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ABSTRACT ment analyses show that the siderites are Keywords: siderite, oxygen isotopes, Cre-
impure, having enrichments in Ca, Mg, taceous, paleosols, carbon isotopes,
Siderite-bearing pedogenic horizons of Mn, and Sr. Minor element substitutions paleoclimatology.
the Nanushuk Formation of the North and Mg/Fe and Mg/(Ca + Mg) ratios also
Slope, Alaska, provide a critical high paleo- suggest the influence of marine fluids upon |NTRODUCTION
latitude oxygen isotopic proxy record of pa-  siderite precipitation.
leoprecipitation, supplying important em- The pedogenic horizons are character-
pirical data needed for paleoclimatic jzed by gleyed colors, rare root traces,
reconstructions and models of “greenhouse- gphundant siderite, abundant organic mat-
world” precipitation rates. Siderite 0 ter, rare clay and silty clay coatings and
valges were determined from four paleosol infillings, some preservation of primary
horizons in the National Petroleum Reserve sedimentary stratification, and alack of fer- 5 5001 2002). Pedogenic siderites of the
Alaska (NPR-A) Grandstand # 1 Core, and  ,gingus oxides and mottles. The pedogenic nanushuk Formation of the North Slope
the values range between—17.6% and feaures suggest that these were poorly ajaska provide a critical high paleolatitude
—14.3% (PDB) with standard deviations yraineq, reducing, hydromorphic soils that (75°N) meteorics™O proxy record for paleo-
gen_erally less than 0.6%. within individual developed in coal-bearing delta plain facies ¢jimatic reconstructions and models of
horizons. The d*C values are much more  4ng gre similar to modern Inceptisols. “greenhouse-world” precipitation rates (Ufnar
variable, ranging from =4.6% t0 +10.8%  yjyqe|derived estimates of precipitation et al., 2002). The pedogenic siderites of the
(PDB). A covariant 80 versusC rend 565 for the Late Albian of the North  Nanushuk formed under similar conditions
in one horizon probably resulted from mix- Slope, Alaska (485-626 mm/yr), are consis- and are compositionally similar to the sphae’-
'ng be;wee_n mOd'.f'ed marine and_ met_eonc tent with precipitation rates necessary to rosiderites described by Ludvigson et al.
phreatic fLIds during siderite pTeciptation. — maintain modern peat-forming environ-  (1998) and Ufnar et al. (2001). The Nanushuk
erite oxygen isotapic values and paleobo- ments. This information reinforch the mu-  siderites differ only in texture, in that they
tanical temperature estimates range from tal con5|stency_ between em_plncal paleo- generally lack the well-developed radial-
—23.0% t0 —19.5% (SMOW). Minor ele- temperature estimates and IS_Otope mass concentric crystalline microstructure. Here,
balance models of the hydrologic cycle and they are simply referred to as pedogenic
" E-mail: david.ufnar@usm.edu. can be used in future global circulation mod-  siderites.
*E-mail: gludvigson@igsb.uiowa.edu. eling (GCM) experiments of “greenhouse- Sphaerosiderites are millimeter-scale
*Present address: Center for Global and Regiong|orld” climates to constrain high latitude ~FeCQ nodules that formed in ancient wet-
(E:H;:rfgvgegtg 4§?Eesaxhé_%g;{ze{sgzz?;;%)‘“ﬁ’.éz‘a'.aprecipitation rates in simulations of ancient land paleosols. Isotopic analyses from indi-
“E-mail: robert-brenner@uiowa.edu. worlds with decreased equator-to-pole tem- vidual sphaerosiderite- andiderite-bearing
TE-mail: bwitzke@igsb.uiowa.edu. perature gradients. paleosols and pedogenic horizons often define

Meteoric 3O values for the warm equable
middle Cretaceous have been estimated
throughout the Western Interior Basin from
paleosol sphaerosiderites (Ludvigson et al.,
1998; White et al., 2000a, b, 2001; Ufnar et
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trends of invarian®'0 and variabl&'*C val-  precipitation rates have not been previouslyhe Colville Basin, during the late Aptian
ues, defined as meteoric sphaerosiderite lingsported. through the Cenomanian (Mull, 1985). The
(MSLs) by Ludvigson et al. (1998). The Proxy records of paleoprecipitation are needbulk of non-marine strata are contained in the
MSLs are analogous to the meteoric calcited to constrain GCM modeling experiments, adlanushuk Group (previous nomenclature), the
lines (MCLs) of Lohmann (1988), substantiatethe hydrologic cycle is very sensitive to cli- proximal portion of a major Albian-to-
precipitation from meteoric phreatic fluids, matic forcing factors such as atmospheric,COCenomanian depositional cycle defined by
and are a proxy for thed®O of ancient concentrations, tectonics, paleogeography, andull (1985). Deposits of the upper Nanushuk
precipitation. orbital variations (Barron et al., 1989). Changesroup in the Umiat area of the Colville Basin
Middle Cretaceous climatic equability re-in the Earth’s orbit cause changes in the receiptached maximum burial depths 2 km) and
fers to putative decreased annual temperatugé incoming solar radiation, and the polar repaleotemperatures (60—70) during the early
variations, diminished seasonal temperaturgions are especially sensitive to these variationsaleocene (O’Sullivan, 1999). Age relation-
extremes, and limited periods of subfreezingHarrington, 1987; Schlesinger, 1997). Base@hips are not well established for the Nanu-
temperatures in the polar regions (Sloan andpon modeling experiments, Poulsen et akhuk Group; however, palynological analyses
Barron, 1990). There is much evidence for §1999) concluded that elevated atmospheriadicate that most of the Nanushuk Group is
reduced middle Cretaceous equator-to-pol€0, concentrations (four times present-dayalbian in age (Mull, 1985; Molenaar, 1985)
temperature gradient (Barron and Washingtorgoncentrations) caused increased precipitatiqlrcig_ 2).
1982; Spicer and Corfield, 1992). Empiricalrates at high latitudes. The development of \jglenaar (1985) interpreted the Nanushuk
evidence for middle Cretaceous polar warmtlguantitative empirical data from high-latitudeGrOup as consisting of deltaic complexes with
includes the biogeography of terrestrial plantegions is imperative for constraining precipi-mumlme tongues of marine and nonmarine
fossils (Parrish and Spicer, 1988a, b), and thtation rates in the “greenhouse-world” of the s3ngstones and shales. It has been divided into
distribution and isotopic composition of ma-middle Cretaceous and verification of GCM, lower, dominantly marine facies (Kukpow-
rine organisms (Lloyd, 1982; Mutterlose,model outputs. ruk Formation in the western portion of the
1992; Huber et al., 2002). Based upon GCM In this paper we show that pedogenic Sid'depositional basin, or Grandstand and Tuktu
experiments, Barron et al. (1995) suggestedrites from the middle Cretaceous Nanushu ormation in the east), and an upper domi-
that global temperature gradients are primarilfrormation provide a proxy record of tlO nantly nonmarine facies (Corwin Formation in
affected by three variables: paleogeographyf high-latitude meteoric groundwaters "®the west or Chandler Formation in the east).
increased atmospheric G@oncentrations, charged by local paleoprecipitation. Further-.l.hese formal Formation names have recently
and increased ocean heat flux. The middlenore, based upon isotopic compositions of th een abandoned by Mull et al. (2003) (see be-
Cretaceous paleogeography, which was signipedogenic siderites and modeling results low). Published descriptions of nonmarine li-
icantly different from that of today, may have Ufnar et al. (2002), we show that estimates g}hologies other than sandstones are highly
played a major role in reducing meridionalmiddle Cretaceous precipitation rates fromgeneralized mentioning coals, carbonaceous
temperature gradients and increasing oceapal-bearing strata on the North Slope, Alaséhale troug’h cross-bedded con’glomerates and
heat transport from the tropics (Barron et al.ka, are consistent with those required for mod-h | ’ but they includ i f ’
1995; Poulsen et al., 1999). The warmest searn peat bog formation. shales, but they include no mention ot any
surface paleotemperature estimates (SSTs) structures or I|thqlog|es resembling Paleosols
(26-32°C) of the last 120 Ma come from Geologic Setting (Huffman, 1985; Molenaar, 1985; Mull,
Aptian-Albian deposits from equatorial Pacific 1985). . .
Deep Sea Drilling Project (DSDP) sites Outcrops of nonmarine Lower and Upper "_1 an ef_fort to improve understanding of the
(Douglas and Savin, 1975). Warm SSTs havEretaceous rocks on Alaska's North Slope argf9ional lithostratigraphy, Mull et al. (2003)
also been determined for high paleolatitudeomprised of sediments that were depositef@€ revised the stratigraphic nomenclature of
marine deposits of the middle Cretaceous. Apbetween 75and 85 N paleolatitudes (Spicer he Colville Basin. Therein, the Nanushuk
tian through Albian mean annual temperatureand Parrish, 1990a, b) (Fig. 1). CarbonaceodgUP has been reduced in rank and revised
were determined to be 18C at 60S from mudstones containing siderite-bearing pedd@S the Nanushuk Formation. It is generally
DSDP site 511 (Huber et al., 1995, 2002), angienic horizons have been identified, providing?®mMPprised of two unnamed informal units; the
10-13°C in the Late Albian (DSDP site 511) biostratigraphic and geochemical data for thi$®Wer is predominantly marine and the upper
(Fassell and Bralower, 1999). crucial high-latitude portion of Cretaceous!S nonmarine. The Kukpowruk, Tuktu, Cor-
Fossil leaf physiognomy (Wolfe, 1971, North America. Analyses of plant paleoecol-Win. Chandler, Grandstand, and Ninuluk For-
1979; Wolfe and Upchurch, 1987), particular-ogy, vegetational and leaf physiognomymations have all been abandoned (Mull et al.,
ly leaf-margin analysis of fossils in the Nan-growth rings, and vascular systems in Creta2003).
ushuk Formation, provides empirical terrestriceous woods from the North Slope, Alaska, The sampled intervals of the Nanushuk For-
al paleotemperature constraints for the middl@y Parrish and Spicer (1988a, b) and Spicehation in the Grandstand #1 core generally
Cretaceous of the North Slope, Alaska. Leafand Parrish (1990a, b) show that climateonsist of interbedded fine- to medium-
margin analyses yield mean annual temperasooled substantially from the “middle” to grained, cross-bedded sandstones; dark-gray,
tures (MATS) of 10 + 3 °C (Spicer and Par- Late Cretaceous. carbonaceous mudstones; and thin lignitic
rish, 1986; Parrish and Spicer, 1988a, b). The Uplift of the present-day Brooks Range durcoal beds (Fig. 3). The lithofacies units rep-
abundance of fossil vegetation in the Nanuing the Cretaceous led to deposition of a thickesent fluvial-deltaic point bar and crevasse
shuk Formation implies that water was plenwedge of siliciclastic sediments on Alaska'ssplay deposits (sandstones), pedogenically
tiful during the middle Cretaceous (Spicer andNorth Slope. Surface and subsurface data irmodified overbank (floodplain) deposits (car-
Parrish, 1986; Parrish and Spicer, 1988a, bjjicate that up to 10,000 m of sediment werdonaceous mudstones), and peat bogs (coals)
however, quantitative empirical constraints orshed into a rapidly subsiding foredeep basinAhlbrandt, 1979; Huffman, 1985).
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Figure 1. Map of Colville River area in North Slope, Alaska, indicating location of National Petroleum Reserve Grandstand #1 Core
(modified from Spicer and Parrish, 1986). R.—river; C.—creek.

AGE u Biaid rSF\{«_V i = RNE A ing a microscope-mounted drill assembly with
{Ma) z Z groxi';wm a avi ni';’fé.i rea a 0.5 mm drill bit. The powdered samples
& m - were treated with dilute acetic acid as an ad-
goe O fTuluvac Fri - ditional precaution to leach trace amounts of
o | Turonian Seabee Formation Hue Shale calcite and dolomite that may have been pres-
O |cenomanian ent in the microsamples and to ensure com-
100 W plete isolation of siderite for isotopic analyses.
(&} All samples extracted for mass spectrometry
< | Albian were analyzed at the University of lowa, Paul
110 L H. Nelson Stable Isotope Laboratory.
w Powdered samples were vacuum-roasted at
o Hug Shals 380°C to remove volatile contaminants. Sam-
120~ O ples were then reacted with anhydrous phos-

phoric acid at 72C in an on-line, automated
Figure 2. Stratigraphic correlation chart for mid-Cretaceous deposits of the Colville Basin, Kiel IIl carbonate reaction device coupled to
North Slope, Alaska (modified from Mull et al., 2003). Mbr.—member. the inlet of a Finnigan MAT 252 isotope ratio
mass spectrometer. All isotopic values were

METHODS ples of the highly carbonaceous mudstongl€POrted relative to the PeeDee Belemnite
were collected from the same depth-interval§PDB) standard, with analytical precision of
Lithologic descriptions and samples werefor palynological analyses. The palynologicaP@tter thant0.05%. for carbon and oxygen.
collected from the National Petroleum Re-identifications were performed by Bob RavnSiderite data were corrected with the experi-
serve (NPR) Grandstdr# 1 core stored at the of Aeon Biostratigraphic Services, Anchor-mentally determined temperature-dependent
U.S. Geological Survey Core Research Centerge, Alaska. isotope fractionation factor of Carothers et al.
in Denver, Colorado. The specimens collected Pedogenic siderites were evaluated using988).
are generally only a few centimeters thick, andight microscopy, cathodoluminescence (CL) Electron microprobe analyses were con-
due to poor recovery in sections of the corepetrography, epifluorescence petrography, arfdticted on siderites and other carbonate ce-
the specimens were named according to thecanning electron microscopy. These imagingents from each of the four sampled horizons
depth in the core from which they were samtechniques were used to identify all carbonatésing a JEOL JXA-8900R electron micro-
pled (e.g., 171.34 m). Specimens were vacyphases present in the specimens and to deliprobe at the University of Minnesota. Siderite
um impregnated with epoxy resin and cut tceate suitable domains to be microsampledinalyses were performed using wavelength
produce doubly polished thin sections and thiPolished slabs from each of the pedogenic hadispersive spectrometry at an accelerating
slabs for microsampling. Separate core sanrizons were microsampled for carbonates ussoltage of 15 kV, a beam current of 10 nA,
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— Graphic Log Descriptions TABLE 1.
D)=
Ll Samples :
< " ara0m] Dark gray, highly carbonaceous silty-mudstone, with fine, glg;i(ssrandstand #1 Core, 131.4 m, Palynological
a1 comminuted carbonaceous debris and well-preserved fossil
« plant material. Reddish-brown mottles composed of spherulitic Bisaccate gymnosperm pollen, indet.
e siderite cement are common, and typically associated with Deltoidospora spp.
=9 millimeter-scale fossil plant fragments. Some slickensides are Clcst:lco"smpontes ve_m:jstus
[~ present, particularly in the lower portion of this unit. Coal horizons (S:iacaatlrﬁ:%sﬁggsztzg.s-pm ﬁ:n.iet
may be more abundant, however core recovery though this interval : P - '
™ is poor. G_Ielch_en||_d|tes_senon|cus_ )
0— e e, - Cicatricosisporites australiensis
h - ) h , , Retitriletes sp. - indet.
=l Upward-fining, carbonaceous_, fme-grgmed to mgdlum-gralngd, Podocarpidites sp. - indet.
< large-scale trough cross-stratified to ripple-stratified litharenite Ischyosporites cf. crassimacerius
< sandstone with siderite-cemented mudstone rip-up clasts up to Foveosporites sp. - indet., triangular, fine
“‘_"— 1 cm in diameter. Osmundacidites wellmanii
_—— —  —  — — — — — — — Laevigatosporites ovatus
~ Upward-fining cycles of thinly-bedded, carbonaceous litharenite Note: indet—indeterminate.
Ky sandstone ranging from fine- to upper medium-grained sandstone,
£_ with some thin 5-10 mm thick, siderite-cemented claystone layers.
FQ The upper medium-grained sandstone layers are large-scale
o trough cross-stratified, and the finer-grained sandstones exhibit
g © small-scale ripple stratification. Some of the ripple stratified units
(t%_ iy exhibit soft-sediment deformation features (contorted-bedding).
A - _ _ _ _ —_ _ _ _ _ RN
3 Dark gray, thinly bedded, highly carbonaceous silty-mudstone
with some faint red mottles, possibly related to siderite cement. 15.0 — —
5_8 -Poor recovery through this interval- I
bl QA
Break in recovery Dark gray, highly carbonaceous silty-mudstone with fine,
o comminuted carbonaceous debris, and large (cm-scale), well- §
Om preserved fossil plant material. Prominent, red-brown mottles - (o) \ -
— (v ]e Q Samples . o)
N~ @ {? surround patches of siderite-cemented mudstone. Some (rare) 100+ () _
- o “E‘ argillans noted in this unit. ’ 7
171.34m| . . . _ . _ . . . = -
= g B Thinly bedded, moderately carbonaceous, very fine- to fine-grained | |
oS T litharenite sandstones exhibiting large-scale trough cross-stratification,
Uy ~s and some siderite-cemented mudstone rip-up clasts. Some thin, lenses - -1
AN of medium- to upper medium-grained sandstone are interbedded with | ™ |
the finer-grained units. 131.40m
- o < " — 50 | O131.71m H
carbonaceous ripple cross-
~_ -t _—
— |8+ ® debris stratification m [~ 3171'19 m 1A
d slickensides ==X trough cross- o B 17134m |
Lasaxss stratification - | i
csvimeg K\ root traces {} mottling c00
grain size . ideri - B 7
siderite o
00 =
Figure 3. Lithologic log and descriptions of sampled intervals in NPR Grandstand #1 - -
Core. Grandstand core reached a total depth of 1201 m. There are 26 cored intervals | -
totaling 233 m in length. For this study, portions of cored intervals between 126 and 137 | _
m and 171 and 175 m were described and sampled for isotopic analyses. To see specific
cored intervals, refer to USGS Core Research Facility, Denver, Colorado, Web site
(http://geology.cr.usgs.gov/crc/data/AK/ak-colat.htm). 50 m
and a beam diameter of om. The following presence ofCicatricosisporites venustus, Ci- = -
x-ray lines and standards were usedyGa catricosisporites australiensis andlschyospor- R .
calcite, Mg, -dolomite, Mn, -rhodonite, ites cf. crassimacerius in the sample from 10 [ N N N I A B I
Fe... -siderite, and Sr,, -strontianite. 131.4 m are indicative of a late Albian/early -20 -15 -10
Cenomanian age (Table 1).
8'%0 (PDB)
RESULTS
Stable Isotopes of Carbon and Oxygen Figure 4. Carbon and oxygen isotopic val-
Palynostratigraphic Implications ues of paleosol siderites from 171.34-m,

Four siderite-bearing pedogenic horizond71.19-m, 131.71-m, and 131.40-m depth
The four depth-intervals sampled from thewere sampled for isotopic analyses in thisntervals of NPR Grandstand #1 Core.
Grandstand #1 core were generally devoid a$tudy. No fewer than 10 analyses were perRectangular fields envelope a range of iso-
recognizable palynomorph species with théormed on each unit (Fig. 4). The 171.34 mtopic values for individual horizons, and
exception of the 131.4 m depth interval. Thedepth interval has sideri@&®0 values ranging vertical lines define MSL values.
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from —16.84%0 to —14.13%. (PDB) with a 25
mean of 15.6%o (std. dev. 0.82%o.). Tla&3C
values range from+3.38%. to +10.76%o
(PDB) with a mean of+8.39%. (std. dev.
2.23%o0) (Fig. 4). The 171.19 m depth interval 201
has siderite 80O values ranging from
—17.56%0 to—17.19%0 (PDB) with a mean of
—17.4%0 (std. dev. 0.13%o). Th&'*C values

D); and (3) Small (50—-15@.m) sphaerosider-

ites that exhibit characteristic spherulitic crys-
talline microstructures (Ludvigson et al.,

1998) (Fig. 6, E and F). Ferroan dolomite ce-
ments exhibiting bright orange-red lumines-
cence are commonly associated with carbo-
naceous plant fossil fragments (Fig. 6B) and
cementing some of the mudstone domains.

%)
O\/
. O - S

range from—0.15%o to +3.80%0 (PDB) with 5 157 The dolomitic cements engulf siderite crystal-
a mean of +2.5%o (std. dev. 1.14%.). The g lites in the groundmass and fill voids associ-
131.71 m depth interval is characterized by @ ated with carbonaceous debris. Thus, it is in-
siderite 3*%0O values ranging from—17.09%o g— ferred that the dolomite precipitated as a later
to —15.57%. (PDB) with a mean of 16.2%o @ 10 diagenetic cement, after the siderite. A more

|_

(std. dev. 0.44%o.). Thd'*C values range from
+5.14%o to +8.85%0 (PDB) with a mean of

detailed description of the groundmass and pe-
dofeatures observed in each of the four sam-

7.35%o (std. dev. 1.04%o). The 131.40-m depth -& 13140m pled pedogenic horizons is summarized in Ta-

interval has siderit&'®O values ranging from 91 . 131.70m ble 2.

—15.84%o to—14.50%0 (PDB) with a mean of '

—15.2%0 (std. dev. 0.35%0). Th&=C values = 17119 m Elemental Analyses

range between-4.63%. and+0.48%. (PDB) —»*— 171.34m

with a mean of-0.6%o (std. dev. 1.50%o) (Fig. 0- ' ! Microprobe analyses of siderite from all

4). -25 -20 -15 four horizons show compositions that are gen-
Groundwater isotopic compositions were 6180water (SMOW) erally greater than 80 mol % FeGQvith sub-

calculated over a range of temperatures (0-25 stitutions of C&", Mg?*, Mn?*, and minor
°C) from the mean siderit&**O values and the Figure 5. Soil groundwater values calculat- amounts of St (Fig. 7). The 171.34 m depth
experimentally determined, temperatureed from paleosol siderite3*0 values over interval is characterized by siderite composi-
dependent fractionation factor for siderite (Caa range of temperatures (0-25°C). Rect- tions ranging from 88.60 to 93.64 mol %
rothers et al., 1988). Based on empirical paangle denotes range of empirical mean an- FeCQ,. Calcium substitution ranges from 2.31
leotemperature estimates of Parrish and Spic@ial paleotemperature estimates deter- 0 3.69 mol % CaCQ Mg?* ranges from 0.62
(1988a, b), groundwates**O values ranged mined by Parrish and Spicer (1988) for 10 5.10 mol % MgCQ and Mr¥* ranges from

from —23.0%0 t0 —19.5% (SMOW) (Fig. 5). Albian North Slope of Alaska. 1.74 to 2.96 mol % MnCQ(Fig. 8). Substi-
tutions of St* are less than 0.052 mol %
Paleosol Micromorphology SrCQ,. The carbonate cement vein filling in
(Bullock et al., 1985). Argillaceous coatingsthe carbonaceous fossil cracks has an inter-
General Characteristics are composed of layered, optically orientednediate composition in the CaO-MgO-FeO

The pedogenic horizons sampled for thiclays, and carbonaceous coatings consist gblid solution system (Fig. 7). The cement has
study are all gleyed carbonaceous mudstonegpaque organic material (argillans and organa composition that is closest to ferroan dolo-
characterized by an abundance of fine, consf Brewer, 1964). Infillings are voids that havemite with an average composition of (&,
minuted coaly debris, and larger (millimeter-been partly or completely filled and differ Mg,s 45 Fe€4.45 MNg,0CO,. The 171.19-m
scale) fragments of fossilized plant matterfrom coatings in that they are more than 90%lepth interval is characterized by siderite
Stipple-speckled, striated, or crystallitic b-fabricilled (Bullock et al., 1985). In paleosols, the compositions ranging from 83.20 to 88.79 mol
(b = birefringence) are observed. Speckledlifference between coatings and infillings is% FeCQ, (Fig. 7). Substitutions of Ca range
b-fabrics are characterized by smaflZ0um), complicated due to compaction and a decreaseom 3.80 to 5.37 mol % CaCQOMg?* ranges
randomly oriented, equidimensional to slight-of primary porosity. For this study, planar ac-from 3.86 to 9.99 mol % MgCQ Mn?* rang-
ly elongate patches of optically oriented claysumulations of clay particles or carbonaceouss from 1.34 to 2.79 mol % MnCQand S#+
and correspond to Brewer’s (1964) insepic andhatter are referred to as coatings, and pods occurs in trace amounts not exceeding 0.03
asepic plasmic fabrics (Bullock et al., 1985).crescent-shaped, laminated pedofeatures amol % SrCQ (Fig. 8). The carbonate cement
Small, generally silt-sized birefringent crys-referred to as infillings. The siderite nodulescomposition is similar to that of the 171.34 m
tallites or mineral grains characterize crystalare typic, crystalline pedofeatures with dis-depth interval, having an average composition
litic b-fabrics. Striated b-fabrics (sepic plas-tinct internal fabrics and sharp boundarie®f (Cay o, MUss20 F€s.50 MNG 49 CO; (Fig. 7).
mic fabrics of Brewer, 1964) consist of (Bullock et al., 1985). The siderite (nonlumi- The 131.71-m depth interval is characterized
elongate zones of oriented clays in which thenescent in CL) generally occurs in the follow-by siderite compositions ranging from 87.33
particles generally exhibit uniform extinctioning forms, all of which may be present in ato 90.74 mol % FeCQ Substitutions of Ca
in cross-polarized light (Bullock et al., 1985).given unit: (1) Small (10—2@m) crystallites range from 3.62 to 5.04 mol % CaGMg?*

The primary pedofeatures observed in thesdisseminated throughout the groundmass (Figanges from 3.67 to 6.17 mol % MgGO
units are typic argillaceous and carbonaceou®A) or densely packed to form pervasivelyMn?* ranges from 1.46 to 1.91 mol %
coatings, infillings, and crystalline pedofeatusiderite-cemented mudstone domains (FigVinCO,, and S#+ concentrations do not ex-
res. Coatings are features that cover the suéB); (2) Aggregates of individual crystallites ceed 0.07 mol % SrCQO The carbonate ce-
faces of voids, grains, and aggregates, aneorganized to crudely concentric, sphericainent has an average composition of {{Ga
typic indicates they are of consistent thicknessodules (50-15@wm in size) (Fig. 6, C and M4 F€s,, Mn,,)CO,. The 131.40-m
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Figure 6. (A) Photomicrograph exhibiting ubiquitous siderite crystallites in paleosol groundmass of 171.34-m depth interval (plane-
polarized light, PPL). Arrow points to a dense aggregate of siderite crystallites that are organized into crude nodular form. (B) Arrow
points to sparry, ferroan dolomite that was precipitated in a void containing remnant carbonaceous material (black). Background is
pervasively cemented with microcrystalline siderite (171.34-m depth interval; cross-polarized light, CPL). (C) Lower arrows point to a
single siderite crystallite, and upper arrow points to dense aggregate of crystallites that are organized into crude nodule (171.19-m depth
interval; PPL). (D) Cluster of siderite nodules composed of aggregated siderite crystallites (171.19 m depth interval; PPL). (E) Arrow
points to siderite crystallites that are organized to a nodule that exhibits crude concentric internal fabric (131.71-m depth interval; PPL).
(F) Cluster of small (50-100wm) sphaerosiderite nodules exhibiting radial-concentric crystalline microstructures and characteristic
sweeping extinction patterns (131.40-m depth interval; CPL).
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TABLE 2. PEDOGENIC FEATURES OF THE NANUSHUK FORMATION, GRANDSTAND #1 CORE, NORTH SLOPE, ALASKA

Interval Groundmass Pedofeatures

171.34 m Unit exhibits a crystallitic b-fabric groundmass. The Small (10-20 um), equidimensional, siderite crystallites are ubiquitous in the groundmass.
Crystallitic domains are characterized by fine-silt and
small patches of oriented clays (<10pm in size). The
groundmass consists of 5-10% finely comminuted,
opaque carbonaceous fragments. This unit is
complexly mottled with crystallitic b-fabric domains
interwoven with pervasively siderite-cemented
domains.

171.90 m Unit is characterized by stipple—speckled and striated b-  Small (10-20 um), equidimensional, siderite crystallites are ubiquitous in the groundmass. Dense
fabric groundmass domains that are mottled together, aggregates of the siderite crystallites exhibit variable degrees of organization into spherical,
having a contorted bedding appearance. Some of the nodular forms that are 100-500 wm in diameter. Some of the nodules exhibit crude concentric
speckled domains enveloped in striated b-fabric internal fabrics. Large (5-10 mm), irregular clusters of the nodular siderites are easily viewed at
groundmass exhibit rounded, tubular, and prolate the macroscale as prominent moderate reddish brown (10R 4/6) mottles.
shapes possibly related to burrowing, and have lower
hues and chromas. Porostriated b-fabrics are also
noted around some planar voids (pores). The
groundmass consists of up to 15% finely comminuted,
opaque carbonaceous fragments.

131.71 m This unit is characterized by a stipple—speckled b-fabric ~ Small (10-20 wm) equidimensional, siderite crystallites are ubiquitous in the groundmass.
groundmass. The groundmass consists of up to 15% Throughout much of the sample, the crystallites have aggregated into distinctly spherical forms
finely comminuted, opaque carbonaceous fragments. (50-150 wm). Dense aggregates of the spherical forms were incorporated into larger, nodular

forms that are 200-500 pwm in diameter, some of which are well rounded. Some of the
spherical aggregates (50-150 pnm) exhibit crude concentric internal fabrics, and the boundaries
of the individual crystallites are not discernable. Clusters of the spherical aggregates occur in
linear arrays surrounding thin (10-20 wm), continuous, opaque, typic carbonaceous coatings.
Spherical siderite aggregates are also arrayed along silty-clay laminae in a large (1 cm depth),
dense, complete infilling.

131.40 m This unit is characterized by a striated b-fabric Small (10-20 pm) equidimensional, siderite crystallites are ubiquitous in the groundmass.

groundmass. The groundmass consists of up to 10%
finely comminuted, opaque carbonaceous fragments.

Throughout much of the sample, the crystallites have aggregated into distinctly spherical forms
(50-150 wm). In several areas of this unit, the spherical siderite aggregates have sustained

textural reorganization to clearly radial-concentric crystalline microstructures exhibiting pseudo-
uniaxial cross extinction in cross-polarized light. These siderite nodules are generally 50-100
wm in size, and have the characteristics of sphaerosiderites as defined by Ludvigson et al.
(1998). Often the sphaerosiderites occur as peanut-shaped forms of two nodules coalesced in
optical continuity. Dense clusters of the spherical siderite aggregates are observed surrounding
kaolinite-filled voids (200-400 mm in diameter), and the sphaerosiderites occur on the inside of
the cluster adjacent to the clay. Some sphaerosiderites are also observed in clusters or arrays
associated with thin (<20 pwm), discontinuous, typic carbonaceous coatings. Patches of densely
packed spherical siderite aggregates were incorporated into larger, nodular forms that are up to
1 cm in diameter, and are easily seen at the macro-scale as brownish-red mottles. Some
highly degraded, thin (<50 mm), discontinuous, typic argillaceous coatings exhibiting first order
birefringence and diffuse extinction patterns are observed. The argillaceous coatings have been
heavily reworked into the groundmass and may be the source of much of the clay particles
generating the striated b-fabric.

depth interval has the most variable sideritéent reducing conditions and are indicative ofPlint, 1999). This is further substantiated by
compositions, ranging from 79.16 to 93.70poorly drained, hydromorphic soils (Lan-slickensides noted at the macroscale. The
mol % FeCQ. Substitutions of C& range duydt, 1990; Driese et al., 1995; McCarthy esilty-clay infillings may indicate translocation
from 2.12 to 6.54 mol % CaCQOMg?* ranges al., 1997; Ludvigson et al., 1998; McCarthyof material under higher-energy conditions
from 0.07 to 12.55 mol % MgCQ Mn?* and Plint, 1999). The groundmass microfaand may signify wetter and possibly colder
ranges from 1.63 to 12.09 mol % MnG@nd brics reflect primary sedimentary structuresgonditions (Fedoroff et al., 1990; Nettleton et
S+ is less than 0.05 mol % SrGCO pedogenic modifications, and probably comal., 1994; McCarthy and Plint, 1999). The
paction (McCarthy and Plint, 1999). Striatedcomplex, contorted bedding in the lower units
b-fabrics are typically attributed to stresses in{171.34 and 171.19 m) may be primary sedi-
volved with shrink swell processes in the soilmentary stratification that was disturbed
The micromorphological characteristics(Brewer, 1976). Speckled b-fabrics are ofterthrough bio- and pedoturbation (shrink-swell)
suggest that the pedogenic horizons describgtoduced from suspension settling and/or flocprocesses. The poikilotopic ferroan dolomite
above were formed in poorly developed soilsculation of fine materials during depositioncements, and void filling sparry dolomites as-
analogous to modern Inceptisols (Soil SurveyBullock et al., 1985). The crystallitic b-fabrics sociated with the carbonaceous materials are
Staff, 1998). The pedogenic horizons of there likely a result of the pervasive siderite for-interpreted to have been precipitated from later-
Nanushuk Formation in the Grandstand #Ination and ferroan dolomite precipitation indiagenetic pore fluids. The presence (although
core are characterized by gleyed colors, fewhe groundmass. The rare, highly degradethre) of degraded clay coatings, striated mi-
fine root traces, abundant siderite, abundamiay coatings indicate some translocation o€rofabrics, and pedogenic slickensides sug-
organic fragments, rare clay and silty-clayclay particles through the soil profile. The fewgests that these paleosols were subjected to
coatings and infillings, and some preservatioplaces where striated b-fabrics are noted magyclic wetting and drying (McCarthy and
of primary sedimentary stratification. Thehave resulted from clay coatings that were rePlint, 1998). Siderites likely formed during
gleyed colors and abundance of siderite and/orked into the matrix through reorganizationpredominantly wet conditions. Thus, the pa-
well preserved organic matter suggest prevasf the soil (Fitzpatrick, 1993; McCarthy and leosols may have had an early developmental

DISCUSSION
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Figure 7. Composite ternary diagram showing relative Fe, Ca, and Mg compositions of 0-005, and Mg/(Mg + Ca) ratios on the or-
paleosol siderites and ferroan dolomite cements. der of 0.225.

controlled, enriching the CHin “light” *C
Ca and the residual CQin “heavy” *3C. Thus,
the residual HCQ in pore fluids during sid-
erite precipitation was enriched #C, result-
ing in the enriched (positivep'3C values
(Whiticar and Faber, 1986).

Siderite is a very useful indicator of fluid
chemistries during its precipitation because it
forms under restricted redox conditions with
low sulfide and high bicarbonate concentra-
tions (Garrels and Christ, 1965; Hem, 1985).
Siderite is a refractory carbonate mineral with
no unstable polymorphs (Mozley and Caroth-
ers, 1992), and it generally does not undergo
recrystallization and reequilibration typical of
calcite under most diagenetic conditions (Mat-
sumoto and lijima, 1981; Curtis and Coleman,
1986; Mozley and Carothers, 1992). The com-
positional variations in the Nanushuk Forma-
tion siderites were probably influenced by flu-
id mixing processes during precipitation rather
than by any later diagenetic alterations. In-
creased substitution of €@aand Mg+ and
high siderite elemental Mg/Fe and Mg/(Ga
Mg) ratios likely resulted from mixing of
modified marine fluids or brines with meteoric
stage characterized by wet dry cycles followednents by two metabolic pathways: acetat@ore fluids during precipitation (Matsumoto
by late-stage hydromorphism (McCarthy andsplitting (fermentation) and CQOreduction and lijima, 1981; Mozley, 1989) (Fig. 9). In-
Plint, 1998, 1999). (Whiticar et al., 1986; Tucker and Wright, troduction of significant volumes of marine-

The generally positive siderit&'*C values 1990; Schlesinger, 1997). During the procesderived pore fluids would increase the SO
suggest formation in wetland paleosols undeof CO, reduction, the CQpresent as HCQ concentrations in the pore fluids, thus favoring
reducing conditions in the methanogenic zonserves as the electron acceptor (Schlesingguyrite formation over siderite under conditions
(Fig. 4). Methane is generated by anaerobit997). The fractionation dfC and**C during of sulfate reduction (Berner, 1981; Mozley
methanogenic bacteria in recent anoxic sedthe methane generation process is kineticallgnd Carothers, 1992). The lack of sedimentary
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Figure 8. Composite ternary diagram showing relative Ca, Mn, and Mg compositions of
paleosol siderites and ferroan dolomite cements.
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0 ® Albian N. America meteoric-phreatic end-membér*tO water
AotianAlbian S. Austrai composition is —18.0% (SMOW) and the
A rareon ot ar. G000 $15C dissolved inorganic carbon (DIC) com-
54 ) , positions range between2.0%. and+5.0%o
ptian-Albian Mean S. Aust. . . .
(Ferguson et al., 1999) (PDB) with XCO, concentrations ranging be-

tween 0.35 and 0.50 mmoles/l, respectively.
The calculated siderit8'®O and 8'°C values
that would precipitate from variable mixtures
of these fluids are illustrated in Figure 11
A (mixtures 1 and 2 curves). The sider@&O
A values range between —16.71%. an@.84%o
(PDB), and thed'*C compositions range be-
-~ N f tween +13.82%. (PDB) and+1.20%o (mix-
A

-101

-154

ture 1) and+8.22%. (PDB) (mixture 2).

The hyperbolic trends modeled for the
171.34-m depth interval present a range of
possible fluid compositions that might explain
the covariantd*O versusd'*C trend. Both
end-member fluids were strongly reducing

-25+
Nanushuk Formation

Estimated Groundwater 8180 Values (SMOW)

-30 ¥ T ¥ T T . (low Eh), and the modeled mixing curves sug-
30 40 50 60 70 80 90 gest that the diagenetic fluid was less than
Paleclatitude 25% seawater. The depleted end-member

compositions most closely resemble the me-
teoric groundwater compositions and are con-
sistent with the MSLs obtained from the other
horizons. The enriched compositions represent
products from proportionally higher concen-
trations of modified marine-phreatic fluids.
Siderites in the pedogenic horizons of the
pyrite, however, and the siderité*C composi- paleolatitude, middle Cretaceous deposits dflanushuk Formation have proved to be a crit-
tions suggest reducing conditions had progressauthern Australia (Ferguson et al., 1999)ical link in our efforts to reconstruct the lati-
to methanogenesis in meteoric-domindleitls These highly depleted®O compositions tudinal 20 gradients of precipitation for the
(Schlesinger, 1997). probably resulted from globally increased preequable middle Cretaceous (Ludvigson et al.,
The oxygen isotopic values preserved in theipitation due to an intensified hydrologic cy-1998; Ufnar et al., 2002). A stable isotope
siderites of the Nanushuk Formation arecle during the “greenhouse-world” conditions mass balance model of the middle Cretaceous
strongly depleted ( —17 te-14%. PDB) and of the middle Cretaceous (Ludvigson et al.hydrologic cycle developed by our research
relatively invariant within individual horizons, 1998; White et al., 2001; Ufnar et al., 2002).group compares hemispherical precipitation
with the exception of the 171.34-m depth in- The elemental data discussed above suggdhixes in simulations of the modern versus Al-
terval (discussed below). The 171.19, 131.7Iprecipitation from mixed meteoric- and marine-bian worlds (Ufnar et al., 2002). The dimen-
and 131.40 m horizons define MSLs (Ludvig-phreatic fluids, and the covariadt®O versus sionless fractions expressing the precipitation
son et al., 1998), suggesting precipitation frond*3C trend in the 171.34-m depth interval fur-fluxes can be parameterized to calculate esti-
meteoric-phreatic fluids. Minor deviations inther supports this interpretation (Carpenter enates of precipitation rates (see details pres-
the oxygen isotopic compositions may be atal., 1988; Lohmann, 1988). Mixing hyperbo-ented in Ufnar et al., 2002).
tributed to elemental substitutions in the siddas were calculated using mass balance equa-Precipitation isotopic data from the Inter-
erite crystals, thus imparting some variablgions to mix fluids of differing total dissolved national Atomic Energy Agency/World Me-
isotopic fractionation (Mozley and Carotherscarbon ECO,) values,*C of dissolved in- teorological Organization (IAEA/WMO) Bar-
1992) and intrinsic variations in groundwaterorganic carbon}CQO,), and$80 water to de- row, Alaska, station located at 71.8 latitude
3%0 values and MAT over time. The strongly pict hyberbolic fluid mixing trends yielding a (Rozanski et al., 1993) provides modern cli-
depleted compositions are consistent witliange of possible siderite compositions. Twanatological information that can be used to
North American paleolatitudinal trends in Al- hyperbolic mixing curves constraining the co-derive estimates of precipitation rates. Long-
bian paleoprecipitatio3'®0 values and pro- variant siderited®O versusd*3C composition- term historic records from Barrow, Alaska, in-
vide the northern tie-point for our paleolati-al trend in the 171.34-m depth interval weredicate a MAT of—12.7°C, a precipitation rate
tudinal reconstructions (Ludvigson et al.,calculated between two end-member fluidsof 133 mm/yr, and a weighted mean precipi-
1998; Ufnar et al., 2002) (Fig 10). Calculatedmeteoric phreatic fluids, and modified maringation 80O composition of —19.61%o
paleogroundwater and paleoprecipitatt3#0  phreatic fluids. The modified marine-phreatidSMOW). Calculations of saturation vapor
values range betweer-23.0 and —19.5%. end-member is enriched #0, 1°C, andXCO, pressures comparing the modern Barrow,
SMOW on the North Slope (Fig. 5). Our cal-with values of —1.0% (SMOW), +11.0% Alaska, MAT of-12.7 °C to the ancient Al-
culations are consistent with the groundwate(PDB), and the CQ(XCQO,) concentration was bian North Slope empirical estimates of X0
3180 values calculated from the oxygen iso-set to be 3.0 mmoles/l (seawale€0O, values (Parrish and Spicer, 1988a, b) suggest a 343%
topic values of calcite cements in high-range from 2.0 to 3.0 mmoles/l). The depletedncrease in the vapor-holding capacity of the

Figure 10. Estimated paleogroundwaterd*®O values calculated from latitudinal gradient

in meteoric sphaerosiderited®O values are plotted to show Late Albian trend in meteoric
8180 values for Cretaceous Western interior Basin and North Slope, Alaska (Ufnar et al.,
2002). Also illustrated are high-paleolatitude groundwaterd®O values calculated from

middle Cretaceous calcite cements in southern Australia from Ferguson et al. (1999).
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16 leotemperature estimates of Parrish and Spicer
(1988) and the modeled precipitation fluxes of
Ufnar et al. (2002). This information can be
12 used to advance global circulation modeling
experiments of “greenhouse-world” climates

14

. Modified Marine 10 & to further understanding of polar warmth and
2 25% Phreatic o precipitation rates in simulations of global cli-
3 : (Methanogenic) o mate systems with decreased equator-to-pole
< e temperature gradients.
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