space. These observations
have three major implications for the growth of the Hepwaorth siderite con-
cretions:

(1) The proportien of siderite within any part of the concretion cannot
be used Lo calculate the porosity of the host sediment at the lime of cernent
precipitation.

(2) Bulk analysis even of centripetal samples does not provide precise
information as to the chemical or isotopic composition of discrete phases
of siderite precipitate. Instead, it provides the average composition of sev-
eral zones of sideriie cement,

(3} The siderite concretions do not appear 10 have grown progressively
from the center onlwards as previous models have implied. Instead, indi-
vidual nuclei grew throughout the volume of the concretion at approxi-
mately the same time and further carbonate precipitation continued by
growth of these crysiallites.

Withowt support from porosity estimates there seems litle justification
for implying that deep burial processes contributed solutes for precipitation
of the Jater Mg-Ca-tich siderite. Instead, it is proposed that comcretions
started to grow close to the sediment-water interface, where rates of iron
reduction, CO, reduction, and in some cases manganese reduction were
high. This siderite is often enriched in Mn, with only minor Mg substitu-
tion, and has a very positive §'°C composition. As organic matter and
ferric/manganese oxides were depleted, rates of iron reduction, manganese
reduction, and CO, reduction feil, increasing the Ca/Fe and Mg/Fe ratio of
the pore waters, the Ca and Mg being supplied from the overlying water
column. As the rate of CO, reduction decreased, other sources of carbonate
became more important; these had lower carbon isotopic compositions,
resulting in a decrease in the §'*C value of the precipitating siderite, Al-
though the exact sources of the lighter carbonate have not been unequiv-
ocally established, it is clear that it could be generated within methanogenic
sediments without the need to infer deeper burial processes such as thermal
decarboxylation.

Bulk chemical and isotopic variations in the composition of siderite
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across and between concretions cannot be used to justify a general zonal
scheme for shale diagenesis.
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