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Abstract

We have investigated the N geochemistry of minerals and rocks from contact metamorphic aureoles and hydrothermal
vent complexes (HVC) in the Karoo Basin in South Africa. The HVC formed during phreatic eruptions associated with rapid
devolatilization and pressure build-up in contact aureoles around early Jurassic sill intrusions. By combining outcrop data
from a HVC and core data from contact aureoles, we investigate the relationship between light element release during
metamorphism and vertical fluid migration. Sandstone and breccia from the HVC contain early-diagenetic ammonium
NH, *-bearing feldspar (buddingtonite) and illite. Ammonium occupies up to 95% of the A site in feldspar, corresponding
to concentrations up to 5.2 wt% N. Bulk-rock N isotope data for rocks from inside and outside the hydrothermal vent com-
plex fall into two distinct groups. Background samples have 8'°N,;, between +1.5%, and +4.9%,, whereas minerals from the
vent complex have 8'°N in the range +7.5 to +10.6%,. The N geochemistry of contact metamorphic shale from the lower
stratigraphic units of the Karoo Basin shows that the vitrinite reflectance and 3'°N values are positively correlated. Shale with
reflectivity values >4%Ro are enriched in '°N, with 3'°N values between +6%, and +14%,, implying the release of isotopically
light N into metamorphic fluids (probably as N»). We suggest that the relatively high 8'°N values of the early-diagenetic bud-
dingtonite in the HVC reflect exchange of buddingtonite with N-bearing fluids ascending from greater depth after their release
during contact metamorphism and dehydration. We present a qualitative model whereby hydrothermal vent complexes rep-
resent fluid flow structures after their formation, focusing N-bearing metamorphic fluids sourced in deeper levels of the basin.
The release of organic N from sediments at depth in volcanic basins could play a role in the geochemical cycle of N, becoming
particularly important during periods of intense volcanic activity.
© 2008 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Upward migration of fluids in sedimentary basins com-
monly occurs through faults or through the formation of
piercement structures associated with escape of overpres-
sured fluids. Piercement structures include blow-out pipes,
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mud volcano conduits, and hydrothermal vent complexes
(e.g., Jakubov et al., 1971; Brown, 1990; Planke et al.,
2003, 2005; Svensen et al., 2004, 2007; Berndt, 2005). Such
structures may represent important secondary migration
pathways for basinal fluids including petroleum. The geo-
chemistry of minerals from these pipes and corresponding
seep deposits may help to identify the source and composi-
tion of paleo-fluids. In particular, the stable isotopes of car-
bon in carbonates from seep deposits are widely used as
tracers (Hovland et al., 1987; Paull et al., 1992; Svensen
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et al., 2003; Mazzini et al., 2005). In this paper, we focus on
N isotopes as tracers of fluid flow in piercement structures
formed by devolatilization reactions and boiling in contact
aureoles around mafic sill intrusions in the Karoo Basins.

During shallow diagenesis in sedimentary basins, organic
matter, petroleum and clay minerals are the three the main
N reservoirs capable of releasing nitrogen. The oxidation
and bacterial breakdown of organic material induces gas
production and controls N isotope fractionation. In gen-
eral, light nitrogen (N with relatively low >N/!*N) is pref-
erentially released and may subsequently be incorporated
into the mineral lattices of authigenic NH,*-rich feldspar
(buddingtonite) and clay minerals (e.g., illite), both of
which act as N sinks in many basin settings (e.g., Loughnan
et al., 1983; Williams et al., 1989, 1992, 1995; Ramseyer et
al., 1993). The isotopic fractionation associated with the
degassing process causes N remaining in the source rock
to become enriched in '>N. No significant fractionation
occurs between the N isotopes in pore fluids and in coexis-
ting clay minerals at diagenetic conditions (Williams et al.,
1995). During low-grade metamorphism (7' < 300 °C), the
ambient oxygen fugacity determines whether molecular
nitrogen gas (N,) or ammonia (NH;) is produced from
breakdown of organic material (e.g., Froelich et al., 1979;
Krooss et al., 1995). The released N is incorporated into,
and retained at remarkably high concentrations, in mineral
lattices particularly in the micas throughout the metamor-
phic cycle to temperatures beyond those of partial melting
(e.g., Haendel et al., 1986; Bebout and Fogel, 1992; Bebout
et al., 1999; Sadofsky and Bebout, 2000). The variation in
isotopic composition among N reservoirs implies that the
N isotopic composition of minerals can serve as tracers of
fluid sources (e.g., Williams et al., 1995; Bebout, 1997,
Zhu et al., 2000; Jia et al., 2003; Jia and Kerrich, 2004;
Elkins et al., 2006).

In this paper, we report on the diagenetic evolution of
sedimentary rocks and breccia deposits from one hydro-
thermal vent complex in the volcanic Karoo Basin, South
Africa. The main emphasis is buddingtonite petrography
and geochemistry. The geological setting and formation
mechanisms of the HVC have been treated separately
(Jamtveit et al., 2004; Svensen et al., 2006), as well as the
implications for the early Jurassic climate (Svensen et al.,
2007). Our primary goals in this paper are to (1) character-
ize the authigenic petrography of a hydrothermal vent com-
plex in the Karoo Basin, (2) compare the N geochemistry of
metamorphosed organic-rich shale in the Karoo Basin with
the N geochemistry of minerals from the vent complex, (3)
evaluate the various sources of N (i.e., minerals, organic
material, coal, dolerite intrusions) contributing to min-
eral-bound N in a pierced-basin setting, and (4) test
whether the hydrothermal vent complexes are short lived
or long term fluid flow structures in the Karoo Basin.

2. GEOLOGICAL BACKGROUND AND MATERIALS
2.1. The Karoo Basin

The Karoo Basin (Fig. 1) covers more than half of
South Africa. The basin is bounded by the Cape Fold Belt

along its southern margins and comprises up to 6 km of
clastic sedimentary strata capped by at least 1.4 km of
basaltic lava (e.g., Smith, 1990; Johnson et al., 1997).
The sediments were deposited from the Late Carbonifer-
ous to the Middle Jurassic, in an environment ranging
from partly marine (the Dwyka and Ecca groups) to flu-
vial (the Beaufort Group and parts of the Stormberg
Group) and aeolian (upper part of the Stormberg Group)
(Veevers et al., 1994; Catuneanu et al., 1998). Organic-rich
shale (the Whitehill Formation) dominates the Ecca
Group, with total organic C contents locally reaching
15 wt% (Faure and Cole, 1999). The Ecca Group reaches
hundreds of meters in thickness in the western parts of the
basin, and is commonly intruded by sill intrusions. The
Whitehill Formation, which pinches out towards the east
and is replaced by the time-equivalent Vryheit Formation
(e.g., Veevers et al., 1994). The Stormberg Group includes
the Molteno Formation (coarse sandstone, shale, and
coal), the Elliot Formation (sandstone, shale; “red beds”),
and the Clarens Formation (sandstone with occasional
siltstone horizons).

Both southern Africa and Antarctica experienced exten-
sive volcanic activity in early Jurassic times, at about
183 Ma. Dolerites and lavas of the Karoo-Ferrar Large
Igneous Province were emplaced and erupted within a rela-
tively short time span (183 4+ 1 Ma;), and the main phase
lasted less than 1 m.y. (Duncan et al., 1997; Jourdan et
al., 2005). Sills and dikes are present throughout the sedi-
mentary succession in the Karoo Basin (Fig. 1) (Chevallier
and Woodford, 1999; Polteau et al., 2008), where they
locally comprise up to 70% of the stratigraphic thickness
(Rowsell and De Swardt, 1976).

An important by-product of intrusive activity in sed-
imentary basins is rapid heating of the intruded sediments
and their pore fluids, locally leading to pore fluid
expansion and boiling, and to metamorphic reactions.
These processes may also lead to the formation of
hydrothermal vent complexes in the upper 1km in the
basin, mostly cropping out in the Stormberg Group
(e.g., Jamtveit et al., 2004). In the case of the Karoo
Basin, the HVC represent pipe-like piercement structures
formed in a subaerial basin setting (Svensen et al., 2006).
More than 500 hydrothermal vent complexes are mapped
in the Karoo Basin, and the complexes range from
almost purely volcanic to almost entirely filled with sed-
imentary material (e.g., Dingle et al., 1983; Jamtveit et
al., 2004; Svensen et al., 2006). In addition, thousands
of breccia pipes are located in the Western Karoo Basin,
where they formed in contact aureoles in black shale.
We have recently proposed that the contact metamor-
phism and breccia pipes released carbon gases to the
atmosphere and triggered the Toarcian global warming
(Svensen et al., 2007).

In this study, the N geochemistry was mainly studied
on samples from the Witkop III hydrothermal vent com-
plex (Fig. 1), where authigenic buddingtonite is common.
Two samples from other vent complexes are included as
reference material. In addition, we have studied the bulk
N geochemistry of organic-rich shale from the Ecca Group
collected from two boreholes with sill intrusions.
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Fig. 1. Distribution of sills, hydrothermal vent complexes, and breccia pipes in the Karoo Basin, South Africa. The hydrothermal vent
complexes are mainly confined to outcrops in the Stormberg Group sediments, whereas the breccia pipes are confined to the Ecca and
Beaufort groups (Svensen et al., 2007). Data presented in this paper come from the Witkop III hydrothermal vent complex, with additional

borehole data (labeled KL1/78 and G39974. The map is modified

from (Svensen et al., 2007). Note that the symbols for the breccia pipes

represent pipe clusters and not individual pipes. See Svensen et al. (2006) for a simplified basin stratigraphy and location of hydrothermal vent

complexes.

2.2. Hydrothermal vent complex sampling localities

The studied samples are mainly from one sediment-
dominated hydrothermal vent complex in the Eastern
Cape; the Witkop III locality. All samples are from sur-
face exposures, except a few from a borehole that was
drilled at the edge of the complex, penetrating mostly
zeolite-cemented sandstones and background sediments
(Svensen et al., 2006). Two reference samples were added
to the data set, one from a vent complex close to Witkop
III (called Witkop II), and the other from a vent complex
close to Jamestown (Table 1). Generally, all localities
contain sediment breccias piercing the Stormberg Group
sediments (Svensen et al., 2006).

The Witkop III complex is geologically divided into an
inner and outer zone (Fig. 2). The outer zone comprises
structurally modified Clarens Formation strata with dips
ranging from background values (~5°) to about 60° toward
the inner zone of the complex. The total width of the com-
plex is about 700 m, 400 m of which is taken up by the inner
zone. The inner zone of the Witkop III complex is charac-
terized by tilted blocks of Clarens Formation sandstone
intruded and overlain by sediment breccia (see Svensen et
al., 2006 for details). Geological mapping of Witkop III
revealed the presence of distinct facies units including
sandstone (Unit I), zeolite-cemented sandstone (Unit II),
and sediment breccia (Unit III). Zeolite cement in sand-
stone is interpreted to have precipitated from hydrothermal
solutions shortly after the formation of the complex,
and typically is the only hydrothermal mineral identified
(Svensen et al., 2006). The breccia contains fragments of
sandstone, siltstone, and shale. The clasts in the breccia
are sourced from both the Clarens Formation and deeper

formations. Organic-rich rocks or clasts are absent from
the Witkop III complex, where the content of igneous mate-
rial is negligible.

The sediment-dominated hydrothermal vent complex
near Jamestown has not been mapped or sampled in detail,
but the sample included here (B-11) is representative of the
bulk of the sediment fill.

2.3. Contact aureoles

For comparison with the HVC samples, we have also
sampled both unmetamorphosed and contact metamor-
phosed shale samples from the KL1/78 and G39974
boreholes (Fig. 1). The first is a well-known reference
borehole for the Ecca Group in the northern parts of
the basin (Faure and Cole, 1999). The organic-rich shale
in this borehole is intruded by a 15-m-thick mafic sill
intrusion, with a pronounced contact aureole. The second
borehole is located in the Ecca Group of the western
Karoo Basin. Here, the organic-rich shale is intruded
by several thick (~100 m) sill intrusions, and the borehole
is located close to several breccia pipes formed due to
overpressure generated by the devolatilization reactions
(Svensen et al., 2007). The boreholes are located far from
the Witkop IIT HVC, but the boreholes are nevertheless
relevant because equivalent Ecca Group sediments are
present throughout the basin. The Ecca Group is located
at about 2400 m depth underneath the Witkop III com-
plex, based on borehole data 50 km from Witkop III
(borehole WE1/66; Leith and Triimpelmann, 1967). Fur-
thermore, we attempt to use these boreholes as reference
cases for the release of N from shale during contact
metamorphism.
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Table 1
Overview of samples and rock types from hydrothermal vent complexes
Sample Locality GPS coordinates Setting

(South) (East)
Sandstone (Unit 1)
KOIHS-56 Witkop II1 3112 11.3” 27 13" 44.4" Sandstone
KO02HS-29 Witkop IIT 31 12/ 10.8” 27 13" 44.4" Conglomerate
HS-35 Witkop IIT 3112 09.2” 27 13 47.7" Borehole, Clarens F.
HS-191 Witkop III 31 12/ 09.2” 27 13" 47.7" Borehole, Elliot Fm.
HS-216 Witkop II1 31 12'09.2” 27 13 47.7" Borehole, Elliot Fm.
HS-259 Witkop III 31 12/ 09.2” 27 13" 47.7" Borehole, Elliot Fm.
KO02HS-22 Witkop III 3112 10.9” 27 13" 45.8” Border of ss pipe
KO03HS-22 Witkop II 3115 31.3” 27 09 49.2” Ss cutting breccia
Zeolite sandstone (Unit II)
KO1HS-44 Witkop IIT 31 11" 55.9” 27 13" 49.1” Zeolite-cemented Clarens
KO1HS-49 Witkop I11 3111 57.4” 27 13 52.1” Zeolite-cemented Clarens
KO01HS-47 Witkop IIT 31 11’ 58.3” 27 13" 49.0” Clarens Fm. /outer zone
Sediment breccia (Unit III)
KO02HS-15 Witkop II1 3112 05.7" 27 13’ 46.8" Cc-cemented sandstone
KO02HS-16 Witkop IIT 31 12/ 06.5” 27 13" 46.6" Breccia, ss matrix
KO02HS-19 Witkop III 31 12" 15.3” 27 13’ 38.2" Breccia dyke
KO02HS-26 Witkop IIT 31 12/ 10.5” 27 13" 454" Breccia pipe
KO02HS-2K Witkop III 3112 11.6” 27 13 44.9” Breccia pipe
B-11 Jamestown 31 12 08.8" 26 13’ 40.2" Breccia, ss matrix

3. METHODS AND ANALYTICAL TECHNIQUES
3.1. Petrography

The petrography of authigenic minerals has been
studied by optical and electron microscopy,in part using
the JEOL JSM 840 scanning electron microscope (SEM)
located at the Department of Geosciences, University of
Oslo. The presence of a buddingtonite component in
authigenic K-feldspar was indicated by anomalously
low K signals during SEM EDX analyses, and by zoning
in the feldspar. The presence of N in the feldspar was
later confirmed by electron microprobe analyses (see
below).

3.2. Analyses of organic matter

Bulk-rock powders were analyzed for total organic car-
bon (TOC) and vitrinite reflectance at Applied Petroleum
Technology, Kjeller, Norway. Acid treatment of the pow-
ders was done to quantify the content of inorganic C (pre-
sumed to be present as carbonate; <0.2 wt% in all samples).
The TOC was estimated using a Rock-Eval 6 instrument
during oxidation to CO/CO, in the temperature range
300-650 °C. For vitrinite reflectance measurements, pow-
ders were treated with hydrochloric and hydrofluoric acid
before kerogen embedment in epoxy. Polished slabs were
analyzed on a Zeiss MPM 03 photometer microscope
equipped with an oil objective. The reflectance measure-
ments were calibrated against several standards. At least
20 measurements were made per sample, and the results
are reported as percent reflectivity in oil (%Ro). The quality
of the analyses depends on the abundance and type of

vitrinite, particle size and surface quality, and the uncer-
tainty is typically below 10%.

3.3. Electron microprobe analyses

Wavelength dispersive electron microprobe analyses
of the K-feldspar-buddingtonite series were performed
using a JEOL JXA 8900 RL instrument at the Geowis-
senschaftliche Zentrum Goettingen, equipped with 5
WDS detectors. For quantitative measurements, 15kV
acceleration voltage, 12 nA beam current and counting
times between 10s (Na), 15s (K, Ca, Al, and Si), 20s
(N and O), and 30s (Ba) on the peak of each specific
Ko-line were chosen. Due to the general difficulties of
analyzing light elements in minerals from thin sections,
we elaborate on the details of our N electron micro-
probe analytical technique. NHy-feldspar decomposes
very rapidly under the electron beam (Kronz and Péter,
1999). Beam diameters between 8 and 20 ym were used
to minimize this effect. This decomposition behavior
does not allow for the usage of higher beam currents
or increased counting times, which limits the detection
efficiency of the light elements N and O. From the given
beam and counting conditions we get an absolute preci-
sion (20, and values in wt%) of O: 0.6, N: 0.2, Na:
0.06-0.1, K: 0.1-0.2, Ca: 0.02, Al: 0.1, Si: 0.2, Fe:
0.04, and Ba: 0.1-0.15.

EMP analysis of light elements is hampered by their
large mass-absorption coefficients (MAC). Absorbance of
0-Ko X-rays by N (MAC: 17,300 cm? g~!, (Bastin and
Heijligers, 1988) leads to large correction factors for the
fluorescence and absorption corrections of N-Ka and
O-Ka raw counts, respectively. For this reason O is
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Fig. 2. The geology of the Witkop III hydrothermal vent complex. The complex is divided into an inner and an outer zone, where the outer
zone represents dipping Clarens Formation sandstone (locally with zeolite cement), and the inner zone comprise sediment breccia overlain by
sandstone. The map is modified from Svensen et al. (2006), and is based on an aerial photo projection. Samples used in this study are shown

on the map, with GPS coordinates given in Table 1.

analyzed precisely, and not estimated from the usual stoi-
chiometric calculations. The following standards were used
for calibration: synthetic buddingtonite for N (Péter et al.,
1999), gem quality orthoclase for O (Arnaud and Kelley,
1997), albite for Na, Al,O3 (synthetic) for Al, wollastonite
for Si and Ca, sanidine for K, hematite for Fe, and celsiane
for Ba. Matrix correction was performed applying the ¢—p—
z method by Armstrong (1995).

Due to the general small fluorescence yield of emitted
characteristic X-rays from light elements a high-perfor-
mance analyzing-crystal, LDEN (2d spacing of 80 A,
ScCr-multilayer pseudocrystal), was chosen for the acquisi-
tion of the N-Ka signal. The development of “Layered
Dispersion Element” crystals (LDE) enables the quantifica-
tion of ultra-light elements at low amounts by EMP
(Armstrong, 1988; Rybka and Wolf, 1995). Due to its
build-up of Cr/Sc multilayers (both elements of low MAC
on N-Ka), the intensity yield of the LDEN crystal is ten

times higher compared to the usual LDE1 (2d = 60 A, W/Si
multilayer).

Carbon coating was applied simultaneously on the N/O
standards and the samples to equalize the large absorp-
tion effects by the coating material (absorbance of
N-Ka in C: MAC 25,500 cm® g~'). To avoid contamina-
tion-effects by a C build-up at the surface on the mea-
surement spot (Raudsepp, 1995), a liquid N trap was
used to freeze carbon hydrates off from the vacuum
chamber.

Element distribution of N, Na, K, Ca, and Ba (WDS)
was mapped using an acceleration voltage of 15kV and a
beam current of 15nA. Acquisition times were chosen
between 40 and 50 ms per step. The scan grid was spaced
at 0.5-um steps, using 400-550 steps depending upon the
dimension of each crystal. Simultaneous acquisition of
the Dbackscatter signal in composition mode was
performed.
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3.4. XRD

X-ray diffraction analyses were performed on clay frac-
tions of crushed bulk-rock samples. The clay mineral frac-
tion (<2 pum) was separated by settling in columns with
deionised water. The clay fraction was then filtered through
0.45 pm pore size filter and saturated with MgCl,, and
mounted on silica plates before analyzed on a Philips
X’Pert MPD at the Department of Geosciences, University
of Oslo. Multiple runs followed standard procedures on un-
treated clay, after overnight treatment with ethylene glycol
in an exicator at 60 °C, and after heating at 550 °C for 2 h.

3.5. Stable isotopes of nitrogen

Bulk-sediment samples were gently crushed by hand in a
mortar followed by separation of the crushed material into
silt- and sand-sized fractions. This allowed a crude separa-
tion of the clay minerals and the buddingtonite-bearing
fraction. These splits, and also some bulk-sediment samples
and kerogen separates, were sealed in quartz tubes with a
Cu—Cu,O, mixture after overnight evacuation. The tubes
were then combusted at 1050 °C for 3 h (see Bebout and
Fogel, 1992; Sadofsky and Bebout, 2000). Nitrogen concen-
tration was determined by measuring the m/z-28 signal for
calibrated inlet volumes in the mass spectrometer. Nitrogen

isotope analyses were obtained using a Finnigan MAT 252
mass spectrometer in dual-inlet mode. The §'°N values are
reported relative to atmospheric Ny (N/"N)qq:

(ISN/MN)sample - (ISN/MN)

air 3
(PN/MN) i, <10

515Nair =

The reproducibility of the measured 5'°N (1¢ for >3 repli-
cate analyses) was better than 0.29, and uncertainties for
duplicate N concentration measurements were less than 5%.

4. DIAGENESIS AND GEOCHEMISTRY OF THE
HYDROTHERMAL VENT COMPLEX

4.1. Diagenesis

The porosity of the samples collected at the surface is
very high (up to 25%) due to weathering (Figs. 3 and 4).
As a consequence, the matrix clay minerals are often ab-
sent, hampering a full investigation of their diagenetic evo-
lution. However, clay fraction XRD analyses show that
illite is the dominant clay mineral in most samples from
all Units, with trace amounts of chlorite (Table 3). This is
consistent with results from the Witkop I hydrothermal
vent complex west of the study area (Sali Lorentzen,
2004) where well-preserved authigenic illite is present in

Fig. 3. Petrography of authigenic minerals from sandstone at Witkop I11. (A) Zeolite-cemented sandstone facies. The SEM backscatter image
shows early stage zeolite (laumontite) cement. Note the absence of authigenic quartz. (B) SEM backscatter image from a zeolite-cemented
sandstone showing partially dissolved albite filled with illite/smectite and zeolite. Note that the illite/smectite texturally apparently predates
the zeolite. (C) SEM backscatter image of sandstone from the breccia showing buddingtonite as fracture fill in K-feldspar and as overgrowths.
The high porosity (black) is due to weathering. (D) SEM backscatter image of a sandstone from sandstone showing authigenic buddingtonite
overgrowths on K-feldspar. Authigenic albite covers an albite grain whereas authigenic quartz apparently postdates buddingtonite.
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K02HS-15

Fig. 4. SEM backscatter images of authigenic minerals from
sediment breccias at Witkop III. (A) Zoned buddingtonite forms
overgrowths on detrital K-feldspar. The autigenic feldspar is
zoned, where barium-enriched feldspar texturally postdates the
buddingtonite. (B) Sandstone matrix from a sediment breccia,
showing a fractured feldspar grain with buddingtonite fracture fill.
(C) Sandstone clast from sediment breccia. The authigenic
buddingtonite reveals a complex zoning. The gray spots in the
buddingtonite represent burns from the electron microprobe beam.
Calcite is the pore filling mineral.

sandstone. The textural relationships of the chlorite remain
uncertain due to the poor preservation of relevant textures.
A schematic summary of the interpretation of the hydro-
thermal vent complex diagenesis is presented in Fig. 5
and is further described below. The background diagenetic
evolution of the Clarens Formation in the Witkop III

region, i.e., outside the hydrothermal vent complex, is sim-
ilar to that of the vent complex except that the background
sediments lack buddingtonite and zeolite.

4.1.1. Unit II (zeolite sandstone)

Laumontite is the dominant authigenic mineral in zeolite
sandstone (Unit IT) from the outer zone of the Witkop III
hydrothermal vent complex (Svensen et al., 2006), where
it is based on textures the earliest mineral that precipitated.
Here, laumontite fills fractures in grains and forms pore-fill-
ing cement in sandstone where no authigenic quartz or feld-
spar is present (Fig. 3A and B). Laumontite is locally
replacing albite (Fig. 3B), whereas some of the albite disso-
lution porosity has acted as precipitation sites for clay min-
erals (illite/smectite). Buddingtonite has not been found in
the zeolite sandstone unit, possibly due to the coating effect
of the zeolite (preventing formation of overgrowths), as
suggested by the textures from Fig. 3A.

4.1.2. Units I and 111

Relevant textures from inner-zone sandstone without
zeolite cement (Unit I and the matrix of Unit III) suggest

Background sediments
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Fig. 5. Schematic diagenetic sequence based on SEM petrography
from Witkop III. The diagram is divided into samples from outside
the vent complex (“Background”), and from Units I and II. The
timing of hydrothermal vent complex formation (and hence sill
emplacement at depth) is shown as a vertical line labeled “HVC”.
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that authigenic albite and quartz postdate buddingtonite
(Fig. 4A). Buddingtonite occurs as overgrowths and frac-
ture-fill in detrital K feldspars (Fig. 3C). The buddingtonite
overgrowths are usually strongly zoned, with well-devel-
oped intra-sector and sector zoning, and the zoning is due
to variations in the buddingtonite and K/Ba-feldspar com-
ponents (Fig. 6).

Within clasts from the sediment breccia, authigenic bud-
dingtonite, albite, and quartz, occurs together with calcite
(Fig. 4A and B). This authigenic mineralogy is present in
large breccia boulders (as represented by sample K02HS-
15). Although difficult to determine from the textural rela-
tions in the breccia clasts, we regard the albite and quartz as
a part of the pre-vent complex mineralogy, whereas bud-
dingtonite and calcite precipitated in the matrix after the
clasts were incorporated into the breccia (Fig. 4C). We also
regard it as most likely that any zeolite in the breccia clasts
were formed after breccia formation. Calcite is found in
several matrix samples from all units, but in all cases as spo-
radic remnants after surface erosion. We hypothesize that
this calcite represents the same precipitation event as the
breccia boulders.

4.2. Nitrogen geochemistry of the hydrothermal vent complex

4.2.1. Feldspar mineral chemistry

More than 100 point analyses of K-feldspar show signif-
icant differences in Na, N, and Ba concentration between
detrital and authigenic K-feldspar (Fig. 7). Representative
electron microprobe analyses (Table 2) document that the
detrital feldspar lacks N, and has higher Na concentrations
than that of the authigenic feldspar (Fig. 7). Barium is com-
monly present in the authigenic feldspar as a trace compo-
nent, but reaches 1-1.5 wt% in several instances. Barium
concentrations in detrital and authigenic feldspar do not
correlate with N concentration, in contrast with the findings
of others (e.g., Orberger et al., 2005). However, this is likely
due to low Ba concentrations in the analyzed authigenic
feldspar, as element mapping shows that high Ba is con-
fined to zones with high N (Fig. 6).

Most of the authigenic feldspar has N concentration be-
tween 1 and 5 wt%. When recalculated to structural formu-
las, the buddingtonite component varies from near 0 to
about 95 mole % (Table 2, Fig. 8). Nitrogen is present in
the crystal lattice of K-feldspar as NH,", and occupies
the A site where it substitutes for K. The exchange can be
written as:

KAISI303 + l\IH4+ — NH4AISI303 + I{Jr

The buddingtonite component of the authigenic feldspars
ranges from 0.0 to 0.9 mole %. Only one analysis falls in
the 0.35- to 0.5-mole % range (Fig. 8). There are no obvious
compositional trends in the buddingtonite component ver-
sus rock type or Unit at Witkop III, neither is there any sys-
tematic difference between fracture fill and overgrowth
composition. It should be noted that due to the complex
buddingtonite zoning and the size of the electron beam
(8-20 um), some of the analyses likely represent mixtures
of two or more feldspar compositions. SEM imaging and
microprobe element mapping demonstrate the presence of
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Fig. 6. Electron microprobe element mapping of potassium and N
in a detrital K-feldspar grain with authigenic overgrowths. Note
the homogeneous feldspar core, and the irregular zoning. The
buddingtonite-rich inner zoning is overgrown by N-poor feldspar.

sector and intra-sector zoning (Fig. 6). In many cases, the
last stage of feldspar cement is dominated by K-feldspar,
and buddingtonite is confined to early and intermediate
stages. In Fig. 6, buddingtonite is overgrown with K-feld-
spar containing less that 1% N.
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Fig. 7. Electron microprobe results showing the normalized
composition of detrital and diagenetic K-feldspar. The detrital
feldspars contain no or very little N, but are rich in Na. The
authigenic feldspars contain up to 5 wt% N.

4.2.2. Nitrogen isotopes

The N isotope analyses of split silt and sand samples
together show a range in 8'°Ny, values from +1.5%,
to +10.6%, (Table 3). The data for the sand fractions
approximate the 8'°N values in buddingtonite (due to the
large grain size of feldspar in the samples), whereas the silt
fraction is thought to represent the 8'°N values of clays
(mainly illite, due to the small grain size of the clays), likely
with some contamination from finely crushed buddington-
ite. The range in N concentration is similar for the samples
from the silt and the sand fractions (530-2522 ppm). One
sandstone sample (KO1HS-47) has an elevated N concen-
tration of 5959 ppm that can be explained by a high modal
content of buddingtonite.

The results may be grouped according to geological set-
ting (Fig. 9), where Group I represents samples from the
outer zone (i.e., the Elliot and Clarens formations;
8N = +1.5%, to +4.9%,), and Group II represents sand-
stone and breccia from inside the Witkop III complex
(8N = +7.5%, to +10.6%,). Within both groups, budding-
tonite and illite show the same range in 3'°N, although the
silt fraction samples consistently have somewhat higher
8!°N values than sand fraction samples. The Group I
geochemistry reflects illite 8'°N values as buddingtonite is
absent except for in the KO1HS-47 sample. The samples
with zeolite cement do not differ in 8'°N from the other
Group I samples.

4.3. Nitrogen geochemistry of contact aureoles

The vitrinite reflectivity values of the Ecca Group shale
from the two boreholes (KL1/78 and G39974) show a range
in metamorphism from close to background values
(%Ro =1.34) to high-grade metamorphism (%Ro =7.9;
Table 4). Although not demonstrated here, the increase in
vitrinite reflectivity in G39974 corresponds with the dis-
tance from the intrusive contact, and total organic C con-
tent also decreases across this traverse (Svensen et al.,
2007). In this paper, we use the vitrinite reflectivity, and
not the distance from the intrusive contact, as a proxy for

metamorphic grade, enabling us to compare samples from
different settings with different background TOC concentra-
tions. The N concentrations are generally higher in the ker-
ogen extracts, demonstrating that much of the N is bound
to organic matter. Maximum N concentrations in kerogen
extracts reach 4240 ppm and 3'°N values of these samples
range from +3.8%, to +14.29,. There is a positive correla-
tion between vitrinite reflectivity and 8'°N, with the least
metamorphosed samples having the lowest 3'°N (near
+49.: Fig. 10A). At reflectivity values above 4, the 3'°N
values show a wide range, from +69%, to +14.2%,. Three
samples with reflectivity values above 7 have 8'°N values
in the upper end of this range. A similar trend emerges
when comparing the vitrinite reflectivity with the N/TOC
ratio (Fig. 10B). Low-grade metamorphic samples (with
%Ro < 4) have the lowest N/TOC, with a significant in-
crease above %Ro ~ 4. The N/TOC ratio reaches 9.5 in
the highest-grade sample.

5. DISCUSSION
5.1. Timing of buddingtonite cement

The petrography of more than 20 samples from hydro-
thermal vent complexes suggests that buddingtonite and
zeolite (laumontite) formed during early diagenesis. Both
minerals occur as fracture fill in K-feldspar, suggesting that
precipitation occurred when the sediments compacted
mechanically (cf. Ramseyer et al., 1993). Mechanical com-
paction commonly dominates in the first 1000 m of burial
(e.g., Worden and Burley, 2003). The laumontite is assumed
to have precipitated from low temperature hydrothermal
fluids shortly after the formation of the Witkop III hydro-
thermal vent complex (Svensen et al., 2006), mainly localized
along permeable sandstone horizons. Thus the laumontite
cement may have inhibited later quartz precipitation. Fur-
thermore, the buddingtonite precipitation was pervasive
throughout the inner zone of the vent complex, whereas it
is absent in the outer zone. From the textural relationships
between buddingtonite, laumontite, and quartz, we suggest
that buddingtonite precipitated at fairly low temperatures,
below the normal onset of quartz cementation (i.e., below
70-80 °C; e.g., Walderhaug, 1994; Giles et al., 2000). This
is in agreement with buddingtonite data from other early-
diagenetic sequences, where buddingtonite may have
formed at temperatures below 30 °C (Ramseyer et al.,
1993). The rapid decrease in the buddingtonite component
during feldspar growth may be interpreted as a sudden
reduction in the N concentration of the fluid phase, reflect-
ing the large-scale fluid circulation of an essentially open
system.

5.2. Timing of quartz cement

The onset of quartz cementation in the Stormberg
Group sediments depended on the geothermal gradient
and possible heat input from the hydrothermal vent com-
plex during burial. On the basis of our data from the Cla-
rens Formation and Witkop IIT and data for authigenic
quartz from the Clarens, Elliot, and Molteno Formations



Table 2

Electron microprobe analyses of selected representative detrital and authigenic K-feldspar/buddingtonite

Sample KO2HS-16 KO02HS-16 KOI1HS-47 KOIHS-47 KOI1HS-47 KOI1HS-47 KO01HS-47 KOIHS-56 KOIHS-56 KOIMS-56 KO2HS-15 KO2HS-15 KO2HS-22
wt% Detrital Authigenic  Detrital Authigenic  Authigenic  Authigenic  Authigenic  Detrital Authigenic  Authigenic  Detrital Authigenic  Detrital
(0] 46.47 48.33 46.52 49.63 49.16 45.57 48.08 46.2 49.47 45.76 46.1 449 45.93
N 0.07 2.75 0.15 5.17 4.14 0.59 2.72 0.15 3.22 0.51 0.17 0.51 0.13
K 9.18 6.51 12.25 1.50 3.49 12.46 6.90 11.49 5.26 12.64 11.73 12.66 12.81
Fe 0.16 0.05 0.00 0.00 0.00 0.02 0.00 0.03 0.02 0.01 0.03 0.03 0.03
Na 2.60 0.08 0.89 0.01 0.05 0.20 0.080 1.62 0.01 0.05 1.41 0.07 0.49
Si 30.52 31.32 30.26 32.60 31.95 30.74 31.76 30.85 31.48 30.44 30.48 30.31 30.05
Ca 0.15 0.01 0.01 0.01 0.02 0.00 0.00 0.05 0.00 0.00 0.07 0.03 0.00
Al 9.88 9.94 9.85 10.07 10.03 9.89 9.98 9.77 10.01 9.85 9.91 9.97 9.87
Ba 0.45 0.39 0.34 0.13 0.18 0.25 0.29 0.02 0.42 0.68 0.11 1.28 1.06
Total 99.49 99.39 100.26 99.12 99.01 99.70 99.80 100.16 99.89 99.94 100.01 99.76 100.38
Structural formula based on a total of 13 cations and anions (excluding Ti, Mg, and Mn)

N 0.00 0.51 0.01 0.94 0.76 0.10 0.50 0.01 0.59 0.08 0.01 0.08 0.01
Na 0.31 0.01 0.11 0.00 0.01 0.02 0.01 0.19 0.00 0.01 0.170 0.01 0.06
K 0.65 0.44 0.87 0.10 0.23 0.89 0.47 0.81 0.35 0.90 0.83 0.91 0.91
Ba 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.03 0.02
Ca 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Al 1.01 0.98 1.01 0.96 0.97 1.02 0.99 1.00 0.98 1.02 1.02 1.04 1.02
Fe 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Si 3.00 2.98 2.97 2.99 2.98 3.04 3.02 3.03 2.95 3.02 3.00 3.03 2.98
(6] 8.01 8.07 8.03 8.00 8.05 7.92 8.01 7.96 8.13 7.96 7.96 7.89 8.00
Total 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00
A site—N  0.98 0.46 0.98 0.10 0.24 0.92 0.49 1.01 0.36 0.92 1.01 0.95 0.99
A site 0.98 0.97 0.99 1.04 1.00 1.01 0.98 1.02 0.95 1.00 1.02 1.03 1.00
T site 4.01 3.96 3.98 3.96 3.95 4.06 4.00 4.03 3.92 4.03 4.02 4.08 4.00
% Budd 0 53 1 90 76 10 51 1 62 8 1 8 1

% Kfs 66 46 88 10 23 88 48 79 37 90 81 88 91

% Ab 32 1 11 0 1 2 1 19 0 1 1 6

% Cel 1 1 1 0 0 1 1 0 1 1 1 2

% An 1 0 0 0 0 0 0 0 0 0 0 0
Detection limits (ppm)

N 794 894 730 964 986 792 920 746 930 784 736 748 736
Na 292 238 242 266 264 282 270 294 256 256 266 274 266
Ba 626 470 522 488 544 550 540 546 528 564 550 580 584
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Sample KO2HS-22 KO2HS-26 KO2HS-26 KO2HS-19 KO2HS-19 KO2HS-28 KO2HS-2N KO2HS-29 KO2HS-29 KO2HS-16 KO2HS-I6 B-11 B-11
wt% Authigentic  Detrital Authigenic  Authigenic  Authigenic  Detrital Authigenic  Detrital Authigenic  Detrital Authigenic  Detrital Authigenic
(¢} 46.67 45.80 46.85 49.06 49.33 46.13 47.54 4577 46.81 46.13 47.81 45.49 48.32
N 1.63 0.09 1.49 4.50 4.57 0.17 2.14 0.06 1.38 0.06 3.02 0.17 1.42
K 9.47 13.11 9.87 2.58 2.19 12.41 8.30 12.79 10.05 12.91 5.97 12.52 9.67
Fe 0.08 0.01 0.01 0.00 0.03 0.00 0.05 0.09 0.01 0.11 0.08 0.00 0.03
Na 0.05 0.50 0.10 0.06 0.08 0.98 0.10 0.48 0.14 0.61 0.05 0.71 0.12
Si 31.70 30.60 31.88 32.42 32.26 30.42 30.99 29.81 31.22 30.15 31.41 29.57 31.42
Ca 0.00 0.00 0.00 0.01 0.00 0.02 0.00 0.00 0.00 0.02 0.00 0.00 0.00
Al 9.56 9.76 9.36 10.29 10.09 9.84 9.77 9.94 9.69 9.66 9.80 9.70 9.47
Ba 0.09 0.05 0.08 0.02 0.04 0.25 0.75 1.39 0.28 0.15 0.62 1.17 0.11
Total 99.25 99.92 99.64 98.94 98.58 100.22 99.64 100.33 99.58 99.79 98.75 99.32 100.56
Structural formula based on a total of 13 cations and anions (excluding Ti, Mg, and Mn)

N 0.30 0.00 0.27 0.82 0.83 0.01 0.40 0.00 0.25 0.00 0.56 0.01 0.25
Na 0.01 0.06 0.01 0.01 0.01 0.12 0.01 0.06 0.02 0.07 0.01 0.09 0.01
K 0.66 0.93 0.69 0.17 0.15 0.88 0.57 0.91 0.70 0.92 0.41 0.90 0.66
Ba 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.03 0.01 0.00 0.01 0.02 0.00
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.97 1.01 0.95 0.99 0.98 1.01 0.98 1.03 0.98 1.00 0.98 1.01 0.94
Fe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Si 3.08 3.03 3.10 3.01 2.99 3.00 2.98 2.97 3.04 2.98 3.00 2.96 3.01
(0] 7.97 7.97 7.98 8.00 8.04 7.98 8.04 8.00 8.00 8.02 8.03 8.00 8.12
Total 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00 13.00
A site—N  0.67 1.00 0.70 0.18 0.16 1.00 0.60 1.00 0.72 1.00 0.43 1.01 0.68
A site 0.97 1.00 0.98 1.00 0.99 1.02 1.00 1.00 0.98 1.00 0.99 1.03 0.93
T site 4.06 4.04 4.04 4.00 3.98 4.01 3.97 4.00 4.02 3.99 3.98 3.97 3.95
% Budd 31 0 28 82 84 1 40 0 26 0 57 1 27
% Kfs 68 93 70 17 15 86 57 91 72 92 41 87 71

% Ab 1 6 1 1 1 11 1 6 2 7 1 8 1

% Cel 0 0 0 0 0 0 2 3 1 0 1 2 0

% An 0 0 0 0 0 0 0 0 0 0 0 0 0
Detection limits (ppm)

N 822 774 822 964 996 730 836 768 792 744 900 726 770
Na 254 286 232 256 226 254 268 260 258 278 292 252 270
Ba 506 546 516 279 482 558 550 576 532 576 514 558 530
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Fig. 8. Calculated structural formulas show that the A site in the
authigenic feldspar range from being entirely filled by K to contain
up to 95mole % N per formula unit. There are no systematic
variations between the buddingtonite component and rock type.

by previous workers (Turner, 1972; Sali Lorentzen, 2004),
we suggest that the flood basalt cover was thicker than
the proposed minimum of 1.4 km (Johnson et al., 1997),
or that the geothermal gradient was higher than about
50 °C/km. The latter is not realistic as it would have
produced low-grade metamorphic mineral assemblages as

Table 3

shallow as 3-4 km in the basin. Even chlorite formation
in sandstone may occur at temperatures as low as 90-100 °C
(e.g., Aagaard et al., 2000). However, a pulse of hot
fluids could have precipitated the quartz without affecting
the regional geothermal gradient. The formation of illite
could have been caused by recrystallization of smectite, or
precipitated directly from NH,"-rich solutions possibly
associated with petroleum generation (cf, Schroeder and
McLain, 1998).

5.3. Light element geochemistry of contact metamorphic
shale

The new data on the N geochemistry of contact meta-
morphic Ecca Group black shale show that there is an
isotopic shift of up to 10%, caused by the heating. How-
ever, it appears that a threshold level of metamorphism
corresponding to 3.4-4%Ro was reached before the shift
occurred. Thus the shale was heated to beyond the gas
window before significant isotopic shift occurred. When
comparing Figs. 10A and B, this threshold corresponds
to the heating level where the content of organic matter
is dramatically reduced due to C gas formation. At the
same time, the geochemical behaviors of C and N differ
significantly. Whereas the bulk TOC content is mainly
controlled by metamorphic grade, a significant fraction
of the N remains in the shale, likely incorporated into
metamorphic minerals as NH,* ions. For example, sam-
ple KL1/78/04-87.15 has a very high reflectivity of

Mineral content and nitrogen geochemistry of rocks and minerals from hydrothermal vent complexes

Sample Mineralogy (XRD)?* Microprobe analysis Isotope analysis
Buddingtonite <63 um N (ppm) >63 pm N (ppm)
No. of points wt% N max N pfu max® 315N 31N
Vent sandstone facies
KOIHS-56 Budd, illite, (chl) 12 3.88 0.73 9.3 1585 9.1 642
KO02HS-29 Budd, illite 9 2.76 0.52 9.5 1655 9.0 1115
Sediment breccia facies (clast)
KO02HS-15 Budd, illite chl 16 3.99 0.76 9.0 886 8.4 713
Sediment breccia facies
KO02HS-16 Illite, chl, budd 13 3.32 0.64 9.2 1452 8.5 903
B-11 n.a. 4 1.55 0.30 7.5 972 7.9 689
Pipes and dykes
KO02HS-19 Budd, illite 5 4.64 0.87 10.6 2003 10.2 1338
KO02HS-22 Budd, illite 3 1.63 0.32 9.4 1379 8.7 930
KO02HS-26 Budd, illite 5 1.49 0.29 8.9 1623 8.7 950
KO02HS-28 Budd, illite 8 2.14 0.41 9.5 1758 9.0 1096
KO03HS-22 Budd 3 3.31 0.64 7.7 952 7.5 534
Clarens and Elliot in Witkop III area
KO1HS-47 Budd 17 5.17 0.95 3.6 5959 4.8 1048
HS-35 Illite, laumontite 49 2522 4.6 2400
HS-191 Illite, chl 44 734 3.7 684
HS-216 Illite, chl 1.6 1819 1.5 1787
HS-259 Illite 2.6 596 2.2 572

% Bulk and clay fraction XRD analyses. The buddingtonite is identified by EMP. Abbreviations: budd, buddingtonite; chl, chlorite

(parantheses indicate low modal content).
® Maximum nitrogen content per formula unit (pfu).
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Fig. 9. The results from the silt and sand fraction N geochemical
analyses show a vide range in both N concentrations and 5'°N. The
results can be grouped according to geological setting at Witkop
II1. Group I results come from the outer zone of the hydrothermal
vent complex, and Group II from the inner zone. Within the two
groups, the illite (silt fraction) and the buddingtonite (sand
fraction) show very similar 3'°N values, but illite is commonly up
to 0.7%, enriched compared to buddingtonite. The spread in 8'°N
values is higher within Group II sediment breccias that in the
sandstones. The vertical dotted line shows the corresponding §'°N
values of contact metamorphic shale with low (<3.5%Ro) and high
(>3.5%Ro) vitrinite reflectance (data from Table 4).

7.7%Ro, and contains essentially no organic C, whereas
the N concentration is 528 ppm (Table 4). The N/TOC
data do however not provide a reliable measure of how

much N was lost from the sediments in the aureole case
study (Fig. 10B). From the isotopic data, a 109, increase
in 3'°N relative to the protolith would require a high de-
gree of N loss from the rocks, independent of the actual
devolatilization mechanism (i.e., Rayleigh distillation or
batch devolatilization; see demonstration in Fig. 11; (cf.
Bebout et al., 1999). The magntitude of the isotopic shift
would, however, depend on the fluid-rock N isotope frac-
tionation factor, which is in turn dependent on tempera-
ture (Fig. 11). The trend of increasing 3'°N with
metamorphic grade is consistent with that documented
for metamorphic systems subjected to greenschist- and
higher-grade conditions (e.g., Bebout and Fogel, 1992;
Bebout et al., 1999; Jia, 2006). For contact aureoles
around plutons, 8'°N values above ~8%, are only found
within a few meters of the contact (Haendel et al., 1986;
Bebout et al., 1999). The N gases released from the con-
tact aureole during devolatilization will be isotopically
lighter than the background rocks during early metamor-
phism. However, as the heating continues, the N released
into fluids will gradually be enriched in '°N (see curve in
Fig. 11 labeled, “Fluid N, for Rayleigh 600 °C Model”
(cf. Haendel et al., 1986; Bebout and Fogel, 1992).

5.4. Nitrogen sources

The N isotope compositions of buddingtonite and illite
could help discriminate between different N sources and
reservoirs in the Karoo Basin. These potential sources in-
clude: (1) clay minerals from the Stormberg Group sedi-
ments, (2) sedimentary pore fluids equilibrated within the
overlying flood basalts, or mantle-derived N released from
dolerite sills during crystallization, (3) petroleum migrated

Table 4

Nitrogen and organic geochemistry of bulk-rock and kerogen extracts from contact aureoles

Borehole/sample (m) N (ppm) 3N (%) %Ro St. dev. TOC (Wt%) N/TOC
KL1/78/04—61.85 Bulk 472.8 5.0 1.27 0.10 0.44 0.107
KL1/78/04—67.85 Bulk 1421.0 14.2 442 0.42 4.35 0.033
KL1/78/04—87.15 Bulk 528.3 14.2 7.70 0.68 0.01 5.283
KL1/78/04—92.6 Bulk 627.4 4.7 3.60 0.20 1.01 0.062
KL1/78/04—94.7 Bulk 639.5 5.3 2.80 0.23 1.07 0.060
KL1/78/04—103.6 Bulk 782.8 4.5 1.68 0.14 2.18 0.036
KL1/78/04—126.75 Bulk 801.9 44 1.34 0.14 2.77 0.029
KL1/78/04—61.85 Kerogen 5534 4.6 1.27 0.10

KL1/78/04—67.85 Kerogen 1921.6 10.9 4.42 0.42

KL1/78/04—94.7 Kerogen 556.8 4.9 2.80 0.23

KL1/78/04—103.6 Kerogen 1062.2 4.2 1.68 0.14

KL1/78/04—126.27 Kerogen 1110.1 3.8 1.34 0.14

G39974/04—238.3 Bulk 1716.7 6.5 4.34 0.30 0.45 0.381
G39974/04—273.22 Bulk 4590.8 12.5 4.53 0.43 0.40 1.147
G39974/04—322.5 Bulk 2626.4 8.2 4.53 0.52 0.57 0.461
G39974/04—372 Bulk 5245.8 11.8 4.65 0.34 6.34 0.083
G39974/04—393.26 Bulk 2012.9 11.1 4.64 0.38 1.18 0.171
G39974/04—402.11 Bulk 2305.3 11.8 4.08 0.56 2.28 0.101
G39974/04—415.7 Bulk 946.2 12.7 7.90 0.49 0.01 9.462
G39974/04—534.4 Bulk 1344.23 14.2 7.58 0.66 0.03 4.481
G39974/04—322.5 Kerogen 1475.3 8.2 4.53 0.52

G39974/04—363.4 Kerogen 2880.7 11.8 4.61 0.36

G39974/04—381.39 Kerogen 4240.3 11.8 5.03 0.45




4942 H. Svensen et al./ Geochimica et Cosmochimica Acta 72 (2008) 4929-4947
8 | | ® KL1/78 Bulk % \AE
o G39974 Bulk |
7 1 | = KL1/78 Kerogen g
A G39974 Kerogen
6 i
5 %; 4
: SSE! I ohtog f
2, t ] { f
:
3 4
it
2 4
[1] [}
. s | 3 T
0 T T T T T T Initial T T
2.0 4.0 6.0 8.0 10.0 12.0 14.0 0.0 0.1 1.0 10.0
3N N/TOC (wt. %)

Fig. 10. Geochemistry of contact metamorphic rocks. (A) The §'°N varies with the vitrinite reflectance (an indirect measure of the diagenetic/
metamorphic grade). Samples subjected to high temperatures show a considerable fractionation of N isotope. (B) The N/TOC ratio varies
with the maturity, and reflects the loss of C from the rocks during heating. The effect is pronounced above %Ro of 4.
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Fig. 11. Calculated rock and fluid 3'°N as functions of the extent
of N loss from devolatilizing sediments, at temperatures of 300 and
600 °C, using the fractionation data from Hanschmann (1981). For
each temperature (300 and 600 °C), curved lines are for Rayleigh
distillation and straight lines are for batch loss (see discussion of
the two models by Bebout and Fogel, 1992). See text for discussion.

from deeper levels in the basin, and (4) N derived from
metamorphic devolatilization reactions or from organic-
rich sedimentary rocks. We favor metamorphic devolatil-
ization triggered by sill emplacement as the primary source
of N found in inner-zone rocks. However, here we first
briefly discuss the plausibility of sources 1-3.

In the case of a local clay mineral source (i.e., from the
Stormberg Group sediments) for the N, we would anticipate
that the N fixed in the diagenetic buddingtonite and illite
would have the same 3'°N values as the organic matter
(cf. Williams et al., 1995). The outer zone 8'°N values are
similar to typical sedimentary values where the ultimate pri-
mary N source is organic matter but clay minerals now
house a considerable fraction of the N as NH," (e.g., Wil-
liams et al., 1995). However, the N isotope composition of
the inner and outer zone rocks differ strongly (Fig. 9), sug-
gesting either (1) open system behavior in the HVC and der-
ivation of N from different reservoirs or (2) considerably
higher initial N concentrations and lower 3'°N values in in-
ner-zone lithologies, both of which were then modified by
metamorphic devolatilization. The latter mechanism is unli-
kely as the inner-zone sedimentary rocks have not under-
gone metamorphism at sufficiently high grades to result in
major metamorphic fluid release. A source from local organ-
ic matter is not likely as the Clarens formation is dominated
by aeolian sand and silt (e.g., Dingle et al., 1983; Veevers et
al., 1994). The Elliot formation contains abundant shale
horizons which are potential sources of N during diagenesis,
but most Elliot Fm. shales are oxidized and contain little or
no organic C. We conclude that the most likely reservoir and
source for the outer zone N is organic, with a large fraction
of the originally organic N now sited in clays. The inner zone
N requires a different explanation, most plausibly involving
introduction of nitrogen from an external source.

Nitrogen in basalts commonly shows a wide range in
3'°N (Faure and Mensing, 2005). However, the mantle res-
ervoir is depleted in >N compared to air with a 3'°N value
of ~—59, (Marty and Dauphas, 2003), although values as
low as —99%, have been suggested (Faure and Mensing,
2005). Thus the N isotope compositions of inner and outer
zone rocks are inconsistent with significant N sourcing from
cooling/degassing lavas or dolerite sills.
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Fig. 12. Time series representation of the evolution of the Karoo hydrothermal vents in response to the emplacement of mafic sills resulting in
rapid devolatilization of surrounding sedimentary rocks. See text for discussion.

Coal-bearing horizons are known to occur as <0.5-m-
thick seams in Easter Cape (e.g., Dingle et al., 1983),
and are thus a potential source for the inner zone N. The
coal seams and the maturation of the organic matter in
the Ecca Group shale likely generated petroleum-bearing
fluids, which would also be N-bearing. However, because
N released from organic matter during early diagenesis is
strongly '°N depleted (Zhu et al., 2000), both the coal
seams and the Ecca Group shales can be ruled out as the
source of N found in the inner-zone rocks. During further
maturation, the generated petroleum will have the same
N isotopic composition as the bitumen it was derived from,
whereas secondary migration may cause '°N enrichment
due to interaction with sediments (Williams et al., 1995).
Thus to explain the inner zone N isotope data with a
petroleum source, a '*N-enriched source rock or fluid—rock
interactions during migration is required.

5.5. Preferred scenario for the nitrogen release and inner-
zone nitrogen enrichment

We believe that the transport of the deeply-sourced
metamorphic fluids upward through the vent complex and
its surroundings during early burial diagenesis resulted in
the precipitation of early diagenetic, '*N-enriched budding-
tonite (8'°N =+7.5%, to +10.2%,) and somewhat later-
formed illite. As one means of evaluating the deeper meta-
morphic dehydration of the Ecca Group and Molteno coal
as a N source, we examined the behavior of N in contact
metamorphic aureoles developed in similar rocks. As dis-
cussed above, and demonstrated in Fig. 11, the loss of N
as N, during metamorphic devolatilization can result in
shifts of sedimentary rock 3'°N toward higher values.
Moreover, fluids released by devolatilization will become
increasingly rich in '>N as devolatilization progresses
(Fig. 11; (see also Haendel et al., 1986; Bebout and Fogel,
1992; Krooss et al., 1995; Bebout et al., 1999). In general,
it appears that the loss of N from the appropriate sedimen-
tary lithologies, over the approximate temperature range of

300-600 °C, with “F” (fraction of the original sediment N
remaining) as low as 0.20 (and particularly if NH; was
the dominant N fluid species), could certainly have pro-
duced upward 3'°N shifts of up to 10%, as observed in
the contact aureoles. This would shift the sediments to val-
ues near +14%, (see 5'°N data in Fig. 10A).

Fig. 12 illustrates our view of the evolution of the Karoo
hydrothermal vent complexes in response to the intrusion of
mafic sills at depth. Contact metamorphism of organic-rich
sedimentary rocks adjacent to the sills resulted in dramatic
volatile loss and related N depletion and N isotope modifi-
cation of the heated sediments. The released fluids would
then have been driven by buoyancy towards the surface
and have interacted with HVC lithologies during transport.
We suggest that these vent complexes would have remained
highly permeable avenues for the upward transport of fluid
long after the major pulse of fluid release. If fluids released
by deep-seated rocks at 600 °C contained N, as the domi-
nant N fluid species, this N, would likely have had 8'°N val-
ues between about +1.75%, and +6 %,. This range of §'°N
values is compatible with sedimentary rocks that have lost
between 0% and 80% of their N by devolatilization (Fig.
11). The N isotope composition of NHy-rich silicate phases
stabilized along the transport path of the ascending fluids
would be controlled by the 8'°N values of these fluids and
the temperature dependent NH4-N, nitrogen isotope
fractionation factor. For example, NHy-bearing silicates
formed at 300 °C in isotopic equilibrium with infiltrating
N, fluids would have 8'°N values ~6%, higher than these
fluids (~+7.75%, to +129,). Equilibration of the same N,-
bearing metamorphic fluids with NH, *-rich silicates at tem-
peratures lower than 300 °C would likely have produced
even higher 8'°N for the silicate phases. The magnitudes
of the fluid-mineral fractionations are largely unknown
for the temperature range of 100-300 °C. The coexistence
of NHy-rich silicates and fluids containing molecular N
(N,) has previously been documented for low-grade meta-
morphic settings (e.g., Darimont et al., 1988; Bebout,
1997), but the details regarding the nature of the isotopic
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exchange between silicate NH,4 and fluid N», during such
processes as devolatilization and metasomatic alteration,
remain uncertain (see discussion of possible mechanisms
by Boyd (1997)). Bebout and Sadofsky (2004) reported N
isotope compositions of fluid inclusion N, and vein biotite
NH, that appear to reflect isotopic equilibrium between
the vein fluids and silicates, with the difference between the
biotite and the N, 8'°N values approximating values calcu-
lated for the temperature inferred for vein formation (using
the fractionation factors calculated by Hanschmann (1981)).
Kreulen et al. (1986) similarly suggested at least crude N iso-
tope equilibrium between NH,-rich silicates and fluid inclusion
N,. Bebout (1997) inferred the metasomatic replacement of
plagioclase by NH,-rich phengite (Si-rich potassic white-mica),
with the N delivered to the mica by N,-bearing metamorphic
fluids (at temperatures near 350 °C).

It is possible that, under the low-temperature (perhaps
~70-80 °C) and more reducing conditions stabilizing the
inner-zone buddingtonite, N in the fluid phase would have
been speciated largely as NH; or NHy, affecting the nature
of the fluid—mineral N-isotope fractionation during the crys-
tallization of buddingtonite. Metamorphic N, derived from
greater depths could have, during its ascent, mixed with more
locally-derived NH, and itself been re-speciated. Any N iso-
tope fractionation accompanying this mixing and re-specia-
tion is difficult to evaluate as the details regarding the
isotope exchange model are lacking. However, it is conceiv-
able that the resulting NH4 would have at least crudely borne
the N-isotope signature of the N,-bearing fluids infiltrating
from depth (+1.759%, to +69%, for the fluid loss model
described above). Fluid-rock interaction along the upward
flow path of these fluids, or mixing of the fluids derived by
metamorphic devolatilization with fluids produced by other
processes (e.g., release of N from rocks in and near the
HVC in response to heating by the warm ascending fluids),
could have resulted in fluids with 8'°N values appropriate
for producing the §'°N range found in the inner-zone diage-
netic NH, "-rich phases (see Fig. 12C). We believe that illite
formed during later burial or deeper in the basin at conditions
corresponding to the oil window (60-120 °C), but incorpo-
rated N from the same largely deep-basinal N source as the
earlier-formed buddingtonite. This explains the fact that
the Group I1 illite and buddingtonite have similar 5'°N val-
ues even though the timing of precipitation is likely different.

5.6. Implications for fluid migration

The presence of buddingtonite demonstrates that diage-
netic fluids were NH,"-bearing and reducing, with high
NH,"/H" and K*/H" activity ratios (Mader et al., 1996).
As discussed above, the most likely mechanism to explain
the formation of buddingtonite within the vent complex is
seepage of fluids with a devolatilization origin through
the HVC. High NH,* concentrations in petroleum-bearing
fluids are known from both active hydrothermal systems in
sedimentary basins (Von Damm et al., 1985) and from
petroleum provinces (e.g., Williams et al., 1995). Our data
show that the hydrothermal vent complexes formed new
fluid flow pathways in the Karoo Basin, with the ability
to focus fluids from deeper in the basin. This is in line with

results from the Norwegian Sea, where a prolonged seep
history is recorded by carbonates above a hydrothermal
vent complex (Svensen et al., 2003). In this respect, the
HVC share some similarities with mud volcanoes in the
dormant period, where gas and liquid migrates upward
from considerable depths (e.g., Planke et al., 2003). The
mineralogical record of N-bearing phases is limited to the
temperature—depth interval corresponding to buddingtonite
and illite stability, but we cannot exclude the possibility
that the vent complexes acted as longterm fluid flow path-
way for N-bearing fluids. This conclusion is supported by
data from a phreatomagmatic pipe structure in the Lady-
brand area, where the pipe structure is one of the few
known active petroleum seeps in the Karoo Basin (Wood-
ford et al., 2001).

5.7. Implications for the geochemical cycle of nitrogen

Considering that the considerable mass of N bound in
rocks (e.g., Holloway and Dahlgren, 2002), devolatilization
of N-bearing shale is potentially an important part of the
geochemical cycle of N at least during the formation of
large igneous provinces and associated volcanic basins.
Constraints on the N mobilization from the Karoo Basin
can be derived from the data presented by Svensen et al.
(2007), stating that between 294 and 505 Gt C vented from
the Western Karoo Basin during contact metamorphism of
the Ecca Group. The production potential for the whole
Karoo Basin is between 1870 and 7490 Gt C, and the car-
bon gas venting may have triggered or contributed to early
Jurassic global warming. By assuming a N/TOC ratio of
0.03 for the bulk of the Ecca Group (Fig. 10), and that at
least 50% of the initial N was removed during devolatiliza-
tion, we can estimate the total mass of mobilized N. For the
Western Karoo case, the potentially mobilized N is between
1.5 and 2.5 Gt N, whereas the production potential for the
whole Karoo Basin is between 9.4 and 37.5 Gt N. Com-
pared to the N flux from volcanoes along the Central Amer-
ican convergent margin of 8.2 x 10~® Gt/year (Hilton et al.,
2002), the total release from the Karoo Basin correspond to
0.2-4.7 m.y. of this volcanic degassing.

6. CONCLUSIONS

e The authigenic petrography of sandstone and breccia
from an early Jurassic hydrothermal vent complex doc-
uments that NH," feldspar formed during early diagen-
esis and mechanical compaction. The buddingtonite
occurs in fractured K-feldspar grains and as over-
growths, and is found within sandstone and sediment
breccia matrix and clasts.

The authigenic feldspar contains up to 90 mole % bud-
dingtonite. Isotope analyses of the sand fraction of the
samples represent an approximation to buddingtonite
3'°N values, and the samples fall in two distinct groups
according to geological setting. Group I samples are
from outside the vent complex (8'°N between +1.5%,
and +4.6%,), and Group II samples from inside the com-
plex (3'°N between +7.1%, and +10.2%,).
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e The silt and clay fraction of the samples always have the
highest N concentrations, and the main clay mineral is
illite. The 8'°N of illite is 0.7%, higher than that of
buddingtonite.

Data from contact metamorphosed Ecca Group shale
demonstrate an up to 109, fractionation of N isotopes
during heating, providing an analog for the isotopic
shifts of rocks and fluids produced by devolatilization
of inferred fluid sources below the HVC. We propose
that N, with relatively high 8'°N capable of producing
the 8'°N range of the buddingtonite was formed during
metamorphic devolatilization of organic-rich sedimen-
tary rocks.

Details regarding fluid-mineral exchange and fluid mix-
ing along the upward flow paths are lacking, and it is
likely that N, ascending from depths would have re-spe-
ciated as NH;3 or NHy in the fluid phase at the low-tem-
perature and reducing conditions at  which
buddingtonite formed. However, it appears likely that
these ascending N-bearing fluids retained the N isotope
signature of metamorphic devolatilization and imparted
this signature on buddingtonite and illite crystallized in
equilibrium with these fluids at lower temperatures.
Nitrogen geochemistry in general, and the geochemis-
try of buddingtonite in particular, are useful tracers
of paleo-fluid flow in sedimentary basins, and has
implications for the geochemical cycling of N. Such
studies are especially important if basin formation is
associated with periods of intense volcanic activity.
The hydrothermal vent complex drained fluid from
deep basin levels, a process which is still occurring
locally in the Karoo Basin.
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