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Abstract

The Steptoean Positive Isotopic Carbon Excursion (SPICE) is a large (>4%o shift)
positive carbon isotope (8'°C) excursion in the Upper Cambrian. The SPICE excursion
begins at the base of the Pterocephaliid Biomere, which is coeval with a mass extinction
of shelf fauna and the initiation of the second of two major regressions in the Cambrian.
It peaks at the Sauk II-Sauk III subsequence boundary, which corresponds to the height
of the regression. New carbon isotope (8'°C) data from the carbonate phase of phosphatic
lingulid brachiopods from Upper Cambrian nearshore siliciclastic facies in the Upper
Mississippi Valley, USA show the presence of the SPICE. The shape and magnitude of
the SPICE are consistent with results from whole-rock carbonate analyses. However,
values in this study are consistently ~6%o lower than whole-rock analyses due to
fractionated carbon delivered to the nearshore by rivers. This study also reports a surge in
concentrations of Fe as well as trace elements (Pb, As, Co, Cu, Ni, and Mo) known to be
toxic to marine invertebrates just above the base of the Pterocephaliid biomere. These
perturbations were probably driven by the Sauk II-Sauk III regression, which exposed
large areas of the Laurentian craton for the first time since inundation earlier in the
Cambrian, allowing remobilization of Fe and toxic trace elements concentrated in
sediments and soil. These elements were probably transported by rivers from exposed
land to the epeiric sea, where concentrations would quickly have exceeded tolerances of
most shelf fauna and caused widespread mortality. The influx of Fe could have
stimulated primary productivity, resulting in increased burial of organic ('*C-enriched)
carbon and the positive excursion of the SPICE.

Keywords: carbon isotopes, SPICE, biomere, mass extinction, phosphatic
brachiopods, lingulids, Upper Cambrian, Sauk II-Sauk III boundary



Introduction

The Cambrian has been divided based on a number of faunal extinction events
called biomeres by Palmer (1965; 1981; 1984; 1998) (Fig. 1). The cause of these
extinctions, in particular the Marjumiid-Pterocephaliid biomere boundary, continues to be
debated by paleontologists and sedimentologists, but recent hypotheses have argued for
the incursion of an exotic water mass into a relatively warm epeiric sea (Saltzman et al.,
1995; Perfetta et al., 1999). In particular, these models have focused on an influx of cold,
anoxic water resulting from the overturn of a stratified ocean either separately or in
conjunction with a rise in the thermocline and O, minimum zone from sea level change
(Palmer, 1984; Perfetta et al., 1999). Previous work investigating various forms of this
“cold water hypothesis” has included carbon isotope stratigraphy (Saltzman et al., 1995;
Perfetta et al., 1999; Saltzman et al., 2000), rare earth element (REE) analysis (Thomas,
1993), and strontium isotope analysis (Saltzman et al., 1995; Montaiiez et al., 1996).

The Marjumiid-Pterocephaliid biomere boundary (Marjuman-Steptoean stage
boundary) is approximately coeval with the beginning of a major regression (Runkel
et al., 1998) as well as a positive carbon isotope (8"C) excursion of ~4%e (Steptoean
Positive Isotopic Carbon Excursion, or SPICE, event of Saltzman et al. (1998). This
association of events suggests some significant disruption of the Cambrian hydrosphere-
atmosphere-biosphere system. The stratigraphy of this interval in the Upper Mississippi
Valley (UMV) has been well-studied by Runkel et al. (1998). Availability of abundant
stratigraphic and biostratigraphic information makes the UMV an ideal location to further
explore the mechanisms behind this series of events. This study presents new carbon

isotope data from phosphatic inarticulate brachiopods which demonstrate for the first
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Figure 1. Representative sea level (modified from Dott and Batten (1981) and Runkel et
al. (1998)) and carbon isotope curve (generalized from Saltzman et al. (1998), Montafiez
et al. (2000) and Saltzman et al. (2000)) shown against stratigraphic nomenclature for the
Middle and Upper Cambrian (modified from Palmer (1981, 1998)). Dates after Saltzman
et al. (in press).



time the presence of the SPICE in siliciclastic facies, accompanied by a perturbation of

background elemental levels.

Background
Cambrian Laurentia

Sea level change during the Cambrian may be summarized by an overall trend of
transgression (Dott and Batten, 1981) interrupted by two significant regressions. These
regressions define the Sauk I-II and Sauk II-Sauk IIT subsequence boundaries (Palmer,
1981). By the Late Cambrian, large portions of the Laurentian craton were inundated,
creating an epeiric sea (Dott and Batten, 1981). The sedimentary regime has been divided
into three general facies belts (Fig. 2): the inner detrital belt and middle carbonate belt on
the continental shelf and the outer detrital belt located off the edge of the craton (Palmer,
1971). The shelf edge was ringed by a carbonate bank-like structure, analogous (albeit on
a much larger scale) to the modern Bahama Bank. This structure probably resulted from

carbonates tracking transgressing sea level through the Cambrian.

Stable carbon isotopes
Carbon has two stable isotopes, C and "2C (Rollinson, 1993). The ratio of *C to
' canbe determined by reacting carbonate material with an acid to release CO, gas that

is measured using a mass spectrometer. Carbon isotope results are reported in standard

delta (8) notation:

ohRC = (i - 1J x1000%o,

std
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where R is the measured ratio of '*C to '2C and Ry 18 the ratio in a reference standard.
The common reference standard is belemnite material from the PeeDee formation in
South Carolina, which is used because it is close to the average value for marine
limestone.

Because °C and "2C have different atomic masses, they are subject to
fractionation. Certain processes such as evaporative diffusion and biological uptake
preferentially utilize lighter '>C. This depletes certain reservoirs of °C and enriches

. . . . 13
others, resulting in a corresponding decrease or increase of 6 “C values.

Chemostratigraphy and biomeres

Cambrian biomere boundaries are thought to be global events (Fig. 3) defined by
the extinction of numerous trilobite genera and other members of shelf communities
(Palmer, 1965, 1984). They do not correlate well with lithologic changes, nor have they
been successfully connected with impact events (Palmer, 1984). The Marjumiid-
Pterocephaliid biomere boundary (Fig. 1) has been particularly well-studied because of
its association with major sea level changes and the SPICE. The conspicuous carbon isotope
stratigraphy of this interval has been recognized in carbonate rocks globally. Laurentian
locations include Colorado (Brasier, 1993), Nevada, Utah, (Saltzman et al., 1998), South
Dakota (Perfetta et al., 1999), lowa, Newfoundland, (Saltzman et al., 2004), Missouri
Cowan et al., 2003), and Tennessee (Glumac and Walker, 1998). However, traditional
whole-rock isotopic analysis has been limited to carbonates and cannot be applied to the

siliciclastic facies of the inner detrital belt.
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Lingulid brachiopods

The members of class Lingulata (phylum Brachiopoda) are sessile bivalvate
lophophorates (Stearn and Carroll, 1989). They secrete organophosphatic shells with
alternating layers of apatite (calcium phosphate) and chitin (Williams et al., 1994).
Modern lingulid shells have been found to be precipitated in oxygen isotopic equilibrium
with seawater, independent of any biologic fractionation (vital effect) (Rodland et al.,
2003). Carbonate ions (COs™) can substitute for phosphate (PO4™) during biogenic
precipitation of apatite. This carbonate phase has been found to yield reliable stable
isotope information. The carbonate phase contains both oxygen and carbon, permitting
the possibility that lingulids shells are also precipitated in carbon isotopic equilibrium
with seawater. This is further suggested by a lack of evidence for a vital effect in calcitic
brachiopods (Lee and Wan, 2000).

Lingulids appear in rocks through the entire Phanerozoic, and their morphology
and physiology have undergone little apparent evolutionary change during that time
(Lécuyer et al., 1996). Modern lingulids excavate shallow burrows, but this sessile
lifestyle did not develop until the Ordovician (Stearn and Carroll, 1989); Cambrian

lingulids are postulated to have been motile burrowers that lived in shallow sediments.

Rare earth elements and paleoredox

Skeletal material of marine organisms (e.g. apatite) acquires a rare earth element
(REE) signature at the sediment-water interface after the death of an organism (Wright et
al., 1987). The length of time that skeletal material remains at the sediment-water interface

controls REE concentrations (Wright et al., 1987), but the shape of the REE pattern (Fig.



4) acquired from seawater reflects the aeolian and fluvial sources contributing to a body
of seawater (Elderfield et al., 1990). Modern phosphatic brachiopod shells have "hat-
shaped" REE patterns whereas diagenetically altered shells have "bell-shaped" patterns
(Lécuyer et al., 1998) (Fig. 4).

Significant paleoceanographic events, such as a rise of the O, minimum zone or
destratification, should change the redox state of marine waters. Elemental systematics
can offer an indication of redox state. Most rare earth elements (REE) are trivalent (3+)
and have only one oxidation state, the exceptions being cerium (Ce**, Ce*") and europium
(Eu®", Eu™"). When Ce is oxidized to Ce*", it is quickly removed from the water column
by precipitation as a component of organic and metallic oxide complexes (Laenen et al.,
1997), although the organic complexing was probably not well-developed in the early
Paleozoic (Picard et al., 2002). Reduced Ce’", however, is more likely to remain
dissolved in seawater and be absorbed by skeletal material. Wright et al. (1987) were the
first to suggest that this fractionation of Ce in seawater may provide a useful indicator of
paleoredox state in marine waters. The lack of measurable variation in Ce fractionation
across phosphatic brachiopod species also offers the possibility that Ce may be a robust
paleoredox indicator. The magnitude of the Ce anomaly relative to a normalized REE

profile is expressed as
Ce
Q. = log[—*}
Ce
where Ce is the measured concentration and Ce’ is the interpolated value between

lanthanum (La) and neodymium (Nd), the neighboring values on a typical REE plot. Qc.

< 0.1, the result of a negative Ce anomaly on an REE plot, is taken to indicate oxidizing
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A and B from Ordovician lingulids have bell-shaped patterns associated with diagenetic
alteration, but, C and D have unaltered hat-shaped patterns similar to modern lingulids. It
appears that REE patterns can be preserved independent of overall REE concentrations.
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conditions (Wright et al., 1987). There is some ambiguity if Q¢ > 0.1, the result of a

positive anomaly on an REE plot, indicates reducing conditions (Laenen et al., 1997).

Methods
Sample collection and preparation

Samples were collected from lingulid-rich lag deposits (Fig. 5) at an outcrop in
Hudson, WI, and in two cores taken by the Aquifer Thermal Energy Storage project on
the St. Paul campus of the University of Minnesota. The samples span a stratigraphic
interval from the upper Mt. Simon Formation to the lower Franconia Formation (Fig. 6).
Fossil brachiopod valves were isolated by hand from rock samples under a binocular
microscope. Shells were washed in deionized water and cleaned using an ultrasonic
cleaner at Carleton College to remove residual cement and detrital grains. Securely
cemented grains were removed using a dental drill with a diamond bit at the University of

Minnesota. Cleaned shells were crushed with an agate mortar and pestle.

Microscopy
A lingulid valve from sample 864’1 (core BC-1) was cut perpendicular and
parallel to the growth axis and examined using a JEOL JSM-5300 scanning electron

microscope (SEM) at Carleton College to assess possible alteration.

Carbon isotopes
Sample powders were bathed in 2-3% sodium hypochlorite for 24 hours to remove any

organic matter, after which they were rinsed five times with ultrapure water. They were
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Growth rings and an apparently primary sheen are still visible (see text for discussion).
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Figure 6. Stratigraphic column of BC-1 core and Hudson outcrop showing sample
locations. Columns and trilobite biostratigraphy from Runkel et al. (1998). Sections
correlated based on the quartz pebble bed that probably represents the peak of the
Sauk II-IIT regression (Runkel et al., 1998). See Fig. 7 for key.
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then treated with 1M acetic acid with a calcium acetate buffer for 24 hours. Samples were
rinsed with ultrapure water five more times and vacuum freeze-dried overnight to remove
any remaining water. The resultant material was reacted with phosphoric acid to liberate
CO; in a Finnigan “Kiel” Carbonate III preparation device coupled to a Finnigan MAT
252 mass spectrometer, which was used to measure the isotopic composition of the CO,.
Reproducibility was maintained at better than +0.1%o by repeated runs of carbonate
standards NBS-18 and NBS-19. §"°C is reported relative to the Vienna PeeDee Belemnite

(VPDB) standard.

Elemental analyses

Sample powders were dissolved in HNO;™ and heated at 50°C for 4 hours. The
samples were diluted with deionized water to experimentally determined concentrations.
These solutions were analyzed on a ThermoElemental PQ ExCell ICP-MS instrument at
the University of Minnesota for major, trace, and rare-earth element concentrations.
Calibration was based on NIST traceable standards which were also checked against
NIST water trace element standard 1640. Major elements analysis was also performed

with a Dionex ICS-2000 ion chromatograph to verify precision of ICP-MS results.

Results
Microscopy

SEM examination shows the preservation of fine microstructures (Fig. 8). The
shells have a dense outer “primary” zone and an inner “secondary” zone made up of

alternating <10 pm thick layers of chitinous laminae and 70-80 um long baculate rods of
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apatite. Identical structures are present in upper Paleozoic lingulids (Williams et al.,
1994) and are similar to structures found in unaltered modern specimens from groups

such as Glottida (Williams and Cusack, 1999).

Carbon isotopes

Carbon isotope (8"°C) values from lingulid valves (Fig. 9, Table 1) vary little
from around -6%o through the stratigraphic section (Fig. 6) until the Marjumiid-
Pterocephaliid biomere boundary. After the boundary (~22 m) values rapidly increase to
around -1.5%o and remain high until ~49 m, where values decrease to end slightly below -
3%o. This excursion is of similar shape, magnitude, and biostratigraphic position to the
SPICE (Fig. 9). In constructing the isotope curve (Fig. 9), samples not from core BC-1

were correlated using the Sauk II-III boundary as datum and assuming equal thicknesses.

Source  Sample 8C (%o Fe Co Ni As Mo Pb Cu (@)
VPDB) Ce
25;61:) 703’77 2442  7833.00 77.63 6523 6130 338 5583 301.00 035

BC-1 707117 -1.338  8132.00 203.80 202.30 13530 6.44 184.40 44550 0.33
BC-1 745°10” -1.618  5108.50 78.41 169.60 56.05 596 136.60 181.50 0.30
BC-1 794°0”  -4.206

BC-1 799°0”  -6.579

BC-1 802’17 -7.211  3299.00 5.19 19.96 1421 223 8.01 109.20 0.29
BC-1 8477 -6.160

BC-1 859°6”  -6.155 6446.00 1.36 9.18 18.16 1.22 2635 7946  0.44
BC-1 860°9.5” -3.153  3988.50 0.75 10.57 1737 2.05 31.13 100.28 0.33
BC-1 864’17  -6.254 5921.00 5.52 20.56 2455 321 6698 466.60 0.41
BC-1 865’6”  -5.666 6183.50 0.67 6.98 19.56  1.09 36.79 257.50 0.28

égr';) 736°0”  -1.883  7763.50 333.80 247.00 166.80 9.85 17530 257.20 0.34

AC-1 736107 -1.820  11335.00 382.40 227.80 171.20 11.70 189.30 510.10 0.33

Hudson 338
(outcrop)
Hudson 2 -3.132  8941.00 2.19 2268 2466 197 160.60 297.70 0.37

Table 1. Carbon isotope results, selected major and trace element concentrations, and Qc.
for the stratigraphic interval described in Fig. 6. All elemental concentrations in ppm.
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Major & trace elements

Concentrations of selected major and trace elements (Fig. 10, Table 1 ) show
rapid increases of six to ten fold after the Marjumiid-Pterocephaliid biomere boundary
and then either decrease (Cu, As, Co) or flatten out (Fe, Pb, Ni, Mo) above 31 m. Most
concentrations decrease sharply above ~49 m. Complete elemental data is available in

Appendix 1 (Fig. Al).

Rare earth elements

Rare earth element data shows hat-shaped patterns with enrichment of the light
rare earth elements (LREE), lanthanum through europium, in all samples (Fig. 11). These
patterns are punctuated by a positive Ce anomaly with Q¢. ranging from 0.28 to 0.44

(Fig. 12, Table 1).

Discussion

The nearshore environment is subject to substantial variations in freshwater input
levels over short time scales (Lécuyer et al., 1996). This has caused concern about the
reliability of stable isotope and geochemical data from samples from nearshore
environments (e.g. Lécuyer et al., 1996; Picard et al., 2002). However, stable isotope
evidence from modern oysters in mixed marine-freshwater environments indicates that
shell growth is significantly diminished during periods of unusually low salinity from
freshwater flooding (Sarkar et al., 2003). It is likely that lingulids living in the nearshore

had similar sensitivities and thus primarily recorded stable isotope and geochemical
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information of the marine conditions that favored their growth. Because entire valves
were crushed for analysis, information from such conditions will dominate the results.
A second consideration is brachiopods in this study were collected from lag
deposits. Because stable isotope and geochemical analyses required multiple brachiopod
valves, the results of these analyses are effectively spatial and time averages. The spatial
and temporal extent of this averaging effect is limited by sequence and biostratigraphic

information but is difficult to determine with precision.

Diagenetic alteration

Although the lingulid shells in hand sample still show growth rings and an
apparently primary sheen (Fig. 5), it is important to rigorously establish the diagenetic
integrity of the phosphatic shells because of the early Paleozoic age of the samples in this
study. This study employs both microscopic examination of morphological details and
chemical evaluation of shell material. The delicate baculate apatite growth structures seen
under SEM examination (Fig. 8) would not have been preserved if they had been strongly
recrystallized during diagenesis. The spaces between the baculi were filled with proteins
called glycosaminoglycans during the life of the brachiopod that presumably decayed
post-mortem (Williams and Cusack, 1999).

Independent of the Ce anomaly, the shape of the REE patterns in Figure 11 show
close similarity to REE patterns of modern LREE-enriched nearshore lingulids from New
Caledonia reported by Lécuyer et al. (1998) (see pattern E in Fig. 4). LREE enrichment
may be explained by fluvial input from LREE-enriched volcanic or plutonic source

regions (Lécuyer et al., 1998; Picard et al., 2002). In the case of Lécuyer et al. (1998) the



100

(ﬁ
o
S~
()]
4
e
0.102
w0
3 B
s =
o R
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 11. REE concentrations in phosphatic brachiopod shells, normalized to the Post-Archaean average Australian Sedimentary
rock (PAAS) standard (McLennan, 1989). Patterns are hat-shaped (see text for discussion), indicating that the samples have not
been diagenetically altered. LREE enrichment is also visible. These patterns are interrupted by a positive cerium anomaly.

IC



BC-1 Coreg,
T T T T T
uMv 000 005 00 015 020 025 030 035, 040 045 050

ol ] '

40 IIZ: |

Wonewoc Formation | Franconia

STEPTOEAN

|

30' s —

Eau Claire Formation

possibly reducing
oxw?zmg

10

MARJUMAN

|

I EEE ]
0l —— ~—= |

meters

Mt. Simon

Figure 12. Q. is between 0.25 and 0.45 through the stratigraphic interval. Equation used in calculation is Q.. = log (2/;La, + 1/3Nd,)
from Elderfield et al. (1990). Division in redox state after Wright et al. (1987). See text for significance of Q> 0.1.

(44



23

LREE enrichment may be due to the unusually high concentration of ultramafic rocks on
New Caledonia (Latham, 1975). The overall increase in concentrations relative to modern
lingulids is about three orders of magnitude, which is also similar to other early Paleozoic
samples analyzed by Lécuyer et al. (1998). During diagenetic alteration the middle rare
earth elements (MREE), neodymium through holmium, are typically enriched because
the MREE have ionic radii similar to Ca and P and substitute into crystal structures
containing these elements (e.g. apatite) most easily; uptake of LREE by shell material is
exponentially less likely (Reynard et al., 1999). However, no observable MREE
enrichment relative of the hat-shaped patterns is observed; there in fact may be slight
europium (Eu) depletion.

Both qualitative and quantitative assessments indicate the brachiopod valves
analyzed in this study are diagenetically unaltered and have a good chance of preserving
geochemical information from the Cambrian. Additional prima facie evidence for the
quality of the brachiopod shells is the simple fact that they exhibit the SPICE. The
SPICE is a conspicuous, widespread phenomenon in the chemostratigraphic record

(Fig. 3) that should not be preserved in rocks altered by marine diagenesis.

Paleoredox state

The redox state of the nearshore apparently did not change significantly during
the SPICE, as the Ce anomaly changes little across the stratigraphic interval of this study
(Fig. 12). Qc. values are all above 0.1, suggesting that conditions in shallow nearshore
sediments (where the lingulids lived) were not oxidizing. However, lingulids are known

to live in environments above fair-weather wave base (FWWB), as facies information
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indicates (Fig. 4). Marine waters and shallow sediments above FWWB are constantly
mixed and oxygenated by wave agitation (Walker and Plint, 1992; Lécuyer et al., 2004).
Terrigenous influx would almost certainly be oxidized as well (Picard et al., 2002).
Laenen et al. (1997) have suggested that positive Ce anomalies may also be caused by the
release of reduced pore water from deeper in the sediment column. Such a pore water
flux could have occurred shortly after burial, as sandstones are highly porous. Regardless,
the Ce anomaly does not appear to offer useful information about redox state of the

nearshore in the Late Cambrian.

Cambrian carbon cycling and consequences for 8°C

The excursion in the carbon isotope data (Fig. 9) occupies a similar stratigraphic
interval and is of similar magnitude to the SPICE event previously documented by
numerous workers (e.g. Saltzman et al., 1998; Perfetta et al., 1999; Saltzman et al., 2000;
Saltzman et al., 2003). However, the measured 8'°C curve (baseline and excursion) is
shifted approximately 6%o negative in comparison to other reported values from micrites
of the middle carbonate belt. This significant difference is most likely due to the fact that
lingulid habitats are closer to the shore than the middle carbonate belt (Fig. 2). 5"C
concentrations of dissolved carbon in modern rivers range from about -6%o to -16%.
(Chao et al., 1996; Telmer and Veizer, 1999; Barth et al., 2003), depending on the soil
composition and type of bedrock in the river’s drainage region. Soil carbon is largely
derived from terrestrial biota, which in the Cambrian would have been communities of
bacteria, algae, and lichens (Dott, 2003). Modern lichens found in Australia have 8'°C

values ranging from -22%o to -27%o (Batts et al., 2004). If this range of values was typical
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for terrestrial microbial communities in the Cambrian, and lingulids precipitate their
shells in isotopic equilibrium with seawater (without any vital effect), we can create a
simple model to predict the contribution of fluvial carbon to nearshore 8"°C values (Fig.
13).

Changes in carbon isotope ratios during SPICE would have been reflected in both
riverine and marine waters because the atmosphere and oceans equilibrate on short time
scales (<50 years) (Koch et al., 1992). However, the "°C values of riverine carbon are
shifted more negative than oceanic values by several fractionation steps (Fig. 13).
Nearshore waters are frequently a mixture of marine and riverine water, and mixing
results in an intermediate of these two isotopic signatures. The model presented here
postulates that the percentage of riverine input to the nearshore environment where the
lingulids used in this study lived was from 20% to 40%. Such a range is reasonable, as
brackish environments such as these are known to be inhabited by modern lingulids
(Lécuyer et al., 1996) and bivalvate mollusks (Halley and Roulier, 1999; Sarkar et al.,
2003), which now occupy many of the ecological niches of Paleozoic brachiopods
(Stearn and Carroll, 1989). One can conclude that while marine waters contributed the
majority of the carbon to these environments, the strongly negative riverine signature still

had a significant impact on the carbon isotopic value nearshore.

A mechanism for extinction and the SPICE
Previous workers (e.g. Palmer, 1981; Saltzman et al., 2000) have suggested the
Marjumiid-Pterocephaliid extinction and perhaps the SPICE were driven by oceanographic

changes in oxygen levels and temperature. This is not a convincing argument in light of



e atmospheric CO,
5 opv (-11%o0)
©w°

terrestrial biota (#24%o,
based on Battsst al., in
press)

nearshore mixing
(results in -6%o0)

soil carbon (-12%o0

NN
to -23%o, depending  dissolved carbon in river surface seawater
on if bedrock is water (-12%o to -23%o) (-2%o)
mostly carbonate or

silicate, respectively; s S S S S

see Telmer and marine carbonates (0%o,
Veizer, 1999) Saltzman et al., 2000)

Figure 13. Schematic Cambrian carbon transport scheme showing hypothetical §"°C values of reservoirs.
Nearshore 8"C values are the result of mixing of strongly negative carbon delivered by rivers and only
slightly negative seawater values. These values are recorded by the precipitation of shell material by certain
marine organisms, including brachiopods. Magnitude of evaporative diffusion effect from Koch et al. (1992).

9¢



27

the presence of the SPICE in the nearshore. First, the Laurentian epeiric sea was confined
by the carbonate bank and probably not well-circulated. An invading water mass might
reach the middle carbonate belt, but would be unlikely to reach the nearshore. Second,

if anoxic waters were responsible for faunal mortality, they would need to remain anoxic
in the turbulent conditions that prevail above fair-weather wave base.

It seems more likely that the extinction event and the SPICE were driven by
increased weathering of the land caused by sea level change (Cowan et al., 2003).
Regression exposed large areas of the Laurentian craton for the first time since
inundation earlier in the Cambrian. Toxic trace elements (Fig. 10) concentrated in
exposed sediments would have been remobilized by rivers and delivered to the
epeiric sea. All of the trace elements in Figure 10 are extremely toxic to marine
invertebrates (Lussier et al., 1985; Marr et al., 1998). These elements significantly
increase mutation rates (Park et al., 1999), oxidize cells in tissues where these elements
accumulate (Pedlar et al., 2002), and interfere with a wide variety of physiological
processes, including critical metabolic pathways (Bocchetti et al., 2002). One recent
study found that increases in copper as low as 6.1 ppm above normal levels can cause
significant damage to neural and physiological functions in modern marine invertebrates
(Brown et al., 2004). Furthermore, the simultaneous presence of multiple toxins can
result in synergistic increases in toxicity (Marr et al., 1998).

Consequently, the influx of lethal trace elements across the Marjumiid-
Pterocephaliid biomere boundary had the potential to cause widespread extinction of
marine invertebrates. If such a terrigenous flux was indeed responsible for the extinction,

the toxic levels should appear earliest—and in the highest concentrations— in the
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nearshore. This offers a possible explanation for the observation of Westrop and
Ludvigsen (1987) that trilobite families living on the shelf and the upper slope showed
higher survivorship across biomere boundaries than families living only on the shelf. It is
interesting to note that, while toxic to organisms with developed organ systems, copper
has no measureable effect on simple primary producers (Real et al., 2003). If this is true
of the other toxic trace elements as well, then such a surge in concentrations would not
result in significant impacts on simple primary producers (e.g. phytoplankton).

Accompanying this flux was an increase in concentrations of iron, probably also
from the craton. Assuming iron was a limiting nutrient during the Cambrian as it is in the
modern, the large influx (Fig. 10) from sea level fall would increase marine primary
productivity. As increased production of organic matter exceeded the oxygen available to
decompose it, organic (*C-depleted) carbon burial would have increased (Kump and
Arthur, 1999; Hartnett and Devol, 2003). The removal of isotopically light '*C from
active circulation would increase 8'"°C values throughout the active carbon cycle,
resulting in the positive excursion of the SPICE. This provides a possible explanation for
why the intensity of the SPICE is inversely correlated with sea level change across the
Sauk II-Sauk III boundary.

It is logical to examine why a similar event did not happen during the Sauk I-11
subsequence boundary, the other significant regression in the Cambrian. The epeiric sea
surrounding Laurentia probably was never more than 150 m deep (Dott and Batten,
1981). Sea level was lower at the time of the Sauk I-Sauk II regression (Fig. 1) and little
(if any) of the Laurentian craton was inundated, thus sea level fall at that time would not

have exposed large amounts of buried sediments.



29

Conclusions

This study demonstrates that phosphatic brachiopods offer a valuable
chemostratigraphic tool that can be used in Paleozoic siliciclastic rocks. We can
conclude:

1. Phosphatic shell material of brachiopods, including those in this study, are capable of
preserving isotopic and geochemical information on long time scales (>500Ma).

2. The contribution of isotopically light terrigenous carbon to the total dissolved carbon
in the nearshore (20-40%) is responsible for a negative shift in the SPICE relative to
micrites from the middle carbonate belt.

3. The relationship between the Sauk II-Sauk III regression, Marjumiid-Pterocephaliid
extinction, and the SPICEis consistent witha model in which regression allowed
remobilization of previously buried trace elements and Fe resulted in widespread
extinction of shelf fauna and an increase in primary productivity, respectively. The latter
led to increased organic carbon burial and the carbon isotope excursion of the SPICE.

4. This event was probably unique because it tapped a large reservoir of elements buried

in sediments that had been accumulating for much of the Cambrian.
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Appendix 1

Hudson BC-1 BC-1 BC-1 AC-1 AC-1 BC-1 BC-1 BC-1 BC-1 BC-1 BC-1 BC-1
2 703'7"  707'11" 745'10" 736'0"  736'10" 802'1" 859'6" 860'90.5" 860'9.5" 860'9.5" 864'1"  865'6"

Na 8941 7833 8132 5108.5 7763.5 11335 3299 6446 6023 5960.5 6072.5 5921 6183.5
2GMg 2381 2684 1934 2260 2343.5 2166 12810 2052 1853 1845 1829.5 1601.5 2123
Al 1338.5 5734 2272 990.5  939.6  204.1 17925 4144 343 3402 2926 1158 265.1
“si 3155 469.5 2779.5 219 176.1 71.2 57325 496  538.6 5419 2321 20135 762.4

146750 157250 139450 142750 146400 135400 134000 153850 151950 152350 152850 151050 157450
K 1367.5 3835 1535 417 306 216 25055 4775 392 340 277 9975 234
Ca 374600 402750 338800 346550 354750 343150 379500 396800 389400 390950 387550 387700 395250
Fe 10013.5 7326 46125 46525 44180 45805 10490 3787.5 4021.5 3965.5 3978.5 9627 4469.5
“"Mn 638.1 881.7 2450.5 1428.5 930.3 1237.5 1306 4698.5 4688.5 4660 4652 4114 5260.5

"L 384 479 364 361 508 405 141 288 275 2.6 25 25 3.19
B 4639 59.08 3221 4298 3857 5438  SL.1  89.16 95 0433 7744 7142 1034
7TAl 1685 612.8 2640 1087 1164 220.8 2094 530.7 4157 4447 358 1321 334.1
T 284 2389 2279 2155 2444 2173 2515 2512 2561 282.6 268.5 4742  273.9
“Cr 856 158 526 339 428 316 488 347 332 345 328 7276 3.8
*Co 219  77.63 2038 7841 3338 3824 519 136 07 079 077 552 0.67
50N 2268 6523 2023 169.6 247 2278 1996 9.8 1042 10.83 1045 2056  6.98
SCu 297.7 301 4455 1815 2572 510.1 1092  79.46 9234 1142 9431 4666  257.5
57n 1081 5328 5962 3524 4769 7984  139.5 1209 1869 1969 1924  251.1 153
P As 2466 613 1353 5605 1668 1712 1421 18.16 1646 1891 1674 2455  19.56
3e 2243 1029 6522 6124 265 0 5808 1587 69.08 77.66 72.84 1995  80.4I
%Rb 309 099 438 159 1 077 62 096 103 104 08 194 076
*sr 3409.5 4380 4127 44325 4007.5 4091.5 1396.5 4556 44215 4450.5 44855 3846.5 4729.5
®y 5689 5759 551.1  637.1  589.9  503.5 2904  679.8 673 6738 6757 6212  627.9
%Mo 197 338 644 596 985 117 223 122 256 213 146 321  1.09
Med 319 054 061 041 016 023 008 015 013 014 011 013 0.1
Fes 009 011 013 013 008 011 029 01l 012 007 005 0.5 005
"Ba 23395 3711 345.05 217 3764 3508 168.5 4534 4512 45955  460.9 355  441.15
2y 179 287 195 151 11 28 38 106 408 202 132 178 237
2057] 036 112 3206 237 343 083 0.1 087 029 014 024 027

*0%ph 160.6  55.83 184.4 136.6 175.3 189.3 8.01 2635 30.14 33.06 30.2 6698  36.79

Th 10.07  31.14 13.2 11.17 3838  34.85 7.68 107.7  80.87 81.66  80.87 3332  86.06
U 31.01 29.01 32.64 13.1 4245 3526  28.21 40.1 42.77 44.1 43.72 5238  33.56
La 887.6  706.6 8753 8943 6552  581.1 4548 8083 7534 7539 7583 7921 827.8
Ce 5563 4403 5387 4999 4121 3495 2350 6518 4533 4698 4858 6107 4963

232,

238

139

140

Pr 3424 2826 370.1 3629 2725 2377 1787 3725 3375 3386 3413 3598 4033
16N d 1446 1258 1645 1650 1222 1070 717.6 1612 1469 1478 1478 1608 1854
WSm 2918 2733 3492 369.9 2667 2351 1277 3366 317.3 3181  317.8 3503 4264
Blgy 7045 643  80.64 8629 5938 5429  30.44 72 7036 7027  70.16  79.06 97.14
¥Gd 260.9  248.6 293 3261 2382 211 1129  293.1 283.5 2849 286 301.6  359.8
1 33 3144 3555  41.01 3038 2666 1328 37.57 3747 3712 3726 3694 43.57
'“py 146.6 1384 148 171.6  137.1 1166 57.99 170.1  169.5 1693 169.9 1583 178
"%Ho 23 2244 2281 2626 2239 1893 10.1  27.96 2795 28.05 28.04 2494  26.56

166.

Er 50.52 49.1 4855 5471  50.09 4237 2377 61.86 6143 6227 622 5485 54.04
Tm 5.32 5.11 4.82 5.26 5.37 4.57 2.77 6.28 6.31 6.33 6.28 5.54 4.88
Yb 2627 2432 22,68 2388 2581 22,68 15.13 29.3 2855 2875 2856 2758  21.12
Lu 3.46 3.37 3.05 3 3.46 3.18 2.42 3.74 3.72 3.65 3.62 3.59 2.56

169,

172

175

Figure Al. Major, trace, and rare earth abundances in phosphatic brachiopod shells. All
concentrations are given in ppm. Na and K concentrations are taken from ion
chromatography results, which gave highly similar results with higher detection limits.
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