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Abstract

The marine diagenetic history of the Effna buildups (Virginia, lower Caradocian, W460 Myr) is atypical of
Phanerozoic carbonates and reflects variable redox conditions in the semi-restricted Appalachian foreland basin.
Fibrous marine cements are the focus of this study. Least-altered fibrous calcite from the Effna Formation has a
translucent appearance in transmitted light and a 2^3 mol% MgCO3 composition; the latter is similar to values (2^5
mol%) from translucent fibrous calcite in other Caradocian units [Holston (Tennessee) and Kullsberg (Sweden)
formations]. Some fibrous calcite is overlain by hardgrounds that in places have an irregular micro-topography with
sharp overhangs indicative of syn-depositional dissolution. Geochemical evidence supporting the marine dissolution
includes N

18O values from altered fibrous calcite that are more positive (up to 33.9x PDB) than coeval least-altered
fibrous calcite from Holston buildups in Tennessee (up to 34.8 to 35.8x PDB). Syn-depositional dissolution was
likely associated with sulfide oxidation along an oxic^anoxic interface and not due to upwelling of cold bottom water
in the Appalachian foredeep. Faunal and lithologic evidence suggests that oxic surface waters had a normal salinity
and a water temperature conducive for metazoan growth (6 33‡C). This paper constrains the temperature of near-
surface seawater in the Appalachian foreland basin (22^33‡C) and atmospheric pCO2 (s 14 present atmospheric
level) during the early Caradocian. ß 2002 Published by Elsevier Science B.V.
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1. Introduction

Typically, the tacit assumption is generally
made that the most-positive N

18O value from an-
cient marine calcite re£ects diagenetically least-al-
tered material. This assumption is supported by
the high degree of susceptibility to diagenetic al-
teration of marine N

18O values. Diagenetic alter-

ation associated with even a low water:rock ratio
(6 10) can completely obliterate an original ma-
rine N

18O signature (Banner and Hanson, 1990).
This alteration is assumed to cause marine calcite
N

18O to be reset to more negative values. For
example, in low-latitude settings, meteoric water
has an N

18O value that is 2^4x more negative
than seawater (Dansgaard, 1964). Additionally,
burial diagenetic alteration typically will also re-
sult in the resetting of marine N

18O values to more
negative values because of the decreased fraction-
ation of oxygen isotopes between calcite and
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water at elevated temperatures (Kim and O’Neil,
1997). However, alteration of marine material
also is possible in undersaturated seawater. If
the undersaturated seawater has a more positive
N

18O value (or lower temperature) than the orig-
inal seawater from which a marine calcite was
formed, then alteration can actually result in a
product with a more positive N

18O value relative
to least-altered marine material.

Modern, shallow, low-latitude seawater is
highly supersaturated (saturation index, SI = 0.8)
with respect to calcite. However, recent modeling
e¡orts indicate that the composition of ancient
oceans and atmospheres were likely di¡erent
than modern values. Hence, this paper assumes
that the latest oceanic and atmospheric chemistry
modeling e¡orts of Berner (1997), which con-
strains Phanerozoic atmospheric pCO2, and Har-
die (1996), which models how the major ion
chemistry of seawater has varied throughout the
Phanerozoic, provide more valid estimates of an-
cient atmospheric and oceanic chemistries. Pa-
rameters from these models can be used to esti-
mate calcite SIs for ancient seawater.

This study focuses on marine calcite cements
from the Ordovician E¡na Formation in Virginia,
which is W460 Ma (Cooper, 1999). The E¡na
Formation consists of organic (metazoan) build-
ups that were deposited in relatively shallow water
(Read, 1982). Read (1982) discusses the presence
of hardgrounds within the E¡na buildups (his ¢g-
ures 6 and 7) and indicates that some of these
hardgrounds have an irregular micro-topography
with sharp overhangs indicative of syn-deposi-
tional dissolution (¢gure 12 from Read, 1982).
This paper explores geochemical evidence that
supports syn-depositional (marine) alteration of
E¡na marine cement. Additionally, on the basis
of both geochemical and faunal evidence, this pa-
per constrains the temperature and geochemistry
of seawater within the Appalachian foreland ba-
sin during the early Caradocian and makes some
inferences about atmospheric pCO2 during this
period.

2. Geologic setting, lithologies, and localities

The E¡na Formation represents a series of
downslope pinnacle buildups that were deposited
along the western margin of the Appalachian
foreland basin (Fig. 2). Read (1982) discusses in
detail the nature and origin of these buildups,
which extend upward for many tens of meters
from a surrounding muddy slope to shallow shelf
environment within the photic zone as indicated
by the presence of algae in these buildups. These
buildups were deposited during a period of rising
relative sea level (Read, 1982), that ultimately re-
sulted in their drowning with the deposition of the

Fig. 1. Map showing location of POR, I-77 section, and
LON localities.

Fig. 2. Stratigraphic section of Middle Ordovician strata in
southwestern Virginia that is approximately perpendicular to
strike (cross section after Read, 1982). Names such as E¡na,
Lenior, etc., are formational-level units.
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overlying deeper-water Liberty Hall Shale (Fig.
2). This part of the Middle Ordovician succession
in southwestern Virginia represents a period of
rapid thrust-induced subsidence due to the con-
vergence of an island-arc system along the eastern
Laurentian margin (Finney et al., 1996). Conse-
quently, these deposits were never subaerially ex-
posed early in their diagenetic history. Grover and
Read (1983), in their seminal paper on cement
stratigraphy, document the post-marine diagenetic
history of these buildups, which consists of pro-
gressive burial with maximum burial depths (5^7
km) that were reached during the late Paleozoic.

The E¡na buildups consist largely of coarse-
grained echinoderm grainstones and ‘muddy’
wackestone/boundstone. Sampling at all localities
concentrated in the wackestone/boundstone facies
because of the dominance of ¢brous calcite ce-
ment in this facies. Samples were collected from

the E¡na Formation at three localities in south-
western Virginia (Fig. 1). Geological details on
locality information can be found in Grover
(1981). The Interstate 77 (I-77) locality (Fig. 1)
occurs along the northeast side of I-77 in southern
Bland County, Virginia just north (6 500 m) of
Big Walker Mountain tunnel. Samples from I-77
and Lonestar Quarry (LON; Fig. 1) were col-
lected near the crests of the buildup complex
(see Read, 1982, his ¢gure 7A). Conversely, the
sampled biothermal deposits at the Porter¢eld
Quarry (POR; Fig. 1) site were collected near
the base of the buildup. Site access restrictions
dictated sampling locations at LON and POR.

3. Biostratigraphy

In a study of this type, it is obviously important

Fig. 3. Stratigraphic classi¢cation of the E¡na Formation and other units referred to in text.
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to have the geochemical information closely inte-
grated with a precise biostratigraphic framework
that will permit comparison with coeval units on a
local and regional scale. Fortunately, the E¡na
Formation and adjacent strata are richly fossilif-
erous and these faunas include a variety of bio-
stratigraphically diagnostic fossils. At the present
time, conodonts provide the best biostratigraphic
resolution in the case of these formations, and the
many productive samples collected from these
buildups permit placement of the E¡na into stan-
dard Atlantic conodont zones and subzones.
Bergstro«m et al. (1988) showed the known vertical
ranges of important conodont species through the
E¡na and adjacent units at the POR, and avail-
able information suggests that the biostratigraph-
ical data from that section are valid for the E¡na
at other localities. Following Bergstro«m et al.
(1988), we correlate the base of the E¡na with a
level in the upper P. anserinus Conodont Zone a
little below the base of the A. tvaerensis Zone.
This level is coeval with a horizon in the middle
of the N. gracilis Graptolite Zone and somewhat
above the base of the British Caradocian Series
and the base of the Baltic Kukrusean Stage. Be-
cause the base of this graptolite zone is now rec-
ommended to be the base of the global Upper
Ordovician Series, the E¡na is Late Ordovician
in age in that classi¢cation although it would be
Middle Ordovician (Champlainian) in terms of
the traditional North American terminology
(Ross et al., 1982). The E¡na buildups vary sig-
ni¢cantly in height from locality to locality and
hence, the age of the top of the formation is
somewhat di¡erent at di¡erent localities. How-
ever, the conodont information available (Berg-
stro«m et al., 1988) indicates that at all studied

localities, the E¡na does not range above the
top of the B. gerdae Subzone of the A. tvaerensis
Zone (Fig. 3). Based on the known relations be-
tween conodont and graptolite zones, the E¡na is
coeval with the upper part of the N. gracilis and
lower part of the D. foliaceus (formerly D. multi-
dens) Graptolite Zones. It is also broadly equiv-
alent to the lower part of the Black River Group
of New York. Within the biostratigraphic resolu-
tion now available, its base is at the same level as
the base of the Holston Formation buildups of
eastern Tennessee (Bergstro«m and Carnes, 1976;
Jaanusson and Bergstro«m, 1980) but the top of
the Holston, where the unit is particularly thick,
may possibly be slightly younger than the top of
the E¡na although it is still within the B. gerdae
Subzone. Importantly, both the E¡na and the
Holston are clearly older (early Caradocian)
than the Kullsberg buildups in Sweden (middle
Caradocian) but slightly younger than the Llan-
deilo buildups in the Chazy Group of Champlain
Valley (Harris et al., 1979, their ¢gure 16).

4. Methods

Petrographic thin sections (5U7.5 cm) were ex-
amined in detail in transmitted light. Staining of
selected thin sections with potassium ferricyanide
and Alizarin Red-S (method of Dickson, 1965,
1966) was used to identify dolomite and phases
containing ferrous iron. Polished thin sections
were studied using a Citl Cold Cathode Lumines-
cence 8200 mk3 unit (voltage 10 kV, beam current
150^180 WA, and chamber pressure 180^200
mTorr) in order to discern homogeneous zones
within cement phases that were large enough to

Fig. 4. Plane-polarized transmitted light photographs (except when noted) of calcite cements from the E¡na Formation. (a)
Brown turbid ¢brous calcite with a spherulitic fabric (S) within cephalopod intragranular porosity that was subsequently com-
pletely occluded by equant calcite (E). (b) Translucent ¢brous calcite (Tr) surrounded by gray turbid ¢brous calcite (T) and
brown turbid ¢brous calcite (B). (c) Herringbone calcite with chevron-like pattern; compare with ¢gure 3 in Sumner and Grot-
zinger (1996a,b). (d) Gray turbid ¢brous calcite (G), light gray turbid ¢brous calcite (LG), and pore-central equant calcite (E).
(e) Cathodoluminescence photo. Fibrous calcite formed from a micritic substrate (S) with a band of bright luminescent (BL), tur-
bid ¢brous calcite and intrinsic blue luminescent (IBL), translucent ¢brous calcite. (f) Cathodoluminescence photo. Brown-to-gray
turbid ¢brous calcite with highly variable luminescence (Mixed = mixed non-luminescent and dull luminescent; BL = bright lumi-
nescent; DL = mainly dull luminescent). White arrow points to cross-cutting vein. (g) Mg X-ray map showing the occurrence of
microdolomite (arrows) in turbid ¢brous calcite.
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sample for isotopic analysis and to select areas for
electron microprobe analysis.

Samples of cement for isotopic analysis were
obtained by microdrilling areas on thin section
billets, matched as closely as possible with accom-
panying thin sections. Resulting powders were
roasted at 380‡C for 1 h to remove organic con-
tamination and then reacted o¡-line with 100%
H3PO4 at 25‡C for at least 12 h. Overall repro-
ducibility is þ 0.2x for N

13C and N
18O with re-

sults reported relative to PDB. Isotopic ratios
were measured on a VG-903 isotope ratio mass
spectrometer. Wavelength dispersive electron mi-
croprobe analysis for Mg, Ca, Mn, Fe, and Sr in
calcite was performed on polished thin sections
using a Cameca SX-50 Electron Microprobe
(EMP). Operating conditions included an acceler-
ating voltage of 25 kV, a beam current of 10 nA,
and a defocused beam of 20 Wm in width to min-
imize sample volatilization. Count times were as
follows: Ca = 10 s; Mg = 20 s; Mn and Fe = 60 s;
and Sr = 60 s with corresponding 2c detection
limits of Mg = 0.1 mol% MgCO3 ; Mn and
Fe = 100 ppm; and Sr = 200 ppm. In addition,
the Mg distribution in selected ¢brous calcite ce-
ments was observed with elemental X-ray map
images. Analyses with high MgCO3 content were
screened with backscatter X-rays for the presence
of microdolomite. Consequently, results reported
re£ect Mg concentration of calcite and not a mix-
ture of calcite and dolomite at the micrometer to
sub-micrometer scale.

5. Petrography of E¡na marine cements

Grover (1981) de¢ned three major types of ma-
rine cement (neospar, bladed, and turbid rim ce-
ment) in the E¡na buildups. In this study, we
focused mainly on neospar and bladed calcite ce-
ments as classi¢ed by Grover (1981). However,
the classi¢cation of marine cements used in this
paper di¡ers from Grover (1981) in that it is non-
genetic. We prefer to use the terms that describe
crystal habit such as ¢brous calcite (Folk, 1965)
to terms like neospar. Petrographic evidence sup-
porting a marine origin for ¢brous calcite cement
includes: (1) ¢brous calcite interlayered with bur-

rowed marine internal sediments (see Read,
1982); (2) cracks in ¢brous cement are ¢lled
with marine internal sediment; (3) ¢brous calcite
¢lls stromatactis vugs, which are commonly inter-
preted as a marine diagenetic feature (Bathurst,
1980; Bourque and Boulvain, 1993, among
others); and (4) compromise boundaries between
¢brous calcite and turbid syntaxial overgrowths,
interpreted as a marine precipitate (see Lohmann
and Meyers, 1977; Walker et al., 1990), indicate
contemporaneous precipitation of these phases.

Fibrous calcite is most abundant in ‘muddy’
wackestone/boundstone facies whereas turbid syn-
taxial overgrowths are dominant in coarse-
grained, echinoderm grainstone facies. Fibrous
calcite occurs as stromatactis and occludes inter-
granular, intragranular, moldic, and shelter voids.
Fibrous calcite is mostly radiaxial ¢brous with
some fascicular-optic cement. Crystal boundaries
are planar to highly jagged. Some ¢brous calcite
forms a spherulitic fabric (Fig. 4a).

Nearly all of the ¢brous cement in the E¡na
buildups is turbid in appearance in plane polar-
ized light. A small (6 300 Wm) zone of translucent
¢brous calcite (Fig. 4b) is present in one sample
and is surrounded by turbid ¢brous calcite. Tur-
bid ¢brous calcite can be subdivided based on its
appearance, in descending order of abundance,
into brown-to-gray turbid calcite (Fig. 4a, b, d),
herringbone calcite (Sumner and Grotzinger,
1996a,b; Fig. 4c), and light gray turbid calcite
(Fig. 4d). Brown-to-gray turbid ¢brous calcite
can consist of either discrete brown and gray tur-
bid ¢brous cement bands or conversely, gray ce-
ment can occur as irregularly shaped areas that
are laterally gradational with brown cement.

At the POR locality some generalizations with
regard to the relative timing of formation of the
various turbid ¢brous calcite subtypes can be
made. Speci¢cally, brown-to-gray turbid cement
(or herringbone calcite) predates a major discon-
tinuity surface that is overlain by micrite (Read,
1982, his ¢gure 9b), pyrite/marcasite or iron oxide
that is pseudomorphic after Fe-sul¢des (Fig. 5),
or micrite mixed with sul¢des (or pseudomorphic
iron oxide). Herringbone calcite (Sumner and
Grotzinger, 1996a,b) is well developed only at
POR and consists of chevron bands of dark
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gray and light brown turbid ¢brous calcite (Fig.
4c). The discontinuity surface is generally fol-
lowed by gray (and/or light gray) turbid ¢brous
calcite. Light gray turbid ¢brous calcite, when
present, forms the ¢nal generation of ¢brous cal-
cite (Fig. 4d), which is post-dated by various bur-
ial carbonate cements (see Grover and Read,
1983).

The cathodoluminescence of ¢brous calcite is
quite variable. Rare, translucent ¢brous calcite
has a faint blue luminescent core with dully to
brightly orange luminescent crystal edges (Fig.
4e). Brown turbid ¢brous calcite is most com-
monly dully to moderately orange luminescent
and gray turbid ¢brous calcite is most commonly
mixed non-luminescent and dully orange lumines-
cent (Fig. 4f). Additionally, some gray turbid ce-
ment has faint blue luminescent crystal interiors
with orange luminescent crystal rims like translu-
cent ¢brous calcite. Herringbone calcite is typi-
cally dully to moderately orange luminescent
with darker appearing areas of this cement in
transmitted light exhibiting the brighter lumines-
cence. Light gray turbid ¢brous calcite is moder-
ately to brightly orange luminescent.

Inclusions are rare in translucent ¢brous calcite,
although minor £uid inclusions are present. Con-
versely, turbid ¢brous calcite cements have an
abundance of inclusions. Inclusions in turbid ¢-
brous calcite are 1^50 Wm in size and include mi-
crodolomite (Fig. 4g), £uid inclusions, pyrite/mar-

casite (and pseudomorphic iron oxides), and
rounded to irregularly shaped, solid inclusions
of unknown type. Disseminated iron oxide is par-
ticularly common in light gray turbid ¢brous cal-
cite. In most ¢brous cements inclusions are uni-
formly distributed, but in some areas inclusion
density is particularly high adjacent to crystal
boundaries and cleavage traces.

6. Minor elemental and stable isotopic composition
of E¡na marine calcite

The MgCO3 content of E¡na ¢brous calcite
varies from 0.2 to 3.1 mol% (Fig. 6). The highest
MgCO3 concentrations, ranging from 1.8 to 3.1
mol%, are recorded from translucent ¢brous ce-
ment that is intrinsically blue luminescent (Fig. 6).
This cement has essentially no microdolomite
(6 0.1 vol.%, Fig. 6). Turbid ¢brous cement has
lower MgCO3 concentrations that range from 0.2
to 1.4 mol% (Fig. 6). Abundance of microdolo-
mite in turbid cement is variable (up to 5 vol.%,
Figs. 4g, 6).

The Mn content of ¢brous calcite varies from
below the detection limit (100 ppm) to 3600 ppm.
All analyses of translucent ¢brous calcite are be-
low the detection limit of 100 ppm (Fig. 6). Tur-
bid ¢brous calcite typically has more variable Mn
values (brown-to-gray turbid = below detection
limit to 3600 ppm; herringbone calcite = below
detection limit to 600 ppm; light gray tur-
bid = 200^500 ppm).

Most analyses for Fe of translucent ¢brous cal-
cite are below the detection limit (six out of eight)
with a maximum value that is at the detection
limit (100 ppm; Fig. 6). Turbid ¢brous calcite
has more variable, but still generally low, Fe con-
centrations (brown-to-gray = below detection limit
to 1100 ppm; herringbone calcite = below detec-
tion limit to 300 ppm; light gray turbid = below
detection limit). All ¢brous calcite is non-ferroan
as determined by KCN staining. Finally, all ¢-
brous calcite has a Sr content near or below the
detection limit (200 ppm).

Brown-to-gray turbid ¢brous calcite (n = 36)
has N

13C from 30.3 to +1.0x PDB and N
18O

from 33.9 to 37.9x PDB (Fig. 7). Herringbone

Fig. 5. Plane-polarized transmitted light photograph of layers
of gray turbid ¢brous calcite (G) separated by a discontinu-
ity surface lined with opaque, iron oxide, which is pseudo-
morphic after pyrite and marcasite (arrows).
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calcite (n = 12) has a similar range of values
(N13C = 0 to +0.8x, N

18O =35.0 to 38.0x).
Light gray turbid ¢brous calcite (n = 6) has
N

13C =31.6 to +0.6x and N
18O =35.7 to

38.0x. Equant calcite, which occludes pore-cen-
tral porosity and post-dates ¢brous calcite (Figs.
4d, 5), has similar N

13C and partially overlaps in
N

18O values with ¢brous calcite (n = 10,

N
13C = +0.1 to +0.8x, N

18O =36.8 to 39.5x ;
Fig. 7).

7. Evidence for alteration of E¡na turbid ¢brous
calcite

As mentioned above, extensive syn-depositional
dissolution a¡ected the E¡na buildups (Read,

Fig. 6. Minor element compositions of calcite cement from the E¡na Limestone. Gray vertical line shows analytical detection lim-
it (ADL) which is 0.1 mol% for MgCO3, 100 ppm for Mn and Fe, and 200 ppm for Sr. Black vertical lines represent mean com-
position and gray ¢eld is standard deviation of analyses including only analyses above detection limit. The wider unpatterned
part of the bar shows the total range of values above detection limit. Numbers adjacent to horizontal bar represent number of
analyses for a particular phase both below (to the left of gray vertical line) and at or above (to the right of gray vertical line)
the detection limit. Additionally, microdolomite abundance based on X-ray mapping is shown for selected phases.
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1982). Brie£y, geochemical evidence supporting
the extensively altered nature of turbid ¢brous
cements includes: (1) variable, but generally ele-
vated (up to 5 vol.%), abundance of microdolo-
mite (Fig. 4g); (2) highly variable cathodolumi-
nescence (Fig. 4e, f) ; and (3) low calcite MgCO3

concentrations (typically 6 1 mol%; Fig. 6) when
compared with higher Mg concentrations in least-
altered cement indicating stabilization from a
higher Mg calcite precursor. EMP analyses of tur-
bid marine cement that have elevated MgCO3 val-
ues (s 2 mol%) inevitably also have microdolo-
mite inclusions within the crater formed during
analysis. In addition, the stable isotopic composi-
tion of E¡na turbid ¢brous cements is variable
(Fig. 7) and inconsistent with an unaltered marine
isotopic signal, which is typically de¢ned by a
tight clustering of values (Tobin and Walker,
1997; Figs. 7, 8).

8. Least-altered, translucent ¢brous calcite

The least diagenetically altered marine cement
in the E¡na Formation is translucent ¢brous cal-
cite, which is very rare and is brie£y discussed
below to provide a baseline for comparison with
more altered ¢brous cements. Carpenter and Loh-
mann (1989), Bourque and Raymond (1994), and
Frank and Lohmann (1996) have previously rec-
ognized that translucent ¢brous cement, from the
Silurian to Holocene, is typically less altered when
compared with turbid ¢brous cement. E¡na trans-
lucent ¢brous cement has a MgCO3 composition
that ranges from 2 to 3 mol% (low-Mg calcite or
LMC), which is higher than values from altered,
turbid ¢brous calcite. Additionally, there is essen-
tially no microdolomite present in translucent ¢-
brous calcite X-ray maps (6 0.1 vol.%, n = 5; Fig.
5). The MgCO3 content of translucent ¢brous cal-
cite from other Caradocian units (Holston and
Kullsberg formations), where this cement is also
interpreted as a least-unaltered marine cement,

Fig. 7. N
13C and N

18O data from (A) I-77 section, (B) POR,
and (C) LON. Data points from this study is black and
from Grover (1981) gray. Fibrous calcite includes: undi¡er-
entiated (b) ; brown-to-gray turbid cement (F) ; herringbone
calcite (H) ; and light gray turbid cement (w). Turbid syn-
taxial overgrowths on echinoderms (a). Equant calcite pore-
central equant calcite that post-dates ¢brous calcite (+).
Light gray ¢eld represents N

13C and N
18O data from Holston

translucent ¢brous calcite (n = 9; Tobin and Walker, 1997;
Tobin, unpublished data).
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ranges from 2 to 5 mol% (Tobin and Walker,
1997). The small size of the translucent ¢brous
cement area present in the E¡na Formation pre-
cludes conventional stable isotopic analysis. How-
ever, translucent ¢brous calcite from the coeval
Holston Formation in Tennessee exhibits a tight
clustering of N

13C and N
18O values unlike turbid

¢brous, meteoric, and burial calcite phases (Fig.
8). Least-altered ¢brous calcite from Holston
buildups has N

18O =34.8 to 35.8x PDB
(n = 9; Tobin and Walker, 1997; Tobin, unpub-
lished data; Fig. 8). The N

13C and N
18O values

from the translucent ¢brous calcite (n = 26) of
the Kullsberg Limestone in Sweden also exhibits
a tight clustering (Tobin and Walker, 1997). All
the lines of evidence discussed above suggest that
translucent ¢brous calcite has been minimally im-
pacted by diagenesis and re£ect a primary LMC
precipitate, and therefore, can be used as a proxy
for Caradocian seawater. Mackenzie and Pigott
(1981) and Sandberg (1983) previously suggested
that the Caradocian was a period of ‘calcite’ seas
when LMC marine cements dominated unlike the
‘aragonite’ seas that typify shallow, warm, mod-
ern settings where aragonite and high-Mg calcite
(HMC) are the dominant marine mineralogies.

9. Constraints on early Caradocian seawater
temperature

Fossil faunas commonly provide important,
and sometimes decisive, evidence concerning con-
ditions in the depositional environment. The E¡-
na Formation contains one of the most diverse
macro- and microfossil faunas known in the Or-
dovician of the Appalachians, including close to
50 brachiopod species (Cooper, 1956), more than
20 trilobite species (Cooper, 1953), and numerous
bryozoans, echinoderms, ostracodes, and cono-
donts. The great faunal diversity and great num-
bers of specimens, along with the presence of sten-
ohaline taxas such as echinoderms, trilobites, and
conodonts, suggest optimal paleoecological condi-
tions, including normal seawater salinity and
water temperatures 6 33‡C as well as a high dis-
solved oxygen content.

An important piece of evidence regarding the
water temperature in the depositional environ-
ment may be provided by the carbonate lithology
in the successions containing the E¡na and asso-
ciated formations. Many of these limestones are
of bahamitic type (Jaanusson and Bergstro«m,
1980) that today are deposited at a minimum
water temperature of about 22‡C. Summarizing

Fig. 8. Summary of N
13C and N

18O data from the Holston Formation (Steinhau¡, 1993; Tobin and Walker, 1997). Turbid ¢brous
calcite (b) and various burial calcite phases (+). Black-outlined ¢eld re£ects meteoric calcite values (n = 23) from various Middle
Ordovician units from northeastern Tennessee (Tobin et al., 1999) and gray-outlined ¢eld translucent ¢brous calcite (n = 9) from
the Holston Formation (also see inset; Tobin and Walker, 1997; Tobin, unpublished data).
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the environmental evidence from the fossils and
carbonate lithology just presented, it would ap-
pear that the E¡na and associated units were de-
posited in seawater having a normal salinity and a
temperature between 22 and 33‡C.

Marine N
18O values can be used constrain sea-

water temperature. Kim and O’Neil (1997) de¢ne
the fractionation factor of oxygen isotopes be-
tween calcite and water as follows:

103 ln KCalciteÿH2O ¼ 2:78 ð106T32Þ32:89 ð1Þ

There is fundamental problem with the applica-
tion of this expression. The fractionation factor
incorporates both the calcite (N18OCalcite) and
water (N18OH2O) isotopic values as shown below:

103 ln KCalciteÿH2OWvCalciteÿH2O ¼

N
18OCalcite3N

18OH2O ð2Þ

Both temperature (T) and N
18OH2O are unknowns.

Water^rock interaction between seawater and
mid-oceanic ridge suggest that the N

18O value of
seawater has remained fairly constant (31 þ 2x)
throughout geologic time (e.g. Gregory, 1991) ex-
clusive of the in£uence of variable global ice vol-
ume.

Read (1982) suggested that E¡na marine ce-
ments formed from near-surface, oxic seawater.
This assertion is supported by the intrinsic blue
luminescence of translucent ¢brous calcite from
the E¡na Formation, which is a characteristic
that has been described in Iceland spar (Sippel
and Glover, 1965). It is believed to be the intrinsic
CL color of calcite and to be caused by the pres-
ence of lattice defects (Machel et al., 1991) in the
absence of CL activators (e.g. Amieux et al.,
1989). Concentrations of Mn and Fe in intrinsic
blue luminescent, translucent ¢brous cement are
low when compared with all types of turbid ¢-
brous calcite (Fig. 7). Additionally, this type of
luminescence has also been observed in translu-
cent ¢brous calcite from other Ordovician units
(Kullsberg and Holston formations), which are
interpreted as examples of unaltered marine ce-
ment formed in an open-marine, oxic, diagenetic
setting (Tobin and Walker, 1997).

Because the small size of E¡na translucent ¢-
brous cement precludes conventional stable iso-
topic analysis, translucent ¢brous calcite from
the Holston Formation is used as a proxy for
near-surface, oxic seawater within the Appala-
chian foredeep. Deposition of the Holston build-
ups in Tennessee was coeval with that of the E¡na
buildup and took place in shallow water (W50 m;
Benedict and Walker, 1978; Walker, 1977, 1980).
Note that Holston translucent ¢brous cement has
an average MgCO3 concentration of 3 mol% (To-
bin and Walker, 1997) and that the N

18O value of
calcite should be corrected for Mg content (Tar-
utani et al., 1969). The N

18O value of calcite is
increased by 0.06x for every 1 mol% MgCO3

added to the calcite lattice, resulting in a 0.2x
correction in this case. Corrected calcite N

18O val-
ues are used with assumed seawater N

18O values
ranging from 33 to 1x SMOW to calculate the
possible temperature of marine cements formation
(Fig. 9). Within faunal temperature constraints of
22^33‡C seawater N

18OH2O =32 þ 1x SMOW as
previously indicated by Tobin and Walker (1997).

10. Constraints on early Caradocian atmosphere
and seawater composition

10.1. Early Caradoc pCO2 values

The only observational evidence for elevated
Ordovician atmospheric pCO2 (14 þ 6 present at-
mospheric level, PAL) comes from Yapp and
Poths (1992) who examined goethitic paleosols
from the latest Ordovician Neda Formation
from the northern US midwest. It is not certain
whether these paleosols correspond in age to the
Hirnantian glaciation (W438 Myr) episode near
the end of the Ordovician or re£ect ambient
(non-glacial) greenhouse atmospheric pCO2 levels
before or after the glaciation(s). Berner (1991,
1994, 1997) also predicted elevated pCO2 values
for the early Caradocian (W460 Myr) based on
the results from his Phanerozoic carbon cycle
modeling (8 to s 25 PAL) with a best estimate
of 21 PAL. Time steps for Berner’s model are 10
Myr, and consequently, this model is insensitive
to transient pCO2 drawdown events like those
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that are interpreted to have happened during the
middle Caradocian (W454 Myr; Ludvigson et al.,
1996; Patzkowsky et al., 1997; Ainsaar et al.,
1999; Meidla et al., 1999) and Hirnantian (Mar-
shall and Middleton, 1990; Brenchley et al., 1994;
Kump et al., 1999). Additionally, Gibbs et al.
(1997) indicate that runaway glaciation would oc-
cur on an Ordovician earth if pCO2 was 6 10
PAL. Elevated pCO2 values for the Ordovician
earth are required to o¡set the 4.5% decrease in
solar luminosity present during this time period
(Crowley and Baum, 1995). Consequently, Cara-
docian atmospheric pCO2 was at least 10 PAL
even during Hirnantian glaciation(s) and during
ice-free periods of the Ordovician pCO2 was likely
higher (Gibbs et al., 1997).

10.2. Early Caradoc seawater composition

Today, the dominant kinetic inhibitor on mod-
ern marine calcite formation is the presence of Mg
in seawater (Berner, 1975). However, if the Car-

adocian seawater had a Mg/Ca mole ratio = 1
(Wilkinson and Algeo, 1989; Hardie, 1996), then
it is probable that Mg was not the dominant ki-
netic inhibitor preventing formation of Carado-
cian abiotic marine calcite. Indeed, experimental
evidence presented by Fuchtbauer and Hardie
(1976, 1980) indicates that when solution Mg/Ca
mole ratio is less than 2, then LMC is the domi-
nant abiotic carbonate precipitate from seawater
and aragonite will not be observed, re£ecting the
lack of kinetic inhibition of Mg on calcite forma-
tion. Experimental results are consistent with our
¢ndings from Caradocian translucent ¢brous cal-
cite as discussed above.

Other kinetic inhibitors of calcite precipitation,
besides Mg2þ, include PO33

4 , SO23
4 , and dissolved

organic carbon (DOC). The link between PO33
4

adsorption onto calcite (and aragonite) surfaces
and the subsequent inhibition of calcite precipita-
tion has been well established. As the calcite (and
aragonite) SI approaches 0, Ca-carbonate precip-
itation rates are greatly impeded because of the
increased e¡ectiveness of surface adsorption of
phosphate on to Ca-carbonate surfaces (Mucci,
1986; Burton and Walter, 1991). Sulfate has
also been noted as a kinetic inhibitor of calcite
precipitation (Mucci et al., 1989); however, its
precise e¡ect is highly variable depending on so-
lution concentrations. For example, the presence
of dissolved SO23

4 in seawater greatly decreases
the inhibitory e¡ects of PO33

4 on calcite precipita-
tion (Burton, 1993). Experimental results given by
Lebron and Suarez (1996) indicate that if DOC
values are v 0.5 mM then calcite formation will
only occur above a minimum calcite SI value of
0.4. While the DOC of Caradocian seawater has
not been modeled, some inferences can be made
based on the widespread distribution of black
shales during this time period (e.g. Leggett et
al., 1981), which implies that the Caradocian
ocean had elevated DOC values. Therefore, we
suggest that a minimum calcite SI = 0.4 was nec-
essary to facilitate the precipitation of Caradocian
¢brous calcite.

Hardie, 1996 (his ¢gure 3) modeled variations
in major ion concentrations for Phanerozoic sea-
water. This quantitative model is based on steady-
state mixing of hypothetical river water and mid-

Fig. 9. Calculated paleotemperatures based on marine N
18O

values (gray rectangular ¢eld) from the Holston Formation
using a range of seawater N

18O compositions (1 to 33x
SMOW). Dashed lines indicate faunal temperature constrains
as discussed in the text.
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oceanic ridge hydrothermal brines (assumed mix-
ing ratio 1.25). Modeled major ion concentra-
tions, as well as assumed pCO2 values, can be
used to calculate the calcite SI of early Carado-
cian seawater for a range of temperatures using

the computer program PHREEQC (Parkhurst
and Appelo, 1999).

Two series of calculations were completed using
modeled major ion concentrations. For series 1
calculations, three seawater compositions were

Fig. 10. Calcite saturation as determined by PHREEQC using early Caradocian seawater (Mg/Ca ratio = 1.25; b) assuming a
constant total alkalinity and di¡ering atmospheric pCO2 values. Additionally, Phanerozoic seawater that has a Mg/Ca ratio = 0.9
(R) and 2.0 (F) are plotted. Dark gray ¢eld re£ects minimum saturation needed to achieve abiotic marine calcite precipitation
and light gray ¢eld de¢nes seawater that is saturated with respect to calcite. Dashed lines indicate faunal temperature constrains
as discussed in the text.
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utilized to encompass the possible range of Mg/Ca
ratios (Table 1). These compositions include a
Phanerozoic minimum (Mg/Ca = 0.94), early Car-
adoc (Mg/Ca = 1.26), and maximum value when
LMC is favored over HMC/aragonite (Mg/

Ca = 2.00). Implicit to series 1 calculations (Fig.
10) is that the total alkalinity of seawater is con-
stant at the modern value (2.41 mEq/kg; Morse
and Mackenzie, 1990) no matter the pCO2 value.
The increase in carbonate alkalinity

Fig. 11. Calcite saturation as determined by PHREEQC using early Caradocian seawater (Mg/Ca ratio = 1.25) and di¡ering at-
mospheric pCO2 values. Seawater with the modern value for total alkalinity is indicated by a square. Total alkalinity is increased
by 10% increments above the modern value, which are depicted as follows (10%, b ; 20%, R ; 30%, 8 ; 40%, E). Dark gray ¢eld
re£ects minimum saturation needed to achieve abiotic marine calcite precipitation and light gray ¢eld de¢nes seawater that is sa-
turated with respect to calcite. Dashed lines indicate faunal temperature constrains as discussed in the text.
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(AC = mHCO3
3 +mCO23

3 ) resulting from elevated
pCO2 is o¡set by an increase in mHþ, which low-
ers seawater pH and maintains a constant total
alkalinity. Decreased ancient seawater pH is not
unprecedented; during the last 21 Myr pH has
linearly increased from 7.4 to 8.2 based on boron
isotope studies of foraminifers (Spivack et al.,
1993). When seawater is assumed to have a Mg/
Ca = 2.00 then a calcite SI value of 0.4, which we
assume to be a minimum value needed for calcite
precipitation, is reached only when pCO2 6 14
PAL (Fig. 10). However, if assumed Mg/Ca ra-
tio = 0.94 then calcite can form when pCO2 is as
high as 26 PAL (Fig. 10). Assuming that the early
Caradocian Mg/Ca ratio = 1.26 then the calcite SI
will equal 0.4 when pCO2 = 14^22 PAL and
T = 22^33‡C (Fig. 10); results that are most sim-
ilar to previous isotopic and carbon modeling
studies as discussed above.

Series 2 calculations assume that the early Car-
adocian Mg/Ca ratio (1.26) is constant and in this
series of calculations the total alkalinity is varied.
The Ordovician is a period of overall greenhouse
climate (Fischer, 1982) largely lacking continental
ice sheets, except for the Hirnantian period (e.g.
Brenchley et al., 1994). Consequently, there was
likely an intensi¢cation of thermal transport to
the poles resulting in an overall increase chemical
weathering and erosion rates on land during this
period. The net result is an increase in oceanic
alkalinity derived from continental weathering.
Consequently, we suggest that the total alkalinity
of the Ordovician ocean was at least, if not great-
er than, the modern value. Series 2 calculations
use the modern total alkalinity as a baseline
with elevated alkalinity inputted at 10% incre-
ments (Fig. 11). The net a¡ect of increased alka-
linity is to increase calcite SI (Fig. 11). At a rela-
tively low pCO2 concentration of 14 PAL, calcite
SI = 0.4 is achieved using the modern, baseline

total alkalinity value. However, at elevated
pCO2 values (pCO2 s 22 PAL) alkalinity must
be adjusted upwards to keep calcite SI near the
0.4 threshold value for calcite precipitation (Fig.
11). Consequently, Ordovician pCO2 was most
likely to be between 14 and 22 PAL with higher
pCO2 values permissible with increased oceanic
alkalinity.

11. Early Caradocian seawater NN
18O versus salinity

Since appropriate £uid inclusions were not
present in the examined E¡na and Holston ma-
rine cements, there is signi¢cant uncertainty in
terms of how seawater N

18O relates to salinity
(S) during the early Caradocian. However, we
can use as an approximation the parameters
from the model of Railsback et al. (1989, 1990).
Speci¢cally, in modern oceans the relationship be-
tween seawater N18O3S de¢nes two line segments.
Slight modi¢cation of the modern relationship is
necessary to account for the presumed ice-free
nature of the early Caradocian earth resulting in
the de¢nition of the following two line segments
representing: (1) the mixing of fresh and sea water
when S = 0^34x and (2) the in£uence of evapo-
ration at Ss 34x. Railsback et al. (1989) delim-
its the line segments with the following equations:

N
18O ¼ N

18Ooþ ½ðvfw=SoÞ ðS3SoÞ�

for S ¼ 0ÿ 34x or ð3Þ

N
18O ¼ N

18Ooþme ðS3SoÞ for Ss34x

ð4Þ

where So (34x ; Railsback et al., 1990) de¢nes
the point between the two line segments, which
assumes seawater at global average salinity equals

Table 1
Modeled Phanerozoic major ion compositions from Hardie (1996)

Mg2þ Kþ Ca2þ SO23
4 Mg/Ca ratio

(mM) (mM) (mM) (mM)

Phanerozoic minimum 44 41 47 24 0.94
Early Caradoc 48 35 38 25 1.26
Maximum value for LMC 52 17 26 28 2.00
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the average global N
18O value (N18Oo; Railsback

et al., 1989, 1990), which is assumed to be 32x
SMOW. The parameter (vfw) indicates the global
di¡erence in N

18O between meteoric precipitation
and seawater, which Railsback et al. (1989, 1990)
assumes to be 8x. Finally, the parameter me
de¢nes the relationship between seawater N

18O
and S when Ss 34x. In modern restricted ba-
sins like the Red Sea and the Mediterranean,
which have high S, me = 0.35 (Railsback et al.,
1989, 1990).

12. E¡na marine cement and foredeep seawater

Read (1982) discussed the presence of sul¢de
and phosphorite crusts that cap hardgrounds as-
sociated with the E¡na buildups (his ¢gure 12) as
well as discontinuity surfaces between di¡erent
layers of ¢brous calcite (his ¢gure 9; Fig. 5). Sul-
¢de and phosphorite crusts predate burial diage-
netic phases as discussed by Grover and Read
(1983). Formation of sul¢de crusts were inter-
preted to be associated with anoxic bottom waters
that periodically onlapped on to the E¡na build-
ups (Read, 1982). Presence of anoxic bottom
waters within the Appalachian foredeep of Vir-
gina is supported by the presence of downslope
black shales and lime mudstones of the overlying
Liberty Hall Formation (Fig. 2). Additionally, the
downslope £anking beds of the Botetourt Forma-
tion (Fig. 2) have an abundance of organic mate-
rial and pyrite that were interpreted to be depos-
ited below the oxic^anoxic interface (Read, 1982).

Supporting evidence for syn-depositional disso-
lution of E¡na marine calcite is the non-ferroan
composition of all turbid (altered) marine calcite
(Fig. 6). Immediately above the oxic^anoxic inter-
face, where marine calcite dissolution is inferred
to have occurred (Read, 1982), a paucity of fer-
rous iron in seawater should have resulted in an
alteration product that is non-ferroan. Clearly,
the alteration history of E¡na marine cement is
more complex than a single phase of syn-deposi-
tional dissolution. Some turbid ¢brous calcites
have highly negative N

18O values (37 to 38x
PDB; Fig. 7) that are similar to values observed
from Tennessee meteoric calcite (Tobin et al.,

1999; Fig. 8), and overlap with N
18O values

from E¡na burial calcite (36.8 to 39.5x
PDB; n = 10; Fig. 7). Consequently, it is likely
that secondary phase(s) of meteoric (and burial)
alteration a¡ected E¡na (and Holston) marine
calcite. However, the most positive N

18O values
from E¡na turbid ¢brous calcite are signi¢cantly
more positive (33.9x PDB; Figs. 7, 8) than
least-altered Holston translucent ¢brous calcite
(34.8 to 35.8x ; n = 9), which are interpreted
as a proxy for oxic surface water. Consequently,
we suggest that the most positive N

18O values
from E¡na turbid ¢brous calcite were imparted
during the syn-depositional alteration of this ce-
ment.

Read (1982) suggested syn-depositional dissolu-
tion of E¡na marine calcite is most likely associ-
ated with oxidization of hydrogen sul¢de at the
oxic^anoxic interface that separates oxic near-sur-
face and anoxic bottom waters within the Appa-
lachian foredeep. Alternatively, dissolution could
be the result of low-temperature Appalachian
foredeep bottom waters that upwelled and inter-
acted with E¡na marine calcite. To achieve mini-
mum undersaturation necessary to facilitate disso-
lution of E¡na marine calcite by Appalachian
foredeep bottom water without sul¢de oxidation,
as determined by PHREEQC (pCO2 = 18 PAL;
Mg/Ca = 1.25; modern total alkalinity, see above
discussion), cold bottom water is required (4^
9‡C). At these temperatures, calcite N

18O paleo-
thermometry indicates that highly negative
N

18OH2O values (35 to 36x SMOW) for Ap-
palachian foredeep bottom water are needed to be
consistent with observed most positive N

18O-Cal-
cite value from E¡na ¢brous calcite. Calculated
salinity (Eq. 3 and 4) is very low (S = 17^21x)
and bottom water b would be less than 1.020.
Consequently, bottom water would be less dense
than near-surface water and a stable water col-
umn could not have developed.

Therefore, due to the association of E¡na
buildup deposits with iron sul¢de crusts, it is
likely that localized oxidization of sul¢des facili-
tated the syn-depositional dissolution of E¡na
marine calcite. Between T = 22 and 33‡C a modest
1 mM of H2S must be oxidized to cause calcite SI
values for fall below 0 using seawater in equilib-
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rium with atmospheric pCO2 = 18 PAL. Alterna-
tively, calcite dissolution could have been favored
by aerobic oxidation of organic material. How-
ever, if bottom waters were supercharged with
carbonate alkalinity due to organic decomposition
degassing of CO2 at the oxic^anoxic interface
would have favored carbonate precipitation and
not dissolution (Grotzinger and Knoll, 1995).
Consequently, if bottom waters were enriched
with carbonate alkalinity, additional oxidization
of H2S must be invoked to counteract supersatu-
ration caused by CO2 degassing.

13. Conclusions

(1) Most marine calcite cements in the E¡na
buildups are altered and have a turbid appear-
ance. Primary LMC cement is very rare and has
a characteristic translucent appearance. This ce-
ment has very low Mn and Fe concentrations,
intrinsic blue luminescence, and is interpreted to
have precipitated from oxic Ordovician seawater.

(2) Turbid ¢brous calcite cements have been
extensively altered by diagenesis based on the
presence of microdolomite, highly variable catho-
doluminescence, and low calcite MgCO3 concen-
trations of these cements. Additionally, the stable
isotopic composition of E¡na turbid ¢brous ce-
ments is highly variable, unlike translucent ¢brous
calcite, which exhibits a tight clustering of N

13C
and N

18O values.
(3) Calcite N

18O paleothermometry and faunal
evidence constrains the temperature of near-sur-
face seawater in the Appalachian foreland basin
to between 22 and 33‡C during E¡na and Holston
organic buildup formation. Additionally, atmo-
spheric pCO2 during the early Caradoc was
mostly likely greater than 14 PAL.

(4) Syn-depositional dissolution of E¡na ma-
rine calcite most likely was associated with sul¢de
oxidation along an oxic^anoxic interface present
within the Appalachian foredeep. Upwelling of
cold bottom water in the Appalachian foredeep
is not a viable mechanism to explain the syn-de-
positional dissolution of E¡na marine calcite.
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