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We report here the first occurrence of berthierine­
bearing flint clays, one Ordovician and one Pennsyl­
vanian in age. They are characterized by a berthierine­
kaolinite-boehmite (bkb) assemblage. The Pennsylva­
nian flint clay from northeastem Kentucky is more 
typical in that it occurs in association with coal mea­
sures, 

The Ordovician occurrence from northwestem Illi­
nois is the oldest flint clay of which we are aware, 
Because it is Ordovician, it formed before the evolu­
tion of terrestrial vascular plants, All previous reports 
of flint clays point to a genetic connection between 
flint-clay formation and the growth and decay ofplants 
(Bohor and Triplehorn, 1993), Except for the high ber­
thierine content and greenish color, the physical prop­
erties of this flint clay are similar to those of other 
kaolinitic flint clays, Some sampies of the Ordovician 
flint clay are nearly pure berthierine, 

The Ordovician flint clay is a facies of the Ne'da 
Formation (~440 Ma), the uppermost formation of the 
Ordovician Maquoketa Group, which, in northem 11-
linois, northeastem Iowa, and southem Wisconsin, is 
unconformably overlain by Silurian carbonates, This 
unconformity is exposed in a narrow northwest-south­
east corridor in the vicinity of the twin cities of Ster­
ling and Rock Falls, Illinois. This corridor was formed 
between two glacial till sheets, one deposited by an 
Illinoian glacier that reached its southem limit to form 
the north side of the corridor, and the other by another 
lobe of Illinoian ice that pushed generally to the south­
west so the northem edge of this tongue forms the 
southem margin of the corridor (Figure 1). 

This work began when Dr, Thomas Berres of North­
em Illinois University brought this material to our at­
tention, Native Americans of the Archaic (~5000-
2000 BP) and Woodland (~2000 BP) periods used this 
flint clay from northwestem Illinois as a pipestone, 
i,e., for carving artifacts including ceremonial pipes 
(Berres, 1996), Its berthierine content makes this pipe­
stone unique. Because of this uniqueness, the conven­
tionally accepted conclusion that flint-clay pipestones 
found in the midwestem region of the United States 
originated from a kaolinitic flint-clay source in south­
em Ohio is wrong (Hughes et al., 1998). This latter 
material is known as Ohio pipestone, The flint clay 
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from the Neda formation was named the Sterling pipe­
stone by Hughes et al. (1998), 

Numerous berthierine-bearing artifacts, manufactur­
ing debris, and cobbles and pebbles were recovered 
from sites along Elkhom Creek, which is in the un­
glaciated corridor mentioned above (Figure 1). How­
ever, we have not yet confirmed an outcrop in or near 
this corridor, which was modified during the Holocene, 
especially after European settlement. Therefore we as­
sume that the Sterling pipestone outcropped in one or 
more places now covered by post-Euroamerican-set­
tlement alluvium and colluvium, We found one occur­
rence of ~ lO-cm bkb-containing flint clay concretions 
in place at an outcrop below the water level of the 
pool behind the Sterling-Rock Falls Dam on the Rock 
River, a location ~4 km east of the Elkhom Creek 
corridor, and at approximately the stratigraphie level 
of the Neda Formation. 

Soils that formed on the marine Maquoketa Group 
after retreat of the Ordovician seas now constitute the 
Neda Formation (Yapp, 1993), Invasion of Silurian 
seas deposited carbonate rocks trapping this paleosol 
in those places where it had not eroded away, This 
marine transgression completed the sub-Tippecanoe 11 
unconformity (Buschbach and Kolata, 1990). In the 
central United States, the Neda Formation is composed 
of calcareous oolites at some outcrops and goethitic or 
hematitic oolites at others. The Fe-oxide oolites occur 
in a few small localized places in northem Illinois, 
northeastem Iowa, and southeastern Wisconsin and are 
composed of ~0,1-3 mm, flattened, concentrically 
layered, elliptical spheroids or ooids containing chiefly 
goethite, calcite, kaolinite, and argillaceous dolomite, 
In southeastern Wisconsin, these rocks have been 
mined as Fe ore (Kolata and Graese, 1983; Witzke and 
Heathcote, 1983; Kluessendorf, 1991), Apparently the 
calcareous oolites were replaced by goethite, most 
likely as a pedogenic process. 

Only in the Sterling-Rock Falls area has the Neda 
Formation been found as a berthierine-rich flint clay 
facies, Even here, rapid lateral mineralogie al changes 
indicate that the berthierine-rich flint clay facies is 
confined to a small area, Lateral changes within short 
distances are reflected by two locations, one a drill 
hole in the city of Sterling and one a few kilometers 
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Figure 1. Geologie sketch map of the Sterling-Rock Falls, 
Illinois area. Dashed lines show the limits of two lobes of 
Illinoian ice that pushed southwestward out of the Lake Mieh­
igan basin into the Sterling-Rock Falls area. Arrows show 
direction of ice movement. Stippled areas are underlain by 
Ordovician rocks, plain areas by Silurian carbonates. The 
boundary between the Silurian and Ordovician rocks is the 
most likely place for the occurrence of the flint cJay of the 
Neda Formation. Filled circle is site of berthierine nodules 
found in place, open circJes are village sites with archaeolog­
ical chips and broken artifacts. 

south. In both, at approximately the stratigraphic level 
of the Neda Formation, claystones are predominately 
soft, dispersible fireclay-type kaolinite (Hughes et al., 
1993). The kaolinite in the berthierine-rich flint clay 
is weIl crystallized compared to fireclay-type kaolinite 
and the kaolinite in goethite-dominated zones (Hughes 
et al., 1993) of the Neda Formation. Clays composed 
of well-crystallized kaolinite + hematite found in the 
Sterling area appear to be a product of weathering of 
berthierine-bearing flint clays. 

Optical petrography and scanning electron micros­
copy (SEM) using energy dispersive X-ray (EDX) 
analysis of O.5-3-mm ooids or ellipsoidal bodies in the 
Sterling pipestone show roughly concentric structures 
and, in some cases, fragments of concentric shells as 
nuclei that may be from reworked ooliths. Thin sec­
tions of the Sterling pipes tone and the Ohio pipes tone 

Figure 2. Thin-section photomicrographs. a) Texture show­
ing ooliths in the Neda flint c1ay. b) Texture of the kaolinitic 
Ohio flint clay with ooids. Note large, optically continuous 
vermicular kaolinite zone along lower edge of b, a character­
istic of this flint cJay. Note fragment of shell within oolith in 
top left center of a that initially was calcium carbonate but 
was replaced by flint cJay. Scale bar = 1 mm. 

are superficially similar but differ in details when ex­
amined closely (Figure 2). In the Sterling pipestone, 
SEMIEDX analyses show that boehmite, and to a less­
er extent kaolinite, tend to be concentrated in the 
ooids. The ooliths vary in amount from sampIe to sam­
pIe from almost zero to abundant. We have one sampIe 
with almost no ooliths and we refer to this one as 
massive. There seems to be an approximate relation 
between the amount of ooliths and the amount of 
boehmite and extent kaolinite. The original calcareous 
ooliths were apparently replaced by boehmite and ka­
olinite. The ooids in the Ohio pipestone, in contrast, 
are structureless except for an outermost ring. Some 
of the kaolinite in Ohio pipestone has a vermicular 
habit, a habit not found in the Sterling pipestone. 

Brindley (1982) stated that the physical and chem­
ical characteristics of berthierine are not easily studied 
for three reasons. It occurs in heterogeneous speci­
mens, it is easily confused with chamosite, especially 
if small amounts of clinochlore are present, and ortho-
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Figure 3. X-ray tracings. The top and bottom tracings are 
from randomly ordered powders. The middle two tracings are 
powders smeared onto a glass slide so there is preferred ori­
entation of the partic1es. The abbreviations are: Bo = boehm­
ite; Bt = berthierine; and K = kaolinite. Note that the mas­
sive, non-oolitic Sterling pipestone has no kaolinite, whereas 
the "regular" or typical oolitic Sterling pipestone and the 
Olive Hili flint c1ay have the bkb suite. 

rhombie and monoc1inic polytypes eommonly exist to­
gether (Guthrie and Bish, 1992). In addition, the X­
ray tracing of berthierine is very similar to that of 
kaolinite. Henee, berthierine has only rarely been re­
ported. Onee its presence is eonsidered, it is differ­
entiated on X-ray diffraetion tracings from kaolinite 
beeause the 001 peaks of the two minerals are different 
enough to form either shoulders or an anomalously 
broad peak. The 002 peaks are usually far enough 
apart to be resolved into separate peaks (Figure 3). 
Berthierine also ean be distinguished from kaolinite 
beeause it deeomposes on heating in the range from 
300 to 400°C, weB below the range for the breakdown 
of kaolinite. Unlike ehamosite, whieh if present in 
small amounts will have a barely diseemible peak at 
14 A, but whieh will inerease in intensity upon heating 
to 550°C, berthierine does not have any peak at 14 A, 
heated or not. With inereased awareness of this min­
eral, we predict that berthierine will be more eom­
monly reeognized in flint c1ays. 

Brindley (1982) eould present only 14 analyses of 
berthierine from the literature. These ranged from ~12 

to 30 wt. % Alz0 3 • Berthierine in the average Sterling 
pipestone has ~30 wt. % Alz0 3 (Table 1). It is note­
worthy that some berthierines eontain IV Al 2: Si. Wet­
ehemieal (J.W Stueki, unpubl. data, 1995) and Möss­
bauer-speetroscopy determinations (J.W. Stucki, un­
publ. data, 1995) of our massive Sterling pipestone 
sampIe indicate that ~8 wt. % of iron is Fe3+. Iron in 
the average berthierine-rieh Sterling pipestone is eon­
eentrated in berthierine, but may rarely oeeur along 
oxidized fraetures in goethite. Sequential acid-disso­
lution analyses of the berthierine in our sampIes (in 1 
N HCI) followed by induetively eoupled plasma (ICP) 
analysis (Hughes and Moore, 1997) show that ber­
thierine also contains ~O.4 wt. % Li. Addition of this 
Li to the structural formulas of Brindley (1982) fully 
fills the ~0.2 vacant octahedral sites that Brindley 
needed to balance the formula unit. U sing the method 
of Brindley (1982) and adding the Li, the structural 
formula of berthierine in our massive sampie is: 

Lower Pennsylvanian flint c1ay from the Olive Hill 
Clay Bed (Patterson and Hosterman, 1960; Wanless, 
1975; Smyth, 1984; Rice et al., 1994) also eontains 
the bkb assemblage with a few sampIes containing 
~50% berthierine. Sequential-dissolution analysis 
showed that the berthierine in two sampIes from Ken­
tucky contained about the same amount of Li as in the 
berthierine from the Sterling pipestone. Also like the 
Sterling pipestone, boehmite oecurrenee in the Olive 
Hill flint c1ay is sporadic, and may be present mainly 
in ooliths. 

We suggest three hypotheses for forming this ber­
thierine-rich flint: 1) Fe-oxide-rich red earths and fire 
c1ays developed as upland soils with weB-oxygenated 
and weB-drained profiles, while flint c1ays formed be­
low the water table at the base of drained soils or in 
lowland areas; 2) flint c1ays formed by se1ective dia­
genesis of a widespread soil of Fe-oxide-rich red 
earths and fireclays during advance of the Silurian 
seas; and 3) flint c1ays were the product of diagenesis 
after burial, either by simple burial or a combination 
of burial and hydrothermal alteration. 

Table 1. Comparison of the composition of two Sterling pipestones, Ohio pipestone, and Brindley's berthierines, in wt. %. 

Si02 A120~ Fe20~ CaO MgO K,O Na20 Ti02 PIÜ 5 LOI' 

Massive Sterling2•3 23.64 29.01 35.20 0.17 1.68 0.16 0.10 1.46 0.31 8.26 
Oolitic Sterling2.3 25.91 31.26 29.22 0.23 1.29 0.13 0.13 1.49 0.60 9.74 
Ohio pipestone2 44.31 38.07 2.02 0.09 0.18 0.22 0.11 1.34 0.16 13.51 
Brindley's (1982)4 23.25 ± 2.34 22.08 ± 4.48 38.01 ± 2.38 3.45 ± 2.30 

J LOI, loss-on-ignition of berthierine-containing sampIes is in error due to oxidation of Fe2+ to Fe3+, with weight gain. 
2 Analysis of bulk sampies by X-ray fluorescence (XRF). 
3 Analysis by selective dissolution and ICP of the berthierine in these and in two sampIes of Olive Hill flint clay each 

yielded ~0.4 wt. % Li. 
4 Average of 14 sampies and the first standard deviation. 
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In support of the first hypothesis, preservation of 
oolith structure and the regional distribution of red­
earth fireclays and flint clays suggest that the Sterling 
pipestone formed during pedogenesis in poorly oxy­
genated lowland areas or in the parts of well-drained 
soil profiles that were below the water table, or both. 
Yapp (1993) concluded that the Neda Formation was 
formed in a subaerial weathering environment, but 
found no berthierine in his sampies. Based on a rein­
terpretation of data from Smyth (1984) and on sampies 
we collected, we recognized berthierine-containing 
flint clays restricted to near the base of the flint-clay 
zones in the Olive HilI CIay Bed in eastem Kentucky. 
This suggests that berthierine formed below the oxy­
genated zone in these paleosols. The high Fe content 
of the Neda Formation strongly suggests that it formed 
as a laterite, which is appropriate for a region that was 
~ 10° south of the equator in Late Ordovician time 
(Van der Roo, 1988). In addition, boehrnite, when pre­
sent in non-marine settings, is commonly associated 
with the intense weathering that produces bauxites 
(Hsu, 1989). 

Fritz and Toth (1997) and Toth and Fritz (1997) pro­
vide support for the second hypothesis, selective dia­
genesis. They suggested that marine transgression may 
provide the conditions for transforming Fe oxides to 
berthierine by imposing low-Eh conditions on in situ 
or reworked lateritic material. In support of the third 
hypothesis, hydrothermal alteration, Kean (1981) sug­
gested that some original goethite in the Neda For­
mation was altered to hematite by dehydration ~320 
Ma. Grathoff and Moore (1996) concluded that dia­
genetic ilIites of the Maquoketa Group shales and the 
Waukesha illite (Grathoff et al., 1995) also formed at 
this time as the result of an episode of hydrothermal 
fluid movement through the Illinois Basin. The occur­
rence of significant amounts of Li in the berthierine, 
the presence of boehmite rather than gibbsite, and the 
detection of probable diagenetic illite and K-rich feld­
spar suggest that the original pedogenic mineral suite 
was at least partially altered by post-burial diagenesis. 

Assemblages of iron oxides, siderite, and chamosite 
or berthierine are common in oolitic iron ores. May­
nard (1986) found berthierine predominates in younger 
deposits, whereas Paleozoic ores contain only cha­
mosite. He suggested that chamosite is a late diage­
netic transformation product of berthierine. We have 
not been able to reconcile the genesis of the Sterling 
pipestones with the conclusions of Maynard. 

This first report of bkb flint clays of such different 
ages should help us better understand how berthierine 
is developed in flint clays and how flint clays form in 
general. In these two cases, one flint clay formed be­
fore and one after the evolution of vascular land 
plants. Berthierine and kaolinite have the same I: 1 
structure, which suggests that these 1: 1 clay minerals 
are interchangeable in forrning flint clays. Berthierine, 

however, contains a greater range of minor and trace­
element substitutions than kaolinite. The Pennsylva­
nian-age flint clay appears to have formed in the con­
ventional manner. The Ordovician one most likely 
formed as a laterite (hypothesis 1) and was later al­
tered to form berthierine (hypothesis 3). From a geo­
logical standpoint, the puzzle of how the Neda For­
mation can be formed of goethitic ooliths in one pi ace, 
berthierine flint clay in another, and fireclay-type ka­
olinite in yet another is stilI unresolved. Clearly the 
lateral mineralogical variations of the Neda Formation 
need to be better documented and explained. 
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